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 ABSTRACT 

This study presents an experimental and numerical contribution to the understanding of 

the structural behaviour of slabs and beams made of ultra-high performance fibre-

reinforced concrete (UHPFRC). 

One of the main factors affecting the use of UHPFRC in major construction projects is 

not having an accepted design method due to the lack of understanding of the structural 

behaviour of this material, especially for slabs. Therefore, a major part of this thesis 

focuses on the static flexural behaviour of slabs. A novel experimental technique is 

developed and employed within an extensive series of experiments to better understand 

the structural behaviour of UHPFRC. Tests are conducted on one-way and two-way slabs 

with both fully fixed (FF) and simply supported (SS) boundary conditions; these are of 

interest in structural applications such as bridge decks and the floors of buildings. Details 

of tests conducted on 660 mm square slabs with thicknesses of 25, 35, 45 and 60 mm are 

presented. The effect of geometries on steel fibre distribution in the UHPFRC specimens 

was investigated using physical fibre counting at the location of the cracks. It was found 

that the fibre distribution and orientation changes as the specimen size changes. 

Moreover, the number of fibres that bridged between the two cracked faces reduced as 

the specimen thickness increased.  

A numerical model using advanced finite element modelling techniques in ABAQUS is 

also presented. A nonlinear concrete damage plasticity (CDP) model is used for the 

simulation and it was found to agree well with the experimental results in terms of load-

displacement behaviour of statically indeterminate UHPFRC slabs. In addition, the model 

was also found to accurately capture the peak-load carrying capacity of the slab 

specimens. Parametric studies were carried out for slabs with thicknesses up to 120 mm. 

The experimental results confirmed the reliability and accuracy of the FE modelling. The 

numerical model was further validated by the uniaxial tensile and compressive data and 

it was found that the model accurately reproduced the material properties behaviour.  

The thesis also includes an investigation of size effect on the structural strength of 

UHPFRC elements. This concerns the static flexural behaviour of similar notched 
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UHPFRC beams with various depths under a three-point bending test and the prediction 

of load-crack mouth opening displacement (CMOD) behaviour. Nonlinear finite element 

simulations using the CDP model were also conducted and it was found the model can 

predict full load-CMOD curves, peak-load and crack propagation processes with good 

agreement with experimental data. Furthermore, a parametric study considering larger 

sizes of specimens up to a depth of 300 mm was carried out and it was found that the size 

effect on the beam’s nominal strength is negligible due to the relatively high ductility of 

UHPFRC compared to other types of concrete.  
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CHAPTER 1 
 

INTRODUCTION 

 

This study investigates the structural behaviour of Ultra High Performance Fibre 

Reinforced Concrete (UHPFRC) for application of highway bridges and buildings. To 

introduce a new material in construction, it is essential to understand the structural 

behaviour of that material. Therefore, the aim of this study is to improve the 

understanding of the behaviour of slab made of this concrete when subjected to static 

loading.  

In ordinary concrete (OC), understanding slab behaviour was one of the most challenging 

and complicated tasks that faced design engineers. After, intensive research and 

development, the behaviour of concrete is now well understood. However, throughout 

history, structures have been built based on strength, durability, economy and aesthetics. 

Therefore engineers and researchers have been striving to develop new structural designs 

and materials that can increase the strength, ductility and durability, so that taller, 

stronger, safer structures can be designed and constructed.  

In the field of concrete technology, from the beginning of the 19th Century, engineering 

designs have exploited developments in material science to provide a better insight into 

advanced properties of materials. Many investigations and studies have been conducted 

to explore innovative materials for the construction industry.  Thus, many materials have 

been discovered and studied intensively.  
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Gathering information from previous studies and the appearance of steel fibre in the 

market from the early 1960s, allowed material engineers to develop fibre reinforced 

concrete (FRC). However, adding discrete fibres as reinforcement has been a challenging 

task due to the availability of various types of fibre in the market. Moreover, selecting the 

right volume of fibre in the mix has required extensive experimental investigation. This 

has resulted in the appearance of numerous different types of FRC. Furthermore, all these 

fibre concretes have a similar behaviour with significant improvement in their mechanical 

properties compared to OC. Due to the feasibility in construction, only a few types of 

these fibre concretes have been considered for the replacement of OC (Donatello et al., 

2009, Richard and Cheyrezy, 1995, Rao et al., 2010, Zeng et al., 2000, Lepech and Li, 

2008, Karihaloo et al., 2002). This is mainly due to the high initial cost and lack of 

recognised design standards (Li, 2003, Spasojevic, 2008, Hassan, 2013). The high cost of 

the material is related to the use of high volumes of steel fibre, cement and admixtures in 

the mix as well as the high sensitivity of this concrete during the mixing procedure 

(Chanh, 2004, Spasojevic, 2008). In addition, the material is considered to be more 

suitable in precast applications which requires high energy consumption during the 

manufacturing process thus increasing the cost. However, studies on cost effectiveness 

conducted by (Racky, 2004, Hassan, 2013) have shown the potential advantage of using 

UHPFRC in construction rather than OC. Furthermore, another reason that limited the 

structural use of UHPFRC is due to the conservative nature of design engineers in the 

construction industry who are familiar with use of OC and the industry’s reluctance to 

adopt UHPFRC when there is a lack of practical design experience of using this material 

(Spasojevic, 2008).  

During the last two decades, a relatively new type of fibre concrete, Ultra High 

Performance Steel Fibre Reinforced Concrete (UHPFRC) has appeared on the market 

with significantly improved mechanical properties. It has number of advantages over 

conventional concrete such as higher strength, fracture resistance and ductility (Dugat et 

al., 1996, Habel et al., 2006, Karihaloo, 1999, Richard and Cheyrezy, 1994, Rossi et al., 

2005). UHPFRC is characterised by much higher compressive strength compared to the 

other types of concrete. It exhibits strain softening in tension which distinguishes the 

material from other FRC materials (Spasojevic, 2008). This is due to the material’s 

capability to sustain significant tensile force in bending, this allows it to be used without 

normal bar reinforcement. Eliminating the bar reinforcement reduces the use of labour 
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and increases production speed, and corrosion deterioration often associated with OC, is 

mostly avoided except for those fibres that may appear on the structure surface. The recent 

study has found that fibre concrete with high water-cement (w/c) ratios greater than 0.5, 

fibres within 1 mm cover can be affected by corrosion deterioration  (Balouch et al., 

2010). However, it is proposed that to prevent surface corrosion to minimum cover of as 

low as 0.2 mm, the w/c ratio of less 0.5 and smooth impermeable formwork or galvanised 

steel fibre should be used (Balouch et al., 2010). The mix design used in this study has a 

w/c of 0.15 which is much smaller than the 0.5 recommended. A smooth and impermeable 

formwork was also used to cast all the specimens. Therefore, the casting procedure and 

mix design used in this study will minimise surface corrosion to as low as 0.2 mm depth. 

This means, only fibres that are embedded in less than 0.2 mm depth are expected to be 

affected by surface corrosion if this UHPFRC is to be used extensively. This increases 

the service life of the structure and reduces maintenance costs significantly. In addition, 

the improvement of tensile and compressive strength allows the size of the UHPFRC 

members to be minimised and this reduces the overall use of material in construction.  

Although many aspects of UHPFRC have been investigated previously, this new concrete 

has not gained that much popularity in construction.  Apart from the cost of the material, 

this is because of a lack of design guidelines for structural components made from 

UHPFRC. This seriously limits its widespread acceptance in the construction industry 

especially in building and highway bridge applications. Lack of understanding of its 

structural behaviour is one the reasons why UHPFRC does not have robust design 

guidance and means design engineers usually prefer to focus on more familiar materials. 

Moreover, existing recommendations only provide modifications to the existing design 

standards for reinforced and prestressed concrete structures of a particular country such 

as France and Japan. These recommendations do not provide any specific guidelines 

about the design of unreinforced or prestressed UHPFRC. In terms of a standard stress-

strain relationship for design at the serviceability limit state (SLS) and ultimate limit state 

(ULS), these recommendations suggest a conventional bilinear relationship with a 

horizontal yield plateau. Detailed information of the softening part, which is a crucial 

material property, is not given. Therefore, experimental studies to thoroughly understand 

its structural behaviour, especially in bending are required so that an appropriate model 

can be defined that can accurately capture the material’s bending resistance. 
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In the literature, it is shown clearly that the tensile behaviour is characterised by the strain 

hardening phenomenon which makes UHPFRC differ from other concrete. To fully 

understand the material behaviour, the tensile strength must be considered in the design, 

thus the existing models for OC or FRC cannot be applied (Spasojevic, 2008).   

Understanding the true boundary conditions of slabs in engineering structures such as 

bridges and buildings, is difficult and concerns design engineers. In FRC structures, 

where fibres are randomly mixed in the matrix, this concern is increased. The effect of 

boundary conditions, which are known to be significant, requires further investigation. 

Moreover, the response of FRC under point loads is of interest in a variety of applications 

in both two-way and one-way slabs, such as wheel patch loading on a bridge deck, heavy 

machinery in a warehouse, laboratory machines in a building, office cabinets and concrete 

pavements. There are few studies on these types of applications in the literature. In 

addition, understanding crack development and propagation within FRC is a complex 

phenomenon. Since fibres are randomly mixed in the matrix, the fibre orientation and 

distribution can change from one geometry to another (Wille and Parra-Montesinos, 

2012, Spasojevic, 2008). Therefore, experimental and analytical studies of different sizes 

with different boundary conditions under point loading are essential to examine the effect 

of geometry and support conditions on the structural behaviour of UHPFRC members.  

The work presented in this thesis is continuation of a research started in 2008 at the 

University of Liverpool. Since the material is new in the market, various mix designs of 

UHPFRC have been investigated and proposed. The research conducted by (Le, 2008) 

was proposed to design the preliminary mix proportions in term of strength and cost 

effectiveness. In that study a significant number of different mix designs were 

investigated by making changes in the mix constituent. Finally, a mix design with a 

compressive strength ranging 150-170 MPa and tensile strength 9 to 12 MPa was 

proposed. Building on the Le study, further research was undertaken by (Hassan, 2013). 

In Hassan’s study, the primary focus was given to investigate the material properties using 

dog bones, 4-point beam bending and cylinder tests. Another part of Hassan’s study was 

to investigate the punching shear resistance of UHPFRC. The current study builds further 

on Hassan’s work and investigates the overall structural behaviour of UHPFRC beams 

and slabs under static loading. The current study builds on the previous work conducted 

by Hassan and others.  
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The mix design used to prepare all the specimens in this study was the same as that 

proposed by (Le, 2008) and material properties used in the modelling part were also 

obtained from the experimental work conducted by (Hassan, 2013). In this study, an 

experimental investigation has also been conducted to improve the mix design as well as 

to understand material behaviour using three-point beam testing.  

 

1.1 Scope  

The study includes two experimental phases and one numerical modelling phase using 

the ABAQUS finite element (FE) software. The first experimental phase is focussed on 

determining the size effect behaviour of UHPFRC. The investigation included the testing 

of 15 notched beams under 3-point bending with 5 different geometries, with the 

emphasis towards determining the size effect behaviour and reliability of the existing 

theory of OC to be used for UHPFRC. The testing procedures were conducted according 

to British Standards (BS). However, slight modifications were made to accurately capture 

the relevant behaviour of the concrete. The test results of this phase were used in the FE 

analysis to validate the developed numerical modelling. 

 

In the second phase, one-way and two-way slabs with Fully Fixed (FF) and Simply 

Supported (SS) boundary conditions with four different geometries were tested. In total, 

52 slabs were tested and analysed. The results were used to investigate the structural 

behaviour of UHPFRC including load-displacement relationship in all stages and failure 

modes. The results reported provide a detailed understanding of UHPFRC behaviour. In 

addition, the data was used for the validation of the FE analysis using 3D modelling. 

 

1.2 Objectives of the Thesis   

The main aim of this study is to investigate the structural behaviour of UHPFRC slabs 

under static bending to obtain the complete and reliable load-displacement response and 

failure modes. This knowledge should allow a better understanding of this material in the 

structural design of bridges and buildings. Furthermore, as the performance of UHPFRC 

is known deviate from that of conventional concrete, it is aimed to shed some light on the 

examination of the size effect phenomenon using three-point bending tests. This study 
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was built upon previous research conducted at the University of Liverpool (Le, 2008). 

The specific objectives of this study are as follow: 

 

i. Measure the nominal strength of UHPFRC structural members to investigate the 

size effect behaviour using three-point bending test methods. 

ii. To obtain a better understanding of structural behaviour of UHPFRC slabs under 

static bending tests accounting for the slab boundary conditions and dimensions, 

using experimental investigation on both one-way and two-way slabs with fully 

fixed (FF) and simply supported (SS) boundary conditions and 

iii. Development of validated 2D and 3D numerical models for both beams and slabs 

using finite element (FE) analysis, to predict the static loading behaviour.  

 

1.3 Outline of the Thesis 

In order to investigate the structural behaviour of UHPFRC in bending a study of size 

effect was undertaken. This provided an understanding of material behaviour in bending 

with differing dimensions. Since, the structural behaviour of UHPFRC is still largely 

unknown, it would be interesting to test a real life size structure to capture the exact 

behaviour of this concrete. However, due to the limitations of laboratory equipment and 

time, only a limited range of beam sizes and slab thicknesses were examined. The sizes 

of the specimens were chosen based on the capacity of the test machine available in the 

laboratory. Moreover, the size of the specimens were chosen based the size proposed by 

the French recommendation (Association Francaise de Genie Civil–Service d’etudes 

Techniques des Routes et Autoroutes (AFGC/SETRA). 2002). The high cost of fibre and 

cementitious material used in the mix were another factor to limit the size of the 

specimens. In addition, since this research is a continuation of previous work conducted 

at the University of Liverpool, the same mix constituent has been used. Notwithstanding 

these limitations, an extensive amount of specimens with different thicknesses and 

boundary conditions were prepared and tested.  

This first chapter gives a brief background to the development of UHPFRC. It also 

describes the main aim, objectives and contribution to the advancement of knowledge of 

this study. The remaining chapters in the thesis are structured as follows: 
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Chapter 2 gives details of existing fibre reinforced concretes (FRC) and reasons for 

choosing UHPFRC in this research study. Since UHPFRC is a relatively new construction 

material, a clear understanding was required to undertake this research study. Therefore, 

in Chapter 2, a thorough literature review on UHPFRC is given covering its first 

appearance, properties, application and existing design guidelines. It also details relevant 

experimental work, numerical modelling and theoretical works on the flexural behaviour 

of UHPFRC beams and slabs. Also included is an introduction on existing size effect and 

yield line (YL) theory for conventional concrete which are investigated in this study. 

Chapter 3 investigates the size effect, which describes the phenomenon that the nominal 

structural strength decreases as the structural size increases. Since the strength and 

ductility of UHPFRC is significantly greater than ordinary concrete, the existing size 

effect theory (Bazant, 1984) may no longer be valid. Random fibre orientation, 

distribution and matrix bond might also affect the behaviour of this concrete compared 

with conventional concrete. Therefore, this chapter is concerned with the results from the 

experimental investigation of similar notched beams with different depths under three-

point bending tests.  

Chapter 4 details the results of the experimental studies on one-way slabs under bending. 

A novel experimental technique and the process used to manufacture the one-way slabs 

are also detailed. To demonstrate the possible failure modes, the results for both SS and 

FF slab boundary conditions are analysed and discussed. The effect of slab thickness and 

boundary condition on failure modes, crack propagation and fibre orientation and 

distribution are discussed. Finally, the effect of slab thickness on the effective flexural 

strength is discussed.  

Chapter 5 details the results of the experimental tests carried out on two-way slabs for 

both FF and SS boundary conditions. The reason for choosing specific boundary 

conditions and different specimen thicknesses as well as the effect of slab thickness on 

fibre orientation and distribution are explained. A better understanding of structural 

behaviour of UHPFRC, including the complete load-displacement behaviour, crack 

propagation and failure modes are discussed. Also, the size effect on effective flexural 

strength is discussed.  
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The development of full 2D and 3D numerical models using ABAQUS to simulate slabs 

and beams subjected to the bending loads are presented in Chapter 6. The procedure to 

create the model including, part creation, step analysis, element types, mesh convergence 

studies and contact behaviour as well as the implementation of load and boundary 

conditions are also provided. Details of the numerical models using two different methods 

and input data extracted from material testing are discussed. The reliability of these 

numerical models are also discussed.  

Chapter 7 presents the results of the FE analysis of the experimental work mentioned in 

Chapters 3, 4 and 5. The results of the numerical simulation to predict the complete and 

reliable response of load-displacement, load-crack mouth opening displacement (CMOD) 

and failure modes are also presented. Due to the high volume of steel fibres in UHPFRC, 

the cost of experimental studies is relatively high, especially for large-sized structures.  

Parametric studies using the FE analysis are thus carried out to model beams and slabs 

with greater depths that are too expensive to be tested. The potential use of numerical 

models as an alternative to experimentation to capture UHPFRC structural behaviour is 

discussed.  

Chapter 8 concludes the thesis with a summary of the main conclusions from the work 

undertaken alongside some recommendations for future work. 
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CHAPTER 2 
 

LITERATURE REVIEW ON FRCs AND 

UHPFRC 

 

In this chapter the formation of UHPFRC which has been developed from high strength 

concrete and steel fibre is described. The mechanical properties, design guidelines and 

mix design as well as the effect of mix constituents of UHPFRC are described in detail. 

A brief history of the use of fibre in concrete which includes; the discovery, the purpose 

of using, the types and various shapes of fibre are also discussed in this chapter. Since 

UHPFRC is just one of the types of concrete that uses steel fibres, it was essential to 

investigate other types of FRC that are similar to UHPFRC and available in the open 

literature. Reasons for not choosing other types of FRC and their drawbacks are provided. 

The purpose of investigating a particular type, namely UHPFRC with respect to other 

concrete materials is also provided.  

Since only limited studies have been conducted on the structural behaviour of FRC, 

especially UHPFRC, a particular attention is given to experimental, analytical and 

numerical studies that are available in the literature, especially for slabs. The accuracy, 

limitation and drawback of these studies are given. Furthermore, determination of the 

ultimate moment of resistance was considered in this study, therefore, Yield Line (YL) 

analysis which is one of the design methods is studied. In addition, there is very little in 

the literature on the effect of size on nominal strength in FRC, thus Section 2.6 discusses 
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the size effect phenomenon. The existing size effect theory and its limitation on FRC and 

UHPFRC in particular are discussed.  

 

2.1 Background 

Throughout history, concrete has been combined with fibres of other materials to increase 

its strength. Concrete is a mixture of crushed stone or gravel, sand and water bonded 

together by hydrated cement or filler that fills the voids between the coarser particles. The 

role of cement when hydrated is to form a paste which bonds the aggregate particles 

together. The hydration occurs when the cement’s chemical components react with water 

to form products such as calcium-silicate hydrate, ettringite, iron ettriginite, calcium 

monosulfoaluminate, calcium hydroxide and magnesium hydroxide. However, calcium-

silicate hydrate is the main hydration product for strength development. In the past many 

different types of fibres have been used and studied in detail. The use of fibres goes back 

at least 3500 years (Labib and Eden, 2006). In ancient times, straw was used to reinforce 

sun baked bricks and used in the 57m high hill of Aqar Quf near Baghdad (Newman and 

Choo, 2003). Later on, masonry mortar was reinforced with horsehair (ACI Committee 

544.1R., 2002) and it is believed that the oldest house in the U.S. is a Pueblo house, which 

was built around 1540. Later, asbestos fibres were used in cement construction products 

for over a hundred years. However, in the early 1960s, asbestos was found to be a health 

hazard, and its use is now banned in most countries (Labib and Eden, 2006). 

The enhancement of concrete properties such as high strength and ductility has been one 

of the greatest challenges in the field of civil engineering for many decades. Extensive 

experimental works have been conducted to obtain a new variety of concrete which can 

offer such properties. Attempts to improve strength in cement paste goes back to the 

1960s and 1970s, by heat curing treatment or using low water cement ratios (Spasojevic, 

2008). However, the development of improved concrete properties was restrained by a 

lack of understanding of the material microstructure.  

Attempts to increase the strength and concrete ductility have increased significantly after 

the development of steel fibres in the 1960s as a replacement for traditional steel bars 

(Roumaldi and Batson, 1963). Material additives such as superplasticisers and fillers were 

also introduced to increase the strength of concrete (Mielenz, 1984, Malhotra, 1989). 
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These admixtures increased the material’s durability and ductility as well as the strength 

(Bache, 1981, Dugat et al., 1996, Neville, 2011). Because these admixtures are extremely 

fine, their particles fill the gaps between the cement particles, voids around the steel fibres 

and pack against the sand surface. This minimises the voids within the matrix and 

enhances the bond between matrix constituents thus stresses can transfer better (Neville, 

2011). The improvement in the bond between the matrix and the fibres, increases the fibre 

pull-out force, thus enhancing the strength (Bache, 1981).The work conducted by (Dugat 

et al., 1996) reported that the combination of a cementitious admixture such as silica fume 

(SF) and ground granulated blast furnace slag (GGBS) with superplasticisers reduce the 

w/c ratio to a value less than 0.15 in fibre concrete and this will reduce the total voids of 

the matrix hence improving the durability. In an OC paste, hydrated calcium aluminate 

and/or calcium hydroxide reacts with sulphates that may penetrate the concrete due to 

contact with ground or rain water, leading to expansion, cracking in the concrete and 

weakening the bond between the cement paste and the aggregate (Skalny et al., 2002). 

Having SF in a concrete mix such as UHPFRC reacts with the hydrated calcium aluminate 

and/or calcium hydroxide and it also results in a higher resistance to sulphate attack 

(Skalny et al., 2002). SF increases the formation of calcium silicate hydrate (CS-H) gel 

which is responsible for the high strength and high durability of concrete structures (Ter 

Maten, 2011). This development led to investigators producing matrices which have high 

strength with more ductile behaviour. 

Since then, extensive research has been carried out to exploit and increase the use of steel 

fibres in concrete. This was conducted by manufacturing different types and shapes of 

steel fibres to improve the fibre-matrix bond characteristics.  Steel fibres can be classified 

into five general types  based upon their manufacturing process, as follows (ASTM 

Standard A820., 2011): 

 

1- Cold-drawn wire 

2- Cut sheet 

3- Melt-extended 

4- Mill cut 

5- Modified cold-drawn wire 
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Figure 2.1, shows different types of steel fibres. Rounded fibres typically have a diameter 

between 0.25mm and 1.0mm. Flat, straight steel fibres have cross-sections with 0.15 to 

0.64mm thickness and 0.25 to 1.14mm width. Their tensile strength, length and aspect 

ratios range from 345 to 1700 MPa, 19 to 60 mm and 30 to 100, respectively. Some of 

the fibres have been produced with both full length crimps or enlarged ends only, while 

others have been deformed to increase the mechanical bond (Knapton, 2003).  

 

Figure 2.1: Different types of steel fibres, from (Knapton, 2003). 

 

Gathering information from previous studies from the 1960s to 1990s and collaboration 

between structural engineers and material scientists have resulted in an understanding of 

fibre reinforced concrete (FRC). Different types of FRC have been developed with 

different mix designs and fibre percentages, in order to enhance mechanical and durability 

properties. 
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2.2 Types of FRCs 

In the past few decades, several types of FRC have been developed and studied 

extensively. However, herein, concern has only been given to that fibre concrete that are 

acknowledged in the open literature. The reasons for choosing one type over the others in 

this study are presented. The advantages and drawbacks of these concretes are also 

presented. 

 

2.2.1 Macro-defect Free 

High-strength macro-defect free (MDF) cementitious materials were formulated by using 

Ordinary Portland Cement (OPC) or calcium aluminate cement and a water soluble 

polymer with a very low water cement ratio of (0.1-0.2) (Shah and Young, 1990). The 

most employed polymers are polyvinyl alcohol (polyvinyl acetate) (PVA) and 

hydroxypropyl methyl cellulose (Lewis, 1993, Popoola et al., 1991). This material has a 

high flexural strength due to the removal of large voids with a lower overall porosity, and 

strong chemical bonding between polymer and cement grains (Kendall et al., 1983).  

MDF has a tensile strength and an elastic modulus of 150 MPa or more and 40-45 GPa, 

respectively. The fracture energy was also improved significantly to 300-1000 J/m2 

compared to 20 J/m2 in normal concrete (Donatello et al., 2009). The selection of an 

appropriate water soluble polymer is very critical in designing MDF. It has been 

suggested that both the strength and the water resistance of MDF cementitious will 

increase with both decreasing degree of hydrolysis of the polymer and with decreasing 

molecular weight (Santos et al., 1999). However, in the last 30 years since its first 

appearance, the incorporation of MDF has been limited due to its high sensitivity to 

moisture or humidity (Drabik et al., 2002, Poon, 1998). In addition, it has a shrinkage 

problem due to dehydration of the polymer by reaction with unhydrated cement particles. 

Furthermore, it has been reported that the MDF materials have difficulties with being 

processed on a commercial scale (Donatello et al., 2009). 

 

2.2.2 Dense Silica Particle (DSP) 

Dense silica particles (DSP) are densely packed cementitious materials and this was first 

conceived by Bache (1981). It was developed by the Danish cement producer, Aalborg 
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Portland-Cement. These cementitious materials are formed by the hydration of densely 

packed particles of inorganic binder such as clinker, gypsum or ground granulated blast 

furnace slag (GGBS) with ultra-fine particles. Even with binder particle sizes ranging 

between 1and 100m, voids remains in the materials and they can only be filled with 

materials with particles size ranging between 0.1 to 0.2 m such as silica fume 

(microsilica) (SF) (Odler, 2005). The ultra-fine particles in DSP materials fill the void 

spaces between the cement particles, making the matrix extremely dense and thus the 

strength is improved significantly. Due to the very low amount of water used in a DSP 

mix design, superplasticiser is essential to improve the workability (Bennett, 2002). 

DSP has a compressive strength of more than 150 MPa up to 280 MPa. In addition, it has 

a flexural strength and an elastic modulus of 30-60 MPa and 50-60 GPa, respectively. 

Furthermore, the mechanical behaviour of DSP is purely linear-elastic with a fracture 

energy of about 30 J/m2  (Richard and Cheyrezy, 1995). It also has a high tensile strength 

of up to 25 MPa (Shannag and Hansen, 2000). Due to the brittleness of the material, steel 

fibres are required to improve the tensile properties and increase the ductility of this 

material. However, there have been reports that the material seems to have some 

drawbacks such as it may explode when it is heated or it may expand if exposed to 

repeated wetting and drying due to alkali-silicate reaction (Hertz, 1984, Odler, 2005). 

 

2.2.3 Slurry Infiltrated Fibre Concrete (SIFCON) 

Slurry infiltrated fibre concrete (SIFCON) is a high performance material containing a 

relatively high percentage of steel fibres up to 20% by volume and first discovered by 

Lankard Material Laboratory (Lankard, 1984, Lankard and Newell, 1984). 

The matrix in SIFCON has no course aggregates, but high cement content. However, it 

may contain fine or coarse sand and additives such as fly ash, microsilica and latex 

emulsion (Dagar, 2012, Naaman, 1992).  The preparation of SIFCON is relatively 

different from other SFRC due to the high volume of steel fibre used in this concrete. 

Fibre placement in the formwork moulds is the initial step in preparation of SIFCON and 

this can be accomplished using hand or a fibre dispensing unit. Cement based slurry is 

then poured onto the fibre networks with light vibration (Lankard and Newell, 1984). The 

material possesses high ductility and tensile strength with a high strength cementitious 
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matrix coupled with greater energy absorption characteristics (Farnam et al., 2010). Due 

to its excellent ductility, SIFCON is used where structures might be subjected to impact 

and dynamic loading (Rao et al., 2010). In addition, SIFCON has an ultimate flexural and 

compressive strength of 27 MPa to 69 MPa and 103 MPa to 207 MPa, respectively 

(Lankard, 1984). Furthermore, due to the high content of steel fibre, crack widths in these 

materials are greatly reduced and fracture failure modes are improved from a single crack 

to irregular multicracks in flexure (Yan et al., 2002). However, the high cost involved in 

the preparation of this material is due to the large volume of discrete steel fibre used in 

its manufacturing process. Therefore, the use of SIFCON is limited to some special 

applications such as military shelters, refractory concretes, loading docks, high traffic 

airport pavements and other specialised concrete pavements (Hackman et al., 1992). In 

addition, its strength reduces due to its weak resistance to freeze-thawing (Balaguru and 

Kendzulak, 1987). 

 

2.2.4 Slurry Infiltrated Mat Concrete (SIMCON) 

Slurry infiltrated mat concrete (SIMCON) is a high performance steel fibre cementitious 

material, which is very similar to SIFCON but with a relatively lower fibre volume 

percentage of 3% to 6% (Hackman et al., 1992). The key differences between the two 

cementitious materials is that in SIMCON steel fibres are placed in a mat while in 

SIFCON, as discrete fibres (Hackman et al., 1992). 

Coarse aggregate is eliminated in the matrix of this material and cement based slurry is 

used to infiltrate this concrete. The fibre aspect ratio which is the ratio of fibre length to 

fibre diameter plays an important role in reducing crack widths. The higher the fibre 

aspect ratio, the finer the cracks in concrete, and this can be as high as 500 in SIMCON 

(Hackman et al., 1992). As little as 5.7% steel fibre volume in SIMCON can achieve the 

same flexural strength as SIFCON with 14%. This is due to the use of longer fibres in the 

mat in SIMCON compared to the short discrete fibres in SIFCON (Coskun, 2002). The 

tensile and compressive strength of up to 17 MPa and 81 MPa, respectively, can be 

achieved depending on the fibre volume percent (Krstulovic-Opara and Malak, 1997b, 

Krstulovic-Opara and Malak, 1997a). In addition, it has high strength, toughness and 

excellent crack control as well as an increase in energy absorption and durability with 

fracture energy of greater than 10 J/m2 (Krstulovic-Opara et al., 1997). It has an elastic 
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modulus of 30 GPa (Murakami and Zeng, 1998). However, the applications of this high 

performance cementitious composite are limited to repair and retrofit of existing 

structures such as deteriorated highway bridges and pavements (Zeng et al., 2000). 

 

2.2.5 Engineered Cementitious Composites (ECC) 

Engineered cementitious composites (ECC) are high performance fibre reinforced 

cementitious composites with pseudo strain-hardening and significantly improved ductile 

behaviour due to the microstructure of its constituent composition (Li and Kanda, 1998). 

The ECC matrix contains water, cement, sand, fibres and some other chemical admixtures 

but with no course aggregate. Various fibre types can be used in ECC and fibre type and 

geometry has a significant effect on its behaviour. In general it is characterised by up to 

2% by volume of discrete short random fibres of polyvinyl alcohol (PVA) fibres. 

However, in order to achieve the optimised behaviour of ECC, consideration must be 

given to its composition in terms of fibre, cementitious matrix and fibre interface (Li, 

1993). It exhibits an ultimate strain capacity of between 3% and 7%, which is 300-600 

times greater than normal concrete  (Li et al., 2006, Johari et al., 2013). In addition, it has 

an ultimate tensile strength greater than 5 MPa, flexural strength greater than 15 MPa, 

fracture toughness greater than 30 kJ/m2, elastic modulus greater than 20 GPa and 

compressive strength greater than 70 MPa (Li and Kanda, 1998, Wang and Li, 2005). It 

also has an ability of self-healing of microcracks when exposed to natural environmental 

conditions (Herbert and Li, 2013). Due to its high ductility and durability, ECC materials 

are best suited for structural applications such as seismic-resistance, bridge decks, 

pavements and other infrastructure exposed to harsh environmental conditions (Lepech 

and Li, 2008, Li, 2003). Although, a low percentage of fibres are used in ECC, the use of 

this cementitious composite is limited to specific applications due to the high cost of PVA 

fibre, which is more expensive compared to steel fibre (Li, 2003). 

 

2.2.6 CARDIFRC  

CARDIFRC is a class of high performance short steel fibre reinforced cementitious 

composite (HPFRCCs) under the trade name of CARDIFRC developed at Cardiff 
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University. The material is characterised by the use of two different types of fibres and 

low water/ cement ratio (Benson and Karihaloo, 2005a). Similar to other high 

performance concretes, CARDIFRC’s constituents are cement, microsilica, quartz sand, 

water, fibres and some other chemical admixtures. Large amounts (of up to 8% volume) 

of short steel fibre length of 6 mm and 13 mm with 0.16 mm diameter are used. A special 

mixing procedure that allows uniform fibre distribution is used in the preparation of 

CARDIFRC materials (Benson et al., 2005). This unique combination offers a 

compressive and tensile strength greater than 200 MPa and 12 MPa, respectively. It has 

a flexural tensile strength of up to 30 MPa. In addition, it has a fracture energy and an 

elastic modulus between 17000 to 20500 J/m2 and 45 to 56 GPa, respectively (Benson 

and Karihaloo, 2005b).  It is shown that the CARDIFRC material is best suited for 

retrofitting damaged concrete structures (Karihaloo et al., 2002). However, due to the 

large volume of steel fibre used in manufacturing this high performance concrete 

compared to the other UHPFRCs, it may give some drawbacks using CARDIFRC in 

major construction works. 

 

2.3 Ultra High Performance Fibre Reinforced Concrete 

(UHPFRC) 

Ultra High Performance Fibre Reinforced Concrete (UHPFRC) or Reactive Powder 

Concrete (RPC) is a high performance fibre reinforced material which exhibits a great 

enhancement in strength and durability properties compared to conventional 

reinforcement. UHPFRC is a combination of High Strength Concrete (HSC) and a 

relatively light amount of steel fibres. It contains most of the constituent materials of 

ordinary concrete along with some other admixtures such as superplasticiser and GGBS 

(Graybeal and Hartmann, 2003). It was invented in the early 1990 by two independent 

French contractors, Bouygues Construction and Eiffage Group (EGI), with the aid of 

construction materials companies Lafarge Corporation and Sika Corporation (Association 

Francaise de Genie Civil–Service d’etudes Techniques des Routes et Autoroutes 

(AFGC/SETRA). 2002). 

UHPFRC is characterised by steel fibre content of 2% of diameter 0.15-0.20 mm, and 

high tensile strength in the range of 859-2000 MPa (Le, 2008). Having fibres significantly 
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reduces brittleness of this concrete because the fibres transmit stress across the two 

cracked faces and this makes UHPFRC suitable in construction (Khaloo and Afshari, 

2005). It often has a cement content as high as 900-1000 kg/m3 (Collepardi et al., 1997). 

Very fine sand or quartz powder size 0.1-0.6 mm (Graybeal, 2006, Richard and Cheyrezy, 

1994, Wille et al., 2011b) and silica fume are also essential to achieve a high particle 

packing density (Wille et al., 2011a). GGBS can be added to increase the compressive 

strength further, and superplasticisers are also added to improve workability (Habel, 

2004). Most importantly, the lack of coarse aggregate significantly improves the 

homogeneity of the material. This composition leads to very high compressive strength 

and tensile strength, typically over 150 MPa and 7 MPa, respectively (Graybeal, 2006, 

Bonneau et al., 1997, De Larrard and Sedran, 1994, Habel et al., 2006, Magureanu et al., 

2012, Rossi et al., 2005). However it was reported by Richard and Cheyrezy (1994) that 

the compressive strength can be as high as 200 to 800 MPa. Recently, Wille et al. (2011) 

showed a direct tensile strength of up to 15 MPa could be achieved with 1% high strength 

steel fibres of 3500 MPa. These properties make normal steel bar reinforcements 

unnecessary in most UHPFRC structural members, especially shallow beams, slabs and 

walls  (Richard and Cheyrezy, 1994, Lei et al., 2012). 

UHPFRC also maintains a high resistance to acid attack, very good impact strength, it 

has an excellent resistance to freeze-thaw cycles and reduces creep and shrinkage when 

compared to conventional concrete (Toutlemonde and Resplendino, 2011, Li and Yao, 

2001, Magureanu et al., 2012, Acker and Behloul, 2004). Furthermore, a recent study 

conducted by (Forth et al., 2014) reported that in OC, shrinkage causes the neutral axis 

position to move downward and this affects the prediction of shrinkage curvature using 

current theoretical models. In that study, a new analytical approach was proposed which 

takes into account the effect of shrinkage and dismisses the assumption that the neutral 

axis position is fixed, thus obtaining the true effects of shrinkage. This shows that using 

steel fibre in UHPFRC will eliminate the effect of shrinkage as steel fibres limit the 

concrete to shrink (reduction in specimen size) during the hardening stage and improving 

fatigue resistance (Meda and Plizzari, 2004). It has a high flexural strength of 20 to 40 

MPa and fracture energy of around 20000-40000 J/m2  compared to 3-5 MPa and around 

100 J/m2 for traditional concrete (Schleyer et al., 2011, Toutlemonde and Resplendino, 

2011). UHPFRC is a durable material with very low permeability leading to a longer 

service life than the OC structure. It also requires less maintenance and thus could save 
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money over the life of the structure. It has been used in several projects around the world 

especially in the United States, Australia and Canada.  

The aim of developing a high performance cementitious material and UHPFRC in 

particular, is to replace the traditional concrete so that it can be utilised effectively and 

efficiently in the construction industry and, in particular for bridge construction. 

However, UHPFRC is a relatively expensive material and its use is limited to parts of 

structures subjected to severe environmental conditions or where the use of traditional 

concrete is not possible (Spasojevic, 2008). Therefore, since its first appearance, various 

test methods and mix designs have been applied and developed to determine the key 

characteristics of UHPFRC, attempting to reduce its cost. The cost of the material can be 

between 5 to 10 times more expensive than conventional concrete on a volumetric basis. 

The high cost is related to the use of a high volume of steel fibre, which is relatively very 

expensive. The detailed study of UHPFRC cost by (Ter Maten, 2011) reported that the 

total costs of UHPFRC are for approximately two thirds governed by the addition of steel 

fibres. The study also reported that determining the cost of UHPFRC is complicated 

because there are several factors which influence the cost. For example, since the material 

is considered to be most suitable for precast applications in the current production 

process, this increases the initial cost of UHPFRC.  Because precast applications require 

high energy consumption because current curing time is 48 hours at high temperatures of 

90 ᴼC during the manufacturing process and this is very expensive. Since the UHPFRC 

member is usually precast, it needs to be delivered to site and this increases the transport 

cost considerably. High sensitivity of this concrete during the mixing procedure is another 

factor which increases the cost of UHPFRC (Spasojevic, 2008). Having a high amount of 

cement in the mix design as well as additional admixtures is also another factor which 

makes a significant contribution to the high cost of UHPFRC. However, the overall cost 

reduces as the volume of UHPFRC required to meet strength criteria will be less than that 

of conventional concrete (Hassan, 2013, Racky, 2004). The improved material properties 

of UHPFRC will also ensure lower maintenance costs and a longer design life of the 

structure compared to conventional concrete. In addition, the current precast production 

contributes to its high cost significantly but recently Hassan (2013) has shown the cost 

can be minimised by utilising this material for cast in-situ applications. 
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Although this new composite concrete has outstanding qualities, researchers have also 

conducted extensive experimental studies to further enhance its mechanical properties. It 

is reported by Spasojevic (2008) that the structural behaviour of UHPFRC results from 

the properties of its constituents: cementitious matrix, fibre type and shape and fibre-

matrix bond. In recent decades, several mix designs have been developed and studied 

rigorously. The primary sources for these enhancements are the volume of steel fibre 

percent, highly compacted cementitious matrix and mixing procedures.  

Each type of FRC has its own draw-backs in terms of its use in major structural 

applications. In addition, research previously conducted by Le (2008) at the University 

of Liverpool resulted in the development of an UHPFRC mix design with tensile and 

compressive strength of greater than 150 MPa and 9 MPa, respectively. It has an elastic 

modulus of over 45 GPa. The availability of this mix design and material properties was 

another reason to investigate this type of UHPFRC in this current study. Therefore, this 

mix design was employed for all the experimental works undertaken in this present study. 

To show a direct comparison between the FRC types, the mechanical and physical 

properties are shown in Table 2.1. Alongside studies to develop of enhanced high 

performance cementitious materials, researchers have also made significant efforts to 

determine the effect of concrete constituent materials and other factors such as high curing 

temperature and water cement ratio on the properties of UHPFRC.  

 

Table 2.1: Direct comparison of FRCs mechanical properties.  

Properties MDF DSP SIFCON SIMCON ECC CARDIFRC UHPFRC 

Tensile strength 
>150 

MPa 

25 

MPa 
14 MPa 17 MPa 5 MPa >12 MPa 15 MPa 

Compressive 

strength 

300 

MPa 

>170 

MPa 

103-207 

MPa 
81 MPa 70 MPa >200 MPa 

150-800 

MPa 

Elastic   

modulus 

40-45 

GPa 

50-60 

GPa 
27 GPa 30 GPa 20 GPa 45-56 GPa >45 GPa 

Bending/flexural 

strength 

200 

MPa 

30-60 

MPa 

27-69 

MPa 

19-23 

MPa 
15 MPa 30 MPa 20-40 MPa 

Fracture energy 

300-

1000 

J/m2 

30 

J/m2 

30-64 

J/m2 
>10 J/m2 

30000 

J/m2 

17000-

20500 J/m2 

20000-

40000 J/m2 
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2.3.1 The Effect of Aggregate Size 

In ordinary concrete, coarse aggregate provides volume stability to the hardened concrete 

and reduces shrinkage and cracking by interlocking the cement matrix. In most of the 

high performance cementitious materials, coarse aggregates are eliminated and fibres 

provide the functions similar to coarse aggregate in conventional concrete. As the size of 

the aggregate decreases, the specific surface area of the matrix increases. The use of fine 

sand creates a dense matrix and less air voids, thus the strength significantly improves as 

illustrated in Figure 2.2. 

 

 

Figure 2.2: Matrix structures of conventional concrete and UHPFRC (Perry, 2003). 

 

In UHPFRC, similar to the other cementitious composites and unlike conventional 

concrete, it uses only very fine aggregate like silica sand. This fine aggregate sand 

contains a high proportion of silica, normally more than 95% SiO2. It is produced from 

both loosely consolidated sand and by crushing weak cemented sandstones (British 

Geological Survey, 2004). To avoid loosening cement and other admixtures, fine sand 

with sizes between from 0.1 to 0.5 mm, are most often encountered in UHPFRC mixes. 

The pozzolanic activity of UHPFRC using quartz sand was 40% higher than that of the 

concrete without quartz sand, after 48 hours of heat treatment at 90oC (Zanni et al., 1996).  

This was one of the main reasons Le (2007) selected silica sand instead of ordinary sand 
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in his developed UHPFRC mix design, which was employed in the preparation of slab 

and beam specimens in this study. 

 

2.3.2 The Effect of Cement 

In concrete, it is known that the main role of cement when hydrated with water is to form 

a concrete paste. In UHPFRC, the selection of cement type is very important to ensure 

that it is compatible with the concrete admixture in the mix design. With the development 

of the cement industry, different types of cement are now being produced. Cements are 

grouped into five main types CEM 1, CEM II, CEM III, CEMIV and CEM V (British 

Standards Institution BS EN 1997-1, 2000). It is reported that cement types CEM I or 

CEM II 52.5 can be used in the manufacture of UHPFRC (Bonneau et al., 1997, Richard 

and Cheyrezy, 1994), as well as cement types of CEM I and CEM II 42.5 (Collepardi et 

al., 1997, Corinaldesi and Moriconi, 2003, Ji et al., 2004). 

 

2.3.3 The Effect of Silica Fume 

Silica fume (SF), also known as microsilica, is a by-product of the reduction of high-

purity quartz with coal in electric arc furnaces in the production of silicon and ferrosilicon 

alloys. It consists of very fine vitreous particles approximately 100 times smaller than the 

average cement particle. Because of the extreme fineness of SF, their particles pack 

tightly against the surface of the aggregates and fit between the cement particles, thus 

reducing the size and volume of voids within the matrix. This improves the bond between 

the cement paste constituents allowing for better stress load transfer (Neville, 2011). 

Silica fume is recognised as a highly reactive pozzolanic material and it is effective in 

enhancing the mechanical properties to a great extent (Malhotra and Carette, 1982). In an 

ordinary cement paste, calcium hydroxide crystallizes out as a separate and relatively 

weak phase, and this reacts with penetrated sulphates that may occur through ground 

water for example, resulting in extensive cracking, expansion, and loss of bond between 

the cement paste and the aggregate (Skalny et al., 2002).  Adding SF in cement paste not 

only reacts with the surplus of calcium hydroxide and results in a higher resistance to 

sulphate attack (Skalny et al., 2002), it also improves the transition zone between the bulk 
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hydrated cement and the aggregate particles in concrete, resulting in a denser mix as 

shown in Figure 2.3. 

 

 

Figure 2.3: Silica fume particles filled the gap of larger cement particles (Bache, 1981). 

 

The American Concrete Institute (ACI) defines SF as a “very fine non-crystalline silica 

produced in electric arc furnaces as a by-product of production of elemental silicon or 

alloys containing silicon” and according to  (ACI Committee., 1987), the advantages of 

silica fume in concrete are; improved long-term strength, freeze and thaw resistance, 

sulphate resistance and preventing alkali-silica reactions. 

The SF in combination with superplasticisers in cementitious material enhances the 

rheological characteristics by the lubrication effect resulting from the perfect spherical 

shape of the SF particles packing tightly against the surface of the sand and they fit in 

between the cement particles when they are well deflocculated by the right dosage of 

superplasticiser, resulting in an increase in the strength of the cement paste (Bache, 1981, 

Graybeal, 2006). The combination of the two makes the UHPFRC more cohesive and less 

prone to segregation than the concrete without SF and it also improves the bond between 

steel fibres and the matrix by increasing the contact area. 

In cementitious materials, silica fume protects the randomly distributed steel fibres from 

chemical attack, which causes corrosion, especially in bridges, parking decks and marine 
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structures  (Siddique and Khan, 2011). Due to the high bond strength, low permeability 

and  improvements in durability, this all makes SF concrete an appropriate repair material, 

especially in severe environments (Luther, 1990). Silica fume is used in a variety of 

cementitious composite materials and it is recognised as one of the essential ingredients 

for all cementitious composite structures, especially in UHPFRC structures. 

 

2.3.4 The Effect of Ground Granulated Blast-furnace Slag (GGBS) 

Ground granulated blast furnace slag (GGBS) is manufactured from blast furnace slag, a 

by-product from the making of iron. This finely ground, off-white powder is insoluble in 

water. It is normally mixed with cement and water for construction purposes. It consists 

principally of non-crystalline oxides of aluminium, calcium, silicon and magnesium 

together with sulphur compounds and small quantities of alkalis. It was discovered in the 

late 19th century and it has been widely used in the cement manufacturing industry for 

over 100 years. In the UK, GGBS is supplied as a separate component for concrete. GGBS 

can be blended with cement or used as a replacement cementitious material. The use of 

GGBS in concrete improves long-term strength development, enhances durability and 

reduces the risk of cold joints which is particularly useful in warm weather concreting 

(Osborne, 1999). 

The presence of GGBS in UHPFRC mix design delays the setting time of concrete and 

the concrete will remain workable longer (Le, 2008). Furthermore, the use of GGBS in 

the UHPFRC mix and concrete in general has the potential to reduce the environmental 

impact i.e. CO2 emissions, caused by the industrial production of cement. Using only 50% 

GGBS as a cement replacement, the CO2 will reduce by approximately 40% compared to 

CEM I as reported by the Concrete Centre, UK. For every tonne of cement, approximately 

900 kg of CO2 emissions are produced compared to GGBS where 0 kg is produced as 

shown in Figure 2.4. In addition, the use of GGBS also benefits in reducing the depletion 

of natural resources i.e. for every tonne of Portland cement produced, 1.6 tonnes of 

limestone/shale are removed from the landscape, while GGBS production involves no 

quarrying of limestone or clay (David, 2011) . 
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Figure 2.4: CO2 emission for Portland cement and GGBS production (David, 2011). 

 

GGBS reduces the possibility of thermal cracking in hardened concrete, due to the 

reduction in the amount of heat released and the delay in the timing of the heat release. It 

also enhances the resistance to internal chemical attack such as alkali silica reaction and 

alkali carbonate reaction (Higgins, 2005). It is reported that at standard room temperature 

the early age concrete containing GGBS cement has a lower strength than concrete made 

with Portland cement with the same binder content but as the curing period was extended, 

GGBS concrete strength was higher (Oner and Akyuz, 2007). This was due to the 

pozzolanic reaction, which is slower as the formation of calcium hydroxide requires more 

time to react compared to Portland cement. However, Barnett et al. (2006) reported that 

the early age strength development of GGBS concrete is highly dependent on the 

temperature and the pozzolanic reaction is more rapid as the curing temperature increases. 

 

2.3.5 The Effect of Superplasticiser  

Superplasticiser is a water reducing agent. It is used to reduce the water content of a 

concrete mixture while maintaining a constant workability. Superplasticiser in cement 

paste avoids particle aggregation, and improves the flow characteristics in concrete (Le, 

2008). Superplasticisers are long and heavy molecules, which alter the attraction forces 
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between the cement particles by giving them highly negative electrical charges so that the 

cement particles repel each other, resulting in better dispersing of the cement particles as 

depicted in Figure 2.5, thus improved workability (Nicolaides, 2005). 

 

 

Figure 2.5: Cement paste (a) without superplasticiser (b) with superplasticiser 

(Nicolaides, 2005). 

 

Since a very low w/c ratio is used in UHPFRC mix designs, workability can be an issue 

during casting UHPFRC members. In addition, having steel fibres in UHPFRC mix can 

also reduce workability (Le, 2008). To ensure that the workability of UHPFRC is 

sufficient, the use of superplasticiser is essential. However, the effect of superplasticiser 

on cement is influenced by the amount of aluminate (C3A) content and soluble alkali in 

cement regardless of the type of the superplasticiser. The amount of C3A content in 

cement of at least 8% is required for superplasticisers to work effectively (Sakai et al., 

2008).   

The combination of superplasticisers with microsilica in the UHPFRC mix results in an 

increase in the strength of the cement paste. It is also reported that the superplasticiser 

decreases void size and gives better distribution of the different components in the cement 

paste (Mehta and Aitcin, 1990, Puertas et al., 2005) 
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Superplasticisers comprise several water-soluble organic polymer groups, mainly 

napthanlene based and polycarboxylate superplasticiser (Spiratos et al., 2003). In 

UHPFRC, carboxylate-based superplasticiser are widely used due to their weaker acid 

and effective complexant for di and tri-valent metal ions compared to napthanlene groups 

(Le, 2008). An experimental study showed that the polycarboxylate polymers in both 

powder and liquid form are more efficient than the napthanlene polymers (Soutsos et al., 

2006). 

 

2.3.6 The Effect of Steel Fibres 

Fibre has a long history going back to ancient times, when horsehair was first used to 

reinforce masonry mortar and plaster. The fibre volume in UHPFRC has a great effect on 

both the fresh and hardened state. Fibres cause a reduction in workability leading to the 

possible problem of balling in the concrete mix. Therefore, in UHPFRC modifications 

had to be made to the shape of the steel fibre by making it approximately four to eight 

times smaller than the fibre used in Steel Fibre Reinforced Concrete (SFRC). However, 

to overcome the balling problem, coarse aggregates are also eliminated in UHPFRC and 

only fine sand is used (Hannant, 1978, Marković, 2006). 

The effect of steel fibres in cementitious composites (UHPFRC in particular) depends 

upon the type, shape and geometry of the structural member. Short steel fibres in 

UHPFRC are to prevent microcrack growth and provide high tensile strength and ductility 

as illustrated in Figure 2.6 (Barros and Figueiras, 1998, Perry, 2003). Whereas the 

presence of long fibres in concrete has greater pull-out strength and will bridge wider 

cracks, thus ductility is significantly improved (Lappa et al., 2006). Recently, Willie and 

Naaman (2012) reported that the use of hooked-end with smaller diameter and twisted 

fibres are a better choice for UHPFRC and it can provide higher tensile strength and 

ductility. A higher fibre aspect ratio (length/diameter) was found to be significant in 

increasing compressive strength and ductility (Gopalaratnam and Shah, 1986). The longer 

the fibres, the greater the tensile strength and ductility of the resulting concrete 

(Nicolaides, 2005). However, it is reported that the most fundamental property of a fibre 

reinforced concrete is the fibre bridge between the two cracked faces (Nicolaides, 2005). 

Therefore, fibre volume and geometry have a significant influence on the fibre-bridging 

action, and thus the tensile strength. As the fibre volume increases, the possibility of fibres 
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dispersing uniformly increases and this limits the growth of microcracks and delays the 

macrocrack with a consequent substantial increase in the tensile strength (Balaguru and 

Shah, 1992). Furthermore, the increase in fibre volume leads to higher fracture toughness 

in the matrix and a higher peak load (Mobasher et al., 1990). These studies have shown 

that the higher the number of fibres contributing in the cracked area, the higher the peak 

load. Moreover, in thinner structures, fibres tend to align to be parallel to the surface and 

perpendicular to the line of action of the force, and thus the number of fibres contributing 

to the cracked area is considerably higher. Therefore, the strength is improved greatly in 

thin elements compared to a thick element with the same fibre volume ratio.  

 

 

Figure 2.6: Representation of fibre bridging (Perry, 2003). 

 

2.3.7 The Effect Water Cementitious Material Ratio 

The required water content of concrete is influenced by a number of factors: aggregate 

size, shape and texture, slump, air content, cement material type and content, admixtures, 

and environmental conditions. The use of water reducing admixtures or cementitious 

admixtures such as GGBS or silica fume will reduce water demand. On the other hand, a 

decrease in the proportion of coarse aggregate to fine aggregate or increase in temperature 

will increase water demand (Kosmatka et al., 2002). Water in UHPFRC is one of the most 

crucial ingredients to form the concrete paste, as it is in conventional concrete. In general, 

the water content in UHPFRC concrete is much smaller compared to conventional or high 

strength concrete due to the admixture used in UHPFRC mix design. In addition, in 

UHPFRC consideration should be taken into account with regards to the quantity of water 

dosage in superplasticiser and water absorbed by the aggregate. The water quantity in a 
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UHPFRC mix design should include for both especially the former, where the dosage of 

the mix is too high (Le, 2008).  

 

2.3.8 The Effect of High Temperature Curing Regime 

Temperature affects the concrete strength because of its effect on the rate of hydration, 

the nature of the concrete structure and the rate of evaporation, resulting in drying out of 

the concrete. The increased rate of evaporation, associated with elevated temperatures, 

reduces the amount of water available and thereby retards the rate of hydration and may 

even cause its complete termination. Hence, in practice, the effect of temperature on 

strength varies and depends upon the specific conditions considered. 

In cementitious materials, high curing temperature accelerates hydration reaction and 

material hardening at early ages (Barnett et al., 2006). An increase in the curing 

temperature speeds up the chemical reaction of hydration, resulting in early strength gain. 

In UHPFRC heat treatment achieves high strength in 7 days rather than in 28 days at room 

temperature. An early age compressive strength of 225 MPa can be achieved for 

UHPFRC specimens with a 90ºC curing temperature after 6 days, while a strength of 200 

MPa is attainable for the specimens with heat treatment of 50 to 65 ºC (Schachinger et 

al., 2008). This is because heat treatment at 90 ºC accelerates the hydration process by 

activating the pozzolanic reaction of silica fume and reducing the curing time of concrete 

to 7 days. As the strength of concrete depends on the porosity of the cement paste, it is to 

be expected that the rate of strength growth and concrete early age strength will both 

increase with a rise of temperature (Aïtcin, 1998). However, Hassan et al. (2012) have 

recently shown the UHPFRC mix with heat treatment of 90ºC has almost the same 

strength in 5, 14 and 28 days when the specimens were cured for two days starting 24 

hours after casting. This shows that two days heat treatment is enough to accelerate most 

of the pozzolanic reaction.  

 

2.4 Mechanical Properties of UHPFRC  

In order to use these materials in construction, the mechanical properties of the materials 

must be well established. Therefore, significant experimental investigations on material 
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mechanical properties are required. The most important mechanical properties in concrete 

and UHPFRC in particular are tensile strength, compressive strength, elastic modulus and 

flexural behaviour. In addition, it is also important to establish other mechanical 

properties such as freeze-thaw resistance, creep and shrinkage.  

 

2.4.1 Tensile Strength  

To determine the stress-strain or stress-crack mouth opening displacement (CMOD) 

relationships, extensive experimental investigations are required. Determining tensile 

strength is not a straightforward task. This is because it is difficult to design an appropriate 

test method to obtain pure material properties without the influence of the test method 

and specimen geometry effecting the results (Spasojevic, 2008). For instance, conducting 

direct tensile test is inherent to a number of difficulties such as fracture at the glued end 

of the tensile specimen or load eccentricities are difficult to avoid (Walraven, 2009). 

Generally, tensile strength properties of concrete are determined using two methods either 

directly using dog bone (or splitting) tests and indirectly using flexural tests on prisms. 

Both methods can be performed on either notched or un-notched specimens.  In UHPFRC, 

there have been numerous studies to determine the tensile strength using both methods, 

direct tensile tests using dog bone shaped specimens or indirect tests using prisms (Hassan 

et al., 2012). To date the AFGC French recommendation (2002) which uses dog bone 

shaped specimens is the most recognised test method for determining tensile strength and 

the stress-deflection curve is shown in Figure 2.7.  
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Figure 2.7: Tensile strength relationship from (AFGC/SETRA, 2002). 

 

Figure 2.7 is based on the three-point flexural test on un-notched prisms where ftj is the 

tensile strength and w is the CMOD. Tensile strength is the stress at the end of the initial 

linear behaviour of the force-displacement curve and dominates most of the flexural 

strength as shown in Figure 2.8 which is approximately 85% of the ultimate strength. To 

simplify the design method, the strain-hardening behaviour is not shown in Figure 2.7. 

UHPFRC compressive strain capacity is reached at a strain of approximately 0.4% while 

that of ordinary concrete is only 0.2% (Spasojevic, 2008, Le, 2008). Direct tensile tests 

for both notched and un-notched specimens are complicated to perform due to the 

complexity of experimental setup but it can provide more reliable results compared to the 

flexural test (Mallat and Alliche, 2011).  Furthermore, due to the variation of tensile 

strength from flexural tests, the direct tensile test is the only test than can give the true 

tensile properties (Hillerborg et al., 1976). However, Hassan et al. (2012) recently showed 

the true tensile strength of UHPFRC can be obtained using dog-bone shaped specimens 

under the direct tensile test. Two different sizes were selected, as shown in Figure 2.9, 

and the result showed that both specimens give a similar result and geometry had no effect 

on the results. This test data was used to validate the numerical modelling presented later 

in Chapter 6. 
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Figure 2.8: Tensile stress-strain curve (Hassan et al., 2012). 
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Figure 2.9: Dog-bone shaped tensile strength specimens with the failure mode, all 

dimensions are in mm (Hassan et al., 2012). 

 

 



CHAPTER 2             LITERATURE REVIEW ON FRCs AND UHPFRC 

 

  - 34 - 

The results of Hassan‘s (2012) tensile tests showed at the beginning of the test, the 

specimens underwent a linear elastic phase with no permanent deformation. They showed 

that the major part of the tensile strength is achieved in this stage with very small 

deformation, see Figure 2.8a. As the load increased, the appearance of microcracks 

became more apparent and localised at the weakest point of the section. This took place 

at approximately the middle of the prismatic section of the specimen as shown in Figure 

2.9. As the crack formed, fibres bridged between the two cracked surfaces to transfer 

stress. This was continued until the crack width became so extreme that fibres were no 

longer able to hold two cracked faces together and then fibre pull-out action progressed. 

The maximum tensile strain attained at this stage was reported in the range 1.5-2.8% with 

corresponding tensile strength of approximately 8.5 to 9.0 MPa. The fibre pull-out action 

took place mainly in a relatively small volume of the concrete matrix surrounding the 

steel fibre. It was also reported that as the fibre pulled-out, the stress-strain curve was 

affected by localised deformation and can no longer be expressed as a function of average 

deformation. Because point strain is not evenly distributed across the specimen, the 

measurement of deformation is obtained using the crack mouth opening relationship and 

this was important for the modelling stage of this study. 

 

2.4.2 Compressive Strength and Elastic Modulus  

For design purposes, in ordinary concrete compressive strength is the principal parameter 

to define a constitutive law whereas in UHPFRC, tensile behaviour is also relevant to the 

design of structures (Spasojevic, 2008). The compressive behaviour of UHPFRC is 

defined by its compressive strength of 150 to 250MPa, which is approximately 10 times 

greater than ordinary concrete and elastic modulus of greater than 55GPa (Association 

Francaise de Genie Civil–Service d’etudes Techniques des Routes et Autoroutes 

(AFGC/SETRA). 2002, Gowripalan and Gilbert, 2000). 

In UHPFRC, steel fibres prevent the sudden explosive failure which occurs in ordinary 

concrete and cementitious material without fibres, thus a softening region can be obtained 

in the stress-strain curve.  It is reported by Spasojevic (2008) that with an additional 

improvement in compressive strength, the fibres transfer the stress between the crack 

faces, and the nonlinear region is also more pronounced in comparison to high strength 

concretes without fibres. Moreover, the compressive failure mode in UHPFRC is 
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influenced by the element sizes as well as fibre volume, types and matrix bond. To 

determine the nonlinear and post-peak behaviour before and after failure in compression 

is not a straightforward task and obtaining reliable data has been challenging. However, 

a recent study conducted by Hassan et al. (2012) developed a simple and accurate way to 

determine a full stress-strain curve for UHPFRC under compression behaviour as shown 

in Figure 2.10. The result of the study also showed that differences in compressive 

strength after 7, 14 and 28 days were small if the concrete had been subjected to the hot 

curing process. 

The elastic modulus of plain concrete is usually found using both destructive and non-

destructive tests. For UHPFRC, many studies have been conducted to derive the elastic 

modulus from the compressive strength. The most recent study conducted has shown that 

non-destructive tests of plain concrete such as ultrasonic pulse velocity and resonant 

frequency methods can be employed to obtain the elastic modulus of UHPFRC (Hassan 

and Jones, 2012). In addition, the study included destructive testing, using cylinders and 

cubes. The results of dynamic and static tests were compared and it showed that the 

dynamic methods can produce an accurate result of elastic modulus E using the following 

relationship (Hassan and Jones, 2012): 

 

)21)(1(

)1(,

,




 




ud

sp

E
V         (2.1) 

 

where Vp,s, νu, ρ and Ed,u are compression wave velocity, Poisson’s ratio, concrete density 

and dynamic modulus of elasticity, respectively. Using the resonant frequency of 

vibration in the longitudinal mode, dynamic modulus of elasticity Ed,r can be found using 

the following equation. 
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where n, L and Ed,r are the fundamental frequency in the longitudinal mode of vibration, 

specimen length and dynamic elastic modulus, respectively. 
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Figure 2.10: Stress-strain under compression (Hassan et al., 2012).  

 

2.4.3 Flexural Tensile Behaviour  

Since the appearance of UHPFRC, experimental studies have been conducted to 

investigate its mechanical behaviour. In order to describe its mechanical behaviour 

accurately, the material behaviour needs to be observed. The material behaviour varies 

depending on the fibre volume and aspect ratio with the most common fibre being the 13 

mm short steel fibre. It has been reported that the flexural or direct tensile behaviour of 

UHPFRC can be divided into three main phases of behaviour (Association Francaise de 

Genie Civil–Service d’etudes Techniques des Routes et Autoroutes (AFGC/SETRA). 

2002, Hassan, 2013, Spasojevic, 2008, Karihaloo and Wang, 2000). These phases are 

shown in Figure 2.11 and can be described as:  

- Linear elastic behaviour,  

- Pseudo-strain hardening behaviour, and  

- Strain softening behaviour.  
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However, in a brittle material such as unreinforced concrete, the strain-hardening and 

softening cannot be obtained and the material behaves linearly until the material cracks 

when a sudden failure occurs, as indicated in Figure 2.11. Whereas, the stress-strain curve 

in ductile materials such as steel as well as alloys of other metals, shows a linear elastic 

behaviour until the yield point after which the material begins to deform plastically. As 

the material yields, the curve gradient decreases corresponding to a reduction in stiffness 

due to the breaking of bonds between the particles. As the deformation continues the 

stress increases on account of strain hardening until it reaches the ultimate strength, at 

which point the material ruptures. In the case of reinforced concrete, after the matrix 

cracks, the steel reinforcements carrying the stress between the two cracked faces 

increases until the steel fibre yields as shown in Figure 2.11. 

 

 

Figure 2.11: Typical stress-strain relationships for different ductile and brittle materials. 

 

Notwithstanding extensive experimental studies on its mechanical properties and after two 

decades since its first appearance, only a limited number of studies have been conducted 

on the structural behaviour of SFRC members and UHPFRC in particular. This is mainly 

due to the high cost of the material. Developing a theoretical or numerical model, which 

can reasonably predict the behaviour of a SFRC such as UHPFRC has been challenging. 

Analytical work (Ghalib, 1980) determined the ultimate moment capacity and the 

cracking moment, assuming a certain failure mechanism. A similar method has been 
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recommended by the ACI committee 544 (1999) for the design of slabs with small spans 

(ACI Committee 544., 1999). Detailed analytical work was conducted by Marti et al. 

(1999) which showed that the softening behaviour of SFRC can be modelled. 

Experimental and theoretical work by Khaloo and Afshari (2005) indicated that the energy 

absorption depends on fibre length and volume.  

Furthermore, a study conducted on SFRC showed that the tensile cracking loads of plain 

and SFRC slabs were found to be similar, but there was a significant increase in the 

flexural strength of SFRC slabs, relative to plain concrete slabs (Roesler et al., 2004). 

While the study conducted on glass-fibre reinforced concrete indicated that the flexural 

strength was not improved by the glass-fibre compared to the normal concrete (Sravana 

et al., 2010). An experimental study using blast testing and numerical analysis was 

conducted to investigate the behaviour of UHPFRC slabs (Schleyer et al., 2011). An 

attempt to model the pre-peak bending response of a UHPFRC slab using the FE method 

is also conducted (Fairbairn et al., 2006b, Fairbairn et al., 2006a). However, the above 

mentioned studies only investigated a limited range of geometry experimentally and with 

the exception of the work by Schleyer et al. (2011), can only predict the elastic and 

hardening behaviour numerically. Therefore, there are too few of these studies to provide 

sufficient information to determine the structural behaviour of UHPFRC structures, 

especially for slabs. 

Full experimental investigations or a numerical model that can predict full behaviour of 

UHPFRC two-way and one-way slabs do not exist. Moreover, a definitive technique for 

analysing reinforced concrete has been difficult to develop. It has been acknowledged that 

developing a finite element method that can predict the behaviour of UHPFRC is not a 

straightforward task (Biggs et al., 2000).  

 

2.4.3.1 Linear Elastic Behaviour 

Linear-elastic behaviour covers a region, where both matrix and fibres behave elastically. 

The maximum tensile strength attained in this stage corresponded to the matrix strength 

only and fibres have little or no influence on the structural behaviour as shown in Figure 

2.12. 
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Figure 2.12: Tensile constitutive law of a UHPFRC from (AFGC/SETRA). 

 

2.4.3.2 Pseudo-strain Hardening Behaviour 

The second stage of the load or stress-displacement curve starts with the occurrence of 

microcracks and is located between points 1 and 2 in Figure 2.12. After the stress reaches 

the end of the elastic part, microcracks start to appear in the weakest section. As load 

increases, these microcracks widen resulting in fibre bridging action (Spasojevic et al., 

2008). Furthermore, high deformation takes place during this stage due to the formation 

of a large number of microcracks and this phenomenon is called the pseudo-strain 

hardening behaviour. This strain hardening behaviour distinguishes UHPFRC from 

conventional types of concrete.  

In this region, the tensile strength increases at a much lower rate compared to the elastic 

region and this small portion of tensile strength is carried mainly by the fibres. The 

appearance of microcracks depends on the fibre volume, geometry and matrix interface. 

Ultimate flexural and tensile strength and maximum deformation before strain softening 

are obtained at the end of the pseudo-stain hardening region, where from this point 
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complicated and a challenging problem. Therefore, very few studies can be found in the 

literature and as such this behaviour is investigated experimentally and numerical in this 

study. 

 

2.4.3.3 Softening Region 

A combination of microcracks to form a macrocrack occur when the ultimate tensile stain 

of the material has been reached and fibres are no longer capable of holding the two 

cracked faces, resulting in some of the fibre debonding from the matrix. This region is 

called strain-softening and can be seen between points 2 and 3 in Figure 2.12. Stress from 

this point forward starts to decrease and is similar to the previous region where fibre 

geometry within the matrix bond influences the softening behaviour. The behaviour of 

this region is governed by the fibre pull-out action and it is also influenced by the element 

size (Spasojevic, 2008) 

Strain softening behaviour of FRCs in both direct tension and flexure have been 

investigated experimentally and analytically (Naaman et al., 1974, Nammur Jr and 

Naaman, 1989, Ortiz, 1988, Horii et al., 1989, Li et al., 1991, Karihaloo et al., 1996, 

Hassan et al., 2012, Marti et al., 1999, Khaloo and Afshari, 2005, Zhang and Li, 2004). 

However, several assumptions are made in the developed analytical work and they all 

have limitations in terms of predicting the softening behaviour. Furthermore, due to the 

large number of steel fibres randomly distributed in the SFRC matrix such as UHPFRC 

and the resultant complicated fibre–matrix interaction, discrete modelling of fibres and 

matrix is difficult to model. Assuming fibres are uniformly distributed in the matrix, the 

softening behaviour of FRC can be modelled as a homogeneous material. However, this 

requires an accurate determination of material properties. Therefore, developing a 

numerical model that can reasonably predict the SFRC load-displacement curve and 

softening behaviour in particular is difficult. Only a few numerical studies that predict the 

softening behaviour of SFRC such as UHPFRC are available in literature (Al-Azzawi et 

al., 2006, Swaddiwudhipong and Seow, 2006, Yang et al., 2011a, Hong et al., 2010, Kang 

et al., 2010)  and these studies can only be applied for a single geometry. In addition, 

several unrealistic assumptions are made in the above numerical models and they can 

only be used for simple geometries such as beams. Al-Azzawi et al (2006) used 

simulations for two beams; one with fibre reinforcement and the other unreinforced. In 
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the former, the FE results only agreed with the experiment in the elastic region while there 

were considerable differences in the strain-hardening region. In the latter, significant 

differences can be seen in both the elastic and stain-hardening regions. Swaddiwudhipong 

and Seow (2006) proposed an analytical approach which predicts the stress and strain 

failure of steel fibre reinforced beams and slabs with different fibre volume ratios and the 

results were incorporated into the FE analysis using ABAQUS. The results show that the 

analytical method can only predict some of the slabs accurately while considerable 

differences were observed in the beam models in both the elastic and strain-hardening 

regions. Yang et al (2011a), Hong et al (2010) and Kang et al (2010) used inverse FE 

analysis using a poly-linear approximation method. This is a method for estimating the 

tension softening diagram using data from experimental load-displacement curves. The 

method is only suitable for softening regions as it uses an assumed stress at which the 

crack propagation occurs. It also assumes the softening curve is appropriate as input data 

of the FE analysis. This means that all UHPFRC structures exhibit similar fibre-bridging 

action regardless of geometry. However, researches have shown that the fibre bridging 

action changes as the geometry of the structure changes and this makes this method 

inappropriate to model UHPFRC structures. Therefore, for the advancement of 

knowledge of UHPFRC behaviour, extensive numerical and experimental investigations 

are conducted in this study. 

 

2.5 Yield Line (YL) Analysis  

The vast majority of slab structures around the world, especially those which were 

constructed before the Second World War were designed based on elastic theory 

(Megson, 2005). However the elastic method has its limitations as it gives no indication 

of the ultimate load carrying capacity of a slab. It cannot give an accurate result because 

the material may show plastic behaviour.  

An alternative technique, the YL analysis is an analysis approach for determining the 

ultimate load capacity of reinforced concrete slabs of any shape. The main advantage of 

YL is that it can predict a realistic value of collapse load of the slab irrespective of the 

slab shape or loading configuration. The method predicts several failure patterns, which 
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have been substantiated experimentally and the design is based on the most critical failure 

pattern. These failures depend upon the slab restraint and loading position. 

YL was first introduced in 1921 by Ingerslev in Danish (Ingerslev, 1921) and then in 1923 

in English (Ingerslev, 1923). They were described as a line of rupture that occurs in the 

slab along which the bending moment is constant. This approach simply assumes only 

bending moment acts along the yield-line and hence can be applied only if yield patterns 

are a straight line. It also assumes that once the most critical failure has been found for a 

given YL pattern, individual rigid regions between the yield-patterns are in equilibrium 

solely due to the moment along the yield-line, as illustrated in Figure 2.13. 

 

 

Figure 2.13: Regions in equilibrium due to the moment action along yield line in slab. 
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In 1932, Professor Johansen developed the YL method (Johansen, 1932) and published 

an introductory theory in 1943 (Johansen, 1943). Therefore, Johansen must be 

acknowledged as the pioneer of YL analysis. This theory was then adopted by the Danish 

concrete code. There is anecdotal evidence that YL analysis allowed the Danish engineers 

to produce an efficient design of reinforced concrete slabs of any shape while engineers 

around the world were struggling with tables of elastic moments and influence surfaces 

(Braestrup, 2010). Until about 1950, there still remained a certain disconcerting feature 

about the use of yield line (Sandhu, 1970). This was a belief that even if the YL method 

found the most critical layout of a particular pattern, it always seemed possible to discover 

another pattern, which could give an even lower collapse load. Fortunately, this argument 

was answered when in 1951 Prager and Hodge published a book, which stated the rules 

for limit analysis. These rules indicated that the lowest failure load had been reached if 

one could find coincidental upper or lower bound solutions (Prager and Hodge, 1951). 

Furthermore, Johansen’s paper (Johansen, 1932) was published in Germany in 1932, the 

thesis (Johansen, 1943) was also translated to Portuguese for the first time. In the 1960’s 

YL theory had attracted engineers around the world especially in the United Kingdom 

(UK) and became a significant subject for design engineers. As a result, in 1962, 

Johansen’s thesis was translated to English (Johansen, 1962) by the Cement and Concrete 

Association (C & C A) under the name of Yield-Line Theory. A decade later, the C&CA 

also published a catalogue of solutions under the name of YIELD-LINE FORMULAE 

FOR SLABS (Johansen, 1972). To evidence that the method was quickly spread in the 

UK, in 1964 Nielson’s thesis was published in English (Nielsen, 1964), in 1965 the 

Magazine of Concrete Research issued a special publication on this method (Cement & 

Concrete Association C&CA., 1965), and in 1967 Jones and Wood published a book by 

the name of Yield Line Analysis of Slabs (Jones and Wood, 1967). 

YL analysis assumes that slabs fail at their ultimate load in a near straight line (Megson, 

2005). It allows the design engineer to estimate the ultimate flexural strength of reinforced 

concrete slabs and it makes it possible to analyse a large variety of slabs with a minimum 

of mathematical effort (Hognestad, 1953). The main reason that made the YL a successful 

design method was that it allowed designers to produce efficient designs of reinforced 

concrete slabs of any shape and loading (Sandhu, 1970). Whereas other methods such as 

elastic plate and standard tables of bending moment distribution, gave no indication of 
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the ultimate load carrying capacity of a slab and was only applicable to rectangular slabs, 

respectively. However, there is a lack of information in concrete construction in regards 

to using UHPFRC in slab design with the use of YL analysis. The YL method can be 

considered applicable for use in slab systems that are reinforced uniformly. Assuming 

that UHPFRC satisfies this requirement due to the randomly distributed fibre in the 

matrix, this method can be applicable for designing UHPFRC slabs (Harris, 2004).  

Using the YL principle, external work done by the applied force on the slab to cause 

deflection must be equal to the internal work done by the plastic hinges which are created 

by the moment of resistance along the YL pattern with the angle of rotation. The moment 

of resistance is calculated at a load where the material reaches its ultimate strength. In 

UHPFRC, this is the peak load calculated when fibres begin to pull-out. To simplify the 

calculation the failure pattern is usually assumed to be a straight line. In OC, the 

relationship between moment and applied force can be obtained for the two-way and one-

way slabs with both simply supported and fully fixed edges using the above principle 

(Park and Gamble, 2000). However, in UHPFRC, the above method is only applied for 

the simply supported case (Marti et al., 1999, Khaloo and Afshari, 2005). The effects of 

boundary conditions are significant in a YL analysis and the angle of rotation at the centre 

must be equal to the angle of rotation at the supports as the YL analysis principle normally 

assumes constant yielding moment values along each yield pattern. Due to the occurrence 

of crack patterns on the compression face, internal work done by the plastic hinges which 

are created along the yield pattern in FF boundary conditions are greater than for the SS 

boundary condition, Figure 2.13a. In conventional concrete and after the steel bar yields, 

the moment at any deformation point is constant as there is no softening behaviour. 

Therefore, the FF boundary condition in conventional concrete satisfies the YL 

requirement and yielding moment values along the support is equal to those at the centre. 

However, due to the random mix of high yield strength steel fibres, this concrete has a 

stain softening region, which allows the strength of the section to reduce steadily despite 

having cracks in the structure. Therefore, it would be unrealistic to apply YL method to 

determine the ultimate moment of resistance of UHPFRC. 
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2.6 Size-effect Law of UHPFRC 

Enhancement of the mechanical properties of concrete for higher strength and ductility 

has received a great deal of attention in recent years in the context of building a 

sustainable society. A variety of new types of concrete, such as high performance/strength 

concrete and steel/polymer FRC, have been developed for such purposes. However, some 

other concrete phenomenon behaviour such as size effect has been ignored, with the 

assumption that the existing concrete size effect law can be used for SFRC.  

Although many aspects of FRC and UHPFRC in particular have been investigated, 

understanding the size effect of structures made up of UHPFRC is largely lacking. The 

size effect describes the phenomenon that nominal structural strength decreases as the 

structural size increases. The first theory of size effect for a broad class of brittle structures 

was developed by Weibull (1939, 1951) where the strength of the structure depends upon 

the volume of the test specimens (Weibull, 1951, Weibull, 1939). In a quasi-brittle 

material such as concrete, the size effect was first introduced by Hillerborg, et al (1976) 

where the size effect in normal concrete was based on the properties of the material as 

well as geometry (Hillerborg et al., 1976). In the early 1980s, it became clear that the 

classical Weibull analysis of the size effect on nominal strength in brittle failure is invalid 

for quasi-brittle materials such as concrete, rock masses or ice sheet (Bazant and Xi, 1991, 

Bazant et al., 1991). This was because the Weibull approach ignored the stress 

distribution and energy released after a large stable crack growth prior to failure, as these 

were the main causes of size effect in concrete. Theories and equations for size effects in 

normal concrete and reinforced concrete beams are further studied and established, 

mainly by Bažant and his co-workers (Bazant, 1984, Bažant and Kim, 1984, Bažant and 

Sun, 1987). The size effect theory proposed (Bazant, 1984) is based on the energy 

released during crack propagation: 

 

2

1

0

)1(



d

d
Bf tN          (2.3) 

 

where N is the nominal strength at peak load, ft the tensile strength of the material, d the 

characteristic size of the structure, and B and d0 are constants that can be determined from 
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experiments or numerical analyses. The theory is based upon three distinct types of 

fracture regimes, which are linear elastic fracture mechanics (LEFM), nonlinear fracture 

mechanics (NLFM) and strength theory, as illustrated in Figure 2.14. This shows the 

change in N from the smallest structure where the size effect is governed by the strength 

criterion to large structure where the size effect is governed by the LEFM theories.   

 

 

Figure 2.14: The current generalised size effect law (Bazant, 1984). 

 

Furthermore, researchers came to the conclusion that the failure of normal concrete in 

tension is caused by the macrocrack in the fracture process zone (FPZ) (Kim and Yi, 

2002). Ever since, size effect has received a great deal of attention for concrete in both 

tension and compression and many studies have been conducted experimentally and 

analytically (Barr and Tokatly, 1991, Bazant, 1991, Bažant, 1989, Bazant and Cao, 1987, 

Bazant and Chen, 1997, Bazant and Kazemi, 1991, Bazant and Sener, 1988, Kim and Yi, 

2002, Van Mier, 1992, Vonk, 1992, Yu, 2007). The size effect exists in the nominal 

strength of concrete structures (Ooi and Yang, 2010).  

To date, a limited number of analytical and experimental studied have been undertaken 

on the size effect for FRC and UHPFRC. Analytical work has shown that the size effect 

of the FRC is dominated by the fibre bridging and fibre-matrix interface parameters (Li 

et al., 1998). Experiments have shown that the size effect appeared to be less significant 

for FRC than for reinforced concrete (Lepech and Li, 2003). Furthermore, experimental 
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studies have also shown that the size effect on the bending strength of UHPFRC members 

was characterised by a pseudo-plastic behaviour in tension and dependent on the ratio of 

total crack-surface area to the cross-section area of beam (Spasojevic et al., 2008) and 

(Le, 2008). However, the importance of size effect on the structural implication for 

UHPFRC members has not been studied sufficiently and more research is needed to gain 

a better understanding. Therefore, another part of this study investigates the size effect 

phenomenon for UHPFRC members. 

 

2.7 Design Guidelines of UHPFRC 

The mechanical properties of cementitious materials in terms of ductility, durability and 

strength differ from those of ordinary concrete and this makes the existing concrete design 

guidelines invalid to be applied to UHPFRC. Since the development of this cementitious 

material, only limited research has attempted to develop design guidelines to be used in 

designing UHPFRC structures. This is a significant reason why this new concrete has not 

gained popularity in construction and this seriously limits its widespread acceptance in 

the construction industry, especially in building and highway bridge applications.  

In the last decade, several design guidelines have been developed, but they have not yet 

been used widely in construction. This is because these guidelines are only related to a 

limited range of UHPFRC engineering structures. The first recommendations were 

developed by the French (Association Francaise de Genie Civil–Service d’etudes 

Techniques des Routes et Autoroutes (AFGC/SETRA). 2002). This can be divided into 

three sections; material characterisation, design and analysis of structures and durability. 

These recommendations only provided modifications to the existing French design 

standards for reinforced and prestressed concrete structures and these were not developed 

specifically for highway bridges and building structures. Reinforcing steel bars are not 

required, due to the superior mechanical properties of UHPFRC. However, the 

recommendations do not provide any specific guidelines about the design of non-

reinforced or prestressed UHPFRC. In additions, the revised version by Toulemonde and 

Resplendino (2011) shows that considerable modifications were made in the 

recommendations. This indicates that the recommendations are not ready to be employed 

in designing major structures. A second guideline for the design and construction of 

UHPFRC structures was developed and published in Japan (Japan Society of Civil 
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Engineers(JSCE). 2008). This guideline gives design and construction recommendations 

to meet the requirements of safety, serviceability, durability and the resistance to fatigue 

of structures made of UHPFRC. Material manufacturing, behaviour and mechanical 

properties were included. These recommendations were not developed according to the 

European design standards and do not provide detailed information for unreinforced 

UHPFRC. The document states that the recommendation only provides basic provisions 

for designing UHPFRC structures, especially footbridges in accordance with the Japanese 

test methods which are different from the European test methods. In addition, in terms of 

the stress-strain relationship for design at SLS and ULS, both the French and Japanese 

recommendations suggest conventional bilinear relationships with a horizontal yield 

plateau. Detailed information of the softening part, which is an important material 

property, is not given. A set of design recommendations based on a particular application 

for UHPFRC structures were also released in Australia (Gowripalan and Gilbert, 2000), 

in Germany (Deutscher Ausschuss Fur Stahlbeton/ German Association for reinforced 

Concrete (DAfStb). 2003), and in the United States (U.S Deparment Transportation/The 

Federal Highway Administration (FHWA). 2006). However, none of these 

recommendations and guidelines are specific for the use of UHPFRC design especially 

in highway bridges. Moreover, some of these documents identify the issue but do not give 

a specific recommendation on how to deal with it. Therefore, further research is required 

to find a more suitable and safe design guideline for UHPFRC, so that UHPFRC can be 

used in the construction industry more often.  

 

2.8 Applications of UHPFRC 

The first ever UHPFRC structure designed was the Sherbrooke footbridge in Sherbrooke, 

Canada, which was built in 1997 (Resplendino and Petitjean, 2003). This precast pre-

stressed bridge had spans of 60 m and had a cross section width of 3.3 m with the main 

span of 10 m. The bridge was designed using web truss shape and a ribbed slab cross 

section of 30 mm thickness, as illustrated in Figure 2.15. The structure became an 

inspiration to designers and engineers leading to several other footbridges, highway 

bridges and architectural applications being built with UHPFRC around the world. Some 

of the projects are shown in Figure 2.15 to 2.18 (Toutlemonde and Resplendino, 2011). 
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(a) Sherbrooke footbridge in Canada          (b) Glenmore footbridge in Canada   

   

(c) Gartnerplatz footbridge in Germany        (d) Niestetal footbridge in Germany  

   

(e) Sakata Mirai footbridge in Japan           (f) Papatoe footbridge in New-Zealand         

    

(g) Kampung Linsum bridge in Malaysia   (h) Peace footbridge in South Korea 

    

(i) Buchanan County bridge in USA          (j) Wapello County bridge in USA            

Figure 2.15: Bridge applications (Toutlemonde and Resplendino, 2011). 

http://en.wikipedia.org/wiki/Malaysia
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Figure 2.16: Jean Bouin stadium in France (Toutlemonde and Resplendino, 2011). 

 

 

(a) INELFE tunnel between Spain and France     (b) Spiral stairs in Denmark 

 

(c) Shawnessy LRT Station in Canada          (d) Thiais building facade in France 

Figure 2.17: Architectural applications (Toutlemonde and Resplendino, 2011). 
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(a) UHPFRC portal frame in Malaysia      (b) Martel tree in France 

  

(c) Millau viaduct toll gate in France     (d) Sunshades in France 

  

(e) Haneda airport in Japan     (f) The Folly in Netherland 

Figure 2.18: Other applications (Lei et al., 2012, Toutlemonde and Resplendino, 2011). 

 

There are a few more UHPFRC projects that have not been mentioned in the above list 

such as Cattenom Power Station beams, France 1997-1998, Monaco station panels,  

France, 1999, La Reunion soil anchorage plates, France, 1999 Rhodia panels, France, 

2000, Seonyu footbridge, Korea, 2001-2002, Shower cabins, France, 2002-2003, Sofia 

Queen Museum, Madrid, Spain, 2003, Eraring Power Station, Australia, 2004, Papatoe 

Railways Station, New Zealand, 2005 and many more.  Moreover, these applications are 

mainly footbridges and single span highway bridges or architectural structures. UHPFRC 

is partially used to build the above structures, mainly in the form of prestressed or post-

tensioned girders or UHPFRC is used mostly in cases where OC barely meets the design 

requirements, due to UHPFRC’s lightness or resistance to aggressive environments. 
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However, this new concrete has yet to gain broader recognition in the construction 

industry and design methods for structural components and systems made from UHPFRC 

remain largely unknown, the leading obstacles being the high cost, energy consumption 

during the manufacturing process and lack of structural exploitation. However, an 

increase in the service life of the structure, reduction in maintenance and reduction in 

material used as the volume of UHPFRC required to meet the strength criteria will be less 

than that of OC, can overcome the cost obstacles. Since the current precast production 

contributes to its high cost significantly but recently it has been shown that the cost can 

be minimised by utilising this material for cast in-situ applications (Hassan, 2013). 

Therefore, studies to exploit its structural behaviour, especially for slabs in bending are 

required. An appropriate model that can accurately capture the material resistance can be 

defined so that design engineers can consider the use of UHPFRC in practice. 

 

2.9 Existing Studies on Flexural Behaviour of UHPFRC Slabs 

A slab system, unlike beams and columns is different due its geometry. Slab failure 

mechanisms occur either due to flexure or punching shear. In reinforced concrete slabs, 

flexural failure occurs due to the cracking in the concrete and yield in the reinforcement, 

in the most highly stressed zone (Mosley et al., 2012). This will then act as a plastic hinge 

as the loads are distributed to other regions of the slab, resulting in crack formation. If the 

loaded area is small compared to the concentrated load such as column under/on slabs, 

punching shear failure could occur. 

Conventional reinforced slab structures can be divided into two types of internal load 

distribution, a one-way and a two-way type slabs. A one-way slab is usually supported 

on two opposite sides and has a much larger dimension in one direction than in the other 

and can be assumed to be supported only along its long sides. The main steel bars are 

placed in the long direction and are assumed to carry load in one direction. They may be 

designed as a unit width beam spanning in the short direction for uniformly distributed 

loads. A slab supported on four sides is called a two-way slab, which generally is designed 

by empirical methods. In this type of slab, steel bars are designed and placed in both 

direction and can carry load in both directions. In UHPFRC structures, the amount of 

reinforcement cannot be controlled. Therefore, the assumption can be made that the 

http://www.answers.com/topic/slab
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reinforcement in the UHPFRC slab is uniformly distributed due to the randomly 

distributed fibres in the matrix (Harris, 2004). 

Previously, researchers have attempted to develop design methods for the use of FRC in 

the construction industry. However, these studies are limited and only a few experimental 

and theoretical works have been conducted to determine the flexural behaviours of 

UHPFRC slabs. Therefore, this study attempts to investigate slab flexural behaviour 

under a central point load and different boundary conditions. 

 

2.9.1 Spasojevic Study 

The Spasojevic study investigated the bending behaviour on several slabs with various 

thicknesses between 40 to 60 mm and a square shape with 900 mm sides. The boundary 

conditions of the specimens consisted of 8 radial point supports, which were placed 

symmetrically around the perimeter of 450 mm radius. A point load with a contact surface 

of 30 mm by 30 mm was applied in the centre, as shown in Figure 2.19. 

 

 

Figure 2.19: UHPFRC slab under central point load in bending (Spasojevic, 2008).   

 

In order to apply and extend the theory of plasticity to UHPFRC, both compression and 

tension must be considered. In this study, compressive behaviour is assumed to be similar 
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to that of OC, with consideration given to the effect of fibre as fibres enhance compressive 

strength. Tensile behaviour was found to be capable of large deformation after the 

occurrence of microcracks similar to steel bar reinforcement in OC. Furthermore, a 

simplified moment- curvature relationship of UHPFRC was also found to be similar to 

that of conventional RC. In addition, it was noted that the failure patterns for UHPFRC 

were similar to the ordinary concrete slabs. These observations allowed the authors to 

consider and apply the existing plasticity equations for reinforced concrete to be extended 

to UHPFRC with a slab thickness of less than 100 mm. To design thin UHPFRC slabs, 

the study applied the yield line pattern failure mechanism as shown in the following 

relationship. 

 

 )..(),(. smdxdyyxwF
A

         (2.4) 

 

where F and w are the external load and slab displacement, respectively, m is the moment 

along yield line length s and θ is the hinge rotation of the slab segment. The results from 

the experiment showed that all the UHPFRC slabs failed in the same manner as OC with 

the development of four yield lines, which divided the slab into four smaller panels with 

almost the same sizes, as shown in Figure 2.20. 

 

 

Figure 2.20: UHPFRC slab failure under central point load (Spasojevic, 2008). 
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The analytical equations assumed that the slabs develop perfect plastic hinges. However 

in reality, the hinges in the UHPFRC element were different and hence the applicability 

of the theory of plasticity must be limited. In addition, the study can only be used to design 

thin UHPFRC in nonlinear elastic region with limited crack width. The effect of boundary 

conditions is significant on the accuracy of the model as it can only be used when the 

failure is in bending. This seriously limits the use of the model in the structural design of 

slabs and in bridges in particular as the bridge boundary condition differ from those used 

in this study. 

 

2.9.2 Harris Study 

In this study the YL method was performed based on moment-curvature relationship for 

slabs with various thicknesses approximately of 51, 63.5, and 76 mm. The YL analysis 

was applied based upon the assumption that steel fibres are uniformly distributed in the 

matrix.  The load was applied over a small area to simulate the effect of standard tyre 

patch loading with several different restraint conditions.   

Based on the experimental results, the author came to the conclusion that slabs with a 

fixed edge would require a higher load to result in flexural failure. It was also observed 

that the predicted failure loads for all the specimens were much higher than the actual 

loads as illustrated in Table 2.2. A significant variation can be seen especially in series 

two and three. According to the study, this variation in the results could be attributed to 

the use of ACI (2011) YL method equations of conventional concrete and this could be 

inadequate to analyse UHPFRC slabs. Furthermore, YL analysis based on moment –

curvature relationship was not ideal for designing UHPFRC slabs. The use of assumptions 

made by the study to analyse the failure mode or the lack of knowledge during the time 

of the study could also be a reason for the variation between the experimental and 

predicted results. In addition, the uses of YL methods in OC design is to reduce the 

amount of steel bar reinforcement but the amount of fibres in UHPFRC matrix cannot be 

controlled. Hence, the YL method is not an ideal approach to be employed in UHPFRC 

slab designs. Therefore, in this study UHPFRC slabs with different boundary conditions 

and specific loading arrangement under static loading will be investigated experimentally 

and numerically. 
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Table 2.2: Comparison between predicted and actual loads (Harris, 2004). 

Test series one 

Test 

Slab 

thickness 

(mm) 

Punch 

plate 

size 

(mm) 

Predicted Failure Load 

(kN) 

Actual Failure Load 

(kN) 

Punching 

failure 

Flexural 

failure 

Failure 

mode 

Failure 

mode 

Failure 

Load 

1 55.1 38.1 155.7 169.9 Punching Punching 103.6 

2 58.9 50.8 196.2 197.1 Flexure Flexure 120.9 

3 53.8 27.9 129.4 160.6 Punching Punching 100.5 

Test series two 

Test 

Slab 

thickness 

(mm) 

Punch 

plate 

size 

(mm) 

Predicted Failure Load 

(kN) 

Actual Failure Load 

(kN) 

Punching 

failure 

Flexural 

failure 

Failure 

mode 

Failure 

mode 

Failure 

Load 

1 66.3 50.8 236.0 248.0 Punching Punching 146.8 

2 65.5 76.2 281.1 248.6 Flexure Flexure 159.7 

3 64.5 38.1 201.1 231.0 Punching Punching 135.7 

4 70.1 63.5 284.7 280.7 Flexure Flexure 152.1 

Test series three 

Test 

Slab 

thickness 

(mm) 

Punch 

plate 

size 

(mm) 

Predicted Failure Load 

(kN) 

Actual Failure Load 

(kN) 

Punching 

failure 

Flexural 

failure 

Failure 

mode 

Failure 

mode 

Failure 

Load 

1 78.7 63.5 340.3 350.5 Punching Flexure 173.5 

2 71.9 38.1 240.2 285.6 Punching Punching 156.6 

3 76.9 25.4 239.7 321.6 Punching Punching 178.4 

4 72.4 50.8 270.9 293.6 Punching Flexure 170.8 

5 83.1 44.4 321.6 379.9 Punching Flexure 175.3 

 

2.9.3 Marti Study 

An experimental investigation was conducted on circular (C) and square (S) slabs as well 

as four-point (R) beams under flexural tensile testing to determine the behaviour of SFRC. 

Test configurations and specimen sizes are shown in Figure 2.21 and Table 2.3. A general 

theoretical approach using flexural analysis, which can predict the softening behaviour, 

was also proposed with careful consideration for random fibre-distribution and pull-out 

action. In the past, to determine the mechanical properties of both OC and SFRC, three 

or four-point flexure and square slab tests are used. In this study, Marti et al. (1999) 

attempted to determine the strength and ductility properties of SFRC using circular test 
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slabs and the relationship between four-point loaded beam, square slabs and circular slabs 

was also investigated using the proposed theoretical approach. 

 

 

(a) modulus of rupture test   (b) square slab test and   (c) circular slab test 

Figure 2.21: Test set-up and failure modes (Marti et al., 1999). 

 

Table 2.3: Specimens sizes used in Marti study. 

Test A (mm) B (mm) c (mm) h (mm) L (mm) 

Four-point beam - 100 75 100 450 

Square slab 100 520 40 100 - 

Circular slab 120 680 60 100 - 

 

In this study, fibre geometry and the bond properties were considered and it was assumed 

that the fibre pull-out occurs on the side of the shorter embedment length, this resulted in 

the following relationship for initial stress 
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            (2.5) 

 

where the bond shear stress is:  

 

3/2)(6.02 ctb ff           (2.6) 

 

where lf and df are the length and circular cross sectional diameter of the steel fibre and ρf 

is volumetric reinforcement ratio in the matrix. ft and fc are the tensile and compressive 

strength, respectively. As the loading is increased, cracks became bigger and fibres start 

to pull-out until the stress became zero and the pull-out width u =lf /2 as shown in Figure 

2.22a. Due to the reduction in fibre-matrix bond linearly, a parabolic relationship between 

stress σ and pull-out width can be obtained 0 ≤ u ≤  lf /2  as illustrated in Figure 2.22b. 
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-(1 2

f
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           (2.7) 

 

If d is the overall depth of the specimen and z is the compression depth after crack occur, 

over 80% of the compression depth is assumed to be the compressive stress of 0.85fc as 

shown in Figure 2.22d. Thus the cracking parameter ξ was introduced based upon the 

angle of rotation θ and compression depth, see Figure 2.22, as shown in the following 

relationship. 

 

2
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fl
zh


            (2.8) 
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Figure 2.22: (a) fibre pull-out in uniaxial tension (b) stress against crack opening (c) 

flexural hinge (d) stress distribution (Marti et al., 1999). 

 

Using the tensile stress distribution in Figure 2.22b, a cracking parameter can be assumed 

for 0≤ ξ ≤ 1 before and ξ ≥1 after fibre pull-out. Based on the assumption the compression 

zone depth and moment m are obtained using following relationships. 

 

)33(

04.2
1

2

0  



cf

h
z         (2.9) 

 















2

2

41212

386
)(6.08.085.0




zhzzfm c      (2.10) 

 

0

04.2
1



cf

h
z



          (2.11) 

 








 


4

)(
6.08.085.0

zh
zzfm c        (2.12) 

 

The nominal stress distribution in Figure 2.22d, is assumed to be uniform as shown in 

Figure 2.23, hence the effective flexural strength fctf is obtained using the following 

relationship: 
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where the compression zone parameter is 
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The general fctf can be determined using the following equations:- 
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          (2.15) 

 

where F and h are slab applied force and thickness, respectively. The parameters of a, b 

and c are the slab geometries as shown in Figure 2.21. 

 

 

Figure 2.23: Nominal stress distribution (Marti et al., 1999). 

 

The relationships between nominal flexural strength and the angle of rotation using a 

theoretical approximation are plotted against the experimental data. The results show that 
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some of the calculated values are conservative and they did not predict some of the test 

results as shown in Figure 2.24. Furthermore, the proposed method uses the effective 

flexural tensile strength at a deformation for a certain crack opening and this may only be 

true for the specific boundary conditions and fibre type, used in the study. A suggestion 

for the calculation of both the SLS and ULS resistance is included, stating that cross-

sectional force and moment may be determined from elastic analysis or other solutions 

satisfying equilibrium but no detailed information is given.  It also states that the method 

is rather onerous for the material tested and it may be revised based on future findings. 

 

 

Figure 2.24: Experimental and theoretical effective flexural tensile strength versus hinge 

rotation (Marti et al., 1999).  

 

Further investigation of Marti study was later carried out by Khaloo and Afshari (2005) 

using the principle of virtual work. Slabs tested in this study had a thickness (t) of 80 mm 

with corners supported as shown in Figure 2.25a. Slab dimensions for a, b and c were 80, 

680 and 70 mm respectively. A design method based on allowable deflection was 

proposed for SFRC slabs. 
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Figure 2.25: Slab analysis using yield line analysis (Khaloo and Afshari, 2005). 

 

By inspection of Figure 2.25 and using YL analysis, where the sum of external work is 

equal to the internal work, the following relationship was obtained: 

 

ab

w




4
           (2.16) 

 

Using yield line analysis, external work done by the applied force is equal to the internal 

work done by plastic hinges as follows: 

 

smF            (2.17) 

 

By combing and re-arranging the above equations: 

 

mF 467.5           (2.18) 
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Finally using equations 2.5 to 2.8 and 2.16 to 2.18, the following relationships between 

load-deflection were obtained. For 0≤ ξ ≤ 1: 
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and ξ ≥1 
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The theoretical results based on equations 2.19 to 2.22 showed that some of the predicted 

values were both over and under estimated in the test data as shown in Figure 2.26.  Only 

the simply supported boundary condition is included in this study and detailed 

information for other boundary conditions are not given. The modified method covers 

only the fibre volume within the range 0.5-1.75% which is smaller than the fibre volume 

used in this research study. In addition, the main objective of this study was to investigate 

experimentally the flexural strength, load deflection curves and energy absorption of 

small slabs with different fibre volumes rather than presenting design methods. Generally, 

the theoretical methods proposed by Marti el at. (1999) and developed by Khaloo and 

Afshari (2005) were not capable of determining the flexural behaviour of SFRC and slabs 

in particular. Therefore, thorough experimental investigations on flexural behaviour of 

UHPFRC slabs are undertaken in this study. 
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Figure 2.26: Comparison between theoretical and experimental load-displacement 

curves (Khaloo and Afshari, 2005). 

 

2.9.4 Ghalib Study  

An analytical approach based on experimental data was proposed by Ghalib (1980) to 

determine the ultimate and cracking moment capacity of FRC slabs. One-way slabs under 

two line loads and two-way slabs under concentrated loads were tested. One-way slabs 

were 20 mm thick, 150 mm wide and 500 mm in length. The loads were applied 200 mm 

apart symmetrically placed with respect to the centre of the slab and the slab had simply 

supported boundary conditions. Two-way slabs were 33 mm thick and 960 mm square 

with corner support boundary conditions. In addition, cylinders and long prisms were 

tested under direct and indirect compression and tension to determine material properties. 

An assumption of failure mechanism was essential to develop the analytical approach and 

fibre geometry and fibre volume ratio were also given significant consideration in 

prediction equations. The analysis in this study was divided into two sections. In the first 

section, analytical calculation of cracking moment, which occurs at the end of elastic 
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stage, was obtained. In the second section, detailed procedures of prediction equations of 

both one-way and two-way slabs were shown. 

For a homogenous material and using classic beam flexural theory under a four-point 

bending test, the elastic and resisting bending moment acting on the slab can be expressed 

as follows (Ghalib, 1980): 

 

b

Fx
m

2
           (2.23) 

  

and 

 

6

2St
m            (2.24) 

 

where F is the external load, x is distance between the load and the nearest support, b is 

the width of the slab, t is the slab thickness and S is the stress in the slab. The above 

equation can only be used if the material is purely elastic and the neutral axis must lie in 

the middle of the cross section. Since determining the cracking moment was the aim of 

this study, Ghalib substituted cracking load Fcr for F in equation 2.23 and equated 

equation 2.23 and 2.24, thus the following relationship was expressed to obtain cracking 

stress and moment: 

 

scrS 90.0           (2.25) 

 

215.0 tm scr           (2.26) 

 

where σs is the splitting tensile strength. Taking into account the fibre geometry, adhesive 

bond and volume ratio, ultimate resisting moment per unit width was expressed 

 



CHAPTER 2             LITERATURE REVIEW ON FRCs AND UHPFRC 

 

  - 66 - 

tult EM  0           (2.27) 

 

where E0 is the initial elastic modulus, σt tensile stress and α is the moment capacity 

function factor, which is explained in detail in Ghalib’s work. Using YL theory, ultimate 

resisting moment for two-way slabs is also proposed using the following relationship: 

 

2

24

7
tm s           (2.28) 

 

The above analytical approach was proposed based on experimental work on SFRC, 

which behaves differently from UHPFRC materials. In addition, the finding of this study 

is only limited to particular geometries as stated in Ghalib’s study. Furthermore, an 

assumption of failure mechanism is required in order to use this approach. The lengths of 

the fibres used in this study were between 40 to 60 mm and the results, especially in two-

way slabs, showed no softening behaviour but with a strain hardening behaviour over a 

long range of deformation as shown in Figure 2.27 and Figure 2.28. Because most of the 

results showed no softening behaviour, Ghalib has assumed that the material behaves 

linearly until cracks occur followed by a yield plateau. This allowed the author to use a 

conventional linear constitutive law and adopt the YL theory to determine the relationship 

between applied force and ultimate moment. The UHPFRC material tested in this study 

behaves differently from that tested by Ghalib and it would be inaccurate to apply the 

method to capture the UHPFRC behaviour. Therefore, experimental studies on both one-

way and two-way slabs are conducted to investigate the structural behaviour for the 

design purposes of UHPFRC slabs.   
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Figure 2.27: Experimental results of one-way slabs (Ghalib, 1980). 

 

 

Figure 2.28: Experimental results of two-way slabs (Ghalib, 1980). 

 

2.10 Concluding Remarks 

This chapter discussed the appearance of different types of fibre throughout history as 

well as the available types of fibres on the market. Attention was given to selected 

literature on the current state of knowledge on the use of UHPFRC and its limitation in 

structural design. The focus was to firstly gain a full understanding of steel fibre’s first 

appearance in the market and the development of different types of SFRC. The 

advantages and drawbacks of these concretes are presented. The reasons for choosing 

UHPFRC over other types of FRC are presented. For example, this research continues 
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the work of previous studies conducted at the University of Liverpool. The effect of 

concrete constituent materials and other factors such as high curing temperature and w/c 

ratio on the properties of UHPFRC are also presented in this chapter. 

It became clear that SFRC and UHPFRC in particular have many advantages over 

conventional concrete such as higher strength, fracture resistance and ductility. UHPFRC 

has high flexural strength and fracture energy compared to traditional concrete. It is a 

durable material with very low permeability leading to a longer service life than an OC 

structure. It is a very promising material with its suitability in a wide variety of 

applications, especially for those structures where ordinary concrete is impossible.  

Following this, an introduction to YL analysis is included and the potential for this design 

method to be extended and adapted to UHPFRC is discussed. Reasons for the 

incompatibly of the YL method for designing UHPFRC slabs, with FF boundary 

conditions in particular are also discussed. Due to the random mix of high yield strength 

steel fibres, even after cracks develop, this concrete produces a strain softening region. 

This behaviour means that the YL theory is considered to be unsuitable for UHPFRC.  In 

terms of design, it is important to have a clear understanding on nominal flexural strength 

when the structural geometry changes. The question to be answered is whether or not the 

size effect phenomenon, which is proven to be a fact in conventional concrete, exists in 

UHPFRC members. Therefore, experimental and numerical investigations on size effect 

of UHPFRC were conducted and are presented in Chapters 3 and 7 of this thesis, 

respectively. 

The role of the existing design guidelines to design UHPFRC structure was also 

investigated. The limitation and capability of these design guidelines were presented.  It 

was found that an enormous amount of research has been undertaken to explore 

mechanical properties of the material. However, a concise understanding of the structural 

behaviour of UHPFRC is still largely lacking and this has limited the application of 

UHPFRC in engineering structures especially in building and bridge applications. Finally, 

a review of previous experimental and analytical studies on UHPFRC materials was 

conducted.  Drawbacks of these studies were presented. Particular attention was given to 

the behaviour of UHPFRC slabs under flexural loading.  
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CHAPTER 3 
 

THREE-POINT BENDING TEST 

 

This chapter presents the experimental work carried out on rectangular beams. This was 

conducted on 15 UHPFRC notched beams under three-point bending.  The specimens 

were notched to ensure that the local stress concentration occurred at the centre of the 

beam so that the CMOD could be obtained. In order to compare the results of different 

geometries, it was essential that all the specimens failed in a similar manner. The notch 

will also improve the accuracy of the flexural tensile strength (U.S Deparment 

Transportation/The Federal Highway Administration (FHWA). 2006). In addition, the 

notched prism is a standard method to measure the flexural strength of fibre concrete with 

fibres no longer than 60 mm.  The materials, experimental set-up, applied fibre types, 

mixing procedures and test methods are also presented in this chapter. 

Although many aspects of UHPFRC have been investigated extensively, the size effects 

on the structural strength of UHPFRC members remain largely unknown. This is mainly 

due to the lack of sufficient and reliable experimental data. This chapter aims at better 

understanding the size effect on flexural tensile behaviour of thin UHPFRC beams. In 

addition, the flexural behaviour of UHPFRC members is different from ordinary RC due 

to the influence of steel fibres. Therefore, the detailed investigations of bending behaviour 

of thin UHPFRC beams, failure mode and crack propagation are also presented in this 

chapter. 
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In the last few years some of the mix design constituents such as superplasticiser has been 

replaced by a new dispersing agent. Therefore, this chapter presents an investigation of 

this new superplasticiser. The curing treatment applied to concrete is always important, 

especially in the case of UHPFRC. Therefore, all the UHPFRC specimens studied in this 

research programme were heat treated after they reached sufficient strength to undergo 

the process. Finally, in order to verify that the mixing and casting procedure used to 

prepare the specimens resulted in the steel fibres being uniformly distributed throughout 

the matrix and to investigate the effect of specimen geometry on fibre distribution, an 

extensive examination of fibre distribution where cracks occurred during the testing was 

carried out.  

 

3.1 Beams Failure Modes  

As a concrete beam subject to flexure loading, two types of stresses develop in the beam, 

flexural and shear stresses. These stresses are influenced by many factors such as the 

compressive and tensile strength of concrete, the dimensions of the beam, and the amount 

of steel reinforcement and tensile strength of the steel rebar (Roberts and Ho, 1982). This 

argument may not be fully applicable to FRCs as there is no reinforcing steel rebar and 

steel fibres are randomly mixed in the concrete matrix. However, regardless of the types 

of the concrete, there are two main failure types in concrete beams and these are flexural 

and shear failures. 

 

3.1.1 Flexural Failure  

Flexure failure can be defined as a failure when the beam reaches its ultimate moment 

capacity. Because concrete is strong in compression but relatively weak in tension, 

concrete beams are reinforced with steel rebar placed in the tension zone to prevent 

explosive failure of the concrete in compression. Steel is strong in both tension and 

compression and this ensures that the beam failure mechanism is gradual and controlled. 

As the load acting on the beam increases, vertical cracks propagate to form under the 

applied load as shown in Figure 3.1. As the loading further increases, the concrete crack 

width increases and the reinforcing steel bars bridge between the two cracked faces to 

transfer the stress. Similarly, steel fibre concrete fails in flexure and the possibility of this 
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failure mode increases in UHPFRC beams (Bastien-Masse and Brühwiler, 2014). Adding 

steel fibre into the concrete will help to transform the shear failure to flexural failure (Li 

et al., 1992, Cucchiara et al., 2004). 

 

 Figure 3.1: Flexural failure mode of concrete beam.  

 

3.1.2 Shear Failure  

Shear failure occurs when concrete exceeds its biaxial tension-compression stress 

capacity in shear dominated areas due to the shear force pushing one part of the section 

in one direction and another in an opposite direction (Assakkaf, 2002, Assakkaf, 2004). 

It is likely associated with stress conditions in the particular region of the beam section 

where compressive force is transmitted to the supports (Kotsovos, 1986). This creates 

cracks which usually appear close to the support initiating diagonally upward toward the 

centre of the beam. In simply supported beams, due to the load acting on the beam, the 

reaction force at beam supports generate vertical shear in the section as shown in Figure 

3.2. There are several shear failure modes in rectangular concrete beams and these are as 

follows: 

 If the shear strength became greater than the flexural strength, failure occurs at a 

point where the flexure stress is the highest usually at the centre of the beam where 

compression strain exceeds its capacity. This type of shear failure called flexure-

compression is shown in Figure 3.2a. 

 This type of failure occurs with the start of flexural cracking but as the shear 

increases, the crack begins to turn over and become inclined towards where the 

loading is acting and this is called flexure-shear failure (Sas et al., 2011, Li et al., 

1992) as shown in Figure 3.2b. This failure type usually occurs in beams which 

do not have transverse or web reinforcement. 
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 Another type of shear failure called shear-compression failure which often occurs 

in beams with inadequate transverse or web reinforcement. In this failure mode, 

cracks initiate diagonally between the load and support positions penetrating the 

compression zones as shown in Figure 3.2c. This failure type is common in deep 

beams where the crack causes the compression force to redistribute onto a smaller 

area resulting in the compressive strength being exceeded, thus failure occurs 

(Zarais, 2003). The crack initially propagates at the tensile zone but due to the 

compression strut caused by the arch which connects the point of loading and 

supports as shown in Figure 3.2c, which prevents the tension crack propagating 

onto the compression zone (Islam et al., 2014). 

Adding steel fibres leads to substantially higher ductility during failure in concrete beams 

and will transform the shear failure to flexural failure (Li et al., 1992, Cucchiara et al., 

2004). Furthermore, it has recently been reported that the use of steel fibre can enhance 

the flexural behaviour in concrete beams (Islam et al., 2014, Jang et al., 2015). Having a 

notch in the three-point bending test will ensure that the beam splits at the point directly 

where the load is placed (Alani et al., 2013). Since the main purpose of this study was to 

investigate size effect behaviour, the failure mode was required to be similar for all the 

beam specimens, therefore, all the beams were notched. 

 

       

 

Figure 3.2: Shear failure of concrete beams. 

(a) flexure-compression (b) flexure-shear 

(c) shear-compression 



CHAPTER 3                                          THREE-POINT BENDING TEST 

- 73 - 

3.2 Review of Three-point Bending Test Method 

To investigate the size effect behaviour of concrete and determine a test method to 

understand its effect, size effect behaviour was a subject of debate among researchers. It 

was concluded that in order to investigate size effect behaviour, various specimens with 

similar geometry but different spans or depths are required to be tested. Beams are usually 

used to investigate size effect phenomenon and it has now been demonstrated that size 

effect exists in the nominal strength of concrete structures (Lepech and Li, 2003, Ooi and 

Yang, 2010). In OC, Bazant and his co-workers who are pioneers in this field, have used 

a notched three-point bending testing method to determine the size effect phenomenon 

(Bažant, 1989, Bazant and Xu, 1991).  

For FRCs with fine size aggregate and randomly distributed fibres, the three-point 

bending testing method has been used to determine the size effect behaviour (Lepech and 

Li, 2003, Lepech and Li, 2004). In addition, a BS standard has also recommended notched 

three-point bending testing method for FRC (British Standards Institution BS 

EN14651:2005+A1, 2007). Furthermore, despite intensive experimental investigation on 

material properties of UHPFRC, size effect of this concrete has been neglected and there 

is a lack of understanding of this behaviour. Therefore, this study aims to investigate this 

behaviour experimentally using a three-point bending test method.  

In order to decide what parameters to choose to investigate the size effect, the following 

aspects were considered: 

 The purpose of the experimental work 

 The accuracy of the testing method 

 Requirements related to undertake the experimental works   

 Ease of undertaking the experimental work 

With relation to the first and second aspects, it was important to consider the main aim of 

the investigation and in this study this was size effect. According to the previous studies 

mentioned and BS standard for FRC, three-point bending will give a reliable outcome to 

investigate the size effect behaviour. In terms of the requirement related to undertake the 

experimental works, softening behaviour was required to be considered in this study. To 

obtain the softening stage, all the tests were carried out under displacement control. 

According to the BS standard for the three-point bending test, displacement control is 
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required (British Standards Institution BS EN14651:2005+A1, 2007). The machine with 

displacement control is only adequate for specimens of a certain length as shown in Figure 

3.3. In addition, in order to be able to do a direct comparison between the different sizes, 

it was important to obtain the same failure modes. Therefore, all the specimens were 

notched at the centre. The notching of specimens was done by wet sawing as this is a 

requirement in the BS standard.  

In terms of the final aspect, it was important that the experimental works are executed 

easily so that accurate data can be obtained. Since the specimens needed to be notched 

using wet sawing, it would not be attainable if beams with longer spans such as 3 m or 4 

m were prepared because the displacement control testing machine was not capable of 

testing such beams. Furthermore, the materials used in UHPFRC mixes and fibre in 

particular are expensive and this added another reason for testing smaller specimens. It is 

also desirable that the dimension of the tested specimens correspond to the commonly 

used sizes in previous studies and standards. However, the reliability of the results is the 

most important consideration. It should be expected that the testing method used in the 

present study gives repeatable results and have a low scatter. 

  

3.3 Experimental Programme 

All the UHPFRC beam specimens were tested under three-point bending, using a 300 kN 

Zwick hydraulic loading frame machine, which has a pre-load of approximately 2 kN. 

This pre-load is a machine default value, which is needed to open a servo valve before 

loading of the beam can start. The general machine set-up can be seen in Figure 3.3. 
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Figure 3.3: General set-up of Zwick test machine. 

 

3.3.1 Materials and Mould Preparation 

The mix design constituents used were silica sand with an average grain size of 270 μm 

supplied by WBB Minerals UK, Portland cement (type CEM I 52.5 N) and GGBS 

supplied by Hanson Heidelberg Cement Group, silica fume supplied by Elkem Materials, 

superplasticiser (type Eurocast200) supplied by FOSROC Ltd UK, tap water and steel 

fibre type OL13 with a tensile strength of 2000 MPa, 13 mm long and 0.2 mm diameter 

supplied by Bekaert Ltd.  The mould dimensions of 150 × 150 × 500 mm were selected 

to be used to investigate three-point bending (British Standards Institution BS 

EN14651:2005+A1, 2007). The mould used to prepare the beam specimens was designed 

by previous researchers at the University of Liverpool, and was again used in this research 

study is shown in Figure 3.4. 
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Figure 3.4: Steel mould for preparation of prismatic elements. 

 

The UHPFRC mix design used was determined by a previous researcher (Le, 2008) at the 

University of Liverpool. The type of superplasticiser used to develop the UHPFRC mix 

design was Structuro11180 due to the availability of this type at the time of the study. 

However, during the experimental work, Structuro11180 was updated for a better and 

more effective water reducer called Eurocast200. Therefore, an investigation to find the 

appropriate superplasticiser dosage was required to ensure the reliability of the UHPFRC 

mix design. 

 

3.3.2 The Effect of New Superplasticiser on Mix Design 

To investigate the effect of superplasticiser on the mix design, workability tests using a 

flow table test (British Standards Institution BS 4551-1, 1998) were conducted. The flow 

table test is one of the most reliable test methods to measure normal and SFRC concrete 

and it has been used for many decades. A total of 14 mix designs with different 

superplasticiser dosages and the same concrete composition were prepared and 

investigated. In addition, density and compressive strength tests were also conducted as 

mentioned in Table 3.1. The results are compared with those found using the old 

superplasticiser by the previous researcher (Le, 2008). 
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Table 3.1: Eurocast200 superplasticiser investigation. 

Mix content  
Mix

-1  
Mix

-2  
Mix

-3  
Mix

-4  
Mix

-5  
Mix

-6  
Mix

-7  
Mix

-8  
Mix

-9  
Mix

-10  
Mix

-11  
Mix

-12  
Mix

-13  
Mix

-14  

Cement,  (kg/m3) 657 657 657 657 657 657 657 657 657 657 657 657 657 657 

Microsilica, (kg/m3) 119 119 119 119 119 119 119 119 119 119 119 119 119 119 

Ground Granulated Blast Furnace Slag, 

(kg/m3) 
418 418 418 418 418 418 418 418 418 418 418 418 418 418 

Total Binders, (kg/m3) 1194 1194 1194 1194 1194 1194 1194 1194 1194 1194 1194 1194 1194 1194 

Silica Sand, (kg/m3)  1051 1051 1051 1051 1051 1051 1051 1051 1051 1051 1051 1051 1051 1051 

Steel Fibre 2%, (kg/m3) 157 157 157 157 157 157 157 157 157 157 157 157 157 157 

Superplasticisers, (kg/m3) 25 25 27.5 30 30 30 32.5 35 35 37.5 37.5 37.5 40 40 

Free Water, (kg/m3) 202 197 195 208 191 193 191 188 189 185 187 187 185 185 
Flow measurement (mm) 210 195 215 205 215 220 220 227 230 230 228 230 235 245 

D
en

si
ty

 i
n

 7
 d

a
y
s 

(k
g

/m
3
) 

(1
0
0
x1

0

0
) 

m
m

 1- Sample one        2342 2332 2372 2407 2394 2347 2373 2390 2397 2400 2402 2395 2455 2424 

2-Sample two         2355 2335 2378 2424 2387 2351 2378 2384 2401 2409 2410 2400 2419 2411 

3-Sample three 2360 2329 2362 2429 2417 2359 2378 2386 2398 2412 2402 2403 2453 2405 

(5
0

x5
0
)

m
m

 1- Sample one        2390 2347 2377 2408 2415 2346 2376 2416 2376 2393 2387 2396 2438 2428 

2-Sample two         2366 2333 2389 2431 2408 2370 2388 2385 2373 2392 2405 2376 2439 2396 

3-Sample three 2360 2342 2392 2421 2422 2372 2366 2393 2381 2395 2387 2399 2442 2422 

S
tr

en
g
th

 i
n

 7
 d

a
y

s 

(M
P

a
) (1

0
0

x1
0

0
) 

m
m

 1- Sample one        133 128 144 154 149 147 146 145 149 147 151 149 153 149 

2-Sample two         138 128 143 140 146 139 148 148 148 158 152 151 149 148 

3-Sample three 135 135 142 141 149 145 148 141 150 157 149 146 152 148 

 

(5
0
x5

0
)

m
m

 1- Sample one        140 137 130 140 144 143 146 144 138 150 145 151 149 151 

2-Sample two         134 138 147 143 146 147 146 150 144 150 159 158 155 155 

3-Sample three 109 139 131 143 147 144 150 154 144 159 156 144 149 151 
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3.3.2.1 Flow Test Measurement and Cubes Preparation 

All the mixes in Table 3.1 were prepared according to the mixing procedure explained by 

Le et al., (2007). After the flow table was cleaned and dried, the truncated conical metal 

mould which was 50 mm in height, 70 mm in top diameter and 102 mm in bottom 

diameter was placed at the centre of the table. The mould was filled with fresh concrete 

and it was then lifted away vertically and the table immediately jolted for twenty-five 

times in 15 s. Finally, four perpendicular diameters of the freshly spread concrete were 

measured immediately to determine the average diameter as shown in Figure 3.5a. 

Alongside the flow table test, three 100 mm cubes and three 50mm cubes were cast (see 

Figure 3.5b) to measure the compressive strength of each mix proportion. After all the 

moulds were filled, they were shaken using a vibration table for less than 30 seconds. 

After the cubes were cast, they were covered with damp hessian sheets and kept at 

ambient temperature (~20ºC) for 24 hours before they were placed in the curing tank at 

90ºC for 48 hours. All the specimens were tested after 7 days prior to casting.  

 

 

(a) flow test             (b) cube preparation 

Figure 3.5: Superplasticiser investigation. 

 

3.3.2.2 Density Measurement 

Density is the physical property of material that measures the solidity of the concrete. 

After demoulding the cubes, the specimens were measured by recording their mass by 

weighing them in air (WA) and then in water (WW) using a steel stirrup as shown Figure 
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3.6. This was done by immersing the cube fully in water in the tank, ensuring that the 

stirrup did not touch the bottom of the tank. After the specimen was weighted in both air 

and water, the density was measured (British Standards Institution BS 1881-127, 1990) 

and is given by: 

 

1000



AW

A

WW

W
          (3.1) 

 

Test results may be affected by reinforcing steel fibre, by the chemical composition of 

concrete constituents, and by sample heterogeneity. Therefore for each mix, three samples 

were cast and tested. The density value was the average of the group of three specimens. 

The results are recorded in Table 3.1. 

 

 

Figure 3.6: Density measurement. 

 

3.3.2.3 Compressive Measurement 

The compressive strength of UHPFRC mixes were measured using both 100 mm and 50 

mm cube specimens. The purpose of making two different cube dimensions was to ensure 

that the mix had been done properly. To determine the compressive strength, the cubes 
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were tested  according  to (British Standards Institution BS 1881-116, 1983) with a 3000 

kN TONIPACK compression test machine, as illustrated in Figure 3.7. 

 

 

Figure 3.7: Cube positioned in the 3000 kN TONIPACK compression test machine. 

 

After the specimens were prepared, the bearing surfaces of the testing machine were 

wiped clean to remove any loose grit or other extraneous material from the surface which 

may affect the results. The specimen was carefully centred on the lower platen of the 3000 

kN compression test machine to ensure that the load would be applied to the two opposite 

cast faces of the cube as shown in Figure 3.7. After the specimen was positioned, the load 

was applied and increased continuously at a nominal rate of 0.3 kN/s until failure occurred 

and the results were recorded as shown in Table 3.1. 

 

3.3.2.4 Results 

The workability of those mixes with low dosage of superplasticiser Eurocast200 (25, 27.5 

and 30 kg/m3) was found to be slightly lower compared to those high dosage (32.5 to 40 

kg/m3). The lower dosages of between 20 to 35 kg/m3 of superplasticiser also showed 

lower compressive strengths of 130 to 143 MPa, while the higher dosage of 37.5 and 40 

kg/m3 showed a strength around 150 MPa. Le (2008) suggested a superplasticiser dosage 

of 40 kg/m3 to be used in order to obtain a compressive strength of more than 150 MPa 
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and density between 2400 to 2500 kg/m3. In addition, the density results showed that the 

37.5 kg/m3 dosage of Eurocast200 was very similar to the density of the old 

superplasticiser reported with the density between 2400 to 2500 kg/m3 (Le, 2008).  The 

investigation showed that the lower dosage of new superplasticiser can be used. However, 

the concrete mix batches for preparing the slabs were much greater than the trial-error 

batches. Therefore, to avoid any workability issues, the dosage of 40 kg/m3, which is 

similar to the old superplasticiser, was also selected for the new type superplasticiser in 

this study. As the effect of material constituents on compressive and tensile strength was 

explained in detail in Sections 2.3.1 to 2.3.8, the purpose of superplasticiser in UHPFRC 

is to improve workability due to the very low water/cement ratio used in UHPFRC mix 

design. Without the use of this water reducing agent, a workable UHPFRC paste cannot 

be obtained. As mentioned in Section 2.3.5, the combination of superplasticiser with other 

cementitious materials such as microsilica results in an increase in the strength of the 

cement paste. Superplasticiser can also decrease void size and gives better distribution of 

the different components in the cement paste (Mehta and Aitcin, 1990, Puertas et al., 

2005). However it was shown by Le (2008), the use of superplasticiser improves the 

cement paste if the right volume is added in the mix. Over-dosing with this water reducing 

agent will have no affect on cement paste strength but will affect its workability.  

 

3.3.3 Mix Design and Specimen Fabrication  

UHPFRC beams with 2% by volume steel fibres ratio to mortar matrix were prepared. 

The mix design of UHPFRC investigated in this study was developed at the University 

of Liverpool (Le, 2008) as detailed in Table 3.2. As this study is a continuation of a wider 

investigation of this particular UPHRFC, it was important to use the Le (2008) mix design 

to further explore the structural behaviour of this UHPFRC mix design. A study by 

Hassan (2013), which also started before this current study was primarily focused on 

determining the experimental test method to obtain material properties of this UHPFRC. 

Therefore, it was important to use the same mix design to better understand this concrete 

and its applicability for future use. In addition, as explained in Chapter 2, other types of 

FRCs were also studied and they were found to have a number of drawbacks. 
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Table 3.2: UHPFRC mix design. 

Mix  Content kg/m3 

Cement (CEM I 52.5) 657 

Ground Granulated Blast Furnace Slag (GGBS) 418 

Microsilica (Silica Fume) 119 

Silica Sand 1051 

Superplasticisers (Eurocast200) 40 

Water 185 

Steel Fibre 2% (OL13) 157 

Total 2627 

 

For the mixing process, a three-speed Hobart mixer (see Figure 3.8a) with the capacity of 

90 litres was used to prepare all the specimens. Silica sand, SF, GGBS and cement were 

weighed and added slowly to the mixer and dry mixed for nearly 2 minutes (Figure 3.8b). 

Then water and superplasticiser were mixed together and slowly added to the mixture and 

mixing continued for another 5 to 7 minutes. After the cement paste mix became uniform, 

as shown in Figure 3.8c, the straight carbon steel fibres were slowly added by hand to the 

mixer and mixing continued for another 2 minutes to ensure the uniform distributions of 

the fibres, as shown in Figure 3.8c. The total mixing time was between 9 to 12 minutes 

depending upon the batch size. After the mixture was fully mixed, specimens were cast 

in moulds under a frequency vibrator for less than 30 seconds to ensure no air voids 

remained within the matrix. The filling of moulds was completed for all the specimens 

using scoops to move the UHPFRC from the mixing pan into the mould. The concrete 

was always placed in one end of the mould and allowed to flow to the other end in order 

to complete the filling and obtain uniform fibre distribution. The specimens were then 

covered with a damp hessian and a polyethylene sheet and allowed to harden at laboratory 

temperature (20oC) for one day and undisturbed until final set had occurred.  

After 24 hours the specimens were checked that they had adequate hardness. All the 

specimens were then taken out of the moulds and were placed in a special curing tank at 

90˚C for two days. This high curing temperature accelerates the hydration reaction and 
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material hardening and results in increased strength at early ages (Schleyer et al., 2011, 

Barnett et al., 2006, Kamen et al., 2007). However, Hassan et al. (2012) has recently 

shown that the UHPFRC mix used in this study reaches its maximum strength within 7 

days when heat treatment of 90ºC is applied. All the specimens prepared were tested after 

28 days. Furthermore, care had to be taken during the demoulding procedure for 

specimens especially for thin beams to avoid cracks as their strength was not sufficient at 

this stage. A total of fifteen beams, with five depths d= 30, 60, 90, 120 and 150 mm, and 

the same width b= 150 mm and span l=500 mm were prepared, as illustrated in Figure 

3.9. Three beams were prepared for each depth. Wet sawing was used to notch the test 

specimens. All the beams have a notch of depth dn= d/6. A beam is named by its depth, 

for example, the beam D30 has d=30 mm. 

 

 

(a) the mixer is empty        (b) the mix constitutes 

 

(c) the concrete paste        (d) steel fibre added to the concrete paste. 

Figure 3.8: Mixing procedure of UHPFRC  
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Figure 3.9: Specimen geometry (all the dimensions are in mm). 

 

3.3.4 Testing Procedure 

The testing machine shown in Figure 3.3 was adjusted to undertake the three-point 

bending test. The distance between the two semi-circular supports was set at 500 mm. To 

place LVDTs under the beam, a rectangular and an L-shaped steel member were glued to 

each side of the notch, as shown in Figure 3.10. The beam was loaded in a 300 kN 

hydraulic loading frame machine, and the load was applied through a semi-circular steel 

roller on the top surface of the specimen, 250 mm away from each support. Figure 3.11 

shows the test set-up for the beam with d=120 mm as an example. CMOD was measured 

at mid-span by the two (LVDTs) with 9 mm range, which were fixed to a rectangular and 

an L-shaped steel support. Both LVDTs were connected to a computer, which calculated 

the CMOD data by averaging both LVDT values as shown in Equation 3.2. All the 

specimens were tested with a constant displacement rate of 0.2 mm/min. 

 

2

21 LVDTLVDT
CMOD


         (3.2) 

 

 

  

 

d= 30, 60, 90, 120, 150 

b=150 

l/2= 250 
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Figure 3.10: Beam specimen set-up showing the LVDT positions. 
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Figure 3.11: Test setup of notched 3-point flexure test of UHPFRC beams. 

 

3.4 Results and Discussion 

This section details the experimental results for beams specimens subjected to the three-

point bending test. The results are for the investigation of structural behaviour of 

UHPFRC beam including the failure modes and load-CMOD relationship and crack 

propagation.  The results also present an assessment of the relationship between the 

specimen size and nominal strength, and the relationship between this study to other 

related works in the literature on size effect. 

 

3.4.1 Effect of Fibre Distribution and Orientation 

It is reported that fibre distribution and orientation have a significant effect on failure 

modes in UHPFRC members. These effects depend on the member size, mix design, type 

of fibre used in the mix and pouring effect during preparation of the specimens. In order 

to understand this better, the results of this study and other studies reported in the 

literature are discussed. 

A considerable number of studies have been conducted on fibre distribution in UHPFRC 

concrete and these studies have concluded that 100% fibre uniform distribution cannot be 

obtained due to the random distribution fibre in the matrix. However, there are techniques 
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which can be used during mixing and casting to enhance the uniformity of fibre 

distributions and to maximise fibre distribution. These techniques are adopted in this 

study as explained in Section 3.3.3. 

When specimens tested with one dimension considerably smaller compared to the other 

two, fibres tend to align to the surface in thin specimens, thus more fibres contribute to 

the bridging action (Association Francaise de Genie Civil–Service d’etudes Techniques 

des Routes et Autoroutes (AFGC/SETRA), 2002, Dupont, 2003, Marković, 2006, Wille 

and Parra-Montesinos, 2012, Nezhentseva et al., 2013). The study conducted by Abdalla 

and Karihaloo (2003) and Ferrara and Meda (2006) reported that the geometry has an 

effect on fibre distribution (Abdalla and Karihaloo, 2003, Ferrara and Meda, 2006). The 

study conducted on fibre distribution and orientation by Pansuk et al (2008) and Kim et 

al (2008) also showed specimen geometry has a considerable effect on fibre distribution 

(Pansuk et al., 2008, Kim et al., 2008). 

The most recent study of visual observations using X-ray Computed Tomography (CT) 

scanning by Nezhentseva et al (2013) showed that fibres in thinner sections tend to be 

parallel to the surface whereas in thicker sections the direction tends to be more randomly 

orientated. The higher the number of fibres parallel to the specimen’s wall surface, the 

higher the number of fibres contributing to the bridging action. In addition, it has been 

shown that the fibre distribution orientation significantly affects fibre-bridging action and 

this depends on the shape of the specimen (Kang and Kim, 2011, Kang et al., 2011). It 

was also reported that the vertical wall effect has a significant influence on fibre 

distribution and the fibres tend to be parallel to the wall surface (Døssland, 2008, Wille 

et al., 2014, Sebaibi et al., 2014). This means in thinner specimens more fibres were 

aligned to the wall surface. A similar result was seen by Le (2008). 

In UHPFRC, fibres are randomly mixed during preparing of the specimens and this 

randomness cannot be avoided due the size and amount of the steel fibres. In this study 

like other FRC or UHPFRC studies, fibres are randomly mixed as explained in Section 

3.3.  Since the first development of UHPFRC, numerous studies have been undertaken to 

understand how to control the fibre orientation in the UHPFRC matrix. Despite 

significant efforts, very little understanding has been obtained in terms of fibre 

orientation. The findings of some of these studies in the literature contradict each other 

but they all agree on two common points. First, fibre orientation is influenced by the 
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casting techniques and second that specimen geometry has a significant effect on fibre 

orientation and this is unavoidable. 

The study conducted by (Petersson, 1998) on fibre orientation using X-ray photographs 

taken from the specimen’s cross section showed that fibres were oriented into the flow 

direction and this was more pronounced for longer fibres. In UHPFRC, fibre pull-out 

behaviour depends on the orientation of fibres in the matrix. This orientation directly 

influences the number of fibres that contribute to the fibre-bridging action. Therefore, 

fibre pull-out behaviour has a direct effect on the mechanical behaviour and failure modes 

of UHPFRC (Grünewald, 2004, Stähli et al., 2008). Several researchers have studied the 

pull-out behaviour effect of different types of fibre such as hooked-end and straight. For 

the straight steel fibre used in this study, studies conducted by Naaman (1999) and 

Grunewald (2004) reported the embedded fibre length improves the pull-out strength and 

dissipation of energy during pull-out stage (Naaman, 1999, Grünewald, 2004). 

Grunewald (2004) also reported that the embedded fibre length depends on the fibre 

orientation and this increases with the increase in angle between the axial load and the 

fibres. This means that as the fibres align with the specimen’s wall, the angle between the 

axial force and the fibre gets closer to 90º and the length of embedded fibre is the 

maximum. This demonstrates that the fibre orientation has a direct effect on the strength 

and failure modes of the specimens. Grunewald (2004) further investigated the effect of 

specimen geometry and fibre orientation and concluded that specimen wall effect has a 

considerable effect on the fibre orientation and the wall effect restricts the fibre to 

orientate freely in the matrix. This indicates that the thinner the specimen, the greater the 

wall effect on the overall fibre volume in the specimen. On the other hand, the effect of 

wall on the fibre volume/depth ratio in thin beams and slabs are greater compared to thick 

slabs. Furthermore, specimen size affects the fibre orientation as fibres are forced to align 

along the moulded surface (Lataste et al., 2009, Barnett et al., 2010). 

Since slabs and beams with different geometries are tested in this study, it will not be 

surprising that fibre orientation influences the specimen ultimate strength and failure 

modes.  In addition many studies have investigated the wall depth effect (i.e., the distance 

from the specimen wall to the point where fibre orientation is affected). Some studies 

have taken the wall affected depth as half the fibre length used in the mix (Soroushian 

and Lee, 1990, Association Francaise de Genie Civil–Service d’etudes Techniques des 
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Routes et Autoroutes (AFGC/SETRA), 2002, Dupont, 2003, Marković, 2006), while 

others have taken the full fibre length (Kooiman, 2000, Grünewald, 2004). For specimen 

thicknesses tested in this study, wall depth has a considerable effect on the ultimate 

strength, on thin specimen in particular. In addition, flow direction and casting technique 

have an influence on fibre orientation in UHPFRC specimens (Habel, 2004, Spasojevic, 

2008, Yang et al., 2011b, Nezhentseva et al., 2013, Kang et al., 2011, Wille et al., 2014). 

Therefore, in this study careful consideration was given to casting technique during the 

preparation of the specimens. 

In order to verify that the mixing procedure used to prepare the specimens resulted in the 

steel fibres being uniformly distributed throughout the matrix, an examination was carried 

out to investigate the fibre distribution where cracks occurred during the testing. 

Furthermore, to investigate the effect of specimen geometry, the physical fibres were 

counted at each cracked faces for each specimen thickness. To do this, specimens for each 

depth are opened out into two pieces where the macrocrack occurred as shown in Figure 

3.12. A flow chart is used to illustrate the fibre distribution for each specimen thickness, 

where letter L is chosen for the left side of the beam and R for the right side. Beams are 

named by their depth, for example, left side of 30 mm deep beam named BL30. Fibres 

for each faces were counted as show in Figure 3.13. 
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Figure 3.12: Crack location of beam specimen with different thicknesses. 
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Figure 3.13: Fibre distribution of beams with different depth. 

 

In order to compare the fibre distribution of beams with different depths (h), cross sections 

were analysed for the number of fibres (N) that bridge between the two cracked faces 

which were counted, as shown in Figure 3.12 and Figure 3.13. The more fibres that can 

be counted in the cracked faces the more fibres are aligned. If the fibres are perpendicular 

to the cross-section and uniformly distributed, this means more fibres bridged between 

the two cracked faces. Fibres that are parallel to the cross-section, and uniformly 

distributed, do not contribute greatly to the fibre bridging action. 

The above figures show how the fibres are aligned in the specimen and confirmed the 

thinner the specimen the more fibres are uniformly distributed. The result clearly indicates 

uniform fibre distribution reduces as the beam depth increases. Looking at the beam with 

30 mm depth, L30 has 519 fibres contributing to the fibre bridging action, while L60 for 

beam with 60 mm depth has only 896 fibres. A similar result was found when R30 was 

compared to R60. However, the comparison between the beams using one side of the 

crack may not give an accurate result. Depending on the fibre embedded length, one of 

the cracked face may have pulled-out more fibres than the other side during the fibre pull-

out behaviour. Therefore, fibres on both faces were added for each beam as shown in the 

flow chart in Figure 3.13. The result of beams with smaller depths were compared to the 

larger ones. The N/h ratio of smaller beams was found to be greater than the larger beams 

and the amount of fibre bridging between the two cracked faces reduced in larger 

Beams 

150mm 90mm 60mm 30mm 120mm 

BR150 BL150 BR90 BL90 BR60 BL60 BR30 BL30 BR120 BL120 

1865 1798 1219 1179 864 896 566 519 1554 1475 

3663 3029 1760 1085 2398 
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specimens. The ratio for beams with 30 mm depth was found to be 36.13, while beams 

with 60 mm depth the ratio reduced to 29.33. Moreover, when L60 is compared to L90, 

L120 and L150, little difference was seen and fibre distribution was only changed by less 

than 3% as shown in Table 3.3. This finding can be very important in term of designing 

real life size UHPFRC structures. The result shows that, except for fibres close to the 

surface, fibre distribution at the centre of the beam with h greater than 5 times the fibre 

length (i.e., beams with 90 mm, 120 mm and 150 mm height), do not change significantly. 

This also demonstrates that the mixing procedure used in this study is an effective way to 

cast the UHPFRC specimens. However, physical examination showed that the fibre 

orientation at the centre for beams greater than 60 mm depth, changes from one specimen 

to another and fibres are not aligned over the whole area at the centre of the beam. This 

was not a surprise as fibre can freely rotate within the matrix in larger specimens.  

Moreover Figure 3.12 shows that for beams with large depths the fibre orientation at the 

centre of the beam is less when compared to the areas near the wall for the same beam 

size. This figure clearly shows that fibres close to the wall are restricted and have to align 

with the beam wall. The differences in fibre orientation can also be due to the flow of the 

fresh concrete during the casting stage as it can be faster at the centre than near the wall 

(Stähli et al., 2008). In general, it was clear both fibre orientation and distribution changes 

as the size of the specimens changed but the rate of these changes was very minimal for 

beams with thicknesses greater than 60 mm. Therefore, it can be concluded that the fibre 

distribution of real life size beams may be similar to those tested in this study.  However, 

this conclusion may need to be validated experimentally before it can be used extensively. 

 

Table 3.3: Fibre distribution of different beam sizes. 

 

Beams 

 

Number of fibre (N) 

for both cracked 

faces 

Increase in fibres with 

respect to thickness 
N/h 

Reduction 

in N/h 

D30 1085 1085 36.17 - 

D60 1760 675 29.33 6.83 

D90 2398 638 26.64 2.69 

D120 3029 631 25.24 1.40 

D150 3663 634 24.42 0.82 
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3.4.2 Failure Modes 

Since all the beams were notched in the centre, they all failed in flexure with a major 

crack through the beam depth. Figure 3.14a-e show the typical failure modes of the five 

beams. It can be seen that, although the beam geometry, boundary and loading conditions 

are all symmetric, the cracks in some of the beams are slightly tortuous and deviate away 

from the beam mid-span. This should be attributed to the random distribution and 

orientation of steel fibres (Wille and Parra-Montesinos, 2012, Spasojevic, 2008), which 

make the crack-tip stress fields complicated and the local tensile strength and fracture 

toughness highly heterogeneous, as in conventional concrete where the aggregates 

function similarly to the steel fibres (Lepech and Li, 2004). This cannot be accurately 

simulated by the homogenous models adopted in this study, and can only be simulated by 

those models considering the random heterogeneity directly (Su et al., 2011) or indirectly 

(Wille and Naaman, 2012). In addition, beam failure modes show that the crack deviation 

increased with an increase in the beam depth. This implied that most of the fibres tended 

to be in alignment with the direction perpendicular to the crack plane in thinner 

specimens, thus reducing the fibre randomness in the matrix, resulting in less deviation 

in crack patterns.  

Referring to the photographs of crack propagation, the flexural behaviour of the UHPFRC 

beams was determined in the three different stages. The first was the linear-elastic stage, 

where both matrix and fibres behaved elastically. The maximum flexural strength attained 

in this stage corresponded to the matrix strength while the fibre contributed little to the 

overall structural behaviour (Spasojevic, 2008). The matrix at this stage has not cracked 

due to the axial force except for existing microcracks that may have occurred in the 

concrete due to the shrinkage in the hardening stage. At this stage, no permanent 

deformation takes place and the moduli of elasticity of UHPFRC and UHPC (without 

fibre) were found to be identical in an experimental investigation conducted by (Hassan, 

2013). The deformation at the elastic stage is also very little in UHPFRC, therefore, it is 

unlikely that fibres greatly contributed to the flexural strength. Although, it must be 

acknowledged that this is not a proven hypotheses and it has not been shown 

experimentally that fibres have no contribution at this stage. Beams at this stage showed 

no sign of cracks in both tensile and compressive faces. 
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The next stage followed with the appearance of microcracks near the notch where the 

matrix cracking strain was exceeded. As the load increased, the microcracks merged into 

a single macrocrack above the notch. The crack surfaces were bridged by closely spaced 

steel fibres. Due to the high strength of the steel fibres and the strong bond between the 

fibres and the matrix, the macrocrack widens slowly in this stage, leading to a certain 

level of strain hardening. This strain hardening behaviour distinguishes UHPFRC from 

conventional types of concrete. This stage is called the pseudo-strain hardening stage. 

After a considerable deflection, where the fibres were no longer capable of sustaining 

maximum tensile stress, due to the increase in crack width, the final stage of the beam 

specimen occurred as a single macrocrack localised in the section. This stage is called the 

descending region (softening region). Similar to the previous stage, this region is very 

pronounced for UHPFRC and is controlled by fibre pull-out across the concrete crack and 

fibre pull-out depends on the type and length of the fibre. The deformation behaviour in 

this stage is related to half the length of the fibre, 6.5 mm in this study. It is important to 

mention that, although the beam had failed at this stage, the beam segments were held by 

fibre-bridging at the top of the section, where the crack width is smaller than half the 

length of the fibre for beams with small depth and intact zone in compression zone for 

beams with large depth. This fibre-bridging behaviour acts in a similar manner to the top 

reinforced bars in OC. 
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 Figure 3.14: Cracks at failure of 5 beams (a) D30 (b) D60 (c) D90 (d) D120 (e) D150. 

 

(a) 

(c) 

(e) 

(d) 

(b) 
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Furthermore, it was also observed that the load increased at a very small rate in the 

pseudo-strain hardening phase compared with the elastic phase and high deformation took 

place with a reduced modulus of elasticity. It is important to mention that the CMOD in 

the softening stage had increased significantly when compared with the strain hardening 

stage. This behaviour can be due to weakening of the bond between the matrix and the 

steel fibres during the pseudo-strain hardening phase. UHPFRC contains short, straight, 

high tensile steel fibres with a yield strength of greater than 2,000 MPa, in addition, the 

bond between the matrix (with compressive and tensile strengths of up to 240 MPa and 

20 MPa, respectively) and steel fibres in UHPFRC, is approximately around 10 MPa 

(Wille and Naaman, 2012). Therefore, it was unlikely that fibre yielding had occurred. 

Closer examinations of the fracture surfaces as shown in Figure 3.15 also confirmed that 

all the beams failed with fibre matrix interface debonding, not fibre pull-out. 

 

 

Figure 3.15: Fracture surface with pulled-out steel fibres. 

 

Moreover, tensile testing figure obtained from the manufacturing supplier (Bekaert) 

shows that the fibre stress-strain curve goes under two stages as shown in Figure 3.16. 

The first stage is a linear elastic where stress linearly proportional to strain and it ends at 
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a stress of 2000 MPa which has a corresponding strain of 0.009. As the stress exceeds a 

value corresponding to the yield strength, the fibre undergoes plastic deformation. The 

stress to produce plastic deformation increases with increasing plastic strain, resulting in 

a nonlinear stress-strain relationship. This part of the curve ends at around 3000 MPa 

where the fibre reaches its peak yield stress and ruptures. Comparing the tensile strength 

of a single fibre used in this study to the tensile strength of UHPFRC, it would be 

impossible for the fibre to have yielded during the specimen testing. 

 

 

Figure 3.16: Stress-strain curve for a single steel fibre.  

 

The failure mode in these beams was imposed by the notch at the centre of beams as 

shown in Figure 3.17. The notch encourages the beam to fail at a point where the loading 

is acting. It developed a concentrated stress at the centre point and this caused the beam 

to reach its flexural strength before other regions of the beam develop shear forces. On 

the other hand, having the notch has made a weak point at the beam centre and prevented 

the beam from exhibiting a longitudinal movement to develop shear stresses on 

longitudinal planes.  
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Figure 3.17: Shows fibre bridging action. 

 

If the beams were not notched, the crack propagation would have been different. In the 

literature, it has been reported in many studies that OC beams with the short spans and 

large depths fail in shear. These shear failure modes would depend on beam geometry, 

concrete properties and the number of steel reinforcement bars as explained in Section 

3.1.2. However, the four-point and three-point bending tests conducted by (Le, 2008) on 

beams without notches with depths 100mm and 150mm, respectively. The results showed 

all the beams failed in flexure with a single macrocrack initiating from the centre of the 

beam towards the compression zone. Further tests on four-point bending by (Hassan, 

2013) confirmed that beams with 100mm depth failed in flexure with a single macrocrack 

in the tensile zone where the load was applied. This demonstrated that fibres have a 

transformed failure mode from shear to flexure. Furthermore, several unnotched 

UHPFRC beams with depths of 40mm and 100mm were tested by (Magureanu et al., 

2010) using the three-point bending test and the results showed that all fail in flexure with 

a single macrocrack 
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In regards to beams with larger spans, Furlan Jr (1997) tested several fibre concrete beams 

with a 1000mm span and 100mm depth and the results showed all the beam failed in shear 

with several microcracks and macrocracks along the span of the beam (Furlan and de 

Hanai, 1997). However, a study conducted by Yang et al (2011) on UHPFRC beams with 

a span of 2900mm and 270mm depth showed a single macrocrack flexural failure with 

multiple microcracks initiated linearly on both side of the macrocracks (Yang et al., 

2011b). Furthermore, the recent study conducted by Fujikake (2014) has shown UHPFRC 

beams with a 1700mm span with 200mm depth failed in flexure with a single macrocrack 

at a point where the load was acting (Fujikake, 2014).  At each side of the macrocrack, 

there were also numerous microcracks covering 1100mm of the span. This clearly 

indicates that the failure modes of UHPFRC beams with larger spans cannot simply be 

predicted and there is a possibility of both flexure and shear failure modes, thus further 

experimental investigations are required. 

 

3.4.3 Load-CMOD Curves 

The three load-CMOD curves and the average curve from the bending tests are shown in 

Figure 3.18 to 3.22, for each beam depth. Due to random distributions of discontinuous 

short steel fibres, scatter in the experimental results of three tests for one beam design 

especially in the softening region were within 10% of the mean response. Therefore, the 

three beam specimens for investigation of bending behaviour were found to be adequate 

as this was a case reported in (Wille and Parra-Montesinos, 2012). Table 3.4, summarises 

the experimental peak loads Fb and the nominal flexural strength ff of all the beams which  

were found using equation 3.3 from (British Standards Institution BS EN14651:2005+A1, 

2007).  

 

2)(2

3

n

b
f

ddb

lF
f


          (3.3) 

  

where l is the span length between the two roller supports, b is the beam width, d is the 

beam depth and dn is the notch depth. 
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Figure 3.18 to 3.22 show that all the beams exhibit linear elastic behaviour up to the 

appearance of microcracks around the beam notch and ends before the CMOD reaches 1 

mm. In this region, the load was carried by the matrix strength alone but as the load 

increased, the microcracks started to form. A slow reduction of elastic modulus occurred 

as the curve changed from linear to nonlinear behaviour and the material entered the 

pseudo-strain hardening region. This continued as the number of microcracks increased 

with the increased applied load, and resulted in the material reaching its ultimate load 

carrying capacity. The increase of CMOD is very slow in this region and except for D30, 

which failed at a CMOD of approximately 0.4 mm, all the beams failed at CMODs 

between 1 to 1.5 mm. The figures show that the load-CMOD in this region reached about 

80 to 90% of its ultimate load carrying capacity. The shape of the load-CMOD curves are 

strongly dependent on the number of fibres that were bridging between the two cracked 

faces. This indicates that the material properties can be improved by enhancing the 

bending behaviour.  

After the beam failed, the strain softening region began with a considerable reduction in 

the applied load. In addition, as the load increased, more slipping between fibres and the 

matrix occurred and the increase in CMOD was significantly faster in this region 

compared to the two previous regions. Furthermore, as expected, the load-CMOD showed 

that the beams with greater depths could withstand a greater load than the shallow beams. 

However, a gradual change to brittle behaviour in the strain hardening then the softening 

region was observed in thicker beams. 

Table 3.4 shows that the Fb for beams with a depth of 30 mm ranged from 2.5 to 3.5 kN, 

with an average of 3.17 kN. As the depth doubled, the average Fb increased significantly 

and a value of 10.13 kN was recorded. After the beams with 90 mm depth had been tested, 

the increase in average Fb was only doubled and a value of 22.03 kN was recorded. The 

increase of average Fb kept reducing with an increase of the beam depth, where the larger 

beam (d=150 mm) only increased by 48% compared to the beam with a depth of 120 mm. 

In other words, the effect of beam depth on average Fb reduced with the increase of 

specimen depth. This is due to the effect of fibre-bridging action on the pseudo-strain 

hardening behaviour, whereas in shallow beams more fibres contribute to the fibre-

bridging action than for the beams with greater depths.  
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As explained, the load carrying capacity of UHPFRC members is dependent on the fibre-

bridging in the pseudo-strain hardening region. In shallow beams fibres tend to align 

parallel to the longer side of the beam, meaning more fibres and the full fibre length 

contribute to the fibre-bridging action, thus an increase in the ultimate load carrying 

capacity of the beam. But as the beam depth increased, the fibres were positioned at larger 

spaces in the matrix and no longer tended to align perpendicular to the direction of the 

force, resulting in a smaller number of fibres available to bridge between the two cracked 

faces. Therefore, the fibre inclination angle increased resulting in fibre pull-out in a width 

smaller than the length of half a fibre. However, it is important to mention that a 

considerable scatter, especially in the softening region, can be observed in three beams of 

similar depth. Since in UHPFRC the fibres are randomly mixed during the casting 

procedure, apart from certain casting and mixing techniques explained in Section 3.3.3, 

uniform fibre distribution is highly unlikely. It is clear that 100% random fibre 

distribution cannot be achieved in any fibre concrete, so a considerable variation between 

specimens with the same geometry and fibre volume ratio is not surprising. Therefore, 

the possibility of scatter in the results for UHPFRC beams must be taken into account if 

the softening region is considered. Table 3.4 shows, except for smaller beams, the 

standard deviation (SD) of the flexural strength is less than 2 MPa and this gives a 

standard error (SE) of less than 1.5 MPa. This shows the variation between the 

experimental values is small and confirms the accuracy of the experiments. 

As explained, fibre bridging action involves the bond between steel fibres and the matrix 

and this bond can be represented in segments or layers. After the concrete cracks, the first 

layer of fibres, which are the closest to the tip of the crack, bridge between the two cracked 

faces. As the crack became wider, the first layer of fibre pulls-out and the next layer 

bridges between the two cracked face and this process continues until the element 

completely fails. Figure 3.21 and 3.22 show sudden drops at the beginning of the 

softening stage, as can be seen for beams with depths of 120 mm and 150 mm. The 

reduction in load in the softening stage depends on the distribution and angle of fibres 

that contribute to the bridging action. As mentioned previously, fibres can orientate more 

freely in beams with larger depths and so are less influenced by the wall effect. Therefore, 

the length of embedded fibres in some parts of the cracked area can become shorter due 

to the angle of fibres contributing to the bridging action. This results in sudden drops of 

load at some parts of the softening stage for some of the beams with a larger depth.    
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Figure 3.18: Load-CMOD curves for beams with 30 mm depth. 

 

 

Figure 3.19: Load-CMOD curves for beams with 60 mm depth. 
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Figure 3.20: Load-CMOD curves for beams with 90 mm depth. 

 

 

Figure 3.21: Load-CMOD curves for beams with 120 mm depth. 
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Figure 3.22: Load-CMOD curves for beams with 150 mm depth. 

 

Table 3.4: Experimental results for three-point bending tests. 
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3.4.4 Size Effect 

The nominal flexural strength ff versus log d from all the experimental results is plotted 

in Figure 3.23. It can be seen that, except for the smallest d=30 mm, the nominal flexural 

strength for all the other beams is around 20 MPa and the strength does not depend on the 

size of the element. This is due to the scatter of results which is greater than the size effect. 

This clearly indicates that the size effect in concrete can be eliminated through the use of 

material with a high ductility such as UHPFRC. This result opposes the concrete fracture 

mechanics hypothesis that the ratio of the total crack surface area to the cross-section area 

of smaller specimens is believed to be higher than that of larger specimens. As mentioned 

in Section 2.6 and Figure 2.14, the generalised size effect law is divided into three 

different regions.  

According to the theory, classical LEFM predicts the size effect for those structures, 

where member sizes are the largest and nominal strength is proportional to the square root 

of nominal member size (Lepech and Li, 2004). This represents those materials that are 

ideally brittle and the FPZ is very small compared to overall structure member size. In 

these structures, all fracture energy is consumed at the crack tips. The second part of the 

curve represents structures with smaller size or material which is less brittle such as 

concrete and rock. The theory, which was developed by Bažant through the application 

of NLFM showed, due to the heterogeneity of the material, the FPZ surrounding the crack 

tips is relatively large with respect to the overall member dimensions, while LEFM 

requires FPZ to be small. This result is not only contradictory with the LEFM assumption, 

but it is also proven that the nominal strength in normal reinforced concrete decreases 

with an increase in structure size. It also showed that in concrete, FPZ of the nonlinear 

zone is very large compared to the cross section of the structure. The final part of the 

curve represents the strength theory, where the specimen size becomes much smaller or 

the material shifts from brittle to ductile, the effect of fracture size will diminish due to 

the enlargement in the FPZ surrounding crack tips. Based on the results, this study places 

the UHPFRC material in the strength zone on the generalised size effect law curve in 

Section 2.6, Figure 2.14, where the material is much less brittle compared to OC. This 

confirms that the size effect in structures made of cementitious materials can be 

eliminated by adding a high volume of ductile fibres (Lepech and Li, 2003, Lepech and 

Li, 2004). Most recently, it has been showed that changes in beam specimen sizes had 

little influence on the peak flexural strength (Wille and Parra-Montesinos, 2012). 
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Moreover, the result is in contradiction with Bažant’s hypothesis that concrete obeys 

NLFM. Therefore, it would appear that UHPFRC does not follow the existing size effect 

law of conventional concrete. 

 

 

Figure 3.23: Size effect on the nominal flexural strength of UHPFRC beams. 

 

3.5 Concluding Remarks  

The effect of the new superplasticiser type Eurocast200 on the UHPFRC constituent has 

been studied using flow tables, density and cube compressive tests. The new 

superplasticiser was found to be more effective than the old one in terms of workability. 

The new type of superplasticiser with 40 kg/m3 gives a compressive strength and density 

of greater than 150 MPa and 2400 kg/m3 respectively, which is similar to the result of the 

previous type of superplasticiser used by Le (2008).   

The results showed that all the beam specimens failed in flexure with a single macrocrack, 

propagating from the tip of the notch upward due to the loading condition imposed by the 

notches in the testing configuration. The load-CMOD relationship showed the beam 

specimens underwent three different stages and these were pure elastic, pseudo-strain 
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hardening and strain softening and all the failures occurred due to fibre pull-out not fibre 

yielding. The increase of CMOD was found to be slower in the strain-hardening region 

and all the beams reached their ultimate strength at a CMOD between 1 to 1.5 mm. 

However, the effect of beam depth on ultimate strength diminished with the increase of 

specimen depth due to the effect of fibre-bridging action. The length of embedded fibres 

during fibre bridging action when concrete cracks relies on the fibre orientation within 

the matrix. Therefore, the material ultimate strength and crack patterns depend on fibre 

orientation. The fibre orientation in thin specimens is controlled due to the effect of the 

specimen wall surface while in thick specimens fibre orientation is more random. 

Moreover, the fibre distribution investigation showed that the numbers of fibres 

contributing to the fibre bridging action in the cracked area changed as the specimen size 

changed. The examination showed fibre orientation reduces as the thickness increased. 

This change is only significant when the specimen thickness is less than three times the 

fibre length. The examination also showed the number of fibres contributing to the fibre 

bridging action in the cracked area were not proportional to an increase in the specimen 

depth.  

Since the first appearance of UHPFRC, extensive experimental investigations have been 

conducted but the size effect behaviour which can be challenging for the design engineer, 

has been neglected. This study is one which thoroughly investigates the size effect 

behaviour using extensive experimental and numerical modelling. It advances knowledge 

of this particular type of UHPFFC in terms of its size effect behaviour. The finding of this 

study shows that the flexural strength for all sizes was found to be around 20 MPa. The 

results of this study also showed that the existing size effect of conventional concrete 

cannot be employed for UHPFRC members as concrete shifts from brittle to ductile 

behaviour. Therefore, the existing size effect law of conventional concrete needs to be 

modified or a new theory of size effect for UHPFRC members needs to be developed. 
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CHAPTER 4 
 

ONE-WAY SLAB INVESTIGATION 

 

Details of an experimental investigation of the bending behaviour of one-way spanning 

slabs including mould fabrication, designed experimental setup and testing procedure are 

described in this chapter.  

The majority of engineering structures such as bridges and buildings involves designing 

one-way spanning slabs. To understand the response of such structures requires a 

comprehensive and detailed examination. Due to the uncertainty of true boundary 

conditions of slabs in engineering structures, especially in bridges, the experimental study 

was conducted with two different boundary conditions; fully fixed (FF) and simply 

supported (SS).  

A total of twenty-six (660 × 660) mm slabs containing 2% by volume of short steel fibres 

were tested under bending test with four different thicknesses. The experimental work 

was divided into two test series of UHPFRC slabs. The first test series was conducted on 

13 No. UHPFRC slabs with FF supports on two opposite edges while, the second test 

series was conducted on 13 No. specimens with SS supports on two opposite edges. In 

both series the adjacent edges were free unsupported edges. The effect of boundary 

conditions and geometries using an experimental approach to determine the load-

displacement relationship, failure modes and crack propagation under bending test are 

also discussed in this chapter. 
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In order to verify that the mixing and casting  procedures used to make UHPFRC slabs 

result in the steel fibres being uniformly distributed, and to determine the effect that the 

specimen geometries have on fibre distribution, an experimental investigation was carried 

out in this chapter. The investigation is based on counting the number of fibres that bridge 

between the two cracked faces, and to determine the relationship between the fibre 

distribution and slab thicknesses. The relationship between the thickest slab (60 mm) and 

life-sized structures in terms of fibre distribution and orientation is also discussed. 

  

4.1 Experimental Programme 

The experimental work for one-way spanning slabs was divided into two test series with 

2% by volume steel fibres ratio to mortar matrix. The first test series was conducted on 

13 No. UHPFRC slabs with FF supports on two opposite edges while, the second test 

series was conducted on 13 No. specimens with SS supports on two opposite edges, as 

shown in Figure 4.1. A total of twenty-six (660 × 660) mm slabs were tested with four 

different thicknesses (t), of 25, 35, 45, and 60 mm. However, after the specimens were 

measured, the planned 25 mm slabs in SS boundary condition were found to be 2 mm 

thicker. Although, these slabs were slightly thicker than the slab geometry planned in this 

study, they were kept to be tested due to the high cost of steel fibres.  

Three slabs were tested for each of 35, 45 and 60 mm and four slabs with 27 mm 

thickness. A slab is named by its depth and boundary condition, for example, the slab 

ONE-WAY-SS27 has t of 27 mm and simply supported boundary conditions on two 

opposite edges and free edges on the other two edges. To cast the specimens, eight batches 

were prepared using the same mix design, four for each FF and SS boundary conditions. 

An additional small batch was prepared to cast the extra slab with 27 mm thickness. From 

each UHPFRC mix, 12 cubes, six (50 × 50 ×50) mm and six (100 × 100 ×100) mm were 

tested under uniaxial compression to assess the compressive strength of UHPFRC slab 

specimens at an age of 7 and 28 days. 

All the slabs were tested using a centre point load, which is of interest in a variety of 

applications such as tyre patch loading on bridge decks, heavy machinery in warehouses, 

concrete pavements and many more. 
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Figure 4.1: Boundary condition (a) full fixed edges (b) simply supported edges. 

 

4.1.1 Materials and Mould Preparation 

The materials used in the mix design to prepare the one-way slab specimens were 

described in Section 3.3.3.  

To fabricate the slab specimens, a special wooden mould built by previous researchers at 

the University of Liverpool, was modified in this research study as shown in Figure 4.2. 

Because various boundary conditions were considered, steel studs with diameter of 18 

mm were placed along the mould edges to allow holes to be made along the edges of the 

slab. The purpose of these holes was to allow the slabs to be supported, when fixed 

boundary conditions were required. However, these studs were reduced and removed 

depending on the desired boundary conditions. The moulds were steel lined with a 

thickness of 6 mm to ensure the smoothness in the slab specimens and to avoid difficulty 

that may arise during the demoulding procedure. The steel base plate was screwed to the 

base of the wooden mould to ensure no movement occurred during casting, especially 

during the vibration procedure. After the studs were lubricated and inserted into a plastic 

pipe with the diameter of 22 mm, they were placed along the edges of the steel plate at 
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the base of the mould. To ensure that the plastic pipe did not come off, a steel washer was 

placed on the top of the pipe and screwed to the steel stud. The wooden sides were 

connected using screws and they were easily removed to take the specimens out during 

demoulding. The dimensions of the mould, including the distance between the studs, are 

shown in Figure 4.3. Stud number and spacing along each side were the same and six 

studs were placed in each side.  The height 80mm was chosen for these studs, which was 

greater than the largest specimen thickness tested in this study. Due to the weight of the 

slab specimens, two steel bars were placed above the studs in the two opposite sides for 

each mould. These steel bars allowed the slab to be moved easily from the mixing to the 

demoulding area, especially for slabs with 60 mm thickness which required a crane to 

move them. Along each side of the mould, six screws were used to secure the wooden 

edges to the base as shown in Figure 4.2. Since only three slab specimens were chosen 

for each parameter in this study, only three moulds were prepared. Since the two-way 

slabs were first investigated in this study, the moulds were designed based upon two-way 

slabs. However, in one-way slabs, only two opposite edges were required to be fixed for 

FF boundary conditions. Therefore, modification was made to the designed mould. Studs 

were only placed along the two opposite edges of the mould. 

 

 

Figure 4.2: Two-way and one-way slab mould.  
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Figure 4.3: Two-way and one-way mould dimension. 

 

4.1.2 Mix Design and Specimen Fabrication 

The mix design detailed in Table 3.2 of Section 3.3.3 was used to produce the one-way 

slabs. The mixing procedure described in Section 3.3.3 was used to fabricate the slab 

specimens. However, since the size of the slabs is greater than the beams, slightly 

different techniques were used during the filling process. The UHPFRC was added to the 

centre of the mould where it flowed to the sides of the mould. This allowed the random 

distribution of fibres within the matrix. Demoulding the thick slab specimens needed 

varying amounts of time and sufficient strength to support their greater self-weight. 

Therefore extra time was required during demoulding. 

To demould the specimens, all four sides of the mould were detached. The steel washers 

which were placed on the top of the plastic pipe were unscrewed so that the steel studs 

could be removed easily. To avoid any damage around the holes, the plastic pipes were 

not removed from the slab. The slabs were placed inside a steel cage and carefully placed 

in the curing tank for 48 hours. After two days, the slabs were taken out from the hot 

curing tank and left for a few hours to cool down. Finally, all the plastic pipes were 

removed and the specimens were ready for testing.  
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4.1.3 Equipment Setup Testing Procedure 

A 300 kN Zwick hydraulic loading machine was employed to test the one-way slabs. To 

test the slab, a novel experimental setup, which was designed for two-way slabs was 

modified and used. The equipment for the tests consisted of two identical steel I-sections, 

two square steel frames with 50 mm and 40 mm thicknesses, respectively, and six pieces 

of steel strips, as shown in Figure 4.4. Four of the steel strips had a thickness of 25 mm 

and the other two were 20 mm and all had a length of 660 mm. M20 steel studs were used 

to fix the slab to the steel support and frame in the FF series. The steel frames had outer 

dimensions of (800 × 800) mm and (660 × 660) mm with inner dimensions of (500 × 500) 

mm, respectively. Details of the experimental setup are shown in Figure 4.4. Further 

details of the experimental procedure are shown in Figure 4.5. 

At the start of the experimental setup, the two I-section steel beams were placed and fixed 

to the base of the testing machine using M20 steel studs, as shown in Figure 4.5a. The 

large steel frames with 50 mm thickness were placed on the top of the I-sections which 

were fixed to the bottom of the loading machine, as illustrated in Figure 4.5b. The small 

frame with 40 mm thickness was then fixed to the large frame, as shown in Figure 4.5c. 

Steel strips with the thickness of 25 mm were fixed to each side of the steel frame giving 

a clearance of 50 mm for the specimens to deflect, as illustrated in Figure 4.5d. The slab 

specimen was placed on the two supports and a LVDT with a range of 18 mm was placed 

under the slab where the load was applied. The LVDT was connected to the Zwick 

hydraulic loading machine and the tests were carried out as depicted in Figure 4.5e. In 

the FF series steel strips with 20 mm thickness were placed on the top of the slab and 

M20 studs were used to fix the specimen edges, as shown in Figure 4.5f. The studs were 

fixed to the top steel strip, slab, support steel strips and the small steel frames. Each side 

of the slab was fixed with 6 studs as shown in Figure 4.6a. The load was applied through 

a 50 mm cubic steel block at the centre of the specimen. The tests were performed under 

displacement control with a rate of 0.4mm/min.  

The data was collected using the ‘testXpert’ software. The load-displacement curve was 

also obtained for each slab and the curve was monitored during the experiment to ensure 

that the test was conducted accurately. Once again to ensure enough data was obtained in 

the linear elastic range, for every second, one data point was requested. Therefore, over 



CHAPTER 4                                      ONE-WAY SLAB INVESTIGATION 

 

- 114 - 

2000 data points were collected for each slab and then the MATLAB software was used 

to analyse the data. 

 

 

Figure 4.4: Steel I-section, frames and strip detail. 
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Figure 4.5: Details of experimental setup (a) I-sections placed at the machine base (b) 

big frame placed on the two I-section (c) small frame placed on the big frame (d) slab 

placed on the small frame (e) the LVDT placed at the bottom face of the slab (f) the 

edge restraint in FF series. 

 

 

(a) fully fixed boundary condition         (b) simply supported boundary condition 

Figure 4.6: One-way slab boundary conditions during the test. 
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4.2 Results and Discussion 

This section presents the experimental results of one-way slabs obtained using the novel 

experimental setup described above. The structural behaviour of one-way slabs with FF 

and SS boundary conditions under central loading in bending was investigated. The effect 

of boundary conditions and slabs thicknesses on the failure mode and load displacement 

relationship is discussed. Finally, an assessment of thickness on failure modes and 

effective flexural strength as well as on fibre distribution and orientation is also discussed. 

 

4.2.1 One-way Slab Fibre Distribution and Orientation  

In order to determine the effect of fibre distribution on the failure mode of the slabs, and 

to verify that the mixing and compaction procedures used to make UHPFRC slabs result 

in the steel fibres being uniformly distributed, a physical inspection of the fibres at the 

crack location was carried out. To do this, a specimen from each slab thickness was 

chosen. The slab specimens were cut open into two segments at the point where the cracks 

occurred and the number of fibres was then counted to determine the effect of the 

specimen thickness and the mixing procedures on the fibre distribution, as shown in 

Figure 4.7. In order to obtain better accuracy in counting the individual fibres, the crack 

surfaces were divided into smaller cross-sectional areas (5 mm thickness by 25 mm crack 

length) during the counting process, and each segment was counted three times. Each area 

was numbered and examined thoroughly. If there was a discrepancy between the counted 

values, further counts were undertaken to ensure that the correct number of fibres was 

counted. Similar to the beams, the slabs were referred to by their depth, for example, the 

left side (L) of a 25 mm deep slab (S) was named SL25. Fibres on each side of the crack 

were counted separately for all slab thicknesses and the results are summarised in Figure 

4.8. In most of the slabs, it was observed that the number of fibres counted from one 

cracked face was considerably different from the other face of the same specimen. This 

was expected due to the pull-out behaviour influenced by the length of the embedded 

fibre within the matrix. Depending on the bond between the fibre and matrix at the exact 

location of the crack, fibre pull-out occurs from the side where the embedded length is 

smallest. It would not be accurate to compare one cracked face to another since more 

fibres may be pulled out towards one face than the other. In order to have a direct 
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comparison, therefore, fibres from both cracked faces were added together for each slab 

thickness, as shown in Figure 4.8.  

 

25 mm      35mm 

 

45mm      60mm 

 

Figure 4.7: Slabs were cut into two segments at the failure crack location. 
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Figure 4.8: Fibre distribution for different slab thicknesses. 

 

As explained in Section 3.4.1, many studies agree that the specimen geometry has a 

significant effect on fibre distribution and orientation. In this study, when the crack 

surface was examined, it was observed that the thinner slabs showed greater consistency 

of fibre distribution throughout the cracked faces than the thicker slabs. There were a few 

spots of poor fibre distribution in thick slabs as shown Figure 4.9. However, the spots 

were not predominant and cannot characterise the general picture of the fibre distribution 

within the crack location of the examined slabs. 

From a visual inspection of the sections after cutting, it appeared that there were lower 

numbers of fibres at the edges in thicker slabs than in thinner slabs. This feature was more 

predominant at the edge close to the side wall of the mould, but this difference was not 

very significant and a lower number of fibres could be due to the specimen wall effect or 

specimen geometry, as explained in Section 3.4.1. It is also important to mention that no 

fibre balling was observed for any slab specimens where cracks had occurred. A careful 

visual inspection also confirmed only a very few visible voids on the cracked faces for all 

the slab specimens and this confirmed the accuracy of the mix design used in this current 

study.  

One-Way Slabs 
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35mm 

3158 3291 
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4971 4659 
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45mm 
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Figure 4.9: Inconsistency in fibre distribution in slabs with 45 and 60 mm thickness. 

 

To determine whether experimental measurement of fibres are proportional to the 

specimen thickness, the result of the slabs were compared. This comparison provided 

evidence if the result of 25 mm slab can be used to accurately estimate the number of 

fibres that are expected to be counted for the 35, 45 and 60 mm slab. It is important to 

mention, however, that this comparison was based purely on the one particular area of the 

slab: the middle section where the crack had occurred.  

Looking at Figure 4.8, the number of fibres at the crack location that had bridged between 

the two cracked faces, given a slab with a 25 mm thickness, was 4926. Looking at the 

result of the 25 mm thick slab, it was anticipated that the number of fibres should have 

increased by approximately 985 for every 5 mm increase in thickness. Since the slab with 

a 35 mm thickness had increased by 10 mm, it was expected that the total increase in the 

number of fibres would be 1970, as shown in Table 4.1. However, when fibres at the 

crack surface for a 35 mm thickness slab were counted, they were found to total 6449, 

which is less than the anticipated value. This means that the number of fibres in the 35 

mm slab increased by 1523 when the thickness increased by 10 mm. This is less than the 

Thin fibre distributions 
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expected number of fibres based on 25 mm slab by 447 as given in Table 4.1. The 

difference between the experimentally counted fibres and the expected value indicates 

that fibres in the 35 mm slabs are not orientated and distributed in the same way as the 25 

mm specimens. This change in fibre orientation has a direct impact on the fibre bridging 

action, resulting in fewer fibres being counted in slabs with a 35 mm thickness. This 

clearly shows that the rate of increase in the number of fibres that bridge between the two 

cracked faces reduced as the thickness increased. This finding agrees well with the studies 

reported in the literature  (Association Francaise de Genie Civil–Service d’etudes 

Techniques des Routes et Autoroutes (AFGC/SETRA), 2002, Dupont, 2003, Marković, 

2006, Wille and Parra-Montesinos, 2012, Nezhentseva et al., 2013). Furthermore, the 

relationship between the specimen thickness and the experimental measurements of fibre 

counting continued to reduce as the slab thickness increased further. For slabs with a 45 

mm thickness, the number of fibres was counted to be 7801, this gives an increase of 1352 

fibres only which is less by 618 fibres if compared to the 25 mm slab. The relationship 

was further reduced when the 60 mm slab was investigated, counting 751 less fibres when 

compared to the 25 mm slabs as shown in Table 4.1. As mentioned in Chapter 3 and stated 

in the literature, fibres in specimens with small thickness are restricted from positioning 

freely within the matrix due to the wall effect, resulting in an unrealistic representation of 

the fibre distribution and orientation in respect to other thicknesses, especially life-sized 

structures. These results indicate clearly that the fibre distribution changes as geometry 

changes and specimen surface has a considerable effect on fibre distribution and 

orientation (Abdalla and Karihaloo, 2003, Ferrara and Meda, 2006, Pansuk et al., 2008, 

kim er al., 2008).  

Comparing the results between the two thicker slabs (45 mm and 60 mm) as shown in the 

third column from the left, it can be seen that the increase in number of fibres in the 45 

mm slab is 1352, whereas 1219 fibres were counted for the 60 mm slab. This shows the 

difference between the two larger slab specimens is only 133 fibres, which is considerably 

smaller if compared to the thin slabs (447 fibres only). This small difference in thick slabs 

illustrates that the change in the fibre distribution is more apparent with thin slabs than 

with the thick ones (Nezhentseva et al., 2013). Moreover, the result of thick slabs can 

provide an important finding as the difference in number of fibres between the two larger 

slabs is less than 10%. The number of fibres that contribute to the fibre bridging action 

for larger size specimens could now be estimated using the experimental measurement of 
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the largest slab of this study with a known level of uncertainty. This is especially useful 

since the fibre orientation and distribution in life-sized structures is unlikely to differ 

much from the largest slab tested here (by less than 10%), although these conclusions will 

have to be verified experimentally with life-sized structures if they are to be used 

extensively. 

 

Table 4.1: Fibre distribution results in one-way slabs. 

Slab Experimental 

measurement (Em) 

Increase in number of fibres per 10 

mm increase in thickness (Ei) 

Differences 

|Ei25 - Eit|
* 

25 4926 1970 0 

35 6449 1523 447 

45 7801 1352 618 

60 9630 1219 751 

*t =35, 45 or 60 mm 

 

 

Figure 4.10: Relationship between slab thickness and fibre distribution. 
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4.2.2 Failure Modes 

The failure modes of the one-way specimens with FF boundary conditions were found to 

be similar to the traditional concrete slab, as illustrated in Figure 4.11. The crack at the 

tensile face of the specimens failed with a single crack initiated at the location of the 

applied load, extending outwards to the centre of the slab’s free edges. This failure 

normally occurs in OC (Ellobody and Bailey, 2008, Jones and Wood, 1967). During the 

experiment, it was observed after a deflection of approximately 0.30 to 0.40 mm, at the 

tensile face, several microcracks appeared around the centre of the slab specimens where 

the load was acting. The microcracks in the most stressed zone tended to form where the 

bond between the fibre-matrix became weak due to the external force, resulting in a stress 

concentration. As the loading was increased only a few of the microcracks formed a single 

crack and the others remained almost unchanged in the later stages of loading. The failure 

modes of thinner and thicker slabs in one-way slabs were found to be similar unlike two-

way slabs where more cracks were observed in thicker specimens. In one-way slabs with 

FF boundary conditions, the development of microcracks to a macrocrack was found to 

be influenced by specimen edge restraint. 

Although the slab geometry, loading and boundary conditions were similar, the cracks in 

some of the slabs are tortuous and deviate away from the straight line. This again could 

be attributed to the random distribution and orientation of the steel fibres (Wille and 

Parra-Montesinos, 2012, Spasojevic, 2008), which make the crack-tip stress fields 

complicated and the local tensile strength and fracture toughness highly heterogeneous, 

as in conventional concrete where the aggregates function similarly to the steel fibres 

(Lepech and Li, 2004).  It should be mentioned that all the slabs in the FF series had a 

similar crack failure in the compressive face where cracks form along the two fixed edges, 

as illustrated in Figure 4.12a. However, in some of the specimens especially in the thicker 

slabs, cracks deviated from a straight line due to the fibre orientation, distribution and the 

fibre-matrix bond. In the SS series a single crack formed from where the load was acting 

and extended towards the centre of two free edges as shown in Figure 4.12b. 
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(a) tensile face crack pattern for FF25         (b) tensile face crack pattern for FF35 

  

(c) tensile face crack pattern for FF45         (d) tensile face crack pattern for FF60 

Figure 4.11: Cracks for one-way slabs with fully fixed boundary conditions. 

 

  

(a) compressive face crack for FF45         (b) compressive face crack for SS45 

Figure 4.12: One-way slab compressive face crack pattern. 

(a) (b) 
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Similar to the first series, the results of the second series specimens with SS boundary 

conditions showed a similar failure pattern for all the thicknesses, forming a single 

macrocrack initiated at the location of applied force and extending towards the centre of 

the free edges, as depicted in Figure 4.13. A clean smooth crack through the slab is 

obtained with the specimen held together by the short steel fibres, which remained intact. 

The transformation of the microcracks to the macrocrack was observed when the 

specimen deflection reached 0.30 to 0.40 mm. In this series, the process from the 

appearance of microcracks to fibre pull-out (fibre-bridging) was slightly quicker, in 

thicker specimens in particular. Crack widths were more pronounced compared to those 

with FF boundary conditions. This can be attributed to the effect of boundary conditions, 

which influence the fibre pull-out behaviour. Failure took place when fibre pull-out 

reached its final stages, the cracks extending into the compressive zone so that no further 

load could be carried and the load started to decrease. As expected the load is sufficiently 

high in slabs with FF boundary conditions to force the slabs to fail in flexure compared 

to the ultimate failure load experienced by the slabs with SS boundary conditions. 

However the ultimate load carrying capacity was observed at around 5 mm displacement 

in both the FF and SS series for slabs with thicknesses of 25, 27 and 35 mm. Whereas, 

fibre pull-out behaviour occurred at a displacement of around 3 to 4.5 mm in slabs with 

thicknesses of 45 and 60 mm. 

Geometry influences the fibre orientation and position within the matrix, and thus fibre 

bridging action at the crack locations as shown in Figure 4.14 and Figure 4.15. These 

figures show as the slab thickness increases the position of the fibre within the matrix 

changes considerably. Figure 4.14 shows slabs with 25 and 35 mm thickness tend to have 

more uniform fibre dispersion throughout the slab geometry. However, slabs above 35 

mm thick allow fibres to be positioned more randomly within the matrix, resulting in non-

uniform fibre distribution especially for 60 mm thick slabs as shown in Figure 4.15b. 

Furthermore, in thinner slabs due to the geometry effect, most of the fibres are parallel to 

the specimen surfaces and this means more fibres contribute to the bridging action at the 

crack location. This parallel positioning of fibres also influences the fibre effectiveness 

in terms of fibre bridging between the two crack faces. It allows the crack to widen to its 

widest before fibre pull-out occurs. Whereas, in thicker slabs such as 45 and 60 mm, 

fibres have little effect on load action as the slab thickness is much greater than the length 

of the fibre. Therefore, more randomly orientated fibres can be observed at the location 
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of the crack patterns. This results in fewer fibres contributing to the bridging action. 

Moreover, Figure 4.15 shows that many of the fibres contributing to the bridging action 

are not perpendicular to the crack pattern, thus they had pulled out at a smaller crack 

width. This observation clearly confirms that geometry influences both fibre distribution 

and orientation in the matrix.  

Similar to the beam specimens, closer examination confirmed that all the one-way slab 

specimens also failed by fibre pull-out. As mentioned in Chapter 3, it is shown that the 

bond strength between fibres and the matrix is approximately 10 MPa and steel fibre 

yields at 2000 MPa. Therefore, it was unlikely that fibre yielding had occurred.  

 

  

(a) tensile face crack pattern SS25               (b) tensile face crack pattern SS35 

  

(c) tensile face crack pattern SS45              (d) tensile face crack pattern SS60 

Figure 4.13: Cracks for one-way slabs with simply supported boundary conditions. 
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Figure 4.14: Shows a uniform fibre distribution.  
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Figure 4.15: Shows non-uniform fibre distribution. 
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4.2.3 Load-displacement Curves 

The experimental load–displacement curves for the one-way slab specimens from the 

bending tests and the average curve are shown in Figure 4.16 to 4.19 for FF boundary 

conditions and Figure 4.20 to 4.23 for the SS boundary conditions, respectively. The load-

displacement curves show that the UHPFRC slabs similar to the beams underwent three 

main regions as previously described by Hassan et al. (2012)  

 

4.2.3.1 Linear Elastic  

In the first region, the linear response of the slabs covers the start of loading to maximum 

loading just before microcracks start to appear in the material. In this region, both the 

fibres and matrix behave elastically and the curve has a steep ascending slope. The 

maximum load attained in this region corresponded to the matrix strength while the fibres 

contributed little to the overall structural behaviour. Although the slab had symmetric 

boundary conditions along all the edges, the appearance of microcracks in this region was 

random due to the effect of the short discontinuous steel fibres.  

The behaviour of UHPFRC specimens was significantly different compared to the OC: 

the material with a FF boundary condition showed very stiff behaviour at this stage with 

very little displacement. The load-displacement graph shows very little variation in 

displacement where this stage ends, covering a range of 0 to 0.35 mm. Due to the effect 

of fibre bridging in UHPFRC, a smooth transformation occurred from elastic to strain 

hardening regions. During the experiment it was observed that as the microcracks were 

propagating, the load-displacement curve began to change from linear to nonlinear 

behaviour, with the load at the end of this stage being approximately 11, 27, 60 and 105 

kN, respectively. It is important to mention that with thin slabs (25 and 35 mm), the load 

carrying capacity at this stage was considerably less than the ultimate strength of the slabs, 

whereas with thick slabs 60 to 65% of the slab’s load was achieved. This variation in 

loads in the linear elastic stage shows an important behaviour of UHFRC, namely; that 

the matrix strength does not increase linearly as the specimen thickness increases. 

Similar to the FF boundary conditions, loads at the end of the linear elastic stage in the 

SS boundary condition were 8, 14, 20 and 59 kN. The slabs in this series, however, tend 

to be less stiff compared to the FF slab boundary conditions, with a greater range of 
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displacement of up to 0.55 mm. It is therefore important that the effect of the boundary 

condition be considered in the investigation of UHPFRC. In designing OC, for SLS it 

must remain in the elastic region and the structure must remain functional for its intended 

use when it is subjected to everyday loading. In designing UHPFRC, for SLS it must also 

be located in the purely elastic zone but, according to both French and Japanese 

recommendations, this must also satisfy two conditions (i) plane sections remain plane 

and (ii) stress is proportional to strains in the uncracked region (Japan Society of Civil 

Engineers (JSCE), 2008). Therefore, understanding the structural behaviour of UHPFRC 

in the elastic region is essential as it satisfies the SLS.  

 

4.2.3.2 Pseudo-strain Hardening 

As the load increased, the second region started where the transformation of microcracks 

to macrocracks began. At the end of this region, microcracks become more pronounced 

and the cracking strain of the structure exceeded the matrix’s cracking strain. This 

resulted in a concentration of closely spaced microcracks that merge and form a single 

macrocrack and this is called the pseudo-strain hardening region. At the end of this region, 

a single macrocrack formed due to the combination of microcracks. In this region, stress 

was transferred by the fibres bridging across the faces of each crack and this depended on 

half the length of the fibre, 6.5 mm for the fibres used in this study. Sufficient bond 

between the matrix and the fibres is essential as well as an even distribution of fibres. 

Type and shape of steel fibre influences fibre-matrix bond, and thus the strain hardening 

behaviour (Yang et al., 2011c, Wille and Naaman, 2012). The resisting force due to the 

fibre bridging in this stage not only restrains crack opening but also leads to better 

interlocking between the two cracked faces. Due to the effectiveness of fibre bridging, 

the concrete carries more load after the matrix cracks and it covers a wider range of 

displacement. As mentioned in Section 3.4.1, this strain hardening phenomenon 

distinguishes UHPFRC from all other types of concrete and, therefore, it is important that 

this region is included in the design when the ultimate limit strength (ULS) is considered. 

Due to the brittle behaviour of OC, the ULS is usually considered to lie at the upper part 

of the elastic region where stress is proportional to strain. Adapting the design standard 

of OC directly to UHPFRC will not be practical if the true stress-strain curve of UHPFRC 

is considered, since a significant part of the displacement falls within this region. Figure 
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4.16 to 4.23 show that the displacement at the beginning of this region is very small and 

indeed much smaller than the allowable widths of the cracks. Although microcracks have 

occurred in the structure, the structural integrity of the section is not affected since the 

crack width is significantly small. This is only true for that small portion of the curves 

that start from the end of elastic region; however, for both the SLS and ULS design, the 

portion of the curve in this region can be considered as long as the crack width is below 

the allowable crack width. Looking at the material properties testing as set out in Figure 

2.8 in Chapter 2, microcracking in this region accounts for 40 to 90% of the nonlinear 

response of the matrix, but the propagation of microcracking becomes predominant at a 

stress level of 70 to 90% of the tensile strength. It is important that this region is 

considered carefully during the design of UHPFRC. Indeed, as recommended in both the 

French (AFGC/SETRA, 2002) and Japanese design guidance (Japan Society of Civil 

Engineers (JSCE), 2008), when SLS and ULS are calculated, the stress and strain of the 

section must be calculated under the assumption that the material is purely elastic under 

compression and perfectly elastoplastic under tension. This means a linear relationship 

between stress-strain at the beginning of the strain hardening region may be assumed, 

depending on the width of microcracks. Boundary conditions also play an important role 

in this region. Looking at slabs with FF boundary conditions, the displacement at this 

region starts from the end of the elastic region to up to 3.3 mm in thin slabs (25 and 35 

mm) and 4.6 mm in thick slabs (45 and 60 mm). Slabs with a SS boundary condition were 

found to be constant throughout the specimens with different thicknesses and 

displacements starting from the end of the elastic region to up to 5 mm. 

 

4.2.3.3 Strain Softening  

The third and final region started with the occurrence of a number of macrocracks, where 

the fibre-matrix interface was no longer capable of sustaining the maximum peak load, 

due to the increase in the crack width. Slippage between the fibre and the matrix occurred, 

resulting in fibre pull-out behaviour. Therefore, the fibres were no longer capable of 

transferring load between the two cracked faces and this resulted in a decrease in the load. 

As the load increased, more slipping between fibres and the matrix occurred and 

macrocracks became more pronounced, as illustrated in Figure 4.11 and Figure 4.13. The 

progression of fibre pull-out behaviour is dependent on the length of the fibres, the 
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strength of the matrix and the fibre-matrix bond. This progression of fibre pull-out 

behaviour allowed a smooth transition from the ultimate peak load to the strain softening 

region. It was also influenced by the macrocrack which occurred at the centre of the slab 

becoming more apparent as the loading continued. As mentioned before, fibre distribution 

plays an important role in this region. The length of the embedded fibre in the cracked 

area was dominated by the behaviour of the load-displacement curve. The decrease in the 

load was influenced directly by the amount of fibres that pulls out at that particular time. 

Looking at the curves, it can be observed that some of the slabs show a very sharp 

decrease in the softening region whereas less steep behaviour can be seen in the others, 

as shown in Figure 4.16 to 4.23. The load-displacement curves showed that the fibre pull-

out behaviour also influenced the softening regions, since a little scatter can be observed 

for slabs with similar thicknesses and boundary conditions. It is important to mention, 

however, that the variation in this region is greater if compared to the pseudo-hardening 

region. Furthermore, the smooth transformation from elastic to strain-hardening, and then 

to strain softening, was also observed in all the slab specimens in both series. 

These outcomes of the experiment with different specimen thicknesses provide valuable 

insights to assist in the understanding of the overall structural behaviour of full scale 

structures. The analysis of the experimental results showed the identification of failure 

modes of UHPFRC one-way slabs. The results prove that, despite changes in the slab 

thickness, the failure modes were similar in slabs with four different geometries, with a 

single macrocrack initiating at the middle of the slab, followed by observable fibre pull-

out behaviour. It can therefore be concluded that the full scale slab would fail in a similar 

way to those tested in this study. Also, the experimental load-displacement response 

showed that all the slabs with both boundary conditions underwent three main stages: 

linear elastic, pseudo-strain hardening and strain softening. The curves prove that 

increasing slab thickness results in an increase in the ultimate flexural load carrying 

capacities and the first crack load, and that the slab thickness has no influence on the 

failure stages. Furthermore, the beam specimen results in Chapter 3 of this study have 

also showed that the beam underwent three stages similar to the slab failure stages. 

Moreover, as discussed above, the failure stages of this study were found to be similar to 

the failure stages of other studies which have used UHPFRC specimens with different 

sizes and shapes. It is suggested, therefore, that the full scale slabs would undergo similar 



CHAPTER 4                                      ONE-WAY SLAB INVESTIGATION 

 

- 132 - 

stages as those slabs tested in this study. These conclusions may need to be verified 

experimentally, however, if they are to be used extensively.  

 

 

Figure 4.16: Load-displacement curves for FF25. 

     

 

Figure 4.17: Load-displacement curves for FF35. 
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Figure 4.18: Load-displacement curves for FF45. 

       

 

Figure 4.19: Load-displacement curves for FF60. 
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Figure 4.20: Load-displacement curves for SS25. 

 

 

Figure 4.21: Load-displacement curves for SS35. 
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Figure 4.22: Load-displacement curves for SS45. 

  

 

Figure 4.23: Load-displacement curves for SS60. 
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4.2.4 Thickness Assessment of One-way Slabs  

The experimental ultimate load (Fs) for each slab specimen with an experimental average 

for both the FF and SS boundary conditions are recorded in Table 4.2 and Table 4.3, 

respectively. Displacement (ws) at Fs for each slab and average ws are also shown. The 

effect of slab thickness on the slab’s ultimate load and displacement at ultimate load is 

discussed here. Table 4.2 illustrates the response of the four different slab thicknesses. It 

is clear that as the thickness increased the value of Fs required to produce a certain 

displacement increased. In the FF series, an average Fs required for the slab with 25 mm 

thickness was 24.7 kN whereas it increased by 123% when the 35 mm slab thickness was 

tested. For a slab thickness of 45 mm, the increase in Fs was only 64% and an average of 

90.30 kN was recorded. Finally, when the 60 mm thick slab was tested, the Fs increased 

by 67%. These results indicate that the percentage increase in Fs reduced as the slab 

thickness increased.   

In SS series, Table 4.3 shows that the average Fs of 16.5 kN was recorded for 27 mm 

thick slabs. The average Fs increased to approximately 29.1 kN for 35 mm thick slabs and 

this showed that the load was increased by 77% compared to the thin slabs. An average 

Fs of 52.1 kN was recorded for 45 mm thick slabs and the load carrying capacity in these 

slabs increased by 79% compared to slabs with 35 mm thickness. Finally, when 60 mm 

thick slabs were tested an average Fs of 102 kN was recorded, and the Fs increased by 

96%. These results also showed that the percentage increase in Fs reduced with increase 

in the slab thickness but at a slower rate compared to FF slabs. In addition, these results 

showed that the Fs values are not influenced by the thickness directly, however, change 

in thicknesses influenced the fibre contribution, resulting in an increase or decrease in 

fibre-bridging behaviour. Fibre-bridging behaviour is significantly influenced by the 

amount of fibres in the location of the crack. Furthermore, Fs varied for slabs with similar 

thicknesses and boundary conditions due to the random distributions of fibre in the 

matrix, resulting in a variation in fibre pull-out behaviour for each specimen. 

Referring to Figure 4.16 to 4.23 for slabs with FF boundary condition, it is clear that the 

appearance of microcracks was around an average load of 14, 28, 60 and 118 kN for slab 

thicknesses of 25, 35, 45 and 60 mm, respectively. The average loads were doubled as 

the thickness increased by 10 mm. For the slabs with SS boundary conditions, similar 

assessments can be conducted. Slabs with SS boundary conditions cracked at average 
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loads of 11, 21, 38 and 78 kN for slab thicknesses of 25, 35, 45 and 60 mm, respectively.  

Comparing these load values showed an approximate relationship of slab thickness to 

first crack load is apparent and the load almost increased by double as thickness changed. 

Each thickness produced an approximately linear relationship with the first microcrack 

load. These results are significant in terms of serviceability in designing UHPFRC as it 

allows designers to predict the cracking load. Consideration must be taken into account 

that small changes in thickness can significantly influence the serviceability load. It was 

also noted that the ws at Fs in both series was approximately 5 mm for slabs with 27 mm 

and 35 mm thickness and 3 to 4.5 mm for slabs with 45 mm and 60 mm thickness, 

respectively.  The difference in w between thin and thick slabs is perhaps due to the 

changes in stiffness, which increases in proportion to the slab thickness. 

The transformation from elastic to strain-hardening for slabs with 25 and 35 mm in both 

series were similar and it covered a wide range of displacement approximately 0.5 to 5 

mm, whereas this transformation zone was approximately 0.5 to 4.5 mm for slabs with 

45 and 60 mm thickness in SS boundary conditions. In addition, the transformation from 

first to second region was found to be slower for slabs with 25 and 35 mm compared to 

slabs with 45 mm thicknesses. However, the transformations were found to be very 

similar for slabs with 45 mm compared to 60 mm thickness. This means fibre direction 

and orientation were changed within the matrix as the slab thickness increased, which 

resulted from the alignment of the fibres perpendicular to the direction of the force in 

thinner slabs. The effect of fibre orientation on the transformation of the material from 

one region to another appeared to reduce significantly when the slab thickness was large 

enough for fibres to orientate randomly, see Figure 4.14 and Figure 4.15. It seems, 

therefore, that having sufficient experimental data with respect to their thickness, the 

bending behaviour of UHPFRC slabs can be predicted. 
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Table 4.2: Slabs experimental results with fully-fixed boundary condition. 

Specimens Ultimate 

load Fs (kN) 

Average 

Fs (kN) 

Displacement 

(ws) at Fs (mm) 

Average 

ws (mm) Name No 

ONE-WAY-FF25 

1 26.7 

24.7 

5.1 

5.1 
2 23.1 5.1 

3 25.0 4.9 

4 24.0 5.1 

ONE-WAY-FF35 

1 56.1 

55.0 

5.3 

5.2 2 54.7 5.1 

3 54.1 6.2 

ONE-WAY-FF45 

1 92.0 

90.3 

3.3 

3.3 2 83.7 3.3 

3 95.2 3.1 

ONE-WAY-FF60 

1 155.6 

150.8 

4.9 

4.6 2 148.2 4.9 

3 148.4 4.1 

 

Table 4.3: Slabs experimental results with simply-supported boundary condition. 

Specimens Ultimate load 

Fs (kN) 

Average 

Fs (kN) 

Displacement 

(ws) at Fs (mm) 

Average 

ws (mm) Name No 

ONE-WAY-SS27 

1 16.6 

16.5 

5.3 

5.3 
2 17.2 5.3 

3 16.8 5.3 

4 15.5 5.3 

ONE-WAY-SS35 

1 27.6 

29.1 

5.1 

5.2 2 29.6 5.2 

3 30.1 5.2 

ONE-WAY-SS45 

1 53.4 

52.1 

5.0 

4.5 2 51.5 4.5 

3 51.3 4.1 

ONE-WAY-SS60 

1 100.6 

102.0 

3.9 

3.1 2 107.5 3.0 

3 97.9 2.4 
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4.2.5 Size Effect and Effective Flexural Strength 

In order to investigate the size effect, the effective flexural strength (fst) of the slabs was 

calculated for slabs with both FF and SS boundary conditions using Equation 2.15 from 

Section 2.9.3. These equations can determine the general flexural strength only if the 

material behaves linearly. However, the validity of these equations diminishes as the 

material shifts from linear to nonlinear behaviour. Although these equations may not be 

valid once fst is exceeded, they were used here for comparison purposes. The three and 

four fst from the bending tests and the average fst were recorded Table 4.4 for both FF and 

SS boundary conditions, for each slab thickness. The results were plotted against the slab 

thicknesses as illustrated in Figure 4.24 and Figure 4.25. Comparing UHPFRC to OC in 

terms of concrete fracture hypothesis, the results indicate that changes in thickness had 

no influence on fst of the slabs. The results show that the average fst for slabs with FF and 

SS boundary condition were 4.0 to 4.8 MPa and 6.7 to 7.1 MPa, respectively. Whereas, 

in OC, the ratio of the total crack surface area to the cross-section area of smaller 

specimens is believed to be higher than that of larger specimens. The results support the 

size effect finding reported in Chapter 3 in Section 3.4.4 and confirmed that the size effect 

behaviour which sometimes becomes a barrier in designing OC is less significant in 

designing UHPFRC structures in one-way slabs. 

Furthermore, it was reported by Keenan (Keenan, 1969) that in reinforced concrete one-

way slabs, deflection induces force on sections along hinge lines if the ends of the slab 

are restrained against longitudinal movement. This increases the moment resistance of 

sections along the hinge lines, thus significantly increasing the ultimate flexural resistance 

of the slab. However, it seems this behaviour was less in UHPFRC slabs as the flexural 

strength of SS slabs was found to be close to that of the slabs with FF boundary conditions. 

This was perhaps due to the effect of random steel fibre in the matrix, which reduced the 

effect of compressive membrane forces at the support whereas in ordinary reinforced 

concrete, flexural strength is enhanced by the  compressive membrane forces (Tong and 

Batchelor, 1971) 
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Table 4.4: Effective flexural strength of one-way slabs. 

h 

(mm) 

Fully Fixed Slabs Simply Supported Slabs 

Effective Flexural 

Strength fst  (MPa) 

Average fst  

(MPa) 

Effective Flexural 

Strength fst  (MPa) 

Average fst  

(MPa) 

25 

7.2 

6.7 

4.5 

4.5 
6.4 4.6 

6.8 4.5 

6.5 4.2 

35 

7.1 

7.5 

3.9 

4.1 7.8 4.1 

7.7 4.2 

45 

7.7 

7.6 

4.4 

4.3 7.1 4.3 

8.0 4.3 

60 

7.3 

7.1 

4.7 

4.8 7.0 5.0 

7.0 4.6 

 

 

Figure 4.24: Ultimate flexural strength versus thickness for FF one-way slabs. 
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Figure 4.25: Ultimate flexural strength versus thickness for SS one-way slabs. 

 

4.3 Concluding Remarks  

The simple yet effective experiment setup showed that it is capable of determining the 
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Examination of the physical distribution of fibres at the crack locations showed that fibres 

tended to be perpendicular to the cross-section in thin members due to the specimen wall 

effect, causing more fibres to bridge between the two cracked faces. In thick members, 

however, fibres were less affected by the specimen wall and more randomly orientated in 

the matrix, resulting in less fibre bridging between the two cracked faces. The physical 

examination also showed that few spots of poor fibre distribution can be observed in 

thicker slabs, especially 45 and 60 mm thick slabs, and this related to the actual fibre 

concentration. In addition, the examination showed that the mixing and casting 

procedures used in this study led to a satisfactorily uniform fibre distribution in UHPFRC. 

These results also showed the percentage increase in Fs reduced with increase in the slab 

thickness in both series. However, these increases were slower in the slabs with SS 

boundary conditions compared to FF slabs. The results also showed that changes in 

thickness had no influence on fst of the slabs in both the SS and FF series. It showed that 

the average fst for slabs with FF and SS boundary condition were 4.0 to 4.8 MPa and 6.7 

to 7.1 MPa, respectively. The results confirmed that the size effect behaviour which 

sometimes becomes a barrier in designing OC can be neglected when designing UHPFRC 

elements as one-way slabs. 
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CHAPTER 5 
 

TWO-WAY SLAB INVESTIGATION 

 

This chapter details the experimental investigation of bending behaviour of two-way 

UHPFRC slabs without conventional reinforcement. The slab chosen for the investigation 

in this study is 660 × 660 mm containing 2% by volume of short steel fibres with various 

thicknesses. The experimental work consists of two series. The first series was carried out 

on 13 slab specimens with fully fixed (FF) boundary conditions while the second series 

was conducted on 13 slabs with simply supported (SS) boundary conditions. To prepare 

the specimens, special moulds were built and details of the fabrication of these moulds 

are described in this chapter. The experimental programme, which includes mixing 

procedures, specimen fabrication, a developed experimental setup and loading procedure, 

is also described. 

In order to understand the structural behaviour of two-way spanning UHPFRC slabs, a 

comprehensive and detailed examination was required, that included two different 

boundary conditions being considered. The aim of investigating two different boundary 

conditions was to demonstrate the effect of edge restraint on failure modes and crack 

propagation when subjected to direct transverse loading. The load-displacement 

relationship for both series and the effect of the specimen thickness on the load-

displacement curves are also presented in this chapter. 

The experimental measurement conducted in Chapter 4, were applied here to further 

investigate the effect of slab thickness on fibre distribution and orientation. Finally, the 
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influence of specimen thickness on the size effect behaviour and effective flexural 

strength are also discussed. 

 

5.1 Experimental Programme 

Two different test series of UHPFRC slabs were conducted under bending behaviour to 

identify different failure modes. A total of twenty six 660 by 660 mm slabs were tested 

with four different thicknesses (t): 25 mm, 35 mm, 45 mm, and 60 mm.  

The first test series was conducted on 13 No. UHPFRC slabs with FF boundary 

conditions, while the second test series was conducted on 13 No. specimens with SS 

boundary conditions, as shown in Figure 5.1. Three slabs were tested with thicknesses of 

35, 45 and 60 mm and four slabs with a thickness of 25 mm. As the 25 mm thick slabs 

were smaller than the length of two fibres, an extra specimen was tested to ensure that 

fibre balling did not occur and bending behaviour was obtained.  

For clarity, slabs were named by their depth and boundary condition, for example, the 

slab TWO-WAY-FF25 is 25 mm thick and has fully fixed boundary conditions. In total, 

eight batches of specimens were prepared using the same mix design, four FF and four 

SS. An additional small batch was prepared to cast the extra 25 mm thick slabs. For each 

UHPFRC mix, 12 cubes, six (50 × 50 × 50) mm and six (100 × 100 × 100) mm were 

tested under uniaxial compression to assess the compressive strength of UHPFRC slab 

specimens at an age of 7 and 28 days.  

All the slabs were tested using a centre point load, which is of interest in a variety of 

applications such as heavy machinery in warehouses, laboratory machines in buildings, 

office cabinets and many more. 
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(a) fully fixed         (b) simply supported. 

Figure 5.1: Slab boundary conditions. 

 

5.1.1 Materials and Mould Preparation 

The materials used in the mix design to prepare the two-way slab specimens are explained 

in Section 3.3.3. The design of the mould used for the two-way slabs is given in Section 

4.1.1. 

 

5.1.2 Mix Design and Specimen Fabrication  

The one-way slab mixing procedure described in Section 4.1.2 was employed in 

preparation of two-way slab specimens. The two-way slabs are also prepared using the 

similar procedure used for one-way slabs. 

 

5.1.3 Equipment Setup Testing Procedure 

The slab specimens were tested using the Zwick hydraulic loading machine. To test the 

specimens, a novel experimental setup had to be designed to apply the boundary 

conditions described previously. The equipment for the slab tests consisted of two 
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identical steel I-sections, large and small square steel frames with 50mm and 40mm 

thickness, respectively. In addition, for slabs with FF boundary condition, M20 steel studs 

to fix the slab to the steel frames were used. Details of the I-sections and steel frames are 

shown in Figure 5.2. 

At the start of the experimental setup, the two I-section steel beam were placed and fixed 

to the base of the testing machine using M20 steel studs, as shown in Figure 5.3a. The 

large steel frame was then placed on the two I-sections and secured at the four corners 

using M20 studs, as illustrated in Figure 5.3b. Once the supports were fixed, the slabs 

were placed on the large frame, as shown in Figure 5.3c. After the setup was completed, 

a linear variable displacement transducer (LVDT) was placed under the centre of the slab 

(see Figure 5.3d). This setup was used when the slabs were tested with the SS boundary 

conditions. For slab specimens in the FF series, the small steel frame was placed on the 

slab and fixed to the setup configuration using M20 steel studs as shown in Figure 5.3e 

and Figure 5.3f. 

The load was applied through a 50 mm cubic steel block at the centre of the specimen, as 

illustrated in Figure 5.4. Since the softening part of the post-peak behaviour was required 

in this study, the tests were performed under displacement control with the rate of 0.4 

mm/min. The LVDT connected to the loading machine was placed under the slab to 

record the displacement during the test. The LVDT had a total movement range of 18mm 

and was connected to a computer to collect the load and displacement data. The data was 

collected using specialised software called ‘testXpert’. This software allows the user to 

request any desirable output curves during the testing procedure. In this study, the load-

displacement curve was requested for each slab and the curve was monitored during the 

experiment to ensure that the test had been conducted accurately. Due to the short range 

of the linear elastic region and to ensure enough data was obtained in this region, for every 

second, one data point was recorded. Therefore, in total, over 2000 data points were 

collected for each slab. However, after the test was completed, the MATLAB software 

was used to process and analyse the data.  
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Figure 5.2: Steel frames and I-section details.  
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Figure 5.3: Details of experimental setup (a) I-sections placed at the machine base (b) 

big frame placed on the I-sections (c) slab placed on the big frame (d) the LVDT placed 

at the bottom face of the slab (e) small frame placed on the specimen in FF series (f) the 

edge restraint in FF series. 

 

 

(a) fully fixed boundary condition           (b) simply supported boundary condition 

Figure 5.4: Two-way slab boundary conditions during the test. 
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5.2 Results and Discussions 

This section presents the experimental results of two-way slabs subjected to bending 

using the designed testing setup described above. The slabs were tested under a central 

load with FF and SS boundary conditions that are of interest in design. The structural 

behaviour of UHPFRC slabs including failure modes and the load-displacement 

relationship is discussed. The effect of slab thickness on effective failure modes, crack 

formation, fibre distribution and orientation and flexural strength in the matrix is also 

discussed. 

 

5.2.1 Two-way Slab Fibre Distribution and Orientation  

To further determine how fibres are distributed within the slab specimens and how the 

slab thickness affects the fibre distribution, a specimen from each thickness was visually 

inspected. The results of this investigation can also be used to further clarify the findings 

presented in Chapter 4 regarding the effect of fibre distribution on slab failure modes. 

This can also further verify the mixing and casting procedure used to prepare the 

UHPFRC specimens in this study. In a similar process to that used to investigate the one-

way slabs, one specimen of each thickness was cut into segments at the locations where 

cracking occurred during the experimental testing, as shown in Figure 5.5.  The number 

of fibres present at each crack surface for each thickness were counted and recorded as 

shown in Figure 5.6 – 5.9. The approach used to count the fibres of the one-way slab was 

also adopted for the two-way slabs and the crack surface was initially divided into small 

sections of 5 x 25 mm. This approach allowed the fibres to be counted more easily, as 

well as providing more accurate results as it minimised the possibility of double counting 

or miscounting fibres. Since the majority of the slabs failed with four major cracks, the 

slab segments were labelled using geographical notation, e.g. the top segment was 

labelled as north as shown in Figure 5.5.  Each side of the segment was labelled according 

to its position in the figures, e.g. the cracks labelled as NW and NE were located in the 

North West and North East segments, respectively. 

Looking at the flow charts, it is evident that the two faces of each crack do not have the 

same number of fibres. As explained previously, the number of fibres on each crack face 

depends on the length of the embedded fibres. Fibres tend to pull out from the face where 
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the embedded length is the shortest, resulting in a considerable difference between the 

two faces of the same crack. In addition, since the crack lengths varied between cracks, 

as shown in the flow charts, it was important to measure the length of each crack in order 

to accurately evaluate the fibre distribution of different slab thicknesses.  

 

25 mm      35mm 

 

45mm      60mm 

  

Figure 5.5: Slabs were cut into four segments at the crack locations. 
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Figure 5.6: Flow chart for slab with 25 mm thickness. 

 

 

Figure 5.7: Flow chart for slab with 35 mm thickness. 
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Figure 5.8: Flow chart for slab with 45 mm thickness. 

 

 

Figure 5.9:  Flow chart for slab with 60 mm thickness. 
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Examination of the 25 mm slab specimen showed that there were 1229 fibres on the NW 

face of the crack, whereas there were 1401 on the NE face. Similarly, there were 1462 

fibres on the WN face of the west segment which was considerably greater than the 1325 

fibres on the WS face. This behaviour was observed for all the specimen thicknesses and 

depends on the fibre embedded length at that particular location where cracking occurred. 

Moreover, using visual inspection, it was confirmed that similar to the one-way slabs, 

there was no fibre balling in any of the slab specimens where cracking had occurred. 

These results further confirm the validity of the mixing process used in the current study. 

As mentioned above, in order to compare the results between different slab thicknesses, 

it was also important to consider the crack length. Because the longer the crack, the 

greater the number of fibres to be counted. Therefore, two cracks from specimens of 

different thickness (e.g. the crack in location N of the 25 mm slab and the crack in location 

N of the 35 mm slab) are no longer directly comparable. As a result, the lengths of the 

cracks were taken into account in the comparison procedure. However, to simplify the 

comparison between the different thicknesses and to be able to compare the two-way slab 

results to the one way slab data, the number of fibres were calculated for a 660 mm crack 

length, which is equal to the crack length of one-way slabs. This was done by adding the 

number of fibres at all four locations (Em) and dividing by the total crack lengths (CTL), 

and multiplying by 660 mm crack length as shown in Equation 5.1 and Table 5.1.  

 

660660 
TL

m

C

E
N          (5.1) 

 

For example, N660 for 25 mm slab was calculated as follow:  

 

4484660
400400425400

11041
660 


N fibres 

 

Similar to the 25 mm slab, the other slab thicknesses 35, 45 and 60 mm were also 

calculated and recorded in Table 5.1.  
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Table 5.1, column two from the right also shows, the number of fibres per 10 mm 

thickness were counted to be 1794 for the 25 mm slab. Whereas, the number of fibres per 

10 mm thickness reduces to 1444 fibres as the slab thickness increased to 35 mm. The 

results also show for the other thicknesses investigated, the number of fibres per 10 mm 

thickness further reduces to 1223 and 1096 for 45 mm and 60 mm slabs, respectively. 

This indicates that the fibre distribution has reduced as the slab thickness increased. This 

can only be explained due to the specimen wall effect in 25 mm slab restricting fibres to 

orientate freely within the matrix. Whereas, fibres in the thick slab matrix were allowed 

to orientate more freely, resulting in less fibres contributing to the bridging action 

between the two cracked faces. To better illustrate the relationship between the slab 

thickness and fibre distribution, the results of both two-way are plotted in Figure 5.10. 

The results are found to be similar to the one-way slabs and confirm that fibre distribution 

reduces as slab thickness increases. 

Another important observation was that, similar to the one-way slabs, the changes in the 

experimental measurement was also found to be smaller (127 fibres only) when the slab 

thickness increased from 45 to 60 mm. In addition, to further investigate this, the results 

of the beam specimens in Chapter 3 were used. Using Equation 5.1, the number of fibres 

for a 660 mm crack length (N660) were calculated for all the beam thicknesses. The (N660/t) 

ratio for both beam and slab specimens were plotted as shown in Figure 5.11. It was found 

that the ratio became similar for specimen thicknesses greater than 60 mm. This clearly 

shows that the specimen geometry has very little effect on fibre distribution as the 

thickness became greater than 60 mm. This is especially useful since the fibre orientation 

and distribution in life-sized structures is unlikely to differ much from the largest slab and 

beam tested here. However, as mentioned in Chapters 3 and 4, these conclusions may 

need to be validated experimentally with real life sized structures before they can be used 

extensively. The findings of the two-way slab investigation also agree with other studies 

reported in the literature that geometry has a significant effect on fibre distribution and 

orientation (Døssland, 2008, Wille et al., 2014, Sebaibi et al., 2014). 
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Table 5.1: Experimental measurement of two-way slab. 

t  

(mm) 

Experimental  

measurement  

(Em) 

Total crack 

length (CTL) 

(mm) 

Fibre per 660 

crack length 

(660 x Em / CTL) 

Increase in number of 

fibres per 10 mm 

increase in thickness 

(Ei) 

Differences 

|Ei25 - Eit|
* 

25 11041 1625 4484 1794 0 

35 14732 1640 5929 1444 349 

45 16904 1560 7152 1223 571 

60 21124 1585 8796 1096 697 

*t =35, 45 or 60 mm 

 

 

Figure 5.10: Relationship between fibre distribution and specimen thickness. 
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Figure 5.11: Relationship between fibre distribution and slab thickness for beams and 

slabs. 
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initiated from the centre towards the corners and edges of the slab. It was noted that four 

macrocracks were formed for the thinner UHPFRC slabs (25 mm, 35 mm), while six 

macrocracks occurred in few of the thicker specimens (45 mm, 60 mm) as depicted in 

Figure 5.12. This can be explained by the fibre orientation (angle of pull-out) and density 

within the matrix. As explained in Section 4.2.1, in thinner slabs, fibres tend to be parallel 

to the surface and perpendicular to the line of action of the force and this can have a 

considerable effect in preventing a small crack becoming a large one, resulting in fewer 

cracks (Rossi et al., 1987). In thicker slabs, fibre orientation can be much more random 

and this means less fibre contribution in fibre-matrix bond, resulting in more cracks 

occurring. The higher number of cracks in UHPFRC is due to the crack-bridging effect 

of the fibre, which results in softening behaviour where cracks localise in pronounced 

deformation and this was shown by Marti et al. (1999). Furthermore, although the slab 

geometry, loading and boundary conditions were the same, the cracks in some of the slabs 

are tortuous and deviate away from a straight line. In addition, the appearance of 

microcracks in the slab was random. This should be attributed to the random distribution 

and orientation of steel fibres in the concrete as was reported by Wille and Parra-

Montesinos (2012) and Spasojevic (2008). This behaviour makes the crack-tip stress 

fields complicated and the local tensile strength and fracture toughness are highly 

heterogeneous, as in conventional concrete where the aggregates function in a similar 

way as the steel fibres (Lepech and Li, 2004). All the slabs in the FF series ended up with 

similar crack patterns in the compressive face where cracks formed in a circular shape 

along the inner part of the top steel frame. These cracks deviated from a straight line due 

to the effect of random steel fibre distribution within the matrix as explained above, and 

also as illustrated in Figure 5.13a. Whereas in the SS slab series, cracks on the 

compressive face were not observed as the slabs had no restriction to rotation in the 

opposite direction to the load as shown in Figure 5.13b. Cracks in slabs with the FF 

boundary condition were more pronounced compared to those with the SS boundary 

condition. 

The importance and effect of boundary conditions need to be considered in the analysis 

of any structure, particularly a concrete slab. However, with regard to real life structures, 

determining their true boundary condition has always been challenging. Most of the slab 

structures, particularly in buildings and bridges, are neither simply supported nor fully 

fixed. Therefore, both FF and SS boundary conditions were considered in this study, 
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aiming to understand the behaviour of the UHPFRC slab in both cases. During the 

experimental work dial gauges were used on several trial slabs with a 25 mm thickness to 

ensure that there was no rotational behaviour at the supported areas during the testing for 

slabs with FF boundary conditions. The results of this trial testing showed no indication 

of support rotational behaviours at all four edges. Dial gauges were also used during the 

actual experiment and the results indicated zero rotational behaviour at the support. 

Despite taking all these measures for ensuring the fixity of the support edges in the FF 

boundary condition, the results of some of the thick slabs (45 and 60 mm) indicate that 

the stiffness of the support edges may have varied. While, looking at the result of the slabs 

with FF boundary condition, cracks propagate from the centre of the slab toward few 

centimetres away from the corners. This behaviour is more pronounced in thick slabs, 

where more than four macrocracks occurred in some of the specimens as shown in Figure 

5.12. This may be due to the fact that two edges of the slabs were supported by the two I-

section beams as well as the steel frames and these provided a stiffer support than the 

other two edges which were supported by the steel frames only, as shown in Figure 5.3e. 

This variation in support stiffness was not detected in the experimental work as the 

smallest reading of the dial gauge is 1 mm. In order for the support rotation to be detected 

by the dial gauge, the reading had to be greater than 1 mm. As mentioned previously, the 

load-displacement curves showed that the slabs linear elastic stage ended at a 

displacement of less than 0.40 mm and microcracks had started when the displacement 

was much smaller than 1 mm. Therefore, the small rotation of the two supports which 

were resting on the steel frames only may have rotated less than 1 mm. Moreover, because 

the linear elastic behaviour of UHPFRC structures is significantly small and covers a very 

small range of displacement, this shows that the material is more sensitive to the support 

stiffness when compared to OC. Therefore, boundary conditions cannot be taken lightly 

during the design of UHPFRC members and must be considered carefully.  
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(a) tensile crack pattern of the FF25 slab     (b) tensile crack pattern of the FF35 slab      

  

(c) tensile crack pattern of the FF45 slab      (d) tensile crack pattern of the FF25 slab        

Figure 5.12: Cracks on tensile face for two-way slabs with FF boundary condition. 

 

 

 

(a) compressive face crack for FF45       (b) compressive face crack for SS45 

Figure 5.13: Two-way slab compressive face crack pattern. 
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The result of the second series of specimens with the SS boundary condition clearly shows 

that the diagonal cracks form from the position where the load acts towards the corner of 

the specimens. However the number of cracks in this test series seems to be more 

consistent throughout the range of varying slab thickness and all the specimens failed 

with four diagonal macrocracks, as depicted in Figure 5.14. This smaller number of cracks 

can be explained by the effect of the SS boundary condition compared to the slab 

specimens with FF boundary condition. This indicates that the edge restraint influences 

the failure mode, thus consideration must be given to the boundary condition during the 

design of UHPFRC slabs. In addition, a significant effect due to the boundary conditions 

was observed during the transformation of microcracks to a macrocrack in this series.  

As the load was increased, the transformation took longer and slabs underwent a smooth 

transformation from the elastic region to strain-hardening where a sudden change could 

be observed in the slab specimens with FF boundary conditions. In general both series 

showed similar failure modes where cracks radiated from the centre of the slab specimens 

towards the edges. It is difficult to know the true boundary condition of a slab in an 

engineering structure, such as bridges and buildings in particular. Therefore, in slab 

design it is important to consider both FF and SS boundary conditions, especially in 

designing UHPFRC slabs.  
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(a) tensile crack pattern of the SS25 slab     (b) tensile crack pattern of the SS35 slab 

  

(c) tensile crack pattern of the SS25 slab     (d) tensile crack pattern of the SS25 slab 

Figure 5.14: Cracks on tensile face for two-way slabs with SS boundary condition. 

 

5.2.3 Load-displacement Curves 

The three and four load–displacement curves for all the specimens from the bending tests 

and the average curve are shown in Figure 5.15 to 5.18 for the FF boundary conditions 

and Figure 5.19 to 5.22 for the SS boundary conditions, respectively, for each slab 

thickness. A little scatter can be seen in the experimental results of the three and four tests 

for any one slab design and this is due to the random distributions of discontinuous short 

steel fibres. As expected, thicker specimens led to a significantly higher bending strength 

compared to that of thinner slabs. In addition, slabs with a similar geometry could 

withstand a greater load with the FF boundary condition compared to the SS boundary 
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condition, due to the development of significant tensile membrane resistance along the 

supporting edges. 

As reported in Chapter 4, three main regions were also identified in the slab specimens. 

The first region covers the beginning of the load to the appearance of microcracks where 

the material is purely elastic. The second region follows, as the load was increased after 

the slab deflection reached approximately 0.30 to 0.40 mm. In this region, tensile stress 

was resisted completely by the fibre-matrix bond. In this region, several macrocracks 

developed from the centre to the slab edges and a sudden decrease in the slab stiffness 

was also noticed. These crack surfaces were bridged by closely spaced steel fibres. Due 

to the high strength of the steel fibres and strong bond between the fibres and the matrix, 

the macrocracks widen slowly during this stage, leading to a certain level of strain 

hardening as shown in Figure 5.15 to 5.22. Since slabs with the SS boundary condition 

were allowed to rotate freely, the transformation of microcracks to macrocracks was 

considerably slower compared to the FF boundary condition. The deformation is also 

significantly greater for the SS series compared to the FF series, and this clearly shows 

that the boundary condition considerably influences the strain-hardening region. The final 

region started when the ultimate load carrying capacity of UHPFRC is reached at the end 

of the strain hardening region. In this region, slabs with FF boundary conditions 

underwent a considerably large deflection when compared with the strain-hardening 

region as was reported by Hassan et al. (2012). This behaviour could be due to weakening 

of the bond between the matrix and the steel fibres during the pseudo-strain hardening 

region. However, a decrease in softening region of the curves for specimens within the 

FF series was considerably slower compared to specimens in the SS series for the same 

slab design and in thick slabs in particular. This is because the edges of the slabs in the 

SS series were allowed to rotate, resulting in a faster decrease in the load. There was a 

considerable scatter in the experimental results of the three and four tests for any one slab 

design in the softening region. A more detailed discussion of these regions can be found 

in Section 4.2.2. Similar to the beam and one-way slab specimens, closer examination 

confirmed that all the two-way slab specimens also failed by fibre pull-out.  
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Figure 5.15: Load-displacement relationship for FF25. 

 

 

Figure 5.16: Load-displacement relationship for FF35. 
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Figure 5.17: Load-displacement relationship for FF45. 

         

 

Figure 5.18: Load-displacement relationship for FF60. 
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Figure 5.19: Load-displacement relationship for SS25. 

 

 

Figure 5.20: Load-displacement relationship for SS35. 
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Figure 5.21: Load-displacement relationship for SS45. 

  

 

Figure 5.22: Load-displacement relationship for SS60. 
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5.2.4 Thickness Assessment of Two-way Slabs 

The experimental ultimate loads (Fs) for each slab specimen with experimental averages 

for both FF and SS boundary conditions are given in Table 5.2 and Table 5.3, respectively. 

Fs is the load which the slab can carry before the fibre pull-out behaviour occurs where 

the bond between the fibre and the matrix is not sufficient to hold the two cracked faces 

together. Displacement (ws) at Fs for each slab and the average are also shown. To 

understand the effect of thickness on bending behaviour, Fs and ws are investigated here. 

Table 5.2 shows the response for four different slab thicknesses with FF boundary 

conditions. As expected the thicker slabs carried higher load than the thinner slabs. The 

Fs for specimens with 25 mm thickness ranged between 31 to 35 kN, which gives an 

average of 33.7 kN. Whereas Fs increased by 112% when specimens with 35mm 

thickness were tested. An average Fs of 117 kN for slabs with 45 mm thickness was 

obtained, where an increase in Fs was only 65%. After slabs with larger thicknesses were 

tested, Fs only increased by 68%, although the thickness was 15 mm greater compared to 

slabs with 45 mm. In addition, in this series the ws at Fs was varied from one thickness to 

the other. Despite the difference in the value of Fs for each slab thickness, the occurrence 

of ws seemed consistence and was around 5 mm. 

The results for slabs with SS boundary conditions are shown in Table 5.3. The average 

Fs for a slab thickness with 25 mm was 21.2 kN, whereas an average Fs of 45.0 kN was 

recorded when slab with 35 mm thickness was tested and this showed that the Fs increased 

by 114%. Slab results for 45 mm thickness indicted that the Fs increased by 69%.  As the 

slabs with 60 mm thickness were tested, an average Fs of 141 kN was recorded and the 

increase in Fs was 85%. This result from both series shows that fibre-bridging behaviour 

plays a significant role in Fs values and an increase in the slab Fs was not necessarily 

influenced by the thickness alone. As the thicknesses increased, fibres were less likely to 

be perpendicular to the direction of the force. So fibres were distributed in the matrix 

more freely, thus the fibre-bridging action reduced in thicker slabs. Both series showed 

an increase in percentage in Fs with increasing thickness similar for all the slabs except 

for the thickest slabs. The Fs in slabs with 60 mm thickness with FF boundary conditions 

only increased by 68% whereas a higher percentage of 85% was recorded for slabs of the 

same geometry with SS boundary conditions. This could be due to the effect of the 

number of macrocracks which were less for thick slabs with SS boundary condition 
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compared to those with FF boundary conditions with similar thickness. The smaller the 

number of macrocracks, the less the fibre-bridging, resulting in less fibre pull-out 

behaviour, thus the member has a greater strength. 

 

Table 5.2: Slabs experimental results with fully-fixed boundary condition. 

Specimens Ultimate 

load Fs 

(kN) 

Average 

Fs (kN) 

Displacement 

(ws) at Fs 

(mm) 

Average 

ws (mm) Name No 

TWO-WAY-FF25 

1 34.0 

33.7 

5.1 

5.0 
2 31.0 5.1 

3 35.3 5.0 

4 34.5 4.9 

TWO-WAY-FF35 

1 71.0 

70.8 

4.9 

4.9 2 68.7 4.9 

3 72.9 4.9 

TWO-WAY-FF45 

1 116.6 

117.0 

4.9 

4.9 2 119.1 4.7 

3 115.2 4.9 

TWO-WAY-FF60 

1 210.5 

197.2 

5.6 

5.5 2 184.1 5.4 

3 193.6 5.4 
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Table 5.3: Slabs experimental results with simply-supported boundary condition. 

Specimens Ultimate Load 

Fs (kN) 

Average 

Fs (kN) 

Displacement 

(ws) at Fs (mm) 

Average 

ws (mm) Name No 

TWO-WAY-SS25 

1 20.8 

21.2 

5.1 

5.1 
2 21.1 5.1 

3 21.2 5.2 

4 21.6 4.9 

TWO-WAY-SS35 

1 43.6 

45.0 

5.1 

5.1 2 46.2 5.1 

3 45.3 5.0 

TWO-WAY-SS45 

1 73.0 

76.1 

5.3 

5.2 2 73.3 5.1 

3 82.0 5.1 

TWO-WAY-SS60 

1 141.2 

141.0 

4.7 

4.8 2 138.7 4.7 

3 143.2 4.9 

 

5.2.5 Size Effect and Effective Flexural Strength of Two-way Slab 

Similar to one-way slabs, to investigate size effect of two-way slabs, the effective flexural 

strength (fst) was calculated for both FF and SS boundary conditions. In both series, during 

the experiment, it was evident that specimens with lower span/thickness ratios exhibited 

significant shear failure local to the loading point when compared to thick slabs. 

Furthermore, shear failure in specimens with lower span/thickness ratios occurs in the 

strain hardening region and for higher span/thickness ratios occurred in the strain 

softening region. To further investigate the thickness effect on slab strength, size effect 

investigations were carried out. 

As described in Chapter 3, in OC as the structural member size increases, the nominal 

strength of the member reduces, requiring the use of larger member sizes to overcome 

lower strength while further exacerbating the problem. For the interest of the structural 

application of UHPFRC, size effect behaviour is described here for two-way slabs under 

the bending test. The three and four values of fst obtained from the bending tests and the 

average fst were recorded in Table 5.4. The results were plotted against the slab 

thicknesses as illustrated in Figure 5.23 and Figure 5.24. The fact that most of the bending 

strength occurred during the development of pseudo-plastic phase in concrete (Spasojevic 
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et al., 2008) and UHPFRC is distinguished by its pseudo-strain hardening behaviour, the 

fst of UHPFRC is not influenced when compared to OC. The figures show that changes of 

thickness have very little influence on the fst and the size effect was very limited for two-

way spanning slabs. Both FF and SS slabs showed that the fst is around 8.9 to 9.8 MPa 

and 6.0 to 6.6 MPa, respectively. The results also show the appearance of microcracks 

and the occurrence of the fibre-bridging at different displacement values for each slab 

thickness was not significant in terms of size effect. The result for two-way slabs 

confirmed that the use of UHPFRC materials as a replacement of OC in structural 

application has an advantage to element size effect issues. However, it is important to 

mention that the above equations employed here to calculate the fst were only for 

comparison purposes to investigate the size effect phenomenon.  

 

Table 5.4: Effective flexural strength of two-way slabs.  

h 

(mm) 

Fully Fixed Slabs Simply Supported Slabs 

Effective Flexural 

Strength fst  (MPa) 

Average fst  

(MPa) 

Effective Flexural 

Strength fst  (MPa) 

Average fst  

(MPa) 

25 

9.3 

9.2 

5.6 

6.0 
8.4 5.8 

9.6 6.3 

9.6 6.1 

35 

9.9 

9.8 

6.1 

6.4 9.5 6.6 

10.0 6.4 

45 

9.8 

9.7 

6.1 

6.4 10.0 6.2 

9.4 6.9 

60 

9.4 

8.9 

6.6 

6.6 8.2 6.5 

9.2 6.7 
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Figure 5.23: Flexural strength versus log of thickness for FF series in two-way slabs. 

 

 

Figure 5.24: Flexural strength versus log of thickness for SS series in two-way slabs. 
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5.3 Concluding Remarks  

The designed experimental setup showed the structural behaviour of two-way slabs with 

both FF and SS boundary conditions can be determined efficiently and accurately.   

The results of the study presented in this chapter show that the UHPFRC slab geometry 

can influence the fibre distribution and orientation within the matrix as this is reported by 

other studies in the literature. The slab boundary conditions can have a considerable effect 

on the load-displacement behaviour. The results also show that the boundary conditions 

have a significant effect on the failure modes. The end of the linear elastic region and the 

appearance of microcracks in both FF and SS slab boundary conditions were observed at 

a displacement of around 0.25 to 0.40 mm. Moreover, the fibre pull-out behaviour had 

begun at a displacement of approximately 5 mm for all the slabs in both FF and SS 

boundary conditions. Furthermore, crack development in the FF boundary conditions 

seems to be influenced by the slab edge restraint stiffness. This higher number of cracks 

were believed to be due to the effect of boundary conditions where the support stiffness 

in one of the two adjacent edges are greater compared to the other two edges. Changes in 

thickness for the specimens tested had no influence on the fst of the slabs in both FF and 

SS boundary conditions. 

With regards to the fibre distribution, similar to the one-way slabs, the experimental 

measurement showed that fibres tend to be more uniform in thin slabs compared to the 

thick slabs. The result showed that the number of fibres that contribute to the bridging 

action between the two cracked faces are greater in the thin slabs due to the effect of slab 

geometry. However, the effect of geometry diminishes as the thickness becomes greater 

than 60 mm. Overall, the experimental investigation for two-way slabs provided a similar 

result to the beam specimens and one-way slabs. This confirms that the fibre distribution 

changes from one thickness to another and these changes are more predominant in slabs 

with thicknesses smaller than 60 mm. 
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CHAPTER 6 
 

FINITE ELEMENT ANALYSIS 

 

Previous studies conducted on the modelling of UHPFRC materials can be found in 

Chapter 2. It was highlighted that there are a number of analytical models available that 

are based on reasonable simplifications and assumptions. Generally, these are limited to 

a range of geometries or can only predict a part of the load-displacement curve. Such 

models are useful for approximation purposes but are often incapable of describing 

localised damaged and nonlinear behaviour. In addition, an analytical approach is only 

applicable for a simple structural shape, with ideal support and loading conditions unlike 

a FE analysis which can be applied to analyse structures of any shape, support and loading 

conditions.  Therefore, numerical models that can predict the full structural behaviour 

(before and after ultimate load) of UHPFRC are required. The need of such models 

becomes more compelling in the light of high volumes of steel fibres required in 

UHPFRC, thus the cost of experimental studies is relatively high, especially for large-

sized structures. However, developing a FE model that can predict UHPFRC structural 

behaviour is not a straightforward task due to the difficulty in modelling discrete cracking. 

This is due to the randomly distributed fibres in the matrix. Furthermore, modelling fibres 

within the matrix is a time consuming process. In addition, to accurately capturing the 

material behaviour of fibres, very fine meshes are required and this can lead to high 

computational cost. This explains why there are very few studies in the literature 

regarding analytical work on UHPFRC.  Due to the ongoing development of FE analysis, 
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it is now possible to analyse the structural behaviour of UHPFRC when the true material 

properties are used.  

This chapter presents the procedure for using a finite element (FE) analysis to simulate 

the structural behaviour of UHPFRC materials. The geometric and material nonlinearity 

as well as the material damage and failure models are included in the analysis. The 

description of mesh convergence studies, element and analysis type as well as applied 

load and boundary conditions are also included. The experimental studies presented in 

Chapters 3, 4 and 5 were used to validate the FE analysis using the Concrete Damage 

Plasticity (CDP) model in ABAQUS/Standard. The reasons for choosing the CDP model 

and accuracy of the model based on the previous studies are discussed. The reliability and 

importance of material properties extracted from uniaxial tensile and compressive 

laboratory tests for input into the CDP model are also discussed. The model applies to 

both the beams and the slabs. Boundary and loading conditions are described in the 

respective sections for each set of experiments.  

UHPFRC beams are modelled using 2D solid elements. The FE simulations for entire 

load-Crack Mouth Opening Displacement (CMOD) curves are described. Slabs are 

modelled to simulate the structural behaviour of one-way and two-way slabs. To do this, 

a 3D model was developed based on the CDP material model in ABAQUS. To capture 

the material behaviour beyond the ultimate load, additional parameters were introduced. 

Formation of the equations used to calculate these parameters are presented along with 

the relevant experimental data.  

 

6.1 Finite Element (FE) Analysis  

Finite element (FE) analysis was first developed in 1943 by A. Hrennikoff and R. 

Courant, who utilised the Ritz and Rayleigh method of numerical analysis and variational 

methods (Papadopoulos, 2005). After the development of the digital computer, a paper 

published by Turner et al., (1956), which reinvented the FE method as a natural extension 

of matrix structural analysis. The authors of this paper (Turner et al., 1956) were pioneers 

and this was recognized as the start of the current FE analysis techniques. The term ‘finite 

element’ was first introduced  by Clough, who was one of Turner’s associates at that time 

(Papadopoulos, 2005).  In 1963, finite elements were first used in the solution of a field 
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problem and steady state problems were solved in the context of heat transfer, electrical 

fields and seepage. A few years later, the FE method attracted the attention of applied 

mathematicians especially those interested in numerical solution. Therefore, in 1973 the 

first treatise on the mathematical aspects of the FE method provided with a rigorous 

mathematical foundation was published (Strang and Fix, 1973).  

Over the past few decades, with the rapid development of computer technology, the FE 

method has been subjected to intense research reported in many scientific articles and 

books. By the beginning of the 1990s, a great number of FE method commercial packages 

were developed and widely applied in many problems in the field of structural analysis, 

structural mechanics and solid mechanics (Papadopoulos, 2005).  

The FE analysis has been used to solve linear and nonlinear engineering problems. 

Throughout the history of FE analysis, a variety of software tools based on FE analysis 

such as ABAQUS, ADINA, ATENA, DIANA, OpenSeeS, VECTOR2, ZEUS-NL and 

many more have been developed. These simulation tools can be used for a variety of 

applications ranging from the modelling of civil engineering structures to acoustics and 

areas of heat transfer and fluid mechanics. The FE analysis is straightforward and easy to 

understand, even for problems with complex geometry or complex material properties. 

Furthermore, it is a cheaper method to investigate structural behaviour than to do 

experiments. However, the use of these simulation tools depends on the nature of the 

problems and input values, especially the material properties used. Furthermore, the 

accuracy of these simulation tools to analyse a material’s behaviour changes from one to 

another. To validate an experimental result using FE analysis, it is essential to investigate 

if the solution being produced is capable of describing and accurately predicting the 

problem being considered. The accuracy of the results in a FE analysis, especially for 

fibre concrete, is highly dependent on the material properties introduced into the analysis. 

Due to the randomly distributed fibres in UHPFRC, reliable material properties were 

needed to capture its structural behaviour. In the past, to analyse plain and reinforced 

concrete, ABAQUS has been the most frequently used and reliable software. Therefore, 

ABAQUS was employed to analyse UHPFRC in this study. 
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6.2 ABAQUS 

ABAQUS is a powerful commercial package developed by David Hibbitt, Bengt 

Karlsson and Paul Sorensen in 1978 in Rhode Island, USA and now marketed under the 

SIMULIA brand of Dassault Systems. It provides a large element library and a large 

number of material models and is capable of analysing a wide range of engineering 

problems including linear, nonlinear, static, dynamic, structural and thermal. It consists 

of three core products, ABAQUS/Standard, ABAQUS/Explicit and ABAQUS/CAE. 

In the ABAQUS program, there are two main analyses available for nonlinear quasi-static 

and dynamic problems: Explicit and Standard. ABAQUS/CAE only provides the analysis 

modules as a complete modelling, managing and visualisation environment for ABAQUS 

analysis products. ABAQUS/Explicit uses an explicit dynamic finite element formulation 

and was originally developed to solve dynamic events such as impact and blast. 

ABAQUS/Standard uses an implicit solution approach by solving a system of equations 

at each increment and is suitable for a large range of linear and nonlinear situations 

involving static and dynamic problems (ABAQUS, 2013). Since the problems are 

nonlinear quasi-static, ABAQUS/Standard analysis was employed in this study.  

 

6.2.1 ABAQUS Standard 

In ABAQUS/Standard two main behaviours are considered in modelling most of the 

material and these are elastic and plastic behaviour. In defining the FE analysis, a linear 

elastic model is only valid for small elastic strain normally less than 5% and the model 

can be isotropic, orthotropic or fully anisotropic (ABAQUS, 2013). Elastic models can 

also have material properties that depend on temperature and other field variables 

depending on the materials.  

Stress is calculated based on the total elastic strain and elastic modulus using the 

following equation. 

 
elE  *           (6. 1) 

 

where  =total stress, 

http://en.wikipedia.org/wiki/Dassault_Systemes_S.A.
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Eel =the initial modulus of elasticity, and 

  el=total elastic strain. 

 

The linear elastic behaviour of UHPFRC was modelled as an isotropic material that is 

temperature independent as recommended by ABAQUS. For the isotropic case, the 

software calculates the stress-strain relationship based on the input values such as elastic 

modulus (E) and Poisson’s ratio (v) using the following Equations 6.2 and 6.3.  
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The shear modulus (G) is also expressed in terms of E and v as 

 

)1(2 v
EG


           (6. 3) 

 

However plastic behaviour is more complex as the material undergoes deformation due 

to the applied force when the material loses its original geometric shape. In FE analysis, 

ABAQUS has been used widely to capture and describe the behaviour of both brittle (i.e. 

concrete) and ductile (i.e. steel) materials. Since UHPFRC is a type of concrete and has a 

ductile behaviour, ABAQUS is a suitable tool to predict its structural behaviour.  

In ABAQUS/Standard, two common approaches are available: the Concrete Smeared 

Cracking (CSC) and the Concrete Damaged Plasticity (CDP) models. Both models are 

discussed in the following sections. However, since, the study investigates the structural 

behaviour of UHPFRC and the main interest in this study is to gain a better understanding 

of the material behaviour at a structural level, a homogenous model was adopted in both 

approaches. Furthermore, the parameters of interest in this study are load, displacement 

and failure patterns, and both models using a homogenous approach, can provide these 

outcomes accurately, as has been reported in the literature. A more complicated model 
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such as a heterogeneous model would be desirable if the material was to be investigated 

at an element level. However, such a model requires an extensive amount of experimental 

testing in order to obtain the required parameters to define the model. Due to the fact that 

the material is new and there is a lack of experimental test data, adopting a heterogeneous 

model would not be achievable. However, the required input parameters for homogenous 

modelling can be obtained from the properties testing conducted by Le, 2007 and Hassan, 

2013. Overall, it is also important to acknowledge that the developed model in this study 

is simplified if compared to the heterogeneous model but it can accurately predict the 

behaviour of UHPFRC at the structural level and contribute on the advancement of 

knowledge. 

 

6.2.1.1 Concrete Smeared Cracking (CSC) 

This method provides a tool to model concrete in all types of structures, including beams, 

trusses, shells, and solids. It can also be used to model plain concrete but it is intended 

primarily for analysing reinforced concrete as it allows the rebar to be used in the model. 

It is often used for concrete when subjected to monotonic loading but it needs to be 

combined with the linear elastic model properties. Cracking and post-cracking are the 

most important aspects of the behaviour of this model (ABAQUS, 2013). The model 

predicts the nonlinear behaviour based on the crack occurrence and crack detection during 

the analysis. The detection of cracks is assumed when the stress reaches the failure surface 

and this is called the crack detection surface, which has a linear relationship between the 

von Mises equivalent deviatoric stress (q) and the equivalent pressure stress (p) as shown 

in Figure 6.1. 

After cracks have occurred, they remain in the calculation and the model does not 

consider each macrocrack and the calculations are performed independently at each 

integration point. The presence of cracks during the calculation affects the failure stress 

and the material stiffness associated with the particular integration point. This involves 

the modification of the material stiffness properties after the occurrence of cracking, 

leading to severe convergence difficulties. Therefore, various concerns have been raised 

which has brought the reliability of CSC into question (ABAQUS, 2013). 
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Figure 6.1: Yield and failure surfaces in the (p–q) plane (ABAQUS, 2013). 

 

In order to capture the behaviour of the material in the nonlinear stage, compression 

hardening and tension softening are required. When the stress components are dominantly 

compressive, the concrete is modelled using elastic-plastic theory. The compression 

hardening behaviour is introduced in a simple form of yield stress and elastic strain 

behaviour in a uniaxial response and incorporated in the model to define material 

behaviour outside the elastic range as shown in Figure 6.2. During the loading, concrete 

in compression initially exhibits elastic behaviour but as the stress increases, inelastic 

straining occurs and the response of the material loses its stiffness and softens as the 

material reaches its ultimate stress. If the load is removed at some point after this inelastic 

strain occurs, the unloading response will be smaller than the initial elastic response. 

Since cracks develop so quickly in plain concrete and it is difficult to observe the actual 

behaviour, the model assumes the material loses strength through a softening mechanism. 

Therefore, open cracks can be represented by the loss of elastic stuffiness and this is input 

into the model as compressive hardening behaviour. 

Furthermore, in multiaxial stress states that this model can provide, a failure surface 

which governs the plastic response of the concrete as illustrated in Figure 6.3. The failure 

surface determines the stress and material stiffness behaviour of every integration point 

in the model and these calculations are carried out independently at each integration point. 

For any integration point with stress values lying inside the surface perimeter, the material 

behaviour of the point is calculated. However, when the value lies on or outside the 
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perimeter, failure of the material has occurred and the ultimate strength of the material is 

reached. 

 

 

Figure 6.2: Uniaxial behaviour of concrete (ABAQUS, 2013). 

 

 

Figure 6.3: Concrete failure surfaces in plane stress (ABAQUS, 2013). 
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Apart from compression hardening, tension stiffening is another important parameter that 

needs to be included in the CSC model. This parameter captures the direct strain 

behaviour across cracks in the model and this allows the softening behaviour to be 

defined. Tensioning stiffening can be introduced by means of a post failure stress-strain 

relation or fracture energy cracking. In the former approach, the model assumes the stress-

strain behaviour to be linear until the tensile strength (failure point) is reached. The 

softening behaviour will be captured by the tension stiffening as shown in Figure 6.4. 

This often occurs in cases with very little or no reinforcement such as in this study where 

a few discrete cracks initiate in the structure (ABAQUS, 2013).   

 

 

Figure 6.4: Tension stiffening model using stress-strain relation (ABAQUS, 2013). 

 

To reduce mesh sensitivity issues, a mesh refinement is required; however, the mesh 

refinement leads to narrower crack bands. To overcome mesh sensitivity, the crack band 

proposal by Hillerborg (1976) has been accepted as an adequate approach and can provide 
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a reasonable solution. In the theory it is assumed that the crack propagates when stress at 

the tip of crack reaches the tensile strength. However, it is not assumed that stresses fall 

to zero after the occurrence of cracks but to decrease with the increasing crack width as 

shown in Figure 6.5. It is an energy balance approach where a certain amount of energy 

is observed at the crack surface. After the load is applied, the energy will be released and 

when the released energy is equal or greater than the observed energy, the crack will 

propagate. This means this approach relies on the crack opening displacement (COD) 

which is linear with the failure stress and stresses are present in the crack zone as long as 

the COD is small. Therefore, implementing stress-COD concept directly associated with 

the crack length and element geometry. However, since the direction of crack is unknown, 

having defined element with a large aspect ratio can lead to some mesh sensitivity. 

Therefore, it is recommended for elements that are as close to a square as possible (aspect 

ratio close to one) to be used (ABAQUS, 2013). This was adopted in this study and it will 

be discussed in the flowing sections. 

 

 

Figure 6.5: Fracture energy cracking model (ABAQUS, 2013). 

 

In addition, there are several other parameters such as failure ratio and shear retention 

values can be included as input into the CSC model.  As specified in (ABAQUS, 2013) 

four failure ratios can be defined as follows: 
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 The ratio of the ultimate biaxial compressive stress to the ultimate uniaxial 

compressive stress and the default value is set as 1.16. 

 The absolute value of the ratio of the uniaxial tensile stress at failure to the 

ultimate uniaxial compressive stress and the default value is set as 0.09. 

 The ratio of the magnitude of a principal component of plastic strain at ultimate 

stress in biaxial compression to the plastic strain at ultimate stress in uniaxial 

compression and the default value is set as 1.28, and 

 The ratio of the tensile principal stress at cracking, in plane stress, when the other 

principal stress is at the ultimate compressive value, to the tensile cracking stress 

under uniaxial tension and the default value is set as 0.33. 

Although these parameters are not the main parameters in CSC, it is recommended that 

they be included in the analysis and in concrete modelling, the default values are usually 

used if experimental data is not available (ABAQUS, 2013). Based on the property tested 

by (Le, 2007, and Hassan, 2013), the ratio of the uniaxial tensile stress to the ultimate 

uniaxial compressive stress can be determined and it was found to be 0.06. 

Shear retention can also be defined in conjunction with the failure ratio and is generally 

included in the analysis to enhance the damage behaviour to reduce computing effort. It 

is done by specifying the shear modulus reduction as a function of the crack opening 

strain as cracks propagate in the structure. It is assumed that the elastic shear modulus 

normally reduces linearly with the increasing strain until it reaches zero. The two values 

are used for this parameter are the shear retention factor close and maximum crack 

opening strain max. The default value for shear modulus is 1 and the strain is greater than 

zero. If this parameter is not included in the analysis, ABAQUS will automatically choose 

the default values and this assumption often works in many cases (ABAQUS, 2013).  The 

relationship between close and max for open cracks can be defined in the following 

Equations 6.3 and 6.4.  

 

)/1( max   when  <max       (6. 4) 

   

0    when  >max       (6. 5) 
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For cracks that subsequently close, the model assumes a reduced shear modulus and user 

can specify the value of both close and max using the following Equation 6.6.  

 
close    when  <       (6. 6) 

 

The values of close and max can be included in the model with an optional dependency 

on temperature and other predefined field variables (ABAQUS, 2013). 

 

6.2.1.2 Concrete Damaged Plasticity (CDP) 

Concrete damaged plasticity is another model in ABAQUS/Standard which has been used 

widely for analysing plain and reinforced concrete and other quasi-brittle materials in all 

types of structures (solids, beam, truss and shells). It is primarily designed to be used to 

model rebar for reinforced concrete structures under monotonic cyclic and/or dynamic 

loading with a low confining pressure but it can also analyse plain concrete using the 

concept of isotropic elasticity. It was presented originally by Lubliner et al. (1989) and it 

is a continuum based on an internal variable formulation of plasticity theory for the 

nonlinear analysis model for concrete.  

The CDP model assumes that the failure in both tensile cracking and compressive 

crushing of the concrete is characterised by damage plasticity. It uses the concept of 

isotropic damage evolution in combination with isotropic tensile and compressive 

plasticity to represent the inelastic and fracture behaviour of concrete. It allows the 

definition of strain hardening in compression, strain softening (or stiffening) in tension, 

and uncoupled damage initiation and accumulation in tension and compression, as 

illustrated in Figure 6.6. 
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Figure 6.6: Damage curves in (a) tension (b) compression (Lubliner et al., 1989). 

 

The accuracy of the stress-strain curves in tension and compression is crucial for realistic 

simulations of concrete structures. The data obtained from dog-bone specimens (for 

tension) and cylinders (for compression) were used (Hassan et al., 2012). However, to 
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model tension stiffening, the use of tensile stress-strain curves leads to mesh-dependent 

results as the crack tends to localise in one element width (Chen and Tao, 2011). To avoid 

this problem, the equivalent stress-COD curve is recommended in ABAQUS as shown in 

Figure 6.7. The experimental data for tensioning stiffening and compression hardening 

obtained from the material properties tests are shown in Figure 6.8. However, in 3D 

modelling for slabs, the curve was smoothed to avoid a convergence issue, as shown in 

Figure 6.9. This was implemented in ABAQUS by using the keyword *CONCRETE 

TENSION STIFFENING, TYPE=DISPLACEMENT. The concrete in compression is 

modelled by Figure 6.6b using the keyword *CONCRETE COMPRESSION 

HARDENING, TYPE=STRAIN. To include these parameters in the analysis, data were 

simply extracted using Equations 6.7 to 6.10 from (ABAQUS, 2013). 

 

 

Figure 6.7: Tension stiffening model, stress-displacement approach (ABAQUS, 2013). 
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el

cc
in

c 0           (6. 9) 

      

E
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c

0

0


                      (6. 10) 

 

where in tension t
~ck is a cracking strain, t is a total tensile strain, 0t

el is the tension 

elastic strain, t is a tensile stress and E0 is the undamaged elastic modulus.  In 

compression c
in is inelastic strain, c total compressive strain and 0c

el compressive elastic 

strain. The compression hardening parameter captures the pseudo strain hardening phase 

as the cracks start to initiate within the matrix after the material goes beyond the elastic 

phase. Whereas the tension stiffening parameter captures the nonlinear inelastic phase of 

the structure after the macrocrack propagates and fibres start to pull-out and are no longer 

capable of transferring the stress between the two faces. 

 

 

Figure 6.8: Experimental stress-strain curves relationship (a) tensile (b) compression 

(Hassan et al., 2012). 
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Figure 6.9: Tensile traction-displacement curve. 

 

It should be noted that the strain and COD obtained from experiments include elastic parts 

but inelastic quantities are used on the data line in ABAQUS so transformation is needed. 

The tensile fracture and compressive plastic behaviour are completed by specifying the 

evolution laws of damage which represents the stiffness degradation. This degradation 

mechanism is obtained under uniaxial cyclic loading conditions which are quite complex. 

This involves the opening and closing of previous microcracks. Under uniaxial cyclic 

tests some recovery of the elastic stiffness can be obtained when the material is unloaded. 

The stiffness recovery is an important behaviour in concrete. The CDP model assumes 

that the damage index or the material stiffness degradation index varies from zero 

representing no damage to 1 representing complete failure. In this study, the tensile 

damage dt is calculated by Equation 6.11 and 6.12. 
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where   and ft are the traction related to COD in the softening range and flexural strength, 

respectively. E and E0 are the elastic modulus and degraded elastic modulus, respectively. 

Tensile damage is implemented in ABAQUS by using the keyword *CONCRETE 

TENSION DAMAGE, TYPE=DISPLACEMENT. As the compressive stress modelled 

in this study in both the three-point bending beams and slabs, is always smaller than the 

compressive strength, no definition of compressive damage index dc is needed.  

Furthermore, five other parameters are required to be defined in the CSC model.  These 

are: the dilation angle in degrees, the flow potential eccentricity, the ratio of initial 

equibiaxial compressive yield stress to initial uniaxial compressive yield stress, the 

viscosity parameter and the ratio of the second stress invariant on the tensile meridian to 

that on the compressive meridian. The dilation angle of the concrete can vary from one 

concrete mix design to another, even among different specimens from the same batch. In 

previous studies, different dilation angles from 12 to 45 have been used but usually 

values from 30° to 40° have been used with OC. Moreover, in OC, the dilation angle 

values have been used mostly based on the trial/run error analysis. The effects of these 

additional parameters are discussed in detail in the following section.  

 

6.2.2 Material Properties and Preliminary Analyses 

To determine the ability of CSC to capture the structural behaviour of UHPFRC, 

preliminary analyses were undertaken using data from material properties testing 

conducted by Le (2007) and Hassan (2013). The input data used in the CSC model, 

compression hardening, tension stiffening and other parameters such as failure ratios, and 

shear retention are shown in Table 6.1. The CSC model predicts the post failure behaviour 

based on the crack occurrence and crack detection during the analyses. The model 

assumes, as the stress reaches the tensile strength, cracking has occurred and stress has a 

linear relationship with CMO. Therefore, the most important parameter in the model is 

the displacement at failure which was 6 mm in this study. However, looking at the 

material properties data Figure 6.8 and Figure 6.9, it is apparent the relationship between 

stress-CMO is not linear. In addition, due to the fibre pull-out behaviour the reduction in 

stress changes from one displacement point to another. Therefore, it was expected that 

the CSC may not capture the behaviour of this material satisfactorily, in particular in the 
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softening region. However, to ensure the credibility of the model, preliminary analyses 

were conducted.  

 

 Table 6.1: Material properties and parameters used in CSC model. 

Tension stiffening and other parameters Compression hardening 

Density (kg/m3) 2500 119.82 0 

Elastic modulus (GPa) 45.0 122.23 0.00005 

Poisson’s ratio 0.22 124.63 0.00011 

Displacement at failure (mm) 6.00 127.03 0.00017 

Failure ratio 1 1.16 129.37 0.00022 

Failure ratio 2 0.06 131.67 0.00028 

Failure ratio 3 1.28 133.94 0.00033 

Failure ratio 4 0.33 136.16 0.00039 

Shear retention 
close 1.0 138.31 0.00044 

max 0.1 140.39 0.00050 

  142.23 0.00055 

  143.85 0.00061 

  145.58 0.00066 

 
 147.35 

148.94 

0.00072 

0.00077 

 

6.2.2.1 Preliminary Investigation of CSC Elements 

Models with different element types as shown in Table 6.2, were investigated. In total 

nine different types of elements were investigated; five solid element and four shell 

elements. The results of all the simulation investigations are presented in Figure 6.10 and 

Figure 6.11 for one-way and two-way slabs, respectively. 

From the preliminary results for both one-way and two-way slabs, the reliability of the 

CSC model appears to be limited in capturing UHPFRC behaviour. Despite attempts 

using different element types of both 3D solids and shells, the model experienced 

convergence problems, in particular with 3D solid elements. Looking at the one-way slabs 

in Figure 6.10, it can be seen, except for the C3D8 and C3D8I models, which only 

captured the linear elastic stage, none of the 3D solid models converged.  During the 

analyses, the results of 3D solid models indicted when the displacement reached 0.25 mm, 



CHAPTER 6                                             FINITE ELEMENT ANALYSIS 

 

- 191 - 

the models appeared to have difficulty to converge. Furthermore, looking at the two-way 

slabs figure, none of the 3D element models converged and all the models terminated at 

very small displacements. Therefore, the load-displacement curves for 3D elements are 

not included here.  

Figure 6.10 and Figure 6.11 show the load-displacement curves obtained from the CSC 

analyses using shell elements in the elastic region and up until the peak load are in good 

agreement with the experimental data, while the FE curve showed a stiffer behaviour after 

the displacement reached the maximum failure point. However, as the load reached its 

maximum, the analysis appeared to diverge and stop. This was observed for all the shell 

elements as shown in the figures. In general, the reduced integration elements provided a 

better convergence compared to the none-reduced integration elements and this was 

observed in both one-way and two-way slabs. These results were not surprising as the 

CSC model in the softening region assumes a linear relationship between damaged 

stiffness and crack opening width and it only takes the final failure displacement into 

account where the stress is zero. In UHPFRC, the assumption of linear relationship in the 

softening region will not be realistic as the damaged stiffness is dependent on the fibre 

pull-out behaviour and it changes from one displacement point to another.  Furthermore, 

since the softening stage was of interest in this study, and is an important behaviour of 

UHPFRC, the CSC model was not validated by the experimental data.   

 

Table 6.2: Element details for CSC and CDP models. 

Element types Details 

C3D8 Eight-node linear brick 3D-element 

C3D8I Eight-node linear brick incompatible 3D-element 

C3D8R Eight-node linear brick reduced integration 3D-element 

C3D20 Twenty-node quadratic 3D-element 

C3D20R Twenty-node quadratic reduced integration 3D-element 

S4 Four-node linear shell element 

S4R Four-node linear reduced integration shell-element 

S8R Eight-node quadratic reduced integration shell-element with six 

degrees of freedom per node 

S8R5 Eight-node quadratic reduced integration shell-element with five 

degrees of freedom per node 
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Figure 6.10: Preliminary analyses for one-way slab using CSC model. 

 

 

Figure 6.11: Preliminary analyses of two-way slabs using CSC model. 
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6.2.2.2 Preliminary Investigation of CDP Elements 

Similar to the CSC, preliminary analyses were conducted on the CDP model and the input 

data used to capture the behaviour were obtained from material properties testing (Hassan, 

2013) and are shown in Table 6.3 and Table 6.4. Concrete density was chosen based on 

the study conducted previously on this material (Le, 2007 and Hassan, 2013). The E and 

v values were also chosen based on material properties tests conducted by Hassan, (2013). 

The CDP preliminary results were found to have a good agreement with the experimental 

data. However, to determine the effect of the additional parameters shown in Table 6.3 

on the accuracy of the model, a preliminary analysis was also carried out on these 

parameters and discussed in the following sections. 

 

Table 6.3: Other CDP model parameters.  

Other CDP model parameters 

Density (kg/m3) 2500 

Elastic modulus (GPa) 45.0 

Poisson’s ratio 0.22 

Dilation angle (degrees) 33o 

Eccentricity 0.10 

Ratio of compressive yield 1.16 

Ratio of stress meridian 0.66 

Viscosity 0.00 

 

Table 6.4: Material properties used in the CDP model. 

Slab Beam 
Compression 

hardening Tension 

stiffening 

Tension 

Damage 

Tension 

stiffening 

Tension 

Damage 

Stress 

(MPa) 
 

(mm) 

Damage 

Variable 
 

(mm) 

Stress 

(MPa) 
 

(mm) 

Damage 

Variable 
 

(mm) 

Stress  

(MPa) 
Strain 

8.138 

8.053 

7.941 

7.764 

7.513 

7.223 

6.810 

6.338 

0.000 

0.095 

0.190 

0.285 

0.380 

0.475 

0.570 

0.665 

0.0000 

0.0104 

0.0242 

0.0460 

0.0768 

0.1124 

0.1631 

0.2212 

0.000 

0.095 

0.190 

0.285 

0.380 

0.475 

0.570 

0.665 

8.430 

8.251 

7.941 

7.764 

7.513 

7.223 

6.810 

6.338 

0.000 

0.205 

0.555 

0.840 

1.133 

1.414 

1.645 

1.747 

0.000 

0.022 

0.059 

0.080 

0.110 

0.144 

0.193 

0.249 

0.000 

0.205 

0.555 

0.840 

1.133 

1.414 

1.645 

1.747 

119.82 

122.23 

124.63 

127.03 

129.37 

131.67 

133.94 

136.16 

0 

0.00005 

0.00011 

0.00017 

0.00022 

0.00028 

0.00033 

0.00039 
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5.987 

5.695 

5.436 

5.198 

4.991 

4.816 

4.646 

4.465 

4.307 

4.154 

4.031 

3.929 

3.818 

3.701 

3.591 

3.489 

3.391 

3.272 

3.085 

2.934 

2.836 

2.764 

2.649 

2.548 

2.441 

2.342 

2.236 

2.139 

2.046 

1.894 

1.732 

1.576 

1.496 

1.440 

1.382 

1.307 

1.240 

1.185 

1.136 

1.111 

1.058 

1.003 

0.951 

0.902 

0.850 

0.777 

0.734 

0.689 

0.663 

0.617 

0.760 

0.855 

0.950 

1.045 

1.140 

1.235 

1.330 

1.425 

1.520 

1.615 

1.710 

1.805 

1.900 

1.995 

2.090 

2.185 

2.280 

2.375 

2.470 

2.565 

2.660 

2.755 

2.850 

2.945 

3.040 

3.135 

3.230 

3.325 

3.420 

3.515 

3.610 

3.705 

3.800 

3.895 

3.990 

4.085 

4.180 

4.275 

4.370 

4.465 

4.560 

4.655 

4.750 

4.845 

4.940 

5.035 

5.130 

5.225 

5.320 

5.415 

0.2643 

0.3002 

0.3320 

0.3613 

0.3867 

0.4083 

0.4292 

0.4513 

0.4707 

0.4896 

0.5047 

0.5172 

0.5308 

0.5452 

0.5588 

0.5713 

0.5833 

0.5979 

0.6209 

0.6394 

0.6515 

0.6603 

0.6745 

0.6869 

0.7001 

0.7122 

0.7253 

0.7371 

0.7486 

0.7673 

0.7872 

0.8063 

0.8162 

0.8231 

0.8302 

0.8394 

0.8477 

0.8544 

0.8605 

0.8635 

0.8700 

0.8767 

0.8832 

0.8892 

0.8956 

0.9045 

0.9099 

0.9153 

0.9185 

0.9242 

0.760 

0.855 

0.950 

1.045 

1.140 

1.235 

1.330 

1.425 

1.520 

1.615 

1.710 

1.805 

1.900 

1.995 

2.090 

2.185 

2.280 

2.375 

2.470 

2.565 

2.660 

2.755 

2.850 

2.945 

3.040 

3.135 

3.230 

3.325 

3.420 

3.515 

3.610 

3.705 

3.800 

3.895 

3.990 

4.085 

4.180 

4.275 

4.370 

4.465 

4.560 

4.655 

4.750 

4.845 

4.940 

5.035 

5.130 

5.225 

5.320 

5.415 

5.987 

5.695 

5.436 

5.198 

4.991 

4.816 

4.646 

4.465 

4.307 

4.154 

4.031 

3.929 

3.818 

3.701 

3.591 

3.489 

3.391 

3.272 

3.085 

2.934 

2.836 

2.764 

2.649 

2.548 

2.441 

2.342 

2.236 

2.139 

2.046 

1.894 

1.732 

1.576 

1.496 

1.440 

1.382 

1.307 

1.240 

1.185 

1.136 

1.111 

1.058 

1.003 

0.951 

0.902 

0.850 

0.777 

0.734 

0.689 

0.663 

0.617 

1.796 

1.874 

1.957 

2.056 

2.177 

2.271 

2.316 

2.391 

2.453 

2.491 

2.512 

2.549 

2.623 

2.684 

2.770 

2.861 

2.990 

3.104 

3.190 

3.257 

3.300 

3.403 

3.519 

3.614 

3.695 

3.812 

3.968 

4.115 

4.237 

4.308 

4.331 

4.336 

4.372 

4.460 

4.540 

4.610 

4.669 

4.737 

4.805 

4.880 

4.948 

5.016 

5.078 

5.140 

5.227 

5.308 

5.389 

5.479 

5.554 

5.635 

0.291 

0.325 

0.356 

0.384 

0.408 

0.429 

0.449 

0.471 

0.490 

0.508 

0.522 

0.534 

0.548 

0.561 

0.574 

0.587 

0.598 

0.612 

0.634 

0.652 

0.664 

0.672 

0.686 

0.698 

0.711 

0.722 

0.735 

0.746 

0.758 

0.776 

0.795 

0.813 

0.823 

0.829 

0.836 

0.845 

0.853 

0.860 

0.865 

0.868 

0.875 

0.881 

0.887 

0.893 

0.899 

0.908 

0.913 

0.918 

0.921 

0.927 

1.796 

1.874 

1.957 

2.056 

2.177 

2.271 

2.316 

2.391 

2.453 

2.491 

2.512 

2.549 

2.623 

2.684 

2.77 

2.861 

2.99 

3.104 

3.19 

3.257 

3.300 

3.403 

3.519 

3.614 

3.695 

3.812 

3.968 

4.115 

4.237 

4.308 

4.331 

4.336 

4.372 

4.460 

4.540 

4.610 

4.669 

4.737 

4.805 

4.880 

4.948 

5.016 

5.078 

5.140 

5.227 

5.308 

5.389 

5.479 

5.554 

5.635 

138.31 

140.39 

142.23 

143.85 

145.58 

147.35 

0.00044 

0.00050 

0.00055 

0.00061 

0.00066 

0.00072 
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ABAQUS offers a variety of elements for use with the concrete damage plasticity model 

such as shell, solid, plane stress, plane strain, generalised plane strain and axisymmetric 

elements. Therefore, assigning an appropriate element type and shape is essential in mesh 

modules, prior to mesh convergence studies. A thorough preliminary numerical 

investigation was also conducted in CDP on both 3D and shell elements and details of 

these element types are shown in Table 6.2. Since four different thicknesses and various 

different boundary conditions were tested, it would not be realistic to investigate all the 

tested specimens. Therefore, slabs with 35 mm thickness for both one-way and two-way 

slabs were chosen to investigate the effect of element size. To compare the results, it was 

important to use similar element sizes in all the analyses.  

Except for the C3D8 element, the results showed that all the 3D elements underestimate 

the experimental data as they go beyond the elastic region as shown in Figure 6.12. 

Furthermore, the analysis for element type C3D81 terminated after approximately 70% 

of its total time due to convergence difficulties. Figure 6.13 shows that the C3D8 element 

type, which gives a reasonable result for one-way slabs with 35 mm thickness, 

overestimated the two-way slabs with similar thicknesses. Surprisingly, the element type 

C3D8I which stopped in the one-way slab analysis gave a reasonable result for two-way 

slabs. Therefore, the reliability of the 3D element diminished as the parameters were 

changed. In terms of shell elements and except for the S4R element, the accuracy of these 

elements changes as the parameters change. For instance element type S4 gives similar 

results to S4R as shown in Figure 6.13Error! Reference source not found.. The 

accuracy of this element changes considerably as the parameter changes, as shown in 

Figure 6.12. Furthermore, using shell elements significantly reduced computational time 

and memory usage compared to the 3D elements. Computational time for 3D element 

analyses was approximately 50 times greater than with shell elements. The results show 

the S4R element gives an accurate result for both one-way and two-way slabs as shown 

in Figure 6.12 and Figure 6.13, respectively. Therefore, it was decided to use S4R 

elements to model all the slabs. Each element must be labelled numerically and this was 

automatically assigned when the element is defined. Labelling allows the user to analyse 

any element on the geometry during the analysis or in the visualisation modules, 

especially in the models with large numbers of elements such as in this study.  
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Figure 6.12: Preliminary analysis for different element types for on-way slabs. 

 

 

Figure 6.13: Preliminary analysis for different element types for two-way slabs. 
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6.2.2.3 Preliminary Investigation of Elastic Modulus and Poisson Ratio 

To determine material properties of any types of concrete, a small variation in the result 

is expected. Material testing for UHPFRC also showed a small variation in the result. 

Therefore, a range of values based on material testing were chosen and used in the model. 

Since, E and  can have an effect on the FE result, especially in the elastic range and the 

material testing by Hassan (2013) showed that the elastic modulus and Poisson’s ratio 

results could vary between the range of 44 to 48 GPa and 0.21 to 0.24, respectively. 

Therefore, preliminary analyses between these ranges were carried out for both one-way 

and two-way slabs. The results showed these small changes in elastic modulus and 

Poisson’s ratio, were insignificant as shown in Figure 6.14 and Figure 6.15. However, it 

is important to mention that changes in these parameters may have an effect if the material 

is to be investigated at an element level which is beyond the scope of this study. For 

example, considering the bond between the fibres and the matrix using a heterogeneous 

model.  

In addition, choosing any values E and  within the range showed in the material testing 

would be accepted to be used in the FE model. Hassan (2013) concluded that the average 

value of 45 GPa and 0.22 for both elastic modulus and Poisson’s ratio, respectively could 

be used. Therefore, 45 GPa for E and 0.22 for , were used in all FE models.  

 

 

Figure 6.14: FE investigation for elastic modulus and Poisson’s ratio for one-way slabs. 
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Figure 6.15: FE investigation for elastic modulus and Poisson’s ratio for two-way slabs. 
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with OC. Moreover, in OC, dilation angle values have been used mostly based on the 

trial/run error analysis. However, in this study various values of 30o, 33o, 35o, 37o and 39o 

were used to determine the effect of dilation angle. Slabs with 35 mm thickness in both 

one-way and two-way arrangements were analysed. The result of these models showed 

that the changes in dilation angle were insignificant and the results for both one-way and 

two-way setups are shown in Figure 6.16 and Figure 6.17, respectively. Viscosity is 

another uncertain parameter in concrete modelling. It occurs due to the collision between 

the material particles as they move at different velocities. It measures the material’s 

resistance to gradual deformation by either shear stress or tensile stress. In concrete it is 

related to the rheological properties of the fresh concrete which can be described by its 

yield point and plastic viscosity. Yield point describes the force that is required to start 

the fresh concrete moving, whereas plastic viscosity describes the resistance of a concrete 

to flow under external stress when the stress is higher than the yield stress. In order to 
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the yield point and plastic viscosity. Since concrete has to fulfil several requirements in 

both the fresh and hardened state, it is important to understand the properties of fresh 

concrete as it has a direct effect on the quality of the hardened concrete. It has always 

been desirable to increase the mechanical properties of hardened concrete by reducing the 

w/c ratio. However, reducing the w/c ratio decreases workability, therefore a modifying 

admixture such as a superplasticiser has been added to decrease and maintain the yield 

stress and plastic viscosity of the fresh concrete. In terms of the viscosity of hardened 

concrete, this has been the subject of debate between two groups of researchers in the 

literature. One group of researchers contended that amorphous solids, such as glass and 

many polymers, are liquid and may be considered to have viscosity. This has led some to 

the view that solids are liquids with a very high viscosity and flow like a liquid but very 

slowly. This idea is usually supported by glass flow and this can be observed in old 

buildings. However, other researchers dispute this hypothesis and argue that solids are 

elastic for small stresses while fluids are not and that glass flow in window panels of old 

buildings are due to the lack of manufacturing process at that time rather than to the 

viscosity of glass (Plumb, 1989). In order to determine the viscosity of hardened concrete, 

appropriate testing would be required, which is beyond the scope of this research. 

Therefore, using any values rather than the recommended value in ABAQUS will not be 

justifiable. In the literature, the viscosity parameter is defined through a numerical 

investigation by changing this parameter until the numerical result becomes close to the 

experimental data and in the most cases the value 0.0 is used. In OC modelling, a value 

from 0.0 to 0.1 was found to be sufficient, depending on the numerical problems. Since, 

in this study, the default value was found to provide satisfactory results between the 

numerical and experiment, the value of 0.0 was chosen. 

 The ABAQUS manual recommends a default value of 0.0 for concrete static modelling 

and uses the default value in all the solved examples in the manual. If the user excludes 

the parameter in the analysis, ABAQUS uses the default value of 0.0 automatically. 

Therefore, including or excluding this parameter has no effect on the concrete modelling. 

Furthermore, viscosity values greater than 0.0 can be used in ABAQUS/Standard only if 

the extended FE analysis using modified virtual crack closure techniques is used. 

However, this was not the case in this study, thus values of 0.0 for viscosity were used in 

all the preliminary analyses. The other three remaining parameters were also investigated 

and the results showed these parameters have no effect on the analyses as shown in Table 
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6.5. Therefore, the default values from the ABAQUS documentation 33, 0.1, 1.16, 0.66 

and 0.0 were used for each of the five parameters, respectively.  

 

 

Figure 6.16: Preliminary analyses for dilation angle for one-way slabs. 

 

 

Figure 6.17: Preliminary analyses for dilation angle for two-way slabs. 
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Table 6.5: Values of key parameters used in the preliminary analysis. 

Models 
(Dilation angle, Eccentricity, Ratio of compressive 

yield, Ratio of stress meridian and Viscosity) 

parameters 

Default Values 33, 0.1, 1.16, 0.66, 0.0 

Dilation angle 30 30,0.0,0.0,0.0,0.0 

Dilation angle 33 33,0.0,0.0,0.0,0.0 

Dilation angle 35 35, 0.1, 1.16, 0.66, 0.0 

Dilation angle 37 37,0.0,0.0,0.0,0.0 

Dilation angle 39 39, 0.1, 1.16, 0.66, 0.0 

 

The result of preliminary analyses showed that the CDP model provides better results 

compared to a CSC model to capture the structural behaviour of both one-way and two-

way UHPFRC slabs. The CDP model has a better convergence solution and is capable of 

determining the behaviour of the material in all three stages: linear elastic, strain 

hardening and strain softening. The model has been used in previous studies and showed 

a better convergence solution as crack propagation is modelled using a continuum damage 

approach (Dawood, 2010). In addition, the CDP model can accurately capture the 

concrete failure modes in reinforced concrete structures (Liu et al., 2008). Therefore, CDP 

was selected in this study to simulate the behaviour of the UHPFRC beams and slabs. 

However, in order to further validate the reliability of the FE analysis, the tension and 

compression tests conducted by (Hassan, 2013) were modelled. The outcome of the CDP 

model are compared to the experimental data and detailed in Section 7.1 in Chapter 7. 

 

6.3 Finite Element Procedure 

This section provides a detailed overview of the modules concerned with modelling the 

beams and slabs. The description includes model geometry, properties, elements, mesh, 

surface and region interactions, support boundary conditions and loads. 
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6.3.1 Notched Beams Modelling  

The experimental work described in Chapter 3 for all the beams with depths varying from 

30 mm to 150 mm, were modelled in the ABAQUS software. Due to the high volume of 

steel fibres in UHPFRC, the cost of experimental studies is still relatively high, especially 

for large-sized structures. To establish a full size effect law, more beams with depth of 

180, 210, 240 and 300 mm, in addition to the five beams tested, were also modelled using 

a similar procedure.  

Furthermore, due to the sheer number of fibres randomly distributed in the matrix and the 

resultant complicated fibre-matrix interaction, discrete modelling of fibres and matrix 

requires substantial re-meshing (Yang et al., 2005). This re-meshing is needed to 

accommodate the arbitrary geometries and boundaries along newly created cracks created 

by the external forces, thus extensive computation is needed which is time-consuming 

even with the available modern computer power (Hents, et al., 2005, Su et al., 2011). 

Moreover, in the literature many studies attempted to model the interface between the 

physical aggregate and the matrix, of ordinary concrete. To do this, the interface between 

the aggregate and matrix was modelled using zero length elements which had a normal 

softening and shear component along the aggregate surface. However, the main drawback 

of this discrete modelling is that, these models are not suitable to determine the softening 

behaviour, since softening is already pre-defined in the model at the meso-level (Lilliu 

and Van Mier, 2003). An alternative approach based on linear-elastic fracture mechanics, 

proposed by Wang (1994) is to model the physical cracking between the interface and 

matrix. This model requires the user to describe the crack propagation in the model. This 

means the formation of the cracks must be known experimentally prior to running the 

model. Therefore, this approach may be useful for describing crack propagation of OC, 

where extensive research has been conducted and the behaviour of OC in terms of crack 

propagations is well understood. In UHPFRC, where there is a lack of understanding the 

structural behaviour of the material in terms of failure modes and cracks propagations, 

the use of such a model would not be appropriate. In addition, due to the large number of 

fibres within the matrix of UHPFRC, the number of cracks and crack locations changes 

as the geometry changes, hence the credibility of the Wang model would be limited to 

those sizes only where they have been validated experimentally. 
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Moreover, the CDP model is proven to be reliable at defining the structural behaviour of 

OC. It is an accurate, simple and straightforward tool for understanding the structural 

behaviour of concrete. In addition, in the preliminary investigation, it accurately predicted 

the behaviour of UHPFRC for all cases, especially in the elastic and strain hardening 

stages. Therefore, it is considered to be appropriate to be used in this study. 

Assuming that fibres are uniformly distributed in the matrix, the UHPFRC is modelled as 

a homogeneous material in this study. To simulate crack propagation in the notched 

beams, the CDP, which has proved very powerful for modelling normal concrete 

structures (Chen et al., 2009, Li et al., 2012, Chen et al., 2012), is used to model UHPFRC 

beams. 

 

6.3.1.1 Part Module 

The part module was used to define the geometry and the beams were created by choosing 

a 2D deformable solid part. Due to the simplicity of the geometry, the mesh of the 2D 

model was generated by defining the nodal coordinates in the input file. Because the 

beams were symmetric, only half of the specimens were considered, as shown in Figure 

6.18. Due to the simplicity of the beam geometry, an input file was created to define the 

part. The input file was imported directly to the processors to analyse. The properties 

explained above such as elasticity, density, Poisson’s ratio, compression hardening, 

tension stiffening, and tension damage were defined. In the part module, several toolsets 

such as Set, Partition, and the Datum are provided.  These toolsets operate on the part and 

allow users to create sets, partitions, and datum geometry, respectively. Partition and 

the Datum toolset were used to create three partitions along the x-direction and one along 

the y-direction for all the beams. Material properties which were the most important part 

of the model were also input including: elastic modulus, Poisson’s ratio, compression 

hardening, tension stiffening and tension damage.  
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Figure 6.18: Part geometry of 5 beams (a) D30 (b) D60 (c) D90 (d) D120 (e) D150. 

 

6.3.1.2 Assembly 

In the assembly module, using the “SET” option, three sets of nodes were defined in the 

input files. The first set was defined for the support at a distance of 25 mm from the end 

of the beam and it was constrained in the vertical direction. While the top node at the 

centre of the beam was defined for the applied load and it was constrained in the 

horizontal direction. Because only half of the beam was considered due to the beam 

symmetry, the third set was used to define the nodes on the mid-span and these nodes 
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were constrained in the horizontal direction. Finally the thickness of the beam was taken 

into account under the “section” option and it was set to be 150 mm.  

  

6.3.1.3 Beam Elements  

Several CDP models with different analyses such as 2D and 3D in ABAQUS/Standard 

were built for each beam thickness and analysed. In order to be able to compare the results 

between the 2D and 3D models, the same mesh size was used in all analyses. Apart from 

an increase in the computation time, the 3D models have also shown a convergence 

difficultly. Therefore, the results of 3D models are not shown here. In the 2D analysis, 

several different elements are available in both linear and quadratic shapes. The eight 

node plane stress quadratic and reduced-integration elements (CPS8, CPS8R) as well as 

the four node linear plane stress, reduced-integration and incompatible elements (CPS4, 

CPS4R and CPS4I), respectively, are investigated. Taking the softening region into 

account, the results of the models were compared to the experimental results and the four 

node elements showed a better accuracy compared to the eight nodes elements. The 

results of the 2D models with different elements for D90 were analysed. Except for CPS4, 

all the other elements underestimated the softening behaviour. In addition, the CPS4I 

stopped due to the convergence difficulties before the analysis reached the ultimate load 

as shown in Figure 6.19. However, the accuracy of CPS8, CPS4I and CPS4 elements was 

also reduced when beams with different depth were analysed. For instance, after the D150 

beams were analysed, the results showed that, except for the CPS4R elements, all the 

models were terminated due to the excessive distortion of the elements. In addition, 

reduced-integration elements significantly reduce the computation time. Therefore, all the 

beams were modelled using CPS4R elements. Every element node has two degrees of 

freedom and they can be used to model the widest variety of components as illustrated in 

Figure 6.20. 
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Figure 6.19: Results of the 2D models for D30 beams using different element types. 

 

 

Figure 6.20: 2D elements with reduced integration element (ABAQUS, 2013). 

 

In order to define the elements, nodes had to be defined in the input files. Since four 

partitions were used in the beam model, eleven node sets were defined using the “NSET” 

parameter for each beam. According to the beam geometry, the gaps between these node 

sets were filled using the “NGEN” parameter. After all the nodes were defined and based 

on the node sets, seven element sets were also defined using the “ELSET” option. Finally 

the elements were generated using the “ELGEN” parameter and it was required that each 

data line was given the first and last element as well as the increment in element numbers 

between these elements.  
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6.3.1.4 Beam Mesh Convergence Study 

The mesh definition is a critical process in modelling, and the accuracy of the results rely 

on it. It is concerned with breaking down all individual parts into smaller elements. The 

beam was partitioned prior to the meshing stage so as to avoid unsymmetrical mesh 

generation. An element mesh was generated from the model geometry using the meshing 

tools within the ABAQUS software during the job analysis. 

In FE modelling, a finer mesh typically results in a more accurate solution. However, as 

a mesh is made finer, the computation time increases. A mesh convergence study was 

carried out to obtain a mesh that satisfactorily balances accuracy and computing 

resources. The mesh convergence study provided an accurate solution with a mesh that 

was sufficiently dense and not overly demanding of computing resources. Since the beam 

specimens failed with the single macrocrack at the beam centre and all the beams were 

notched, it was apparent that the stress concentration is highest at the centre. Therefore, 

for each specimen, the mesh near the notch region was set to be finer than the side of the 

beam to reduce the computation time. Prior to the three meshes shown here, initially an 

element size greater than 5 mm was used to investigate the mesh sensitivity and to ensure 

the model ran without an error. As expected, the results of the FE analysis were found to 

be significantly different from the experiment in terms of the peak load and softening 

behaviour. Therefore, the element size was reduced by half and this process was repeated 

until the decrease in element size had very little effect on the result. The final three mesh 

sizes near the beam centre, 5 (Coarse), 2.5 (Medium) and 1.25 (Fine) mm, for the beam 

with d= 60 mm are shown in Figure 6.21. The result of the mesh sensitivity showed that 

the change in the element size in the latter two led to virtually identical results, while the 

finer mesh increased the computation time. Therefore, the medium mesh was adopted to 

model other beams in this study. Since the problem is a 2D model, only the x- and y-

directions needed to be considered. In the x-direction, elements were defined to be 5 mm 

up to the length of 240 mm, 2.5 mm up to the length of 270 mm, 2 mm up to the length 

of 274 mm and 1.0 mm up to 275 mm. In the y-direction, the elements were defined in 

two different sizes, 5 mm up to the tip of the notch and 2.5 mm thereafter, as illustrated 

Figure 6.22.  

In ABAQUS, by default, an aspect ratio of up to 10 is allowed. The element aspect ratio 

is defined as the element width divided by the element height in this study. To model the 

beam accurately, it was important to avoid excessive aspect ratios. To obtain a better 
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accuracy, it is recommended in ABAQUS to use an aspect ratio of close to 1, especially 

where the stress concentration is a maximum in the middle of the beam in this study. In 

the beam FE model, except for 5 mm close to the notch which has an aspect ratio of 0.8, 

the aspect ratio of 1 was used up to 30 mm from the centre of the beam. An aspect ratio 

of 2 was used for the rest of the beam where stresses are smaller. All the aspect ratios 

used to model the beams are within the allowable limit. 

 

 

Figure 6.21: Mesh convergence study for D60 beam specimens. 

 

 

Figure 6.22: Mesh element size for D60 beam specimens. 
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6.3.1.5 Steps 

The post-peak behaviour was considered in this study and to obtain the post-peak part of 

load-CMOD curves, the STATIC-RIKS method was used in all the analyses. In this step 

method, a parameter called NLGEOM is provided, which takes material nonlinearity into 

account. Therefore, in the input file the parameter NLGEOM was switched on to indicate 

that geometric nonlinearity was accounted for during the step. Increment parameters were 

specified with 0.001 as an initial value and 0.01 as a maximum. Since the problem 

included a nonlinear material, iterations were required to ensure convergence of the 

magnitude of the vector of residual force, thus the minimum length increment was set to 

0.000001.  

 

6.3.1.6 Load and Boundary Condition 

In the FE analysis, only half of the length of the specimen was considered and 

symmetrical conditions were imposed by constraining nodes at the mid-span in the 

horizontal direction as shown in Figure 6.23. In the experiment, load was controlled in 

displacement over the semi-circular roller; so a load-displacement control method was 

employed in the analysis. The displacement in the FE analysis was set to be 10 mm on 

the centre node, which was higher than the maximum mid-span displacement recorded in 

the experiment. The boundary conditions were based on the support conditions used in 

the experiments, thus the sixth node from the end of the beam was restrained in the 

vertical direction as shown in Figure 6.23. To obtain the load, the reaction force at the 

support was measured. 

To ensure that the boundary condition in the models were representative of the 

experimental tests. The boundary conditions for the beam specimens were fixed at one 

support in both x-direction in translational (U1) and y-direction in translational (U2), 

while the other support was restricted only in the y-direction in translational (U2). Since 

only half of the beam was modelled, symmetrical boundary conditions were applied to 

the nodes. The boundary condition for x-direction in translational (U1) was used on the 

nodes along the x-plane at the mid-span which restricted displacement in the x-direction. 

The support node is also restrained in the y-direction in translational (U2) which restricted 

displacement in y-direction as shown in Figure 6.23. 
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Figure 6.23: Boundary condition for D60 beam specimens. 

 

6.3.1.7 Analysis and Visualisation  

After all the tasks involving defining the model (such as defining the geometry of the 

model, assigning section properties, mesh and choosing appropriate steps) were finished, 

the “Job module” was used to analyse the model. Due to the capacity of job modules, 

during the analyses several jobs with different beam geometries were run simultaneously 

to obtain the results quicker. Using the “monitor” option, these jobs were monitored 

during the analyses. 

Once the model was fully analysed, the visualisation module was used to interpret the 

results. To view the results, outputs were requested. In ABAQUS, two types of output 

requests are available: field output and history output and both can be specified by 

creating output requests. However, because the analyses can create very large amounts of 

output and in ABAQUS output can be controlled and managed, only data required to 

interpret the results of the simulation were produced. In this study, the displacement, 

stress, strain and reaction forces data over the whole slab model were requested. The 

results such as reaction forces and displacements were viewed in the visualisation module 

and recorded. The deformed shape with maximum displacement, damage counter and 

plastic strain (PE) for the beam with a depth of 60 mm are shown in Figure 6.24. These 

are discussed in detail in Chapter 7, Section 7.1.1. 

 



CHAPTER 6                                             FINITE ELEMENT ANALYSIS 

 

- 211 - 

 

a) deformed shape 

 

 

b) plastic strain (PE) 

 

c) stress contour 

Figure 6.24:  The FE results for D60 beam.   

 

6.3.2 Slab Modelling 

Experimental investigations of different size specimens are expensive as a wide range of 

dimensions of similar structures are required to be tested to understand the true behaviour 

of the material. For such purposes, versatile, cost-effective numerical simulations are 

often used (Ooi and Yang, 2010). In addition, many physical phenomena in engineering 

are described in terms of an analytical approach and using analytical methods for 

capturing complicated material behaviour such as UHPFRC is challenging. The FE 

method is a numerical approach by which these behaviours can be predicted 
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approximately. Therefore, in this study, a nonlinear FE analysis using CDP in ABAQUS 

(ABAQUS, 2013) was developed and carried out to capture the bending behaviour of the 

one-way and two-way slabs as described in Chapters 4 and 5, respectively. The CDP 

model uses material properties obtained from uniaxial compression and tension tests 

(Hassan et al., 2012). Due to the large number of fibres randomly distributed in the matrix, 

discrete modelling of fibres would be too time-consuming. Similar to the notched beams, 

fibres are assumed to be uniformly distributed in the matrix and slabs were modelled as 

a homogeneous material. The model is described in the following sections. 

 

6.3.2.1 Part Modules 

The slab was first created using 3D deformable shells using the part modules box in 

ABAQUS/CAE. The slab was sketched using dimensions taken from the experimental 

data. To obtain the true structural behaviour of the slabs, it was essential to model the 

steel support and loading block of the test setup. Therefore, the steel support and load 

block were also created using 3D deformable solid elements and sketched in 

ABAQUS/CAE. For slabs with FF boundary conditions, the top steel frame was also 

created. Due to the symmetry of the slab in the x- and y-planes, only one quarter of the 

specimen was considered, as shown in Figure 6.25. The material properties under the 

“properties” parameter were defined for the slab. These properties such as elasticity, 

density, Poisson’s ratio, compression hardening, tension stiffening, and tension damage 

were defined. The experimental setups such as support, loading block and top frame 

materials were chosen as elastic isotropic and only 2 independent variables were defined. 

The two variables were the elastic modulus and the Poisson’s ratio. After defining 

materials for all parts, sections were created for each individual part. Homogenous shell 

sections were assigned to the slab and homogenous solid were assigned to the steel 

support, frame, and loading block. In the section module, the user can define which 

surface of the slab is to be defined using the shell offset option and “middle surface” was 

chosen for all the slab specimens.  
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Figure 6.25: Details of symmetric loading and boundary conditions. 

 

6.3.2.2 Assembly 

In assembly, all the parts were created as instances into a global coordinate system and 

one instance was made for each part, using the ‘instance part’ function. In this module all 

the parts were translated and rotated to their desired positions, using the ‘translate 

instance’ and ‘rotate instance’, respectively, as shown in Figure 6.26. It was important 

that the slab was placed in its right position. For instance, Figure 6.26a shows the two-

way slab with 45 mm thickness, where spaces of 22.5 mm below and above the slab were 

required. This is because the thickness of 45 mm was assigned to the slab in the section 

modules. 

In order to assign regions, nodes and elements with correct load and boundary conditions 

and to request an output, it was important for sets to be used in the model. Set is a named 

region on which the user can perform various operations. It can be used to name a 

geometry such as cells, faces, edges and vertices or it can be used to name nodes or 

elements that have been selected. In ABAQUS/CAE, two different types of sets can be 

defined, Part and Assembly sets. Part sets are sets that the user created in the part or 

property module and can be accessed in “set manager” in the ABAQUS model tree. In 

the part module, sections cannot be assigned to regions using parts sets, however, they 

can be assigned in the property module. If a part contains sets, instanced in the assembly 
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module, its sets can only be used as a read-only access. Assembly sets are sets that the 

user created in the assembly, step, interaction or load module. These sets appear under 

assembly “set manger” in the assembly and can be used to indicate regions where the user 

wants to apply a load, or boundary conditions or to obtain output. Since the model 

involved several load and boundary conditions, different output requests and several 

contact interaction assembly sets were used in the slab modelling. 

In all the models, sets were defined using the “set” tool box on the slab, support, loading 

block and top frame and these sets made it easy to apply the desirable loading position 

and boundary conditions in the model. They also made it easy to record the output after 

the analysis to obtain the data such as load, stress and displacement. Furthermore, in the 

assembly module, several surfaces were defined using the “surface” tool box and these 

were later used in the interaction section for the contact relationship between the slab and 

steel support and loading block, respectively, as shown in Figure 6.26. In the “surface” 

tool sets, two different types of surfaces can be created, geometry and mesh. However, 

since there are no differences between the surface types, geometry surfaces were used for 

all the surfaces.  

 

 

Figure 6.26: Surface contact are shown. 
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6.3.2.3 Step 

In the FE analysis in ABAQUS a sequence of one or more analysis steps should be 

defined. The step sequence provides a convenient way to capture changes in the loading 

and boundary conditions of the model. It also provides changes in the way parts of the 

model interact with each other and any other changes that may occur in the model during 

the course of the analysis. The analysis procedure in the model of this study consists of 

one main step. However, ABAQUS/CAE automatically creates a special initial step, 

which cannot be edited, renamed, replaced, copied or deleted. This is performed at the 

very beginning of the model and this allows users to define boundary conditions, 

predefined fields and interactions that are necessary at the beginning of the analysis. 

Therefore, all the boundary conditions and interactions were defined in the initial step, 

while load boundary conditions were defined in the actual step. 

Several different types of step are available in ABAQUS/Standard but the general-static 

method recommended by ABAQUS was used in all the analyses. Automatic stabilisation 

with the default parameters was employed with dissipated energy fraction set to 0.0002 

and adaptive stabilising set to 0.05. It was noted that the automatic stabilisation makes 

the analyses become more stable after the peak load was reached as was the case in other 

studies (Chen and Graybeal, 2011a, Chen and Graybeal, 2011b). In the general-static 

analysis, the “incrimination” parameter is provided, which allows the user to modify the 

size and number of increment in the step analysis. In this parameter, several tabs are 

included and one of which is the maximum number of increments. Based on the trial run 

before the actual model runs, it was found that the maximum number of increments of 

3000 were sufficient for the model to complete successfully. To ensure that the model 

was provided with the sufficient increment sizes, automatic time incrimination was 

adapted. In the incrimination parameter, three other tabs are provided for increment size 

and these are initial, minimum and maximum values. The minimum increment size of 1E-

10 was chosen to ensure the model reached a convergent solution if ABAQUS needed a 

smaller time increment than the initial value. In order to obtain smooth curves, a sufficient 

amount of data was required to be produced, therefore, the maximum increment size was 

limited and set to 0.1, thus the model did not complete with a small number of increments. 
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6.3.2.4 Slab Element 

The preliminary analyses showed that the shell elements, S4R in particular, provided 

better accuracy compared to the solid elements. Therefore, both one-way and two-way 

slabs are modelled using S4R elements. In shell elements, parts are discretised by a 

reference surface using element planer dimensions. The thickness of shell element is 

defined through section properties to describe the shell cross-section which allows users 

to calculate cross-section stiffness during or at the beginning of the analysis. To calculate 

stresses and strains independently at each section (integration points), ABAQUS uses 

numerical integration through the thickness of the shell as shown in Figure 6.27 for single 

integration points in the S4R (4-node, reduced integration) element which has been used 

in this study. 

 

 

Figure 6.27: Configuration of section points in a numerically integrated shell element 

(ABAQUS, 2013). 

 

The S4R shell element can be used for linear analysis and for nonlinear analyses involving 

contact, plasticity, and large deformations. There are two different rules available for 

section integration in shell elements; Simpson’s and Gauss rules. The default number of 

five for Simpson’s rule and three for the Gauss quadratic are given in ABAQUS but in 

general for nonlinear problems, the number of integration points of more than the default 
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number are recommended (ABAQUS, 2013). Nine thickness integration points are 

commonly used to model progressive failure of the concrete through the thickness with 

acceptable accuracy. The number of integration points must be an odd number for 

Simpson's rule and the maximum allowable number of points is 99. Whereas, the number 

of integration points must be less than or equal to 15 for the Gauss quadratic. However, 

the three integration points Simpson's rule and the two integration points Gauss 

quadrature are sufficient for linear problems. In all the analyses, it was found that nine 

Simpson’s rule integration points gives an accurate result to capture the failure progress 

in both one-way and two-way UHPFRC slabs.  

Moreover, compared to the other shell elements, reduced integration elements reduced 

the computing time and memory space significantly as it uses lower order integration to 

calculate the element matrix. For example the S4R element only uses 1 integration point 

compared to S4 which uses 4 integration points therefore its computation is 4 times less 

costly. The integration point is located at the element's centroid as shown in Figure 6.27. 

The element with a single reduced integration point uses the more accurate uniform strain 

formulation, where the value of strain components are averaged and computed over the 

element volume. This is not only important when the model is nonlinear, it is also 

significantly important with respect to the output values, thus the strains are a better 

representation of actual strain. In bending analyses, the reduced integration decreases the 

number of constraints introduced by an element to avoid element locking to stabilise the 

model. 

To model the experimental setup such as the steel support, top frame and loading block, 

3D brick elements, using reduced-integration 8-noded elements (C3D8R) were used. 

These solid elements have eight nodes with three degrees of freedom and one integration 

point as shown in Figure 6.28. These reduced integration elements are also known as 

centroid strain or uniform strain with hourglass and use a lower order integration to form 

the element stiffness. 
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Figure 6.28: Element type for steel supports and loading plate. 

 

6.3.2.5 Slab Mesh Convergence Study 

The meshing process is considered to be critical in FE modelling. The accuracy of the 

numerical analysis depends strongly on the mesh size. In order to mesh the part, seeding 

was required, using the “Seed” tool box in the mesh modules and the slabs were seeded 

to a desirable element size using part seeds. To determine appropriate mesh sizes, mesh 

convergence studies were carried out. Both the accuracy of the prediction and the 

computer time were considered when choosing an appropriate element size for the model. 

The mesh convergence studies show that the stiffness of the structure is dependent on 

both the material properties and the element size. Therefore, it was essential that the same 

size of element’s aspect ratio and material properties were used for both one-way and 

two-way slabs, so that the effect of element size was consistent throughout the study. In 

addition, it is recommended in ABAQUS that the accuracy of numerical analysis 

improves if square elements are used, thus all the elements were kept square. 

As 16 different parameters were considered in this study, it was important that the chosen 

element would converge and provide an accurate result for all 16 cases, hence an 

extensive preliminary mesh convergence study had to be carried out. The preliminary 

analysis based on the experimental peak load for both one-way and two-way slabs was 

carried out. At the beginning of the preliminary analysis, the element size was kept to as 

high as 115 mm as shown in Figure 6.29 for slabs with 35 mm thickness. Although this 

element size was unrealistic as it is much greater than the slab thickness, this was 

important to ensure that the job can complete without an error message and the model 

built accurately in terms of the point load, supports, geometry and other parameters. After 

ensuring the job can run without an error message, the element size was reduced by half 
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and this procedure was repeated until the decrease in element size had little or no 

influence on the result as shown in Figure 6.29. The mesh convergence study for the slabs 

was much more complicated and time consuming compared to that for the beam 

specimens. This is because as the element size being reduced to 14 mm, it was important 

to check other slab thicknesses in both the one-way and two-way slabs to ensure that the 

model converges in all cases. This process of checking was also repeated when the 

element size reduced to 7 and 5 mm. It was found that an element size of slab thickness 

(t) /5 which is equal to 7 mm, gives an accurate result for both the one-way and two-way 

slabs and element sizes below this ratio had very little effect on the result as shown in 

Figure 6.29. However, to ensure the improvement of accuracy of the FE analysis, a ratio 

of t/7 which gives an element size of 5 mm was also used and investigated. It was found 

that the differences in terms of accuracy were very small compared to the 7 mm element 

size.  

In addition, for element sizes with the ratio of t/5, the computation time increased and at 

some point convergence problems for some slab thicknesses occurred. Looking at the 

mesh convergence results, it can also be noted that the element size of 14 mm gives a 

result close to the element size of 7 mm and correlates very closely with the experimental 

results. However, the accuracy of the element size of 14 mm is considerably reduced 

when other slab parameters changed. It is recommended in ABAQUS that an element 

aspect ratio of close to 1.0 gives an accurate result. Therefore, all the FE analysis results 

presented in this study for two-way and one-way slabs with both SS and FF boundary 

conditions are based on an element size of t/5 which gives an aspect ratio of 1.0. Mesh 

convergence studies enabled the user to obtain an accurate solution with a mesh that is 

sufficiently fine and not overly demanding of computing resources. Figure 6.30 shows 

the element size for slabs with 35 mm thicknesses for both one-way and two-way slabs 

with FF and SS boundary conditions. 
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Figure 6.29: Mesh convergence analysis for both one-way and two-way slabs for 35 mm 

thickness. 

 

 

Figure 6.30: Element size used in the analysis. 
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6.3.2.6 Contact Interaction Modules 

Contact is an interaction between two bodies or surfaces, or it can be an interaction of a 

single surface that may interact with itself under a set of rules to adjust the surface position 

at the beginning of the analysis. Contacts are usually defined in an initial step analysis. 

ABAQUS/Standard provides two algorithms for modelling contact and interaction 

problems and these are the general contact algorithm and the contact pair algorithm. 

General contact is very simple and it has very few restrictions on the types of surface 

involved. It uses tracking algorithms to ensure that proper contact conditions between the 

surfaces are enforced efficiently. It can also be used with contact pair algorithms as well 

as 2D or 3D dimensional surfaces. Whereas, the contact pair algorithm requires the user 

to explicitly pair surfaces that may potentially come into contact. It can consider either 

small or finite sliding effects while general contact only considers finite sliding effects. 

Since several parts were modelled, it was essential to introduce contact behaviour in the 

simulation. It was found that a contact pair algorithm can provide an accurate result and 

was used for modelling contact in the FE models. Figure 6.31 shows the contact 

simulation procedure in ABAQUS/Standard. 

 

 

Figure 6.31: Understanding contact algorithm in ABAQUS/ Standard (ABAQUS, 

2013). 
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In the interaction module, standard surface-to-surface contact relationships between the 

experimental setup and the slab were defined. In all the interactions, finite sliding 

formulations with contact tracking of two configurations and no adjustment in slave 

surfaces were used. Interaction properties were defined in order to model these contacts. 

Two interactions were created between the bottom-face of the slab and the steel support 

and top-face of the slab and the steel loading block as shown in Figure 6.32a and Figure 

6.32b. An additional interaction between top-face of the slab and the top frame was 

created for slabs with FF boundary conditions in both one-way and two-way slabs as 

shown in Figure 6.32c and Figure 6.32d. 

The contact pair interaction can refer to a contact interaction property. Therefore, an 

interaction property was defined between the steel support, the loading block and the slab 

in the FF series, while two interaction properties were used in the SS series. For all 

contacts, tangential and mechanical behaviour were employed in defining the contact 

properties. In the simulations, a “frictionless” formulation is used for tangential behaviour 

and a “hard” contact for normal behaviour for all contact surfaces for slabs with FF 

boundary conditions. In addition, in normal behaviour, separation after contact between 

the steel support and the slabs was not allowed in the FF series, while separation between 

support and the slab was allowed in the SS series. In slabs with SS boundary conditions, 

the contact between slab and steel support was not fixed. Instead, it was reasonable to 

model the interaction as surface-to-surface contact with allowable separation and a 

coefficient of friction equal to 0.25. As recommended in ABAQUS, a coefficient of 

friction above 0.20 can improve the convergence of the model.  Furthermore, the 

coefficient of friction of 0.25 is sufficient to model contact between steel and concrete 

(Ellobody et al., 2006). 
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Figure 6.32: Contact interaction between the slab and steel supports. 

 

6.3.2.7 Load and Boundary Conditions 

Due to the symmetry of the experimental setup, only a quarter of the loading block was 

modelled. Symmetrical conditions were applied to surfaces in the x- and z-directions 

(Figure 6.33). The translational displacements U1 and rotational R2 and R3 in x-direction 

and the translation displacement of U3 and rotational R1 and R2 in z-direction for all 

nodes on the surfaces were restrained. In this analysis, displacement control was applied 

as shown in Figure 6.33. The displacement was applied at a constant rate and the slip was 

taken from the slab centre node as measured during the experiment. The load was 

measured from the reaction forces at the supports. 
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Figure 6.33: Loading and boundary conditions. 

 

The boundary conditions were applied based on the support conditions used in the 

experiments. Symmetrical conditions were also imposed of the experimental setup such 

as support and top frame as shown in Figure 6.33. The figure also shows that the steel 

support was fully restrained for all the slab analyses. For slabs with FF boundary 

conditions, the top frame was also fully restrained as shown in Figure 6.33a and Figure 

6.33c. For slabs with SS boundary conditions, the slab edges were free to rotate as shown 

in Figure 6.33b and Figure 6.33d. Since only a quarter of the slab was modelled, the slab 

was restrained in the x-direction in translational (U1) and rotational (R2 and R3) 

displacement. It was also restrained in the z-direction in translational (U3) and rotational 

(R1 and R2) displacement. The symmetric plan of steel support and top frame were not 

required to be restrained as they were fully fixed. 
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6.3.2.8 Analysis and Visualisation  

After the model had been created in the pre-processing stage using the above steps, the 

job was defined and named for the full analysis in the “Job Manager” tool box. Using the 

job module, the finite element model was converted into finite element code and 

submitted to the solver. At the beginning of the analysis, ABAQUS/CAE first generated 

an input file representing the defined model and then the solver performed the analysis.  

Because the general-static method as described in Section 6.3.2.3 was used, the duration 

of the analysis was dependent on the mesh size and material properties. During the 

analysis, the job was monitored using the “monitor” function for any errors or warning 

messages. Once the analysis was run without error messages, the visualisation module 

was used to interpret the results. To view the results, outputs were requested. In 

ABAQUS, two types of output requests are available: field output and history output and 

both types of output can be specified by creating output requests. However, because the 

analyses can create very large amounts of output and in ABAQUS output can be 

controlled and managed, only required data to interpret the results of the simulation were 

produced. In this study, the displacement, stress and strain data over the whole slab model 

and the reaction forces for a relevant direction at the support were requested in the field 

output. Figure 6.34 to 6.37, shows the analysed models for a 45 mm thick slabs.  

 

 
(a) TWO-WAY-FF45            (b) TWO-WAY-SS45 

 

      

(c) ONE-WAY-FF45            (d) ONE-WAY-SS45 

Figure 6.34: Deformed shape for 45 mm slabs. 
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(a) TWO-WAY-FF45       (b) TWO-WAY-SS45 

 

(c) ONE-WAY-FF45       (d) ONE-WAY-SS45 

Figure 6.35: Stress contours for 45 mm slabs. 

 

  

(a) TWO-WAY-SS45       (b) ONE-WAY-SS45 

Figure 6.36: Plastic strain (PE) contours showing crack locations for 45 mm slabs. 
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(a) top section of TWO-WAY-FF45   (b) bottom section of TWO-WAY-FF45 

 

  

(c) top section of ONE-WAY-FF45    (d) bottom section of ONE-WAY-FF45 

Figure 6.37: Plastic Strain (PE) contours showing the location of cracks. 

 

6.4 Concluding Remarks  

The FE analysis was carried out to examine the reliability and efficiency of ABAQUS 

software using both concrete smeared cracking (CSC) and concrete damage plasticity 

(CDP) in capturing the structural behaviour of UHPFRC. The examination showed that 

the CSC model is limited in capturing the behaviour UHPFRC material and its stability 

and efficiency reduces as the parameters of the model changed. The model experienced 

convergence difficultly as the load reached its ultimate peak load. Whereas the CDP 

model showed to be very efficient and capable of capturing the structural behaviour of 

UHPFRC at all stages, especially linear elastic and strain-hardening stage. Therefore, a 

reliable nonlinear FE analyses for notched three-point bending tests, using a CDP model 

in ABAQUS are developed in this chapter. Nonlinear FE analyses using CDP model for 

one-way and two-way UHPFRC slabs were also developed. 

The procedure to create the model including: part creation, step, element types, mesh 

convergence studies and contact behaviour are provided. The implementations of load 

and boundary conditions are also provided. Preliminary analyses with elastic moduli 
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ranging from 44 to 48 GPa and Poisson’s ratios from 0.20 to 0.24, have shown that 

changes in these parameters had no effect on the results. Preliminary analyses have also 

shown that changes in dilation angle, viscosity or other parameters had no effect on the 

results. Investigation of various elements in the beam model showed that the CPS4R solid 

element gave the most accurate results. Mesh sensitivity studies showed that an element 

size 2.5 mm near the centre was sufficiently accurate to model all the beam sizes. 

Preliminary analysis for various element types such as 3D and shell elements were also 

investigated for slabs and the results showed that the S4R shell element was the most 

accurate element type to capture the behaviour of both one-way and two-way slabs in 

both FF and SS boundary conditions. Mesh convergence studies were carried out and the 

results showed that an element size of slab thickness t/5 gave accurate results for both 

one-way and two-way slabs.  

In design, the required parameters are often the load-displacement relation of a structural 

member, especially the ultimate load carrying capacity and corresponding deflection. The 

CDP model using the input data such as tension stiffening, compression hardening and 

tension damage obtained from material testing, were able to capture the structural 

behaviour of beams and slabs in terms of load-displacement relationship and crack 

propagation. The results of this developed model agreed well with the available 

experimental test data and a discussion of the results is presented in Chapter 7. However, 

it is important to mention that these conclusions need be validated using further 

experimental testing, before it can be used exclusively.  
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CHAPTER 7 
 

DISCUSSION OF FINITE ELEMENT RESULTS 

 

Due to the lack of knowledge in the available literature regarding the structural behaviour 

of UHPFRC slabs, the main concern in this study was to investigate the structural 

behaviour of slabs under static loading both experimentally with custom set-up 

procedures and numerically using ABAQUS. In this chapter, the FE analysis results using 

the Concrete Damage Plasticity (CDP) model in ABAQUS/Standard are presented. The 

model behaviour is validated by the experimental uniaxial tensile and compressive tests 

and discussed in this chapter. The behaviour of the model at an element level was also 

investigated using single element modelling for both solid and shell elements.  

The results of numerical analyses were compared to the corresponding experimental work 

on both one-way and two-way slabs described in Chapters 4 and 5, respectively. This was 

used to capture the experimental data in terms of load-displacement relationships, failure 

modes, cracking load and ultimate load carrying capacity. The results of the experimental 

data for both one-way and two-way slabs at the serviceability limit state (SLS) are 

compared to the no cracking SLS criterion proposed by the AFGC, which does not allow 

cracking to occur in the elastic stage. The practicality of the AFGC proposed 

recommendation in design is discussed. 

As detailed in Chapter 2, this study was also concerned with an investigation of the size 

effect phenomenon on nominal strength of notched beams under three-point bending by 

a process of experimentation and FE analysis. Since only a few studies are available in 

the literature regarding size effect behaviour of UHPFRC, a detailed experimental 



CHAPTER 7               DISCUSSION OF FINITE ELEMENT RESULTS     

 

- 230 - 

investigation described in Chapter 3 was compared to the nonlinear FE simulations 

described in Chapter 6.  

The FE analysis was also used to predict the structural behaviour when the depth of the 

UHPFRC beams and slabs vary, especially for those that are too expensive to be tested. 

Finally, discussions and conclusions are drawn for the all the models employed to 

simulate the structural behaviour of UHPFRC beams and slabs. The effectiveness and 

limitation of the numerical model in capturing the bending behaviour of UHPFRC beams 

and slabs during all stages of loading as well as failure modes are also provided. 

 

7.1 CDP Model Validation Using Material Testing   

In order to further validate the CDP model, the tension and compression tests conducted 

by Hassan (2013) were modelled. To do this, the reliability of the model was validated 

using two different approaches. Firstly, to investigate the model at a structural level, the 

complete dog-bone shaped and cylinder specimens were modelled and compared to the 

experimental data. Secondly, a single element was modelled to investigate the CDP model 

at element level.   

 

7.1.1 Complete Material Test Modelling   

The preliminary investigation showed that the model is capable in capturing the structural 

behaviour of beams and slabs but to further ensure that the CDP model behaves as 

expected, the developed CDP model is used to model the material testing. The complete 

dog bone shaped specimen for tension and cylinder shaped specimen for compression 

conducted by Hassan (2013) were modelled. The results of the numerical model 

compared to the experimental tests data presented in Hassan (2013) are shown in Figure 

7.1. It is important to mention that the (C3D8R) eight-node linear brick reduced 

integration 3D-element was used in this investigating as the four-node linear reduced 

integration shell-element (S4R) cannot be used to model the cylindrical shaped specimen 

due to its geometrical restrictions. However, the S4R element has been used in the 

following section to investigate the model behaviour at element level. 
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(a) Tension 

        

              

(b) Compression 

Figure 7.1: Experimental and numerical outcome. 
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The experiment work conducted by Hassan (2013) showed all the specimens in tensile 

testing failed with major cracks at the neck of the specimens. However, the location of 

the cracks varied within the weaker section of the specimens as detailed in Hassan’s 

thesis. Looking at the numerical outcome, it can be seen that the stress is the greatest at 

the neck of the dog bone specimen and the possibility of failure crack is likely to occur at 

the specimen neck as it happened during the experiment. Similarly the compression result 

showed the specimen failure occurred due to the Poisson’s ratio effect. During the 

compression test, concrete specimens usually undergo lateral expansion whereas the steel 

platens do not undergo lateral expansion to the same extent as the concrete specimens. 

The difference in the lateral expansion between the concrete and adjacent steel platens of 

the testing apparatus creates a tangential force. Therefore, as a result, in addition to the 

compressive stress, the lateral shearing stress affects the concrete specimen’s failure. 

Therefore, the failure modes in the experiments occurred due to several major cracks 

leading to disintegration of part of the concrete as well as a few wing cracks across the 

specimen geometry. 

The main aim of these material properties investigations was to determine the capability 

of the CDP model in capturing the material property behaviour. The result of the 

numerical model in terms of stress-CMOD relationship for uniaxial tensile and stress-

strain relationship for uniaxial compression test were plotted against the experimental 

data reported by Hassan (2013) as shown in Figure 7.2 and Figure 7.3, respectively.  

The uniaxial tensile test was examined using three different meshes with an element size 

of 8, 6 and 4 mm with an aspect ratio close to 1, as shown in Figure 7.2. It can be observed 

that the prediction obtained from the developed FE model agrees well with the 

experimental data at all loading stages. Looking at Figure 7.2a, the model simulated the 

elastic and strain hardening region successfully. It can be seen that the effect of the mesh 

dependency on the result is also very minimal at the elastic and strain hardening stage, 

whereas a small discrepancy can be seen in the softening region. The discrepancy in the 

softening region between the two smaller meshes is less than 5%. In addition, further 

reduction in the element size only increased the computational time and led the model 

into convergence difficulties. Therefore, an element size of 4 mm is recommended to be 

used to model the uniaxial tensile test of UHPFRC using the developed CDP model. As 

explained previously and reported in the literature, due to the randomness of fibres within 
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the matrix, considerable scatter can be seen in the experimental data especially in the 

softening region. However, the results of the model in the softening region are also within 

the scatter region of the experimental data as shown in Figure 7.2b. Therefore, it can be 

concluded that the model is capable in capturing the UHPFRC material behaviour under 

uniaxial tension. 

The model’s ability to reproduce the concrete behaviour under monotonic uniaxial 

compression is also verified and compared to the experimental results of Hasson (2013). 

It is important to mention that the softening stage of compression hardening shown in 

Figure 6.8b were included in the model to investigate the uniaxial compression test. 

Similar to the tensile test, three different meshes were adopted to investigate the mesh 

convergence study and element sizes were 8, 6 and 4 mm with an aspect ratio of 1.05, 1.1 

and 1.01, respectively as shown in Figure 7.3. The meshing techniques based on global 

seeding control were used to obtain results with high accuracy, in particular for the peak 

response.  

Comparing the results, the nonlinear numerical performance predicted by the CDP model 

obtained stress-strain behaviour very close to the experimental results in all loading 

stages. However, looking at the figure, very small variations can be seen between the 

mesh with an element size 8 mm and meshes with 6 and 4 mm in terms of the peak load 

but the difference between the two finer meshes were found to be less than 1%. Using 

element size smaller than 4 mm only increased the computational time with no changes 

in the accuracy of the result. Therefore, no results for element size smaller than 4 mm are 

not shown here. Furthermore, the variation between the three meshes in the strain 

softening was found to be minimal and they all lie within the scatter of the experimental 

data. This again shows the capability of the model in capturing the material properties 

under the uniaxial compression test. It is suggested that an element size of 4 mm is 

sufficient to reproduce the uniaxial compression test of UHPFRC tested by Hassan 

(2013).   

 



CHAPTER 7               DISCUSSION OF FINITE ELEMENT RESULTS     

 

- 234 - 

 

Figure 7.2: Comparison between CDP model and experimental test result under uniaxial 

tension test. 
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Figure 7.3: Comparison between numerical model and experimental test results under 

uniaxial compression. 

 

7.1.1 Single Element Modelling   
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(a) C3D8R solid element     (b) S4R shell element 

Figure 7.4: Single element model under uniaxial tension. 

 

 

(a) C3D8R solid element     (b) S4R shell element. 

Figure 7.5: Single element model under uniaxial compression. 

 

The stress-CMOD and stress-strain curves obtained from the numerical model using 

C3D8R solid and S4R elements for uniaxial tension are plotted against experimental data 

obtained from Hassan (2013) are shown in Figure 7.6 and Figure 7.7, respectively. 

Similarly, the results of the model for uniaxial compression are also plotted against the 

experimental data as shown in Figure 7.8 for the C3D8R solid element and Figure 7.9 for 

the S4R shell element. 

Figure 7.6 and Figure 7.7 show good correlation between the model and the 

experimentally observed response for UHPFRC material subjected to uniaxial tension in 
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elastic and strain hardening stages. In general, the model shows similar behaviour for both 

solid and shell elements and represents the fundamental characteristics of UHPFRC 

material response well up to the peak load. Whereas, in the softening stage, the model 

underestimates the accumulation of plastic strains when compared to the experimental 

data and does not predict the observed reduction of elastic material modulus. Given the 

considerable variation in experimental data obtained by Hassan (2013) in the softening 

stage, in particular, prediction of the CDP model to represent the results of a single 

experimental test is inappropriate. Instead, the model needs to be compared to the typical 

response of concrete. Therefore, the result of the model is not far from the lowest 

experimental response. However, the lower behaviour of the model using a single element 

model can be classified into the following aspects. Firstly, the response of UHPFRC is 

determined by the formation of a continuous single crack and global mechanism such as 

microcracking, hence the material damage (reduced material strength and stiffness) 

associated with cracks which distributed over the entire volume of the dog-bone shaped 

specimen rather than a single element. Therefore, the fracture strain and damage evolution 

value which is used in the simulation was obtained by the global mechanism behaviour 

of the concrete, so it is very difficult to obtain the numerical results which match the 

experimental curve using single element modelling. Secondly, similar to the experimental 

procedure, in the simulation process, the stress which concentrated along the machine 

direction are obtained and averaged from the applied force rather than a specific area of 

the specimen. Finally, the single element model implies that the whole of the concrete 

model geometry is activated and the element is not restrained laterally, whereas in full 

modelling, similar to the laboratory testing, elements are partially restricted by the 

neighbouring elements to move laterally. This results in a higher stress requirement to 

converge the analysis. The aforementioned points may be the reason that the model 

becomes sensitive at element level, after the elastic stage.  
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Figure 7.6: Comparison between uniaxial tension test and numerical model using single 

solid elements. 
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Figure 7.7: Comparison between uniaxial tension test and numerical model using single 

shell elements. 
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Figure 7.8 and Figure 7.9 show the observed and predicted stress-strain responses for 

UHPFRC material subjected to uniaxial compressive loading for both solid and shell 

elements, respectively. Similar to the uniaxial tension, the result of both solid and shell 

elements under uniaxial compression were found to be almost identical. Data presented 

in both figures show that the models represent the typical response of concrete subjected 

to uniaxial compression except for the peak load. The CDP model predicts a greater 

reduction in elastic modulus at the peak load than is observed in experiments. However, 

the model does predict the response of concrete in softening with good accuracy. 

Moreover, the difference between the model and the experimental response in tension and 

compression is approximately 0.5 MPa and 10 MPa, which gives 5% and 6% difference, 

respectively. Lower estimations of the model are preferred than overestimation for design 

purposes. In general the model predicts the overall structural behaviour of the UHPFRC 

but it shows some sensitively when the material is investigated at an element level. 

Therefore, it would be recommended to undertake further experimental testing such as 

single fibre pull-out testing to include in the model so that the model can be calibrated to 

investigate the UHPFRC material at element level. 

 

 

Figure 7.8: Comparison between uniaxial compression test and numerical model using 

single solid elements. 
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Figure 7.9: Comparison between uniaxial compression test and numerical model using 

single shell elements. 
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behaviour and the crack patterns can be seen in the visualisation module using plastic 

strain components (PE). Beams with 60 mm depth are shown in Figure 7.10 as an 

example. Furthermore, during the experimental investigation, the load-CMOD was 

monitored and it was observed that the microcracks began to appear at a CMOD of 

approximately 0.05 mm. Plotting PE in the visualisation, the FE analysis results showed 

that the appearance of the crack pattern compared well to that seen in the experiments.  

As explained in Section 3.4.2, although the beam geometry, boundary and loading 

conditions are all symmetric, there is a considerable scatter in the experimental results of 

three tests for one beam design due to random distributions of discontinuous short steel 

fibres. In addition, the cracks in some of the beams are slightly tortuous and deviate away 

from the beam central lines, thus unsymmetrical crack paths cannot be accurately 

simulated by the homogenous FE models developed in this study, and can only be 

simulated by those models considering the random heterogeneity directly (Su et al., 2011) 

or indirectly (Wille and Naaman, 2012). Since it was assumed in the FE analysis that 

fibres are uniformly distributed in the matrix and the beam is modelled as a homogeneous 

material, the developed model can only predict symmetrical crack paths. Therefore, it was 

unlikely that the model would predict the exact crack path as it occurred during the 

experiment. However, the FE model appears to capture the material performance 

effectively and predicted the crack direction accurately as seen in the experiment. The 

simulated crack path for the 90 mm beam with displayed stress and tensile damage 

contours are shown in Figure 7.11. 
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Figure 7.10: Crack pattern in process of analysis. 
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Figure 7.11: The model damaged contours compared to the experimental test results. 

 

7.2.2 Load-CMOD Curves 

The three load-CMOD curves from the bending tests and the average curve are compared 

with the CDP-based numerical results in Figure 7.12 to 7.16, for each beam depth. In the 

case of the very small displacements, all the curves follow the linear relationship between 

the load and the CMOD obtained from the experiment. This behaviour was observed 

clearly in the FE analysis for all the beam specimens shown in Figure 7.12 to 7.16. During 

the analysis, as the load was increased, it was noticed that the curve changes from its 

linear slope to a nonlinear ductility (hardening behaviour) as occurred in the experiment. 

During the experiment at this point, it was observed that certain areas of the concrete 

suffered tensile stresses larger than the matrix tensile resistance; cracks at the tension face 

resulted in changes in elastic modulus of the beam. This causes the curve to change from 

linear to nonlinear behaviour. It appeared that the material properties introduced in the 

model such as tension stiffening and compression hardening captured this transformation 

as the model follows the experimental curves in the strain-hardening region. However, 

for the shallowest beam with a depth of 30 mm, the model underestimated this behaviour 
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when compared to the experimental curves. The discrepancy may be due to the test 

procedure, in which the pre-load of 2 kN was too close to this beam’s peak load of about 

of 2.5-3.5 kN, as shown in Figure 7.12. This can also be due to the effect of fibres tending 

to align themselves parallel to the surface and perpendicular to the line of action of the 

force as explained in previous chapters.  Furthermore, the load-CMOD curves from the 

model are similar to the experiment showing a similar transformation between linear to 

nonlinear occurring at a crack opening of 0.05 mm. Therefore, damage contours were 

obtained for all the beams at a CMOD of 0.05 mm. The results show that beams with 30 

mm depth are similar to the other beams and very small damage of approximately PE = 

0.005 can be seen at the centre as shown in Figure 7.17. 

The second stage of load-CMOD was predicted by the model and the result showed that 

a very small area covered in this region ended at a CMOD of approximately 0.40-0.50 

mm. During the experiment, similar behaviour was seen (see Figure 7.12 to 7.16), 

indicating that the material properties included in the FE models were accurate. In the 

descending (softening) region, the FE analysis showed the curve has a steeper slope with 

increasing values of CMOD if compared to the experimental results. The axial load 

started to decrease after the beam reached its peak load and in this region, the iteration 

time converged faster compared to the strain-hardening region. As the analysis progressed 

beyond the elastic region, the elements started to change from their original shape 

especially those at the centre of the beam where the stress is at its greatest. According to 

the ABAQUS manual, these elements require a new elastic modulus and this is a complex 

procedure. The CDP model assumes that the reduction of the elastic modulus can be given 

in terms of a scalar degradation variable as shown in Equation (7.1): 

 

E = (1 - dt  ) E0         (7.1) 

 

where E and E0 are the damaged and initial elastic moduli, respectively. From the above 

equation, E can be obtained as the beam analysis progresses as shown in Figure 7.18. This 

figure shows that the elastic modulus of the beam reduces significantly as the crack 

widens due to the slippage of fibres during the experiment. Based on the equation built 

into the ABAQUS software (Equation 7.1), new elastic moduli were calculated and used 

at each increment to capture the nonlinear region of the curve. These calculations were 
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based on the material properties included in the model.  The results showed that the model 

accurately captured the ascending and descending regions with the reduced elastic 

modulus for all the beam specimens. Looking at Figure 7.12 to 7.16 shows that the 

CMOD of the peak load is under-predicted by the FE model for the beam below a depth 

of 120 mm but the FE results lie within the spread of the data. As reported in the literature, 

a considerable variation can be seen in the concrete data results for the same geometry 

and mix design especially in the nonlinear regions. This variation increases when short 

fibres are included in the concrete. Therefore, the scatter in the data in the ascending 

regions indicates that the variation needs to be considered in the design of UHPFRC 

members.     

Due to the random distribution of steel fibres, a considerable scatter can also be seen in 

the softening region and this changes from one beam depth to another. However, except 

for the beams with 60 and 90 mm depth, the FE model results lie in the experimental 

range. The differences between the FE analysis and experimental data for specimens 

below 120 mm in the softening region could be due to two reasons. Firstly, softening 

behaviour in UHPFRC is highly dependent on the fibre-bridging action and this depends 

on the fibre orientation in the matrix. Since the thickness of these specimens is large 

enough for the fibres to orientate randomly, the orientation of fibres can change from one 

specimen to another, resulting in changes in the fibre-bridging action. Because there are 

no reinforcing steel bars in the UHPFRC and only fibres control the two cracked faces, 

more fibre contribution to the fibre-bridging action makes the strength reduction slower 

in the softening behaviour over a wide range of deflections. This results in a stiffer 

softening behaviour. Secondly, as shown in Equation 7.1, the prediction of the softening 

behaviour by the model is based on the calculation of a new effective elastic modulus. 

This new elastic modulus is calculated using the input data introduced to the model. Since 

the material input data was obtained using material testing data and does not consider the 

randomness in the fibre-bridging action, it may lead to an underestimation in the softening 

behaviour. In some of the specimens with a similar geometry a difference of up to 25% 

can be seen as well as a difference of up to 35% between the model and the experimental 

results. Therefore, a variation of at least 25% is essential to be considered in designing 

UHPFRC if softening behaviour is considered. 



CHAPTER 7               DISCUSSION OF FINITE ELEMENT RESULTS     

 

- 247 - 

Experimental and numerical peak loads F and Fn for all the beams are shown in Table 

7.1. Except for the beams with a depth of 30 mm, the simulation accurately predicted the 

experimental peak load.  This can be due to the effect of fibre alignment or testing setup. 

Fibre bridging can have a considerable effect in preventing a small crack growing into a 

large crack, resulting in an increase in the peak load during the experiment. Whereas, in 

the simulation this is not the case and the load determined is based on the material 

parameters used. The above analyses demonstrate that the CDP-based FE models are 

capable of predicting the elastic range, strain hardening and ultimate load-carrying 

capacities of the UHPFRC beams with good accuracy. Since the aim was to investigate 

the size effect behaviour and size effect is determined from the ultimate load, parametric 

studies can then be carried out for beams with greater depths. 

 

 

Figure 7.12: Load-CMOD curves for D30 beams. 
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Figure 7.13: Load-CMOD curves for D60 beams. 

 

 

Figure 7.14: Load-CMOD curves for D90 beams. 
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Figure 7.15: Load-CMOD curves for D120 beams. 

 

 

Figure 7.16: Load-CMOD curves for D150 beams.  
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Figure 7.17: Damage at the end of linear stage (a) D30 (b) D60 (c) D90 (d) D120 (e) 

D150. 
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Figure 7.18: Shows reduction in the elastic modulus.
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Table 7.1: Experimental and numerical results for beam specimens. 

 

 

 

 

No. 

Experimental 

peak load F (kN) 

Average F 

(kN) 

Numerical 

peak load Fn 

(kN) 

Nominal 

flexural strength 

ff (MPa) 

Average 

ff (MPa) 

Numerical 

flexural strength 

ffn (MPa) 

Log d 
Error 

|ff - ffn|/ ff 

D30 

1 2.50 

3.17 2.81 

20.00 

25.33 22.32 1.48 11.8% 2 3.50 28.00 

3 3.50 28.00 

D60 

1 8.40 

10.13 10.52 

16.80 

20.27 21.00 1.78 3.6% 2 10.50 21.00 

3 11.50 23.00 

D90 

1 23.10 

22.03 23.07 

20.53 

19.59 20.48 1.95 4.7% 2 22.30 19.82 

3 20.70 18.40 

D120 

1 36.80 

40.73 40.23 

18.40 

20.37 20.11 2.08 1.2% 2 45.60 22.80 

3 39.80 19.90 

D150 

1 65.30 

60.13 61.75 

20.90 

19.24 19.76 2.18 2.7% 2 61.50 19.68 

3 53.60 17.15 
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7.2.3 Size Effect 

As the main purpose of the beam tests was to investigate size effect behaviour, Table 7.1 

summarises the experimental and numerical nominal flexural strength, ff and ffn 

respectively for all the beams. The ffn  for all the numerical models were calculated using 

the following equation from (British Standards Institution BS EN14651:2005+A1, 2007): 

 

2)(2

*3

n

n
f

ddb

lF
f


                  (7. 2) 

 

where l is the span length between the two roller supports, b is the beam width, d is the 

beam depth and dn is the notch depth. The numerical result showed that all beams failed 

at an ffn of around 20 MPa (see Table 7.1) and proved that the strength does not depend 

on the size of the element. It can be seen that the numerical result agreed with the average 

experimental data except for d=30 mm, the differences between the two results are less 

than 5%. These slight differences may be caused by the assumption of material 

homogeneity, and the different properties used in the modelling. For example, an elastic 

modulus (E) of 45.0 GPa was used in numerical modelling, but the values from the 

experiments varied between 44.0 GPa to 47.0 GPa.  

Since experimental work can be very expensive to conduct for the full-size structures and 

knowing that the modified CDP model can predict the behaviour of UHPFRC beams 

under static load, a parametric study has been performed. The change in the specimen 

depth is the main parameter for this study. Extra CDP-based FE simulations for beams 

with d =180, 210, 240 and 300 mm were then carried out for an analysis of size effect. 

The nominal flexural strength ff versus log d results from all the experimental and 

numerical results were plotted in Figure 7.19. It can be seen that the ffn from the numerical 

simulations for all these large sizes are also around 20 MPa. It is therefore, a finding of 

this study, placing the UHPFRC material on the horizontal part on the general size effect 

curve, namely, it follows the strength criterion which specifies that the structural failure 

is characterised by ductile yielding. This FE analysis confirms that the size effect in 

structures made of cementitious materials could be eliminated by adding a high volume 

of ductile fibres, as reported by Lepech and Li (2003 and 2004) in the similar material 

ECC. More recently, Wille and Parra-Montesinos, (2012) showed that changes in beam 
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specimen size had little influence on the peak flexural strength. Therefore, it can be 

concluded that size effect phenomenon can be ignored in UHPFRC beams up to size of 

300 mm in depth or the current size effect law cannot be applied. 

 

 

Figure 7.19: Size effect on the nominal flexural strength of UHPFRC beams. 
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7.3.1 Failure Modes 

On inspection of the experimental results, stress induced at the centre of the slabs resulted 

in a single tensile crack forming on the bottom surface of the slab for both FF and SS 

boundary conditions. The model predicted results in good agreement with the 

corresponding experimental data as illustrated in Figure 7.20 and Figure 7.21. In the case 

of SS boundary conditions, the slabs edges were free to rotate, resulting in lower contact 

with the support than the slab with FF boundary conditions. The rotational restraint and 

higher contact surface with the support from FF boundary conditions resulted in higher 

stresses (Figure 7.20) than for the SS boundary conditions (Figure 7.21) at the same 

displacement. For slabs with SS boundary conditions, as the initial stage of the loading 

subjects the slabs to pure bending, axial loads cause the slab centre to become more 

stressed while the edges become more relaxed but still experience small tensile stresses. 

As the loading continues, concrete experiences cracking in the tensile zone and does not 

receive any further stress in this area, while in the FF slabs in the compression surface, 

compressive stresses, which first occur near both supported edges, propagated along the 

support. It can be observed that at displacements of 0.30 to 0.40 mm, microcracks appear 

in all the slabs with FF boundary conditions and they all change from linear behaviour to 

the strain-hardening region, while the slabs with SS boundary conditions are still partly 

in the linear elastic region. This observation agrees well with the specimens tested in this 

study. 

It is known that the FE analysis using CDP is not capable of capturing the failure mode 

of OC. In order for the model to capture the failure modes, the extended finite element 

method (XFEM) must be incorporated in the analysis and this is not a straightforward 

task. Moreover, this task gets further complicated as the fibres are randomly distributed 

and orientated in the matrix. To capture the failure mode of a UHPFRC structure, the 

CDP model needs to be incorporated with a specially designed and efficient algorithm 

using a computer programme such as MATLAB as well as XFEM parameters and this is 

beyond the scope of this study. Due to this reason, very few studies have attempted to 

model the fibres individually and these studies have only considered a simple and single 

geometry. Developing a model to capture the failure modes when boundary conditions 

and geometry changes is complex and challenging. Furthermore, it requires a high 

computational cost associated with the large number of fibre and difficulties of obtaining 

a fibre-matrix bond. Therefore, the FE model developed in this study is not capable of 
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showing the physical cracks. However, it is capable of showing the stress distributions of 

tensile face and compressive face as shown in Figure 7.20 and Figure 7.21. Both figures 

highlight the regions where the stress is the highest within the slab. The stresses increase 

as the load on the slab structure concentrated above, where the point load and the slab 

surface meet. The stress at the centre in the FF slabs is found to be greater than the stress 

at the slab supports.  

 

  

Figure 7.20: Stress distribution against test failure mode for the 45 mm one-way slab 

with FF boundary condition. 

  

  

Figure 7.21: Stress distribution against test failure mode for the 45 mm one-way slab 

with SS boundary condition. 
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In addition, due to the random distribution and orientation of steel fibres in the matrix, 

the formation of macrocracks on the tensile face cannot be simulated by models that 

consider the random heterogeneity (Su et al., 2011) or those where the crack position is 

known in advance (Meda and Plizzari, 2004). In addition, modelling the adhesive bond 

stress mechanism between fibres and matrix is complicated and cannot be obtained 

directly from ABAQUS (Nwankwo et al., 2013). Therefore, no attempt was made to 

simulate discrete crack propagation in this study. When taking into consideration the 

difficulties, necessary time and cost to conduct an experimental test, parameterised 

nonlinear finite element analysis is very reliable and preferable technique to investigate 

nonlinear behaviour of UHPFRC. 

Unlike the concrete models based on discrete crack modelling, the CDP model does not 

have the ability to show the physical cracks developing at the material integration points 

(ABAQUS, 2013). However, it is possible to obtain the concept of an effective crack 

direction with the purpose of obtaining a graphical visualisation of the cracking patterns 

in the slab structure using PE output. In order to show the damage occurrence or crack 

locations of the slab specimens at the ultimate level, PE were extracted from the model 

for both FF and SS boundary conditions. To illustrate this, the 45 mm slab is shown for 

both FF and SS boundary conditions as shown in Figure 7.22 and Figure 7.23, 

respectively. During the experimental testing, the slab with FF boundary condition 

experienced compressive cracking on the top face of the slab which first occurred near 

both supported edges, propagated along the support. It can be observed that the model 

reproduced the compressive crack path, as it occurred during the experiment. For slabs 

with SS boundary conditions, cracks only occurred at the centre of the specimens and 

propagated toward the specimen edges. It can be seen that the CDP model seems quite 

realistic compared to the experimental result and the crack growth is captured in both 

boundary conditions. However, it also important to mention that the determination of 

crack location in CDP in ABAQUS is limited and purely based on the assumption 

proposed by Lubliner et. al. (1989), that cracking initiates at points where the tensile 

plastic strain is greater than zero and the maximum principal plastic strain is positive. 

Therefore, further experiments with the larger sizes need to be carried out in order to use 

the model exclusively.  
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(a) FE and experimental top face 

 

(b) FE and experimental bottom face. 

Figure 7.22: Damage result for 45 mm one-way slab with FF boundary condition. 

 

 

Figure 7.23: Damage result for 45 mm one-way slab with SS boundary condition.  
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As explained in Chapter 2, due to the random fibre distribution in the matrix, UHPFRC 

has high ductility compared to OC. This high ductility results in large deformations before 

failure. The rotation of the two edges which were resting on the support was significant 

compared to the slab’s overall central deformation in the SS boundary condition.  

However, no rotation of the two fixed edges was recorded for slabs with FF boundary 

conditions. The FE analysis using the CDP model confirmed this behaviour and the full 

models for both FF and SS boundary conditions are shown in Figure 7.24. In general, 

when taking into consideration the difficulties, necessary time and cost to conduct an 

experimental test, parameterised nonlinear finite element analysis is a preferable 

technique Therefore, this model can make a considerable contribution in future studies to 

better understanding the nonlinear structural behaviour of UHPFRC. 

 

 

(a) FF  boundary condition    (b) SS boundary condition 

Figure 7.24: Deformation shape for 45 mm one-way slabs. 

 

7.3.2 Load-displacement Curves 

The experimental load–displacement curves for the one-way slab specimens for each slab 

thickness and the average curve are compared with the CDP-based numerical results in 

Figure 7.25 to 7.28 for FF boundary conditions and Figure 7.29 to 7.32 for the SS 

boundary conditions, respectively. The experimental (Fs) and numerical (Fns) ultimate 

load for each slab specimen with an experimental average for both the FF and SS 

boundary conditions are also presented in Table 7.2 and Table 7.3, respectively.  

The predicted load-displacement curves in the linear elastic region are similar to the 

experimental load-displacement curves, where there is a steep rise in the load followed 
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by the strain-hardening region. It is clear that the initial elastic modulus introduced in the 

model very accurately captured the behaviour of the slabs in both the FF and SS boundary 

conditions. Both the FE simulations and experimental results show the end of the elastic 

region is at approximately 0.30 to 0.40 mm for both FF and SS boundary conditions. As 

the material extends beyond its linear behaviour, cracks begin to appear, resulting in the 

strain-hardening stage. It seems that the numerical simulation has accurately captured the 

strain-hardening behaviour of all the slabs in both the FF and SS series. It is recommended 

that a displacement of up to 0.40 mm can be allowed in designing UHPFRC one-way 

slabs in serviceability limit state (SLS) regardless of boundary conditions. It is important 

to mention that the UHPFRC material shows a stiffer behaviour in the elastic region with 

a small displacement.  

As previously mentioned, the results of the optimised section proposed by the French 

design guidelines (Association Francaise de Genie Civil–Service d’etudes Techniques 

des Routes et Autoroutes (AFGC/SETRA), 2002) suggested that the slab thicknesses are 

categorised for two types: thin and thick slabs. This assumption is based on no cracking 

at SLS.  Looking at the slab test results conducted here, this criterion may not be realistic. 

This is because the material only covers a very small portion of displacement before the 

occurrence of microcracks. The load at the end of elastic stage is significantly lower than 

the ultimate load for all the slab thicknesses with both FF and SS boundary conditions.  

For slabs with FF boundary conditions, the load to cause microcracking for the 25 mm 

slabs, ranged from 6 to 8 kN which is significantly lower than the ultimate loads that 

ranged from 22 to 26 kN as shown in Table 7.2. Similarly for 35 mm slabs, microcracks 

appeared when the load reaches approximately 20 to 22 kN, which is considerably smaller 

when compared to the ultimate load that ranged from 54 to 56 kN as shown in Table 7.2. 

A similar behaviour was also observed for both 45 and 60 mm slabs where microcracks 

occurred at a load range from 56 to 58 kN and 85 to 90 kN while the ultimate loads were 

92 to 95 kN and 148 to 155 kN, respectively.   

This considerable difference between the first cracking load and ultimate load is also 

observed for slabs with SS boundary conditions. The load to cause the appearance of 

microcracks for 25 and 35 mm slabs ranged approximately from 4 to 5 kN and 10 to 12 

kN, respectively. Whereas the ultimate load was 15 to 17 kN for 25 mm slabs and 27 to 

30 kN for 35 mm slabs as shown in Table 7.2. For thick slabs (45 and 60 mm), the 
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cracking load was found to be 19 to 22 kN and 55 to 60 kN, respectively. Similarly, the 

ultimate load was significant when compared to the cracking load and ranged from 51 to 

53 kN for 45 mm slabs and 98 to 107 kN for 60 mm slabs. This demonstrates that the SLS 

criterion proposed by AFGC may be conservative for UHPFRC slab systems. Since, the 

difference between first cracking load and ultimate load was at least 42% for one-way 

slab thicknesses, further testing such as fatigue investigations are needed to better 

understand the crack behaviour of UHPFRC as the no cracking criterion proposed by 

AFGC is highly conservative. A similar finding is also reported in the literature (Harris, 

2005). 

Although, in the elastic or strain-hardening region, the numerical performance predicted 

by the CDP model and the experimentally obtained load-displacement curves are rather 

close. A scatter in the pseudo-strain-hardening regions can be seen in the experimental 

testing. Therefore, a variation of 10% must be considered in this region in designing at 

the ultimate limit state, especially for slabs with the thicknesses of larger than 45 mm. 

This percentage allows for variations that may occur in the stain-hardening stage due to 

the fibre-bridging behaviour as fibres have a significant influence on the direction of 

microcracks. Moreover, in some of the slabs with a similar thickness, a difference of up 

to 25% can be seen in the softening region in the experimental results. Therefore, a 

variation of at least 25% should be considered in designing UHPFRC if softening 

behaviour is considered. Nevertheless, further experimental testing is needed in order for 

this recommendation to be used in design.  

The differences between the experimental average ultimate load Fs and numerical 

ultimate load Fn are less than 5%, except for the ONE-WAY-SS27 slabs as shown in 

Table 7.2 and Table 7.3. As reported in the literature and investigated in Chapters 4 and 

5, in thin slabs, fibres tend to be aligned more perpendicular to the direction of the load, 

due to the restriction in fibre orientation and distribution imposed by the thickness. 

Furthermore, the model agrees well with the experimental results and shows that the 

displacement at Fs is approximately 5 mm for slabs with 25, 27 and 35mm thickness and 

3.2-4.5 mm for slabs with 45 and 60 mm in both FF and SS boundary conditions.  

In general, the softening behaviour of the experimental test results for both the FF and the 

SS series was also reasonably predicted by the numerical simulation. However, the FE 

models tend to show a relatively stiffer behaviour with increasing load compared to the 
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experiments, especially for the ONE-WAY-SS27 slabs. This could be attributed due to 

the sensitivity of CDP model to one-way thin slabs with SS boundary conditions which 

have a thickness of only twice the fibre length. In addition, the consideration of fibre 

distribution in Chapter 4 showed that the fibres in thinner slabs tend to be parallel to the 

slab surface resulting in more fibres bridging between the two cracked faces. Whereas in 

the model, this behaviour could not be simulated as the concrete was assumed to be a 

homogenous material. Moreover, it is well-known that a variation of up to 10% can be 

seen in the experimental investigation of traditional reinforced concrete specimens at the 

nonlinear stage, where cracking has occurred. This variation may be further increased in 

UHPFRC specimens as the crack opening is dependent on the number of fibres that 

contribute to the bridging action. Therefore, a considerable difference between the 

numerical model and the experimental data is not surprising in the tension stiffening 

stage. However, this region of the material for thin members still requires further 

experimental testing in order for the model to adequately describe the behaviour and to 

better understand the softening region. 

Furthermore, the SD of the Fs is less than 5 kN and this gives a SE of less than 2.8 kN. 

The coefficient of variation (CV) indicates that there is little fluctuation only ranging from 

1.5% to 8.2% in the ratio of the experimental values to the average value and confirms 

the accuracy of the experiments. However, it suggests that the variation of 10% in the Fs 

is required to be considered in designing of both thin UHPFRC slabs (t <3lf) such as 25 

and 35 mm and thick UHPFRC slabs (t >3lf) such as 45 and 60 mm when ultimate load 

is considered. 
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Figure 7.25: Load-displacement curves for FF25 slabs. 

  

 

Figure 7.26: Load-displacement curves for FF35 slabs. 
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Figure 7.27: Load-displacement curves for FF45 slabs. 

       

 

Figure 7.28: Load-displacement curves for FF60 slabs. 
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Figure 7.29: Load-displacement curves for SS27 slabs. 

 

 

Figure 7.30: Load-displacement curves for SS35 slabs. 
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Figure 7.31: Load-displacement curves for SS45 slabs. 

  

 

Figure 7.32: Load-displacement curves for SS60 slab
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Table 7.2: Slabs experimental results with FF boundary conditions. 

Specimens Experiment  
Numerical 

ultimate  load 

Fns (kN) 

Error           

(Fs - Fns) / Fs 

Standard  

Deviation SD/ 

Error SE (kN) 

Coefficient of 

Variation (CV) 
Name No 

Cracking 

load Fc (kN) 

average 

Fc (kN) 

Ultimate load 

Fs (kN) 

average 

Fs (kN) 

ONE-WAY-

FF25 

1 6.3 

7.4 

26.7 

24.8 25.7 3.7% 2.0/ 1.0 8.2 
2 7.1 23.1 

3 8.0 25.0 

4 8.2 24.0 

ONE-WAY-

FF35 

1 20.2 

21.3 

56.1 

54.4 52.3 3.9% 0.8/ 0.5 1.5 2 21.7 54.7 

3 21.9 54.1 

ONE-WAY-

FF45 

1 56.1 

57.3 

92.0 

90.3 86.9 3.7% 4.8/ 2.8 5.4 2 57.8 83.7 

3 57.9 95.2 

ONE-WAY-

FF60 

1 85.2 

87.4 

155.6 

150.8 153.2 1.6% 3.4/ 1.9 2.3 2 87.3 148.3 

3 89.8 148.4 

 

 



CHAPTER 7                                                                  DISCUSSION OF FINITE ELEMENT RESULTS 

 

- 268 - 

Table 7.3: Slabs experimental results with SS boundary conditions. 

Specimens Experiment 
Numerical 

ultimate load Fs 

(kN) 

Error            

(Fs - Fns)/ Fs 

Standard  

Deviation SD/ 

Error SE (kN) 

Coefficient of 

Variation (CV) 
Name No 

Cracking 

load Fc (kN) 

average 

Fc (kN) 

Ultimate load 

Fs (kN) 

average 

Fs (kN) 

ONE-WAY-

SS27 

1 4.1 

4.5 

16.6 

16.5 15.58 6.2% 1.2/ 0.6 7.6 
2 4.2 17.2 

3 4.8 16.8 

4 4.9 15.5 

ONE-WAY-

SS35 

1 10.1 

10.9 

27.6 

29.1 28.39 2.8% 1.0/ 0.6 3.7 2 11.0 29.6 

3 11.8 30.1 

ONE-WAY-

SS45 

1 19.0 

20.0 

53.4 

52.1 50.95 2.3% 0.9/ 0.5 1.8 2 19.3 51.5 

3 21.9 51.3 

ONE-WAY-

SS60 

1 55.1 

57.5 

100.6 

102.0 99.24 2.7% 4.0/ 2.3 4.0 2 57.4 107.5 

3 60.1 97.9 
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In terms of design, it is only the linear and strain-hardening behaviour that are of interest 

and it appears that the discrepancy between the experimental and the numerical results is 

less than 5% in these regions. This discrepancy increases if the softening behaviour is 

considered. There is no doubt that the slab thickness has an effect on both the failure 

modes and load-displacement relationship. This may partly explain the slight discrepancy 

between the experimental and numerical results in the softening region. Overall, the good 

agreement between the FE simulations and experimental results presented in this study 

demonstrates the potential use of the CDP model to give accurate predictions of the 

behaviour of UHPFRC slabs.  

In reality, it would be impossible to capture the exact softening behaviour using a FE 

simulation for FRC. This is because, as the geometry changes, the position and orientation 

of fibres change. Furthermore, fibre orientation and distribution may change from one 

specimen to another. However, having a FE model that can predict reasonable results 

such as the model in this study, can contribute to the advancement of knowledge in terms 

of designing UHPFRC, since the material is still very expensive to test. 

 

7.3.3 One-way Slabs Parametric Study 

The FE model successfully predicted the structural behaviour in terms of cracking load, 

ultimate load as well as the failure mode. Therefore, parametric studies were conducted 

to understand the structural behaviour of the slab as the thickness further increases. 

Parametric studies were focusing exclusively on linear elastic and nonlinear region up to 

the ultimate load carrying capacity. The model was used to investigate the influence of 

the thickness on the cracking and ultimate load. To do this, slabs with both FF and SS 

boundary conditions with four thicknesses (75, 90, 105, and 120 mm) but with similar 

geometries were considered. The material properties used for the slab investigation were 

taken for the parametric studies. The results of these parametric studies are shown in 

Figure 7.33 and Figure 7.34 for both FF and SS slabs, respectively.  

Generally, there was not a significant change in the load-displacement behaviour of the 

slabs as the thickness increased if compared to the 25 to 60 mm slabs. As expected, when 

the slab thickness increased, the ultimate load of the member increased. Looking at the 

analysis results, it can be seen that the elastic regions began to transform to the strain-

hardening region as the central displacement reaches around 0.20 mm. However, the 
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major transformation takes place at a displacement of approximately 0.30 to 0.40 mm for 

all thicknesses with both FF and SS boundary conditions, as shown in Figure 7.33b-e and 

Figure 7.34b-e. These results are similar to the results for these thicknesses that are 

investigated experimentally in this study. Once again the FE analyses confirm the linear 

elastic behaviour of one-way slabs and it showed that the end of the linear elastic region 

can be captured accurately. The loads at the end of this region were approximately 132.4, 

197.9, 276.8 and 366.2 kN for slabs with FF boundary conditions and 74.2, 114.8, 164.2 

and 223.6 kN for slabs with SS boundary conditions, as shown in Table 7.4.  

In the experimental study, the FF slab with 60 mm thickness exhibited a 67% increase in 

the ultimate load compared to the 45 mm thick slab as discussed in Chapter 4, Section 

4.2.4. After the parametric studies were carried out, slabs with 75 mm thickness showed 

that the ultimate load increased to 252.1 kN which gives a 67% increase as illustrated in 

Table 7.4. Whereas, the ultimate load in slabs with 90 mm thickness was only increased 

by 32%. Finally, when the slab with thickness of 120 mm was analysed, the ultimate load 

of 650.4 kN was recorded with an increase of 33% when compared to the 90 mm thick 

slabs. These results indicated that the percentage increase in the ultimate load reduced 

significantly as the thickness increased. This trend was also found in the experimental 

study between thicknesses of 25 and 60 mm.  

As discussed in Chapter 4, Section 4.2.4, the ultimate load in slabs with the SS boundary 

conditions increased by 96% when the slab thickness increased from 45 mm to 60 mm. 

The parametric study results shown in Table 7.4, illustrate that the ultimate load of the 75 

mm thick slab was 171.1 kN and increased by 68% compared to the 60 mm thick slabs. 

When the 90 mm thick slab was studied, the result showed an increase in the ultimate 

load was 57%, whereas, the increase was only 30% for the 105 mm thick slab. After the 

final thickness was analysed, the ultimate load of 482.5 kN was achieved. This gives an 

increase of 38% when compared to the 105 mm thick slabs. Similar to the FF slabs, a 

significant reduction in the percentage increase of the ultimate load could be seen in the 

SS slabs. However, it is important to mention that the values illustrated in Table 7.4, were 

chosen based on the transformation from the strain hardening region to the strain 

softening region rather than the highest point along the curves. 

As expected, the results showed that the fibre pull-out load increased with the increase in 

the thickness but the percentage increases in the SS slabs was not as significant as for the 
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FF slabs. Furthermore, as explained in Section 4.2.3, experimental work showed that the 

fibre pull-out behaviour in thick slabs (45 and 60 mm) occurred at smaller displacements 

of 3 to 4.5 mm compared to thin slabs (25 and 35 mm) of approximately 5 mm. This was 

due to the large space in the matrix allowing fibre to position more randomly, thus the 

possibility of less fibre bridging was seen in slabs in both FF and SS boundary conditions.  

Although, the model does not consider fibre randomness, it includes parameters such as 

tension stiffening, tension damage and compression hardening in order to capture the true 

trend of the load-displacement curve based on the damaged elastic modulus calculated by 

the model. The behaviour of the load-displacement curve captured in the model was based 

on the geometry and changes as the thickness changes. Changes in the structure geometry 

result in different stress distributions in the localised area (crack area) and changes in the 

element original shape. As the element changes its original shape, the model produces a 

new elastic modulus based on the parameter dt as shown in Equation 7.1. As detailed in 

Chapter 6, the degradation damage is calculated according to the stress value within the 

damaged elements, thus a new elastic modulus is calculated. Moreover, the tension 

stiffening and compression hardening purpose were to capture the fibre pull-out action as 

the structure goes beyond the elastic region. Therefore, the behaviour of thick slabs can 

be captured by the FE model accurately. This confirmed and agreed with the experimental 

data that thick slabs reached the ultimate load at smaller displacements compared to thin 

slabs.  The results of parametric studies for the larger thicknesses are shown in Table 7.4. 

The FE results also showed that the displacement for the ultimate load was reduced to as 

low as 2.2 mm when the 120 mm slab was studied. Therefore, in one-way UHPFRC slab 

designs, especially in bridge decks, it is essential to consider the influence of geometry 

on ultimate load behaviour. The parametric study showed that the FE model can be used 

to capture the structural behaviour of one-way slabs with different geometries and it can 

be used for evaluating the design standard of UHPFRC members. However, experiments 

with sizes similar to the parametric study need to be carried out in order to affirm the 

conclusions regarding the effect of slab thickness on the cracking and ultimate load 

carrying capacity.  
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Figure 7.33: Parametric study of FF two-way slabs. 
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Figure 7.34: Parametric study of SS one-way slabs. 
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Table 7.4: Parametric results for both FF and SS one-way slabs. 

Thickness 

(mm) 

Fully fixed Simply supported 

Linear 

elastic 

load 

(kN) 

End of strain-hardening Linear 

elastic 

load 

(kN) 

End of strain-hardening 

Ultimate 

load (Fns) 

(kN) 

Displacement  

wns (mm) 

Ultimate 

load (Fns) 

(kN) 

Displacement  

wns (mm) 

75 132.4 252.1 3.2 74.2 171.6 4.2 

90 197.9 367.1 3.0 114.8 270.4 4.7 

105 276.8 482.5 2.2 164.2 350.7 4.1 

120 366.2 640.4 2.0 223.6 482.5 3.9 

 

7.4 Comparison of Results of Two-way Slabs 

The results of the numerical model developed in Chapter 6 for two-way slabs are 

presented in this section. These results are compared to corresponding experimental data 

provided in Chapter 5, to validate the FE analysis in terms of failure mode, load-

displacement relationships and crack patterns. The capacity of the model to capture the 

structural behaviour of two-way slabs with different geometry and boundary conditions 

is evaluated. The developed FE model was then used to conduct parametric studies for 

slabs with larger thicknesses. 

  

7.4.1 Failure Modes 

During the experiments, the loads were applied using displacement control subjected to 

a static loading in both the FF and SS series. To ensure that the static condition was also 

met in the numerical analyses, the reaction forces, stresses, deflection and plastic strain 

were set as output items. After the model was completed, as expected the numerical 

analysis was unable to simulate the failure modes (tensile cracks) of the two-way slabs 

described in Chapter 5. This is a limitation of the homogenous models adopted in this 

study, and can only be simulated by those models considering the random heterogeneity 

(Su et. al., 2011) or those where the crack position is known in advance (Meda and 

Plizzari, 2004). As explained in Section 7.2.1, due to the limitation of the CDP model, 

the physical cracks cannot be obtained. However, it is capable of showing the stress 

distribution for both FF and SS boundary conditions as shown in Figure 7.35 and Figure 
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7.36, respectively. The figures show that the stress distribution is similar for all the FF 

slabs and that two plastic hinges form in each side of the support. The plastic hinges form 

at the support and centre of the slab and the stress concentration is highest in these areas. 

The model appears to capture the failure mode of the slabs reasonably with both boundary 

conditions. As expected, the high stress concentration occurred at the slab centre for both 

FF and SS slabs and this behaviour was confirmed in the model. However, as mentioned 

in Chapter 5, despite taking all these measures for ensuring the fixity of the support edges 

with the FF boundary conditions, the results of some of the thick slabs (45 and 60 mm) 

indicate that the stiffness of the support edges may have varied. This resulted in the 

formation of more than four macrocracks in some of the thick specimens with FF 

boundary conditions. To investigate this further, a different boundary stiffness was 

applied to the edges that were resting on the steel frame only, as shown in Figure 7.37. 

 

 

Figure 7.35: Stress contours against experimental failure mode for the 45 mm two-way 

slabs with FF boundary conditions. 

 

 

Figure 7.36: Stress contours against experimental failure mode for the 45 mm two-way 

slabs with SS boundary conditions. 
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Figure 7.37: Variation of support stiffness for FF boundary condition slabs.  

 

As mentioned, despite the limitation of CDP to reproduce the physical cracks, the location 

of crack formation can be obtained using PE contour lines. Similar to the one-way slabs, 

it can be seen that the model reasonably shows the approximate crack locations in both 

FF and SS boundary conditions as shown Figure 7.38 and Figure 7.39, respectively. 

Furthermore, during the experiment, compressive cracks in slabs with FF boundary 

conditions appeared at the centre of the slab edges and extended towards the corner, where 

this behaviour was confirmed in the FE analyses, as shown in Figure 7.38a. However, as 

the cracks in two-way slabs became highly complex and the number of cracks changes 

from one thickness to another, the model became limited in capturing the experimental 

behaviour. Therefore, a further investigation of two-way slabs using discrete modelling 

which is beyond the scope of this study, is recommended in the future studies when all 

the required parameters for such a model become available.  

 

        

Rotation may have 

occurred due to the 

lower support stiffness  
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 (a) FE and experimental top face                

  

 

(b) FE and experimental bottom face. 

Figure 7.38: Damage result for 45 mm two-way slab with FF boundary condition. 

 

 

Figure 7.39: Damage result for 45 mm one-way slab with SS boundary condition. 
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Similar to the one-way slabs, during the experiments, the corner of the slabs with the SS 

boundary condition rotated in the opposite direction to the load and this rotation was 

significant compared to the slab’s overall central deformation. No rotation was recorded 

for slabs with FF boundary conditions. The FE analysis using the CDP model confirmed 

this, thus the complete slab for FF45 and SS45 was modelled to demonstrate this (as 

shown in Figure 7.40. 

 

 

(a) FF boundary condition           (b) SS boundary condition 

Figure 7.40: Deformation of two-way slabs.  

 

7.4.2 Support Sensitivity Analysis 

As mentioned previously, using dial gauges during the experiments confirmed that 

negligible rotation had occurred at the supports. However, the minimum reading that the 

dial gauges could record was 1 mm. Therefore, there is a possibility that the two edges 

which were resting on the steel frame only, as shown Figure 7.37, might have rotated by 

less than 1 mm during the slab testing.  This is particularly possible for two-way thick 

slabs (45 and 60 mm) with FF boundary conditions. This resulted in a variation in 

boundary condition stiffnesses with lower stiffness in two edges compared to the other 

two. To replicate this behaviour, different stiffnesses were applied to the two edges which 

were believed to have rotated during the slab testing. In total, four different stiffnesses 

were investigated. In the first and second attempts, the edges were allowed to rotate by 

0.25 and 0.5 mm, respectively. While, in the third and fourth attempts, the edges were 

allowed to rotate by 0.75 and 1 mm, respectively. The weaker edges were applied to the 

edges that were rotating around the z-axis, while the other two edges which were rotating 

in the x-axis were fixed. 
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Since, the 60 mm thick slabs carried the highest load compared to other slabs, this size 

was used in the CDP model investigation. The results of all four cases of different 

stiffnesses are shown in Figure 7.41. Due to the allowance of rotations at two of the edges, 

instabilities developed in the course of the step when the 1 mm case was investigated. 

Instabilities in nonlinear static problems can be due to the geometrical nature of the 

problem or material nature, such as material softening (ABAQUS, 2013) as was the case 

in this study. The instability causes the local transfer of strain energy from one part of the 

model to neighbouring parts (for example, from the slab to the support plates), and global 

solution methods are no longer applicable. This issue has to be solved either dynamically 

or with the aid of (artificial) damping. ABAQUS/Standard provides a solution using an 

automatic mechanism to stabilise the problem through the automatic addition of volume-

proportional damping to the model. The applied damping factors can change with time to 

account for changes over the duration of the step or they can be constant throughout the 

step. Three solutions are provided to solve the instability in ABAQUS/ Standard and these 

are: (a) calculating the damping factor based on the dissipated energy fraction, (b) directly 

specifying the damping factor, and (c) using the damping factor from the previous general 

step. Using the trial and error investigation, it was found using a default value of damping 

factor of 0.0002 stabilised the model. Therefore, the default value was used in all four 

cases. In addition, to ensure that the slab in the model behaved in a similar way to how it 

may have occurred during the experiment, the top plate and the slab top face were 

constrained using the surface-to-surface tie option tool, to ensure that the top plates were 

rotating as the two edges of the slab rotate around the z-axis during the analysis.  

Looking at Figure 7.41, it can be seen that the rotation has a slight effect on the stress 

distribution within the slab. Stress at the slab centre covered a wider area compared to the 

result for the fully fixed slab in Figure 7.35.  It also appears that the stress at the top face 

of the slab adjacent to the weaker edges becomes more dominant as the edge rotation was 

increased. For instance, looking at Figure 7.41a, it can be seen that the stress contours for 

the 1 mm case was less apparent when compared to the stress contours for the 0.25 mm 

case in Figure 7.41d. In general, the reduction in support stiffness has a small effect on 

the crack propagation and cracking in the slab which began at the slab centre where the 

load was acting, progressed towards the corner of the slab. The diagonal cracks were 

consistent in all the cases, showing four major cracks at the location where cracks formed 

during the experiments. In spite of using different boundary stiffnesses, the model was 
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not able to reproduce the six cracks which occurred in some of the two-way slabs with 

FF boundary condition. As mentioned previously, this is the limitation of the model in 

capturing the failure mode of two slabs especially with FF boundary conditions. 

Therefore, it is recommended that further research is needed to develop a model such as 

the heterogeneous model which can capture the failure mode of two-way slabs better. 

However, to obtain all the requirement parameters for such a model, further experimental 

works, such as single fibre pull-out testing and X-ray computed tomography scans are 

essential. These testing would allow the user to obtain 3D images to build FE models so 

that the realistic microstructures of the UHPFRC are modelled, hence failure modes might 

be better captured. In addition, further testing of two-way slabs with FF boundary 

conditions similar to the thick slabs tested in this study and slabs with greater thickness 

are recommended to better understand the failure mode of two-way slabs.  

 

 

(a) allowing for 1 mm displacement       (b) allowing 0.75 mm displacement  

 

(c) allowing 0.5 mm displacement        (d) allowing 0.25 mm displacement  

Figure 7.41: Crack propagation of 60 mm two-way slabs with different stiffness. 
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7.4.3 Load-displacement curves 

In order to present the numerically determined load-displacement relationships, the 

reaction force and displacement at the slab centre were determined.  The load was taken 

as the vertical reaction, which was generated based on the applied load on the UHPFRC 

slabs. The displacement was taken at the node where it was measured in the experiment. 

After all the models were run, the three and four load–displacement curves for all the 

specimens from the bending tests and the average curve are compared with the CDP-

based numerical results in Figure 7.42 to 7.45 for FF boundary conditions and Figure 7.46 

to 7.49 for SS boundary conditions, respectively, for each slab thickness. 

The load-displacement relationships in the linear elastic region in both the FF and SS 

series were accurately captured by the numerical simulation. A considerable sudden 

change at the end of the elastic region can be seen in the experiment curves for thick slabs 

in FF boundary conditions compared to SS boundary conditions. This has caused a small 

discrepancy between the numerical and experimental results in pseudo-strain hardening 

region in slabs with 45 and 60 mm thick with FF boundary conditions. This sudden 

change could be due to the differences in the number of cracks in thin slabs (25 and 35) 

mm compared to thick slabs (45 and 60) mm.  

As explained for one-way slabs, the no cracking condition at the SLS, which does not 

allow for any cracking to occur, proposed by (AFGC, 2002) may be conservative.  

Looking at the two-way slabs test results, similar to the one-way slabs, the cracking load 

occurs at a very small displacement as shown in Table 7.5  for FF and Table 7.6 for SS 

boundary conditions. For slabs with FF boundary conditions, the load to cause 

microcracking for the 25 mm slabs, ranged from 10 to 11 kN which are considerably 

lower than the ultimate loads that ranged from 31 to 35 kN as shown in Table 7.5. 

Similarly for the 35 mm slabs, microcracks started to appear when the load reached 

approximately 19 to 21 kN. These loads are also considerably smaller when compared to 

the ultimate load that ranged from 71 to 73 kN as shown in Table 7.5.  A similar behaviour 

is also noticed for both 45 and 60 mm slabs and the cracking load ranged from 46 to 48 

kN and 76 to 79 kN while the ultimate loads were 115 to 119 kN and 185 to 211 kN, 

respectively.   

The difference between the first cracking load and the ultimate load is also observed for 

two-way slabs with SS boundary conditions. The load to cause the appearance of 
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microcracks for the 25 and 35 mm slabs ranged approximately from 5 to 7 kN and 13 to 

14 kN, respectively. The ultimate loads were 20 to 22 kN for 25 mm slabs and 43 to 45 

kN for 35 mm slabs as shown in Table 7.6. For thick slabs (45 and 60 mm), the recorded 

cracking loads were 30 to 31 kN and 65 to 68 kN, respectively. Similarly, the ultimate 

loads were significantly greater and ranged from 73 to 82 kN for 45 mm slabs and 141 to 

143 kN for 60 mm slabs as shown in Table 7.6. This again demonstrates that the SLS 

criterion proposed by AFGC, may be conservative for designing a UHPFRC slab. The 

difference between the first cracking load and the ultimate load in two-way slabs was also 

significant and ranged from 52% to 70% for the two-way slab thicknesses. Therefore, 

further tests are needed to better understand the crack behaviour of UHPFRC as the no 

cracking criterion proposed by AFGC is conservative 

Moreover, a considerable variation in the strain-hardening region can be seen in slabs 

with the same thickness in the experimental results. As explained in Chapter 5, this is due 

to the change of fibre-bridging in the cracked areas in slabs with larger thicknesses, 

allowing fibres in the matrix being more randomly distributed. In other words, controlling 

fibre distribution and orientation in the fibre concrete is impossible and the behaviour of 

load-displacement curves is significantly dependent on the amount of fibres in the cracked 

area. However, this variation in the nonlinear stage of UHPFRC is not something new. 

Concrete has also been known to have a considerable variation in nonlinear behaviour. 

Moreover, the variation in the strain-hardening stage can become a further concern when 

it comes to fibre concrete and this is due to the randomness of the fibres within the matrix. 

Therefore, it is recommend to adopt a mixing procedure which can control and ensure the 

uniform fibre distribution within the matrix as well as the allowance of variation of at 

least 10%. It is also important to mention that this recommendation is based on the mix 

design and procedure used in this study. Nevertheless, further experiments with larger 

slabs such as full-sized structures have to be tested in order to adopt the recommendation 

in design.  

The Fs and Fns for each slab specimen with experimental averages for both FF and SS 

boundary conditions are given in Table 7.5 and Table 7.6, respectively. The CDP model 

compared well with the experiment and, except for the TWO-WAY-FF60 slab which 

gave 7% error, the errors between the average of the experimental Fs and the numerical 

Fns results are less than 3%. In the analysis, the strain-hardening and softening behaviour 
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is controlled by the properties introduced in the model, thus it would not be surprising if 

some scatter was observed in the nonlinear regions, especially in the thicker slabs.  

Furthermore, except for TWO-WAY-FF60 slab, the SD of the Fs is less than 4 kN and 

this gives a SE of less than 2.5 kN. The CV indicates that there is little fluctuation in the 

ranges from 1.3% to 9.6% in the ratio of the experimental values to the average value and 

confirms the accuracy of the experiments. Similarly for the one-way slabs, it is suggested 

that the variation of 10% in the Fs needs to be considered in designing both thin UHPFRC 

slabs (t <3lf) such as 25 and 35 mm and thick UHPFRC slabs (t >3lf) such as 45 and 60 

mm when the ultimate load is considered.   

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

 

Figure 7.42: Load-displacement curves for FF25 slabs. 
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Figure 7.43: Load-displacement curves for FF35 slabs. 

 

 

Figure 7.44: Load-displacement curves for FF45 slabs. 
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Figure 7.45: Load-displacement curves for FF60 slabs. 

 

 

Figure 7.46: Load-displacement curves for SS27 slabs. 
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Figure 7.47: Load-displacement curves for SS35 slabs. 

 

 

Figure 7.48: Load-displacement curves for SS45 slabs. 
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Figure 7.49: Load-displacement curves for SS60 slabs. 
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distributed uniformly through the matrix, which resulted in a steeper slope in the softening 

region. In general, in all the simulations, the slab underwent three main regions, which 

were observed in slab tests as shown in Figure 7.42 to 7.45. Despite the changes in the 

slab geometry as well as boundary conditions and in total sixteen different parameters 

were considered, the CDP model has captured the structural behaviour of the slab 

accurately, especially in the first and second regions. The UHPFRC mechanical and 

durability properties are very different from those in OC. In addition, due to the fibre-

bridging in UHPFRC, softening behaviour can be obtained where in OC this is not the 

case. Therefore, the existing OC design method such as the section analysis and the yield 

line method, especially in fixed boundary conditions cannot provide accurate results.  

Nowadays, FE analyses are largely used for both linear and nonlinear analyses due to the 

limitation of physical tests of the structure (Bathe, 2007). It has contributed to the design 

standard especially in concrete structures as FE analysis assists in the design of structures 

especially slabs with complex geometry and loading conditions where other methods 

require conservative approximations and assumptions to be made (Deaton, 2005). 

Attempts to extend existing design standards to UHPFRC, is a complicated and 

challenging task, and it is limited as shown by Spasojevic (2008). It is also inappropriate 

for a design standard developed for OC to be applied directly to UHPFRC as it requires 

numerous assumptions due to the absence of reinforcing bars and randomly mixed fibres 

in the matrix. Producing an analytical design approach based on numerous assumptions 

is inaccurate and unsafe as shown in Chapters 4 and Chapter 5, thus the use of OC design 

standards to UHPFRC is not recommended.  

Although, to date, the AFGC recommendations is the most reliable source for the design 

of UHPFRC members, it states that further studies are essential to advance knowledge in 

design standards of UHPFRC and its use in structures. To design any concrete structure 

for normal design loads, only linear and nonlinear regions up to the ultimate load are the 

main interest in design. The FE analyses in this study can reasonably predict both regions 

for UHPFRC. Therefore, the model could contribute to the advancement of knowledge in 

this area and be of interest for validating the existing design methods of UHPFRC 

structures. However, the model needs to be validated experimentally with larger slabs 

such as the real life-sized structures, in order to be used in practice. 
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Table 7.5: Slabs experimental and numerical results with FF boundary conditions. 

Specimens 

 
Experiment 

Numerical 

ultimate  load 

Fns (kN) 

Error        

(Fs-Fns)/ Fs 

Standard  

Deviation SD/ 

Error SE (kN) 

Coefficient of 

Variation (CV) 
Name No 

Cracking 

load Fc (kN) 

average 

Fc (kN) 

Ultimate load 

Fs (kN) 

average Fs 

(kN) 

TWO-WAY-

FF25 

1 10.1 

10.8 

34.0 

33.7 33.4 0.8% 3.2/ 1.6 9.6 
2 11.6 31.0 

3 10.9 35.3 

4 10.6 34.5 

TWO-WAY-

FF35 

1 19.1 

20.0 

71.0 

70.8 69.9 1.2% 1.7/ 0.9 2.4 2 20.3 68.7 

3 20.8 72.9 

TWO-WAY-

FF45 

1 46.4 

47.3 

116.6 

117.0 117.07 0.0% 1.6/ 0.9 1.4 2 46.9 119.1 

3 48.7 115.2 

TWO-WAY-

FF60 

1 76.4 

77.7 

211.5 

197.3 212.0 7.4% 10.9/ 6.3 5.5 2 77.8 185.0 

3 78.9 195.1 
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Table 7.6: Slabs experimental and numerical results with SS boundary conditions. 

Specimens Experiment  
Numerical 

ultimate load 

Fns (kN) 

Error        

(Fs-Fns) / Fs 

Standard  

Deviation SD/ 

Error SE (kN) 

Coefficient of 

Variation (CV) 
Name No 

Cracking 

load Fc 

(kN) 

average 

Fc (kN) 

Ultimate load 

Fs (kN) 

average Fs 

(kN) 

TWO-WAY-

SS25 

1 5.0 

5.4 

20.8 

21.2 21.7 2.3% 0.4/ 0.2 2.1 
2 5.1 21.1 

3 5.2 21.2 

4 6.3 21.6 

TWO-WAY-

SS35 

1 13.2 

13.8 

43.6 

45.0 43.4 3.5% 1.1/ 0.6 2.4 2 13.7 46.2 

3 14.6 45.3 

TWO -WAY-

SS45 

1 30.5 

31.2 

73.0 

76.1 76.6 0.4% 4.1/ 2.4 5.5 2 31.4 73.3 

3 31.8 82.0 

TWO-WAY-

SS60 

1 65.4 

66.7 

141.2 

141.0 142.4 1.0% 1.8/ 1.1 1.3 2 66.8 138.7 

3 67.9 143.2 
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7.4.4 Two-way Slabs Parametric Study 

The comparison between numerical and experimental results provided in this chapter 

demonstrated the reliability and accuracy of the model in capturing the structural 

behaviour of UHPFRC slabs. In order to extend the range of applications of UHPFRC 

members and to contribute to the advancement of knowledge in the development of 

UHPFRC design standards, a parametric study was carried out using the developed FE 

model that focused exclusively on the linear elastic and the ultimate load carrying 

capacity. To do this, slabs with both FF and SS boundary conditions with four greater 

thicknesses were considered: 75, 90, 105 and 120 mm. To present the results of the 

parametric study, the load-displacement relationships were determined. The results of the 

parametric assessment are shown in Figure 7.50 and Figure 7.51 for both FF and SS slabs, 

respectively.  

Although, the results show that the elastic regions began to transform to the pseudo-strain 

hardening region after the displacement of 0.20 mm, this transformation is more 

pronounced at a displacement of approximately 0.30 to 0.40 mm for all thicknesses in 

both FF and SS boundary conditions, as shown in Figure 7.50b-e and Figure 7.51b-e, 

respectively. These results were similar to the result of the thicknesses that were tested in 

this study. Because the load is sustained by the matrix only, slab thickness had no effect 

on the linear elastic region. This confirms the accuracy of the FE model for capturing the 

structural behaviour of UHPFRC in the linear elastic region, thus the model is reliable for 

designing UHPFRC in the serviceability limit state. The loads at the end of this region 

were approximately 165.5, 255.5, 355.1 and 449.3 kN for slabs with FF boundary 

conditions and 106.4, 162.5, 230.7 and 312.6 kN for slabs with SS boundary conditions, 

as shown in Table 7.7. However, because the transformation from linear to nonlinear is 

very smooth, it is difficult to know the exact value where the change occurs. Therefore, 

the above values may vary by between 1-5% of the exact load. The results also show that 

an increase in slab thickness by 15 mm with FF boundary conditions increases the linear 

load by approximately 100 kN, whereas, this is not the case in slabs with SS boundary 

conditions. The percentage increase in linear load increased with the increase of slab 

thickness and it was varied from 30% to 60% with both SS and FF boundary conditions.  

As shown in Table 7.7, slabs with FF boundary conditions reached the end of the pseudo-

strain hardening region where fibres began to pull-out at a load of approximately 345.6 
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kN for 75 mm thick slabs. As the slab thickness increased to 90 mm, the ultimate load 

increased to 502.1 kN with the percentage increase of approximately 45%. After the 105 

mm thick slabs was analysed, the ultimate load increased to 680.1 kN and a percentage 

increase of 35% was recorded. Finally, a load of 909.2 kN was recorded when 120 mm 

thick slabs were studied, which gives a percentage increase of 33%. This clearly 

illustrated that the percentage increase in the ultimate load reduced with an increase of 

the slab thickness. Slabs with SS boundary conditions were also shown to have a similar 

trend. The result of parametric studies exhibited that the percentage increase for slabs 

with thicknesses of 75 mm was 71% when compared to slabs with thickness 60 mm, as 

shown in Table 7.7. The percentage increase continued to reduce and an increase in the 

ultimate load of 32% was recorded when 120 mm slabs were analysed. This is clear 

evidence that the relationship between increases at the ultimate load carrying capacity 

and the specimen thickness is nonlinear and this nonlinearity develops further as the 

thickness increases. The results of the parametric studies also agree with the experimental 

data that the linear elastic stage ends at a small displacement. Therefore, the no cracking 

SLS criterion proposed by the AFGC which did not allow for cracks to occur in the elastic 

region may be excessively conservative.    

In the softening region, the limitation of the model becomes more apparent in the two-

way slabs and SS boundary conditions, in particular. Looking at Figure 7.51, it can be 

seen that the curves tend to show a plateau behaviour after the load reaches its ultimate. 

Therefore, if the softening region is to be considered, experiments with sizes similar to 

the parametric study sizes are recommended to be undertaken to better describe the model 

developed in this study. Since in design, it is only the linear and strain-hardening 

behaviour that are of interest and it appears that the discrepancy between the experimental 

and the numerical results are less than 5% in these regions. The model can contribute to 

the advancement of knowledge of the UHPFRC design. Nevertheless, these conclusions 

need be verified experimentally in order to be used in practice.  

In general, the experimental work has given a good understanding of the structural 

behaviour of two-way slabs. The numerical result has also shown that the model 

accurately captures the structural behaviour in both linear and nonlinear regions in two-

way slabs with both SS and FF boundary conditions. 
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Table 7.7: Parametric results for both FF and SS two-way slabs. 

Thickness 

(mm) 

Fully-fixed  Simply-supported 

Linear 

elastic 

load 

(kN) 

End of strain-hardening Linear 

elastic 

load 

(kN)) 

End of strain-hardening 

Ultimate 

load Fns 

(kN) 

Displacement 

wns (mm) 

Ultimate 

load Fns 

(kN) 

Displacement 

wns (mm) 

75 165.5 345.6 3.2 106.4 239.6 4.6 

90 255.5 502.1 3.5 162.5 349.1 4.6 

105 355.1 680.1 3.2 230.7 477.1 4.7 

120 449.3 909.2 3.5 312.6 641.4 4.7 
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Figure 7.50: Parametric study of fully fixed two-way slabs.  
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Figure 7.51: Parametric study of simply supported two-way slabs. 
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7.5 Concluding Remarks 

The numerical models were compared with the experimental data from notched-three-

point beams, one-way and two-way slabs and show good agreement. Compared to 

previous analytical and numerical studies, the model developed in this study can predict 

the full structural behaviour of UHPFRC beams and slabs in all loading stages. Existing 

models can only predict the linear or linear and strain-hardening behaviour and only for 

a limited geometry, whereas the model developed in this study can predict a range of 

parameters with various boundary conditions. With regard to the beams, the CDP model 

confirmed that the size effect on the nominal flexural strength of those beams up to 150 

mm depth is very small and can be ignored. The model parametric studies have also 

confirmed that the size effect is negligible for the beams up to 300 mm in depth.  

Comparison of behaviour predicted by the CDP model and experimental material 

properties shows that the model developed to investigate UHPFRC slabs and beams can 

accurately reproduce the uniaxial tension and compression response of UHPFRC at all 

loading stages. However, the model using a single element investigation shows sensitivity 

on convergence to reproduce the material properties. Whereas, lower softening behaviour 

under uniaxial tension and lower peak stress for uniaxial compression were observed. 

Nevertheless, the trend of the CDP outcome is close to the experimental data 

demonstrating the ability of the developed models to capture the overall physical 

behaviour of UHPFRC.  

With regards to the slabs, the CDP model showed that, expect for the two-way thick slabs 

with FF boundary conditions (45 and 60 mm), the full load-displacement curves for both 

one-way and two-way slabs with both FF and SS boundary conditions can be predicted. 

Although, different stiffnesses were applied to the support conditions in two-way slabs, 

the model was found to be limited in capturing the physical crack propagation of thick 

slabs (45 and 60 mm). 

The FE model was also used to study slabs with larger thicknesses that were too expensive 

or impractical to be tested, through a parametric study. The studies showed that with an 

increase of slab thickness, the percentage increase of the peak load decreased. The 

discrepancy between the numerical and the experimental approach in the softening region 

became more apparent when the parametric sizes were investigated. Therefore, it was 
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recommended that slabs with sizes similar to the parametric sizes should be tested to 

further validate the model. However, the transformation from linear elastic to strain-

hardening was found to be the same throughout the thicknesses, which is similar to the 

experimental tests. 

The occurrence of fibre pull-out behaviour in one-way slabs in the FF series appears to 

be more influenced by the boundary conditions than thickness when compared to two-

way slabs. Due to the uncertainty in fibre distribution and orientation in the matrix, it was 

recommended that variations of 10% and 25% in pseudo-strain hardening and strain 

softening regions, respectively, be considered in designing UHPFRC members. This is 

particularly recommended for slab thickness that are greater than 45 mm thick as fibres 

are more randomly distributed and less restricted by the specimen’s wall effect.  

The no cracking SLS criterion proposed by the AFGC which did not allow for cracks to 

occur in the elastic region was found to be excessively conservative as the cracking load 

occurs with a very small displacement (less than 0.5 mm) for both one-way and two-way 

slabs. 

In general, using accurate tensile and compressive material properties as input, the CDP 

numerical model that was developed and validated by experimental data in this study can 

usefully predict the structural behaviour of UHPFRC beams and slabs up to the ultimate 

load. This evidence suggests the FE model developed could also be used to model other 

UHPFRC structures when the tensile traction-displacement curve obtained from 

experiments is used to model tension softening. 
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CHAPTER 8 
 

CONCLUSIONS AND RECOMMENDATIONS 

 

Throughout this research, it was found that there were very few studies available in the 

open literature regarding the structural behaviour of UHPFRC members, especially slabs. 

This study is one of a few to investigate the structural behaviour of UHPFRC slabs. A 

detailed literature review was conducted on the material properties, mechanical 

behaviour, existing design methods and the current state of knowledge. The aim of this 

study was to characterise the collapse and failure modes of UHPFRC beams and slabs, 

with different boundary conditions under static loading. An extensive experimental 

programme was conducted to provide the data on the structural behaviour in order to 

achieve the aim of the study.  

Firstly, three point bending tests were carried out on rectangular prisms with different 

notch depths to study the fracture parameters including load-CMOD relationship, failure 

modes and size effect. Secondly, an extensive experimental investigation on one-way and 

two-way spanning slabs with varying thicknesses and different boundary conditions was 

conducted to determine the structural behaviour through the application of a specially 

developed custom experimental setup. In addition, an experimental investigation based 

on fibre counting at crack locations to determine the relationship between the fibre 

distribution and slab thickness was undertaken. The relationship between the thickest slab 

(60 mm) and full-sized structures in terms of fibre distribution and orientation is also 

discussed. 
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Thirdly, only a limited number of boundary and load conditions can be obtained from 

experiments due to the practicalities and limitation of time and funding. In addition, 

because the cost of experimental studies is still relatively high, especially for large-sized 

structures, FE analyses were also developed to model the response of the structures 

accurately and efficiently. The FE model was validated by material properties testing 

(uniaxial tension and compression) and experimental results. The FE model were further 

validated using single element model investigations. The analyses considered both linear 

and nonlinear behaviour up to the ultimate load carrying capacity of the slabs. It offers a 

reliable and cost-effective alternative to laboratory testing. The FE models were also used 

to study how the structural behaviour of UHPFRC members was influenced by thickness 

through a parametric study.  

In general, the response of UHPFRC slabs and beams were examined through both 

experimental and numerical studies. From the evaluation of the results of this current 

study, it was concluded that slab thickness and boundary conditions have a significant 

effect on failure mode, crack pattern and the load-displacement relationship. Physical 

examination of fibre distribution at the crack location showed that fibres tended to be 

perpendicular to the cross-section in thin members due to the specimen wall effect, 

causing more fibres to bridge between the two cracked faces. Whereas, in thick members, 

fibres were less affected by the specimen wall effect and more randomly orientated in the 

matrix, resulting in less fibre bridging between the two cracked faces. In terms of beam 

specimens, it was concluded that the fibre distribution of full-sized beams may be similar 

to those tested in this study. It was also concluded that the fibre orientation and 

distribution in full-sized structures is unlikely to differ much from the largest slab tested 

here by less than 10%. However, these conclusions will have to be verified experimentally 

with full-sized structures if they are to be used more extensively. 

The size effect behaviour of UHPFRC can be ignored or existing size effect theory may 

need to be modified in the light of this study. In addition, the structural behaviour of 

UHPFRC can be captured by the FE analysis if representative material properties are 

known. However, further consideration needs to be given if the model is to be used to 

investigate the UHPFRC at element level. 

 



CHAPTER 8                    CONCLUSIONS AND RECOMMENDATIONS 

 

- 300 - 

8.1 Notched Beams 

The beam specimens with different geometries were manufactured and tested. The 

experimental data has been produced through three-point bending tests under static 

loading. FE analyses were developed to simulate the experimental results. The modified 

three-point bending test setup described in Chapter 3 was used to record the load-CMOD 

relationship. A total of fifteen beams, with five depths (d = 30, 60, 90, 120 and 150 mm) 

and the same width (b= 150 mm) and span (l=500 mm) were tested to failure. From this 

the following conclusions can be drawn: 

 

 The effect of the new type Eurocast200 superplasticiser on the UHPFRC 

constituents was investigated using flow tables, density and cube compressive 

tests. The new superplasticiser was found to be more effective than the one used 

in previous studies in terms of workability but similar in strength. 

 

 The results showed that all the beam specimens failed in flexure with a single 

macrocrack that propagated from the tip of the notch upward due to the loading 

condition imposed by the notches in the testing configuration. Therefore, no shear 

failure was detected in the specimen sizes tested in this study. However, it is 

important to mention that consideration must be given to a possibility of shear 

failure for specimens with depths greater than those tested in this study or 

specimens similar to those tested in this study but without a notch.  

 

 The load-CMOD relationship showed that the beam specimens underwent three 

different stages: pure elastic, pseudo-strain hardening and strain softening. All the 

failures occurred due to fibre pull-out not yielding of the fibres due to the high 

yielding point of the steel fibres (2000 MPa). 

 

 The nominal flexural tensile strength for all the other beams was around 20 MPa 

and the strength did not depend on the size of the element. This clearly indicates 

that the size effect in concrete can be eliminated through the use of a material with 

a relatively high ductility such as UHPFRC. 
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 An examination of fibre distribution using physical fibre counting where cracks 

occurred was carried out. The examination showed that the number of fibres 

contributing to the fibre bridging action in the cracked area is not proportional to 

an increase in the specimen depth. It showed that the ratio of fibres bridged 

between the two cracked faces per depth of beam reduced as the beam depth 

increased. 

 

 It was concluded that the fibre distribution of full-sized beams may be similar to 

those tested (the thicker beam) in this study. However, this conclusion will have 

to be verified experimentally with full-sized structures if they are to be used more 

extensively 

 

 The results also showed that the bending behaviour of UHPFRC members are 

different from conventional concrete and the existing size effect law of 

conventional concrete needs to be modified or a new theory of size effect required 

when designing UHPFRC members. 

 

 FE analysis (ABAQUS) was used to model the response of the beams. The failure 

process was accurately modelled by the CDP model developed in this study. The 

model can also predict the structural behaviour of UHPFRC beams in terms of 

load-CMOD curves in all loading stages. It is important to mention that this 

conclusion is purely based on 2D modelling. 

 

 Reliable material properties were required as input to adequately describe the 

localised response of the material in a FE analysis which involved accounting for 

linear, nonlinear and damage behaviour. 

 

 The FE model was validated by material properties testing (uniaxial tension and 

compression). The model accurately reproduced the response of UHPFRC at all 

loading stages. The models were further validated using single element modelling, 

where it showed some sensitivity to reproduce the material properties. Lower 

softening behaviour under uniaxial tension and lower peak stress for uniaxial 

compression were observed. Nevertheless, the similar trend of the CDP results to 
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the experimental data demonstrated the ability of the developed models to capture 

the overall physical behaviour of UHPFRC structures. 

 

 Because the cost of experimental studies is still relatively high whether in 

academia or industry, especially for large-sized structures, an extra CDP-based 

FE simulations for beams with d =180, 210, 240 and 300 mm were carried out for 

size effect analysis. The results from parametric studies have also confirmed that 

the size effect is negligible for beams up to 300 mm in depth. 

 

8.2 One-way Slabs 

To understand the response of one-way slab structures, a detailed experimental 

examination was conducted. Due to the uncertainty of true boundary conditions of slabs 

in engineering structures, especially in bridges, the experimental study was conducted 

with two defined boundary conditions, fully fixed (FF) and simply supported (SS). Two 

series of 660 by 660 mm slabs were tested under the bending test. The first series was 

conducted on 13 slabs with FF boundary conditions and four different thicknesses of 25, 

35, 45 and 60 mm, while the second series was conducted on 13 slabs with SS boundary 

conditions and four different thicknesses of 27, 35, 45, and 60 mm. The effect of slab 

thickness on fibre distribution and uniformity of fibre distribution within the matrix was 

examined using a physical fibre counting investigation at the crack locations for each slab 

thickness. The experimental data was used to validate the FE analysis. Parametric studies 

for sizes up to 120 mm slab depth were also carried out and the following conclusions 

were drawn: 

 

 Slabs with both SS and FF boundary conditions were tested using the custom 

experimental setup and these were seen to fail in flexure with a single macrocrack 

initiating from the centre towards the middle of the free edges of the slab. 

 

 Similar to the beams, the one-way slabs exhibited three main phases: linear, 

pseudo-strain hardening and strain softening. 
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 Examination of the physical distribution of fibres at the crack location showed 

that fibres tended to be perpendicular to the cross-section in thin members due to 

the specimen wall effect, causing more fibres to bridge between the two cracked 

faces. 

 

 The physical inspection also showed that there were a few spots of poor fibre 

distribution that could be seen in thick slabs but these spots were not predominant 

enough to characterise the general picture of the fibre distribution within the crack 

location of the slabs. This result agrees with previous studies which are available 

in the literature. 

 

 No fibre balling was observed in any of the one-way slab specimens and this 

confirmed the reliability and consistency of the mix design used in this current 

study. 

 

 Microcracks in both the FF and SS slab series were initiated at a displacement of 

around 0.3-0.4 mm. The maximum load was reached in both series at 

displacements of approximately 5 mm for slabs with 25, 27 and 35 mm thickness 

and 3 to 4.5 mm for slabs with 45 and 60 mm thicknesses. 

 

 The transformation from elastic to strain-hardening for slabs with thicknesses of 

25 and 35 mm in both series were similar and it covered a wide range of 

displacements approximately between 0.35 to 5 mm, whereas this transformation 

zone was approximately between 0.35 to 4.5 mm for slabs with thicknesses of 45 

and 60 mm. 

 

 As the thickness increased, the ductility of the slabs reduced due to the crack width 

which is considerably smaller in thin slabs compared to the thick slabs. This is 

due to the fact that, for the same bending angle in thin slabs, fibres bridge between 

the two cracked faces whereas in thick slabs the fibres pull-out.    

 

 The results showed that changes in thickness had no influence on the effective 

flexural tensile strength (fst) of the slabs. It was found that the fst was to be around 
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4.0 to 4.8 MPa and 6.7 to 7.1 MPa for FF and SS boundary conditions, 

respectively. Again this confirmed that the size effect is negligible in one-way 

UHPFRC structures. 

 

 The results from the experimental study showed that the boundary conditions have 

less effect on the pseudo-strain hardening behaviour in one-way slabs when 

compared with two-way slabs.  

 

 As reported in the literature, a small variation has always been seen in 

conventional concrete and fibre concrete in nonlinear regions. Due to the 

uncertainty in fibre distribution and orientation in the matrix, the UHPFRC used 

in this study has also shown a small variation in the nonlinear region. Therefore, 

it is recommended that a variation of between 10% and 25% in pseudo-strain 

hardening and strain softening regions, respectively, should be considered when 

designing one-way UHPFRC members. Nevertheless, further experimental 

testing would be required in order for this recommendation to be used in design. 

 

 The no cracking SLS criterion proposed by the AFGC which does not allow for 

cracks to occur in the elastic region was found to be excessively conservative as 

the cracking load occurs with a very small displacement (less than 0.5 mm) in this 

study. This has also been reported in the literature. Further research using full-

sized structures would be required in order for this recommendation to be 

confirmed.  

 

 The CDP model showed that the structural behaviour in terms of load-

displacement curves and failure mode can be predicted for one-way slabs with 

both FF and SS boundary conditions with thicknesses in the range from 25 mm to 

60 mm. However, for the ONE-WAY-SS27, the model showed small increase in 

stiffness in the softening region when compared to the UHPFRC response. 

 

 The parametric study for slab thicknesses up to 120 mm showed that with the 

increase in thickness, the percentage increase of the peak load reduced. The 

parametric study also showed that the FE model can be used to capture the overall 
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structural behaviour of one-way slabs with different geometries. However, it is 

recommended to undertake experiments with sizes similar to the parametric study 

in order to confirm the conclusions regarding the effect of slab thickness on the 

cracking and ultimate load carrying capacity. 

 

8.3 Two-way Slabs 

An extensive experimental investigation was also conducted on a limited number of two-

way UHPFRC slabs with various thicknesses. This was done by testing the slab 

specimens in the laboratory to induce failure that may occur due to the application of a 

point load. The FE analysis using ABAQUS was developed to predict the experimental 

data. The experimental work consisted of two series. The first series was carried out on 

13 slab specimens with FF boundary conditions while the second series was conducted 

on 13 slabs with SS boundary conditions. The slab chosen for the investigation in this 

study was 660 x 600 mm with four different thicknesses: 25, 35, 45 and 60 mm for both 

boundary conditions. To further examine the effect of slab thickness on fibre distribution 

and orientation, and to verify that the mixing and casting procedures used to make 

UHPFRC slabs resulted in the steel fibres being uniformly distributed. Physical 

investigations of the number of fibres were counted at the locations where cracks had 

occurred. Based on the experimental and numerical results, and the parametric study for 

sizes up to 120 mm, the following conclusions can be drawn: 

 

 All the slabs with both FF and SS boundary conditions were tested using a custom 

experimental setup. These were found to fail in flexure with similar failure crack 

patterns. Cracks initiated from the centre of the slab propagated towards the 

corners and edges of the slab. 

 

 Slabs in the FF series failed with four macrocracks for the thinner UHPFRC slabs 

25 and 35 mm, while six macrocracks occurred in some of the thicker specimens, 

45 and 60 mm. This larger number of cracks was believed to be due to the effect 

of boundary conditions where the support stiffness in one of the two adjacent 

edges was greater compared to the other two edges. 
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 Slabs in the SS series were more consistent throughout the range of varying slab 

thickness and all the slabs failed with four diagonal macrocracks. 

 

 The load-displacement curves showed that the UHPFRC slabs underwent three 

main regions similar to the beams and one-way slabs: linear, pseudo-strain 

hardening and strain softening. 

 

 Slab thickness can influence the fibre distribution and orientation within the 

matrix. As the thickness increased, the ratio (N/t) was reduced because fibres were 

less likely to be perpendicular to the direction of the force. So fibres were 

distributed in the matrix more freely, thus the fibre-bridging action reduced in the 

thicker slabs.  

 

 Due to the uncertainty in fibre distribution and orientation in the matrix, similar 

to the one-way slabs, the results showed a small variation in the nonlinear region. 

Therefore, it is recommended that a variation of between 10% and 25% in pseudo-

strain hardening and strain softening regions, respectively, should be considered 

in designing UHPFRC members in two-way slabs. 

 

 Changes in thickness have very little influence on the effective flexural tensile 

strength (fst) of slabs with the SS boundary conditions and it was found to be 

around 6 to 7 MPa. Once again, this confirms that size effect can be ignored in the 

design of UHPFRC two-way spanning slabs with SS boundary conditions.  

 

 The slab boundary conditions can have a considerable effect on the load-

displacement behaviour. Slabs in the SS slab series showed significant 

deformation in the strain hardening region compared to the FF slab series. 

 

 The no cracking SLS criterion for two-way slabs was found to be excessively 

conservative as the cracking load occurs with a very small displacement (less than 

0.5 mm) in this study.  
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 The FE analysis based on the CDP model was developed using ABAQUS. The 

numerical model clarifies the result obtained from the experiment in terms of load-

displacement relationship and ultimate load carrying capacity. However, the 

model was not able to capture the failure mode of two-way slabs and this is a 

limitation of the model developed in this study. 

 

 Except for the thick slabs (45 and 60 mm) with FF boundary conditions, the full 

load-displacement curves for two-way slab conditions can be predicted. In thick 

slabs, the model tends to show an increase in stiffness in the tension softening 

region. 

 

 In terms of the structural behaviour of UHPFRC, existing models can only predict 

the linear or nonlinear strain hardening behaviour and only for a limited geometry, 

whereas the model developed in this study can predict a range of parameters with 

various boundary conditions. 

 

 The parametric study for slab thicknesses up to 120 mm showed that with the 

increase of thickness, the percentage increase of the peak load reduced and the 

trend of the load-displacement curve agreed with the experimental tested data. 

 

 The results suggest that the FE model developed in this study could be used to 

model other UHPFRC structures where the tensile traction-displacement and 

stress-strain curves obtained from experiments is used to model both tension 

softening and compression hardening, respectively. 

 

8.4 Recommendations for Future Work 

The research presented has investigated the structural behaviour of UHPFRC beams and 

slabs experimentally and numerically. The FE analysis has shown that the performance 

of experimental response with various parameters presented here can be captured 

accurately. However, due to the time and funding, not all of the possibilities have been 

explored. It is therefore; recommended that the following work is undertaken in future 

studies: 
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 In this study, the beam depth was used to investigate size effect phenomena. 

Therefore, it is recommended that further experimental work with UHPFRC 

beams spanning a larger range of sizes (especially change in length) need to be 

tested before a definitive conclusion on size effect can be drawn. Although, all the 

beams in this study failed in flexure, consideration must be given to the possibility 

of shear failure if larger beams are to be tested. 

 

 The specimens were notched with a ratio of depth/notch = 6 but it is recommended 

that experimental studies of different depth/notch ratio should be carried out to 

further investigate the effect of notch on the failure mode and flexural nominal 

strength. Experimental works on beams without notches should be carried out to 

investigate the effect of the notch on the beam failure modes and flexural tensile 

strength so that a direct comparison between notched and unnotched beams can 

be made. 

 

 Up-to-date, heterogeneous models accounting for the fibre-bridging is based on 

perfect bonding between the fibre and the concrete. These models have only 

investigated basic geometries. Therefore, it is recommended that heterogeneous 

models accounting for true fibre-matrix bonding and fibre distribution for 

different geometries and boundary conditions should be attempted to simulate 

non-symmetric crack paths, for two-way slabs in particular.  

 

 Additional LVDT’s are recommended to be placed under the slab to monitor the 

displacement at particular points, which are based on the likely location of crack 

propagation so that the critical failure point on the slab can be monitored. 

 

 More experimental investigations on both one-way and two-way slabs are 

required to consider different loading positions (centre edges and corner load) to 

demonstrate the possible failures that could occur due to the application of a point 

load on the floor such as heavy machinery in the warehouse, laboratory machines 

in the building and office cabinets. 
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 Further experimental work considering uniform distributed load are required. The 

results of these could be compared with the point load tests carried out in Chapters 

4 and 5 so that the effect of load conditions on failure mode, crack patterns and 

ultimate load carrying capacity can be determined.  

 

 The current state of art of fibre examination is limited to a small range of specimen 

sizes. Therefore, the assessment of distribution of fibres in larger UHPFRC 

specimens should be studied using computerised imaging techniques. This allows 

an extended FE analysis to be used to accurately capture the slab tensile crack 

patterns in two-way slabs and other loading positions where complex cracking 

may occur. 

 

 Thickness and support conditions were judged to be the most important 

parameters in this present study. Therefore, parametric studies were carried out 

on varying slab thicknesses only and the results showed good correlation based 

on the tested thicknesses. It is recommended that slabs with larger spans and 

different boundary conditions be tested. The results can then be used to further 

validate the FE model developed in this study. 

 

 Further testing of two-way slabs with FF boundary conditions similar to the thick 

slabs tested in this study and slabs with greater thicknesses is recommended to 

better understand the failure modes of two-way slabs. 
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