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ABSTRACT 

Self-compacting concrete (SCC) is an important advance in the concrete technology in the last 

decades. It is a new type of high performance concrete with the ability of flowing under its own 

weight and without the need of vibrations. Due to its specific fresh or rheological properties, 

such as filling ability, passing ability and segregation resistance, SCC may contribute to a 

significant improvement of the quality of concrete structures and open up new field for the 

application of concrete.  

On the other hand, the usefulness of steel fibre-reinforced concrete (SFRC) in civil engineering 

applications is unquestionable. SFRC can improve significantly the hardened mechanical 

properties such as tensile strength, impact resistance, toughness and energy absorption 

capacity. Compared to SFRC, self-compacting steel fibre-reinforced concrete (SCSFRC) is a 

relatively new type of concrete with high flowability and good cohesiveness. SCSFRC offers 

very attractive economical and technical benefits thanks to SCC rheological properties, which 

can be further extended, when combined with SFRC for improving their mechanical 

characteristics. 

However, for the different concrete structural elements, a single concrete mix is selected without 

an attempt to adapt the diverse fibre-reinforced concretes to the stress-strain sectional properly. 

This thesis focused on the development of high performance cement-based structural 

composites made of SCC with and without steel fibres, and their applications for enhanced 

mechanical properties in front of different types of load and pattern configurations. It presents a 

new direction for tackling the mechanical problem. The approach adopted is based on the 

concept of functionally graded cementitious composite (FGCC) where part of the plain SCC is 

strategically replaced by SCSFRC in order to obtain laminated functionally graded self-

compacting cementitious composites, laminated-FGSCC, in single structural elements as 

beams, columns, slabs, etc.  

The approach also involves a most suitable casting method, which uses SCC technology to 

eliminate the potential sharp interlayer while easily forming a robust and regular reproducible 

graded interlayer of 1-3 mm by controlling the rheology of the mixes and using gravity at the 

same time to encourage the use of the powerful concept for designing more performance 

suitable and cost-efficient structural systems. 

To reach the challenging aim, a wide experimental programme has been carried out involving 

two main steps: 

 The definition and development of a novel methodology designed for the characterization of 

the main parameter associated to the interface- or laminated-FGSCC solutions: the graded 

interlayer. Work of this first part includes:  

o the design considerations of the innovative (in the field of concrete) production method 

based on “rheology and gravity” for producing FG-SCSFRC or as named in the thesis 

FGSCC, casting process and elements, 

o the design of a specific testing methodology, 

o the characterization of the interface-FGSCC by using the so designed testing 

methodology.   



 

 

     

 The characterization of the different medium size FGSCC samples under different static and 

dynamic loads patterns for exploring their possibilities to be used for structural elements as 

beams, columns, slabs, etc. 

The results revealed the efficiency of the manufacturing methodology, which allow creating 

robust structural sections, as well as the feasibility and cost effectiveness of the proposed 

FGSCC solutions for different structural uses. It is noticeable to say the improvement in terms of 

flexural, compressive or impact loads’ responses of the different FGSCC in front of equal 

strength class SCSFRC bulk elements with at least the double of overall net fibre volume 

fraction (Vf). 



 

 

     

RESUMEN 

El hormigón autocompactante (HAC) es una nueva tipología de hormigón o material compuesto 

base cemento que se caracteriza por ser capaz de fluir  en el interior del encofrado o molde, 

llenándolo de forma natural, pasando entre las barras de armadura y consolidándose 

únicamente bajo la acción de su peso propio, sin ayuda de medios de compactación externos, 

y sin que se produzca segregación de sus componentes. Debido a sus propiedades frescas 

(capacidad de relleno, capacidad de paso, y resistencia a la segregación), el HAC contribuye 

de forma significativa a mejorar la calidad de las estructuras así como a abrir nuevos campos 

de aplicación del hormigón. 

Por otra parte, la utilidad del hormigón reforzado con fibras de acero (HRFA) es hoy en día 

incuestionable debido a la mejora significativa de sus propiedades mecánicas tales como 

resistencia a tracción, tenacidad,  resistencia al impacto o su capacidad para absorber energía. 

Comparado con el HRFA, el hormigón autocompactante reforzado con fibras de acero 

(HACRFA) presenta como ventaja una mayor fluidez y cohesión ofreciendo, además de unas 

buenas propiedades mecánicas, importantes ventajas en relación con su puesta en obra.  

El objetivo global de esta tesis doctoral es el desarrollo de nuevas soluciones estructurales 

utilizando materiales compuestos base cemento autocompactantes reforzados con fibras de 

acero. La tesis presenta una nueva forma de resolver el problema basándose en el concepto 

de los materiales gradiente funcionales (MGF) o materiales con función gradiente (MFG) con el 

fin de distribuir de forma eficiente las fibras en la sección estructural. Para ello, parte del HAC 

se sustituye por HACRFA formando capas que presentan una transición gradual entre las 

mismas con el fin de obtener secciones robustas y exentas de tensiones entre capas con el fin 

de aplicar el concepto “MGF-laminados” a elementos estructurales tales como vigas, columnas, 

losas, etc.   

El proceso incluye asimismo el propio método de fabricación que, basado en la tecnología 

HAC, permite el desarrollo de interfases delgadas y robustas  entre capas (1-3 mm) gracias a 

las propiedades reológicas del material.  

Para alcanzar dichos objetivos se ha llevado a cabo un amplio programa experimental cuyas 

etapas principales son las siguientes:  

 Definir y desarrollar un método de diseño que permita caracterizar de forma adecuada las 

propiedades mecánicas de la “interfase”. Esta primera fase experimental incluye:  

o las consideraciones generales del propio método de fabricación basado en el 

concepto de fabricación de materiales gradiente funcionales denominado “reología y 

gravedad”,  

o las consideraciones específicas del método de caracterización,  

o la caracterización de la “interfase”.  

 Estudiar el comportamiento mecánico sobre elementos estructurales, utilizando distintas 

configuraciones de MGF-laminado frente a acciones tanto estáticas como dinámicas con el 

fin de comprobar la viabilidad del material para ser usado en elementos estructurales tales 

como vigas, placas, pilares, etc.  

 



 

 

     

Los resultados indican la viabilidad de la metodología de fabricación adoptada, así como, las 

ventajas tanto estructurales como en reducción de costes de las soluciones laminadas 

propuestas. Es importante destacar la mejora en términos de resistencia a flexión, compresión 

o impacto del  hormigón autocompactante gradiente funcional en comparación con soluciones 

de HACRFA monolíticos inclusos con un volumen neto de fibras (Vf) doble o superior.  
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SIGNS 

At sectional level, the following signs have been taken as positive: 

 

 

 

ABBREVIATIONS 

BOP - Bend-over-point 

CC – Cementitious composites 

CMOD - Crack mouth opening displacement 

CVC - Conventional vibrated concrete  

CVNSC - Conventional vibrated normal strength concrete  

d/m/y – day/month/year 

DFRCC – Ductile fibre-reinforced cementitious composites 

DWIL – Drop-weight impact load test 

ECC – Engineered cementitious composites 

FGCC - Functionally graded cement composites 

FGFRCC - Functionally graded fibre-reinforced cementitious composites 

FGHCC - Functionally graded hybrid cementitious composites 

FGM - Functionally graded material 

FGPCC - Functionally graded porous cementitious composites 

FGSCC - Functionally graded fibre-reinforced self-compacting cementitious composites 

FGSFRCC - Functionally graded steel fibre-reinforced cement composites 

FGSFRSCC - Functionally graded steel fibre-reinforced self-compacting cement composites 

FPB - Four-point bending test 

FRC - Fibre-reinforced concrete or cementitious composite 
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FRC80 - Fibre-reinforced cementitious composite of strength class 80 

FRC90 - Fibre-reinforced cementitious composite of strength class 90 

HPC – High performance concrete 

HPCC – High performance cement composites 

HPFRC – High performance fibre-reinforced concrete 

HPSCC – High performance self-compacting concrete  

HPSFRC - High performance steel fibre-reinforced concrete 

HPSFRSCC - High performance steel fibre-reinforced self-compacting cementitious composites 

HRWRA - High-range water reducing admixtures  

HSC – High strength concrete 

HSSCC - High strength self-compacting concrete 

HSSFRC – High strength steel fibre-reinforced concrete 

HSSFRSCC – High strength steel fibre-reinforced self-compacting concrete 

IDM - Material identification 

IDS - Specimen identification 

LOP - Limit of proportionality 

LVDT – Linear variable differential transducer 

LWASCC – Light-weight aggregate self-compacting concrete 

MFCC - Multi-functional cement composites 

NMC – Normal vibrated concrete 

NSC – Normal strength concrete 

PC - Plain concrete or cementitious composite 

PC80 - Plain cementitious composite of strength class 80 

PC90 - Plain cementitious composite of strength class 90 

PerC – Pervious Concrete 

PPFRSCC – Polypropylene fibre-reinforced self-compacting concrete 

SCC - Self-compacting cementitious composite or concrete 

SCHPFRC - Self-compacting high performance steel fibre-reinforced concrete 

SCSFRC – Self-compacting steel fibre-reinforced concrete 

SEM – Scanning electron microscope 

SF – Silica fume 

SFRC – Steel fibre-reinforced concrete 
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SLS - Serviceability limit state 

ST – Splitting tensile test 

UC – Uniaxial compressive test 

UHPFRC – Ultra-high performance fibre-reinforced concrete 

UHPSFRC – Ultra-high performance steel fibre-reinforced concrete 

UHTCC - Ultra high toughness cementitious composites 

ULS – Ultimate limit state 

UT – Uniaxial tensile test 

UTS - Ultimate tensile strength 

VMA – Viscosity modifying admixture 

 

SYMBOLS 

b  - Width of element cross section 

d – Deflection 

dc  - Deflection at cracking load 

df  - Final slump-flow diameter in slump flow test 

dfi  - Diameter of steel fibre 

dfin  - Deflection at considered final of deflection-softening stage 

di - Impactor diameter  

du  - Deflection at maximum load 

E - Kinetic energy  

Ec – Elastic modulus 

f – Flexural strength 

fc  - Compressive stress 

fcc  - Cracking compressive strength 

fct, c – Splitting tensile strength by cylindrical specimen 

fct, d– Uniaxial tensile strength by dog-bone specimen 

fct, s – Splitting tensile strength by cubic specimen 

fcu  - Maximum compressive strength 

ft - Tensile strength 

FTc  - Flexural toughness at cracking load 
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FTf  - Flexural toughness at considered final of strain-softening stage 

FTu  - Flexural toughness at maximum load 

fu - Maximum flexural strength 

h  - Depth of element cross section 

hr – Real thickness of slab     

I - Second inertia moment per unity 

Ih - Non-dimensional impact factor  

ITc  - Index of toughness at maximum load 

ITf  - Index of toughness at considered final of strain-softening stage 

l  - Length of element 

M - Drop-weight impact mass 

Mp - Elastic moment  

Nh - Impactor nose-shape factor  

P – Load carrying capacity 

Pc  - Cracking load 

Pco  - Compressive load 

pd  - Penetration depth 

Pdh – Load at deflection-hardening stage 

Pds – Load at deflection-softening stage 

Pe  - Pre-cracking load 

pem - Empirical penetration depth  

Pf  - Load at considered final of deflection-softening stage 

Pi  - Impact load 

Piu  - Maximum impact load 

Psu – Maximum static load  

Pu  - Maximum load 

s – Span length of tested beam 

S - Strain-rate factor  

t  - Time history 

T50 – Flow time up to df =50 cm 

Vf  - Fibre volume fraction 

vi - Impact velocity  
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WFc  - Work of fracture at cracking strength 

WFf  - Work of fracture at considered final of strain-softening stage 

WFu  - Work of fracture at maximum strength 

xp - Required thickness of target to prevent perforation 

xsc - Required thickness of target to prevent scabbing 

y - Depth of slab under tensile stress 

β - Safety factor  

st – Splitting tensile stress 

ut – Uniaxial tensile stress 

εcc  - Cracking axial strain 

εcu  - Maximum axial strain 

εl  - Maximum longitudinal strain 

εtc  - Cracking lateral or tensile strain 

εtu  - Maximum lateral or tensile strain 

εc  - Axial or compressive strain 

εt  - Lateral or tensile strain 
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1.1 MOTIVATION  

Modern construction industry strongly depends on the development of elaborated structural 

cement composites. Structural concrete has changed hugely since the 1960s of past century 

and changes are now accelerating even more. There is also a little doubt that structural 

concrete or structural cement composites of the next 100 years will be strikingly different from 

what we are using today [Clark, 2013]. Long gone are the days when structural concrete were 

dosed in unsteady and non-reproducible ways and cast by an artisanal fashion with cement, 

sand, aggregates, water, etc. Today construction is a high technology business that requires 

high performance cement composite (HPCC) structures as light as possible, capable of 

delivering compressive strengths larger than 80 MPa [Gipperich et al., 2010; Aitcin & Mindess, 

2011], service life over 100 years under severe conditions [De Schutter & Audenaert, 2007; 

Baroghel-Bouny et al., 2009] and
 
with reducing tendency to fail in a brittle manner, where large 

inelastic deformation capacity is required or under dynamic loading while avoid its lack of long-

term durability at the same time [Aydin, 2007; Bentur & Mindess, 2007; Montesinos, 2007].  

Its varied characteristics (e.g. high performance concrete, HPC, self-placing or self-

consolidating or self-compacting concrete, SCC, or high and ultra-high performance fibre-

reinforced concrete, HP- and UHPFRC) means that concrete is ever-present in our day-to-day 

lives and can be adapted to our needs and aesthetic tastes while still meet requirements as 

regards of safety, strength and durability. Concrete is the most used industrial material with a 

world production estimated to be about 6 billion (6·10
9
) tons per year for providing solutions to 

all our needs. Structural cement composite is an up-to-date material, constantly evolving and 

able to take on any challenge, as shown in Figure 1.1. 

 

   
(a) (b) 

  
(c) (d) 
 

Figure 1.1:  Samples of HPFRC in the practice: (a) Channel Tunnel Rail Link between UK and 
France [Calearq, 2010]; (b) inside view of an aero-generator wind turbine tower; (c) 
Rocca Tower, Estonia [AceroMittal, 2014] and (d) Industrial floor [AceroMittal, 
2014].      

 

http://upload.wikimedia.org/wikipedia/commons/3/35/WKA_spannglieder.jpg
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Furthermore, they have to comply with strict sustainability standards to be among others 

mechanical and chemical stable and above all within tight service life budgets, as it was 

mentioned in the literature [Aitcin & Mindess, 2011; Meggers et al., 2012]. But nowadays, on the 

XXI century, the demands of means we need to minimize the use of resources in addition to 

reduce our impacts on the Earth and maximize the life of structures making them as adaptable 

to performance as possible [Clark, 2013]. In this context, one of the most successful innovations 

is a 30-year-old Japanese breakthrough, named as self-compacting concrete [Ozawa et al., 

1989].  

Moreover, this sustainable approach has matured, diversified, evolved and adapted to many 

unlike applications [Skarendahl & Peterson, 2000; De Schutter & Audenaert, 2007; Roussel, 

2013]. Indeed, in recent years a considerable type of fibres for both conventional and high 

demanding applications have appeared in the market. These products have made possible to 

substantially broaden the possibilities of SCC matrix composition, hence allowing serving 

apparently incompatible functions simultaneously [Aydin, 2007; Gipperich et al., 2010]. This 

leads to a new concept known as multi-functional cement composite (MFCC) [Lau et al., 2008] 

or high strength fibre-reinforced concrete (HSFRC) [Brandt, 2009]. The use of such HPC 

approaches is growing but still its use lags behind the conventional vibrated normal strength 

concrete (CVNSC) despite of being far superior in terms of durability and cost-effectiveness 

[Bentur & Mindess, 2007; De Schutter & Audenaert, 2007]. As it has been reported in the last 

statistics of the European Ready Mix Concrete Organization [ERMCO, 2012], the production in 

Spain of concrete with strength class higher than C35, hence involving HPC (>50MPa) but also 

part of the CVNSC, was 8%. This figure is, on the one hand, slightly lower than the average EU 

or total average ERMCO figures of 2012 (11.3% and 9.5% respectively). On the other hand, it is 

quite lower if it is compared with those of Ireland, Belgium or Sweden (32%, 32% and 40%) and 

even more with the production of those of strength class C25-C30 figures that were of 82% in 

the case of Spain and 57% in the EU. A similar conclusion can be arisen regarding the SCC 

production compared to the standard high workable concrete (S4-S5) as these figures were in 

the case of Spain of 1% (SCC) in front of the 94% (S4-S5) and in the average EU 2% in front of 

the 38.6%. According also to the figures Denmark is the country with the highest SCC 

production (35%) followed by France and UK with 7% and 6% respectively.   

A promising way to implement HPC, especially the most costly ones (those using fibres) and 

making it even more economically attractive for any type of structure could be to tailor it 

according to a relatively old concept which is well known in Materials Technology: functionally 

graded materials (FGM). This concept was introduced in the early 1970s [Bever & Duwez, 

1972] and put into action in the 1980’s for the development of high performance metal-ceramic 

materials to be used for the aerospace industry [Kawasaki & Watanabe, 1997; Koizumi, 1997; 

Miyamoto, 1997]. The FGM has been envisaged as a multiphase material, in which the 

structure or composition is manipulated or engineered at different scales, in order to provide a 

non-uniform but controlled distribution of the different phases over the volume, resulting in a 

corresponding variation of properties: mechanical, electrical or thermal. Hypothetical and 

tangible applications for FGMs, currently being considered throughout the world, have involved 

a broad range of industrial sectors
 
(aerospace,  biomedical, automotive, structural engineering, 

etc.) and most recently the concrete industry [Maalej & Li, 1995; Maalej et al., 2003; Rio, 2009; 

Dias et al., 2010], which call them functionally-graded cementitious composites (FGCC), 

independently of the concrete technology used (CVNSC, HSFRC, SCC).  

However, earlier ‘look-alikes’ surely exist, though not defined as such. For instance, an allusion 

can be made to roman concrete production [Herring & Miller, 2002]. In relation to modern 



  INTRODUCTION 

 

 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites   5 

FGCC, named sometimes as CC sandwich concept [Ho et al., 2001] or hybrid concept 

[Grepstad & Overli, 2008; Kheder et al., 2010; Nguyen et al., 2014], some published papers 

dealt with the optimization of fibre quantity distribution [Shen et al., 2008; Dias et al., 2010], 

while others involve different concrete technologies [Bosch et al., 2006; Ma et al., 2009] but 

always involving a layered structure or what it is named in terms of FGM types a laminated-

FGM or interface-FGM solutions which consider the gradation or FG at the interlayer levels.  

The technique of casting mass concrete in layers, but of the same mixture constituents, is a 

rather common practice in construction and it has shown many technical advantages [Ho et al., 

2001]: i.e. the proper compaction or the reduction of thermal gradient of the massive concrete 

placement. Nevertheless, the layering method, by simple stacking the layers, does not always 

allow producing FGM  to relax the stresses because it leads to the formation of sharp or “cold” 

interfaces which resulting in an adhesion failure [Ruys et al., 2001], e.g. due to thermal stresses 

(Figure 1.2). On the contrary, a continuous gradient (or the FGM production) allows relaxing 

thermal, mechanical, or whatever caused stress along the compositional gradation [Dias et al., 

2010; Alonso et al. 2011; Nguyen et al., 2011]. Therefore, it allows performing the section 

similarly or even better than those built of an equivalent bulk material, e.g. under flexion (Figure 

1.3).  

 

  

Figure 1.2: Adhesion failure at interface level 
of the 20 mm coating layer [Kim et 
al., 2010]. 

Figure 1.3:Flexural response of homogeneous 
beams with varying volume 
fractions and of FGFRCC with 1% 
overall net fibre volume fraction 
[Shen et al., 2008]. 

 

The reduction in cost as well as the reduction in design and production complexity, given by the 

layering methods, has been attractive facing CC applications in a particularly conservative 

industry. Thus, the FGCC production has revolved around this approach, where an 

extraordinary effort has been made for avoiding sharp interfaces by using rather different 

“graded interlayer” production methods such as extrusion and pressing [Shen et al., 2008], 

stacking and compression [Dias et al., 2010], casting with and without vibration of interface [Ho 

et al., 2001], modifying interface between the layers [Bosch et al., 2006; Ma et al., 2009; Wen et 

al., 2010]. Nevertheless, majority of these methods were still not ideal for producing a FGCC 

that will be commercially viable because they do not always provide an easy-controlled gradient 

or a single and simple casting method to being massive employed by construction industry to 

build structural elements [Rio, 2009]. 
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A way to use the layering method and to eliminate such a sharp interlayer of this straightforward 

functional gradation method while easily forming a regular reproducible “graded interlayer” (at 

least mathematically regular) will be by controlling the rheology of the mixes and using gravity at 

the same time to ensure a “graded interlayer” formation. This methodology which comprises 

costly production methods in the case of FGM involving, e.g. metal-metal or ceramic-metal, 

should be the opposite for the case of concrete due to the maturity reached by the SCC 

technology. On the one hand, the SCC technology positively would affect the FGM concept 

allowing establishing a balance between the accuracy of forming a regular interlayer and the 

production cost. On the other hand, the laminated-FGM concept would allow SCC establishing 

a balance between performance efficiency and the material and service life costs. 

1.2 SCOPE AND OBJECTIVES  

This thesis deals with the study on how to design and to cast laminated or interface-functionally 

graded cementitious composites by optimising the use of high performance SCC technologies 

with inclusion of steel fibres, provided that it meets the stability and viscosity requirements set 

and always considering high strength structural concrete classes, manufactured from locally 

available materials and prepared in a standard way in concrete plants. The study is focused on 

laminated functionally graded self-compacting steel fibre-reinforced cementitious composite 

(FG-SCSFRC) specimens having different SCC compositions, but almost equal strength class 

at sectional level (laminated-FGSCC, named since now up as FGSCC). It aims to cover all 

stages since the preparation of the FGSCC structural material to its mechanical performance 

assessment considering different potential uses of the structural material: beams, slabs, 

columns, walls or inclusively tunnel segments. 

Therefore, the end goal of this thesis, focuses on the experimental evaluation of the structural 

robustness and mechanical performance of different laminated functionally graded steel fibre-

reinforced cementitious composite elements, is to explore the potentiality of using the synergy 

between the SCC technology and the FGM concept for developing not only a robust but a easily 

forming regular reproducible “graded interlayer” than those obtained by using current casting 

methods and to meet the laminated-FG design criteria associated to the interlayer (thickness of 

1-3 mm). 

Taking into account the research significance of this overall objective as well as the proposed 

study performed in this thesis, the following partial objectives arise: 

 The study of the state of the art regarding present limitations of the bulk high performance 

FRCC (fibre-reinforced cement composite) solutions and of present laminated-FGFRCC, 

their relation with the sustainability criteria, the design, fabrication and evaluation criteria and 

the challenges of the methods proposed for preparing regular reproducible “graded 

interlayers” based on complex production methods. 

 The development and validation of the material assessment criteria selected to evaluate that 

the gradient tensional performance of a FGSCC will meet the potential mechanical 

requirements in agreement to the sectional design criteria (cohesive failure). 

 Regarding the experimental evaluation of flexural performance, the objective is to analyse 

the improvement in terms of flexural response of FGSCC beam elements with different linear 

layer distribution and consequently different overall net fibre volume fraction in front of equal 

strength class bulk beams containing about one per cent of fibre volume fraction. Objective 

is also the robustness evaluation of the “graded transition” under different tensional levels. 
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 Concerning the experimental evaluation of compressive performance, the objective is to 

analyse the effect of the slenderness ratio (l/h) in terms of deformations and ultimate 

response of square section FGSCC elements with different linear layer distribution and 

consequently different overall net fibre volume fraction in front of their bulk counterparts 

(equal strength class) with and without fibre inclusion as well as the robustness of the graded 

transition under uniform applied load. 

 Aim is the feasibility study of FGSCC applicable for structural elements able to withstand 

impact loads, by analysing the FGSCC elements under drop-weight impact loads, to observe 

whether there is a lack of bond strength between layers when the FGSCC slab is subjected 

to the impulsive loading. Moreover, aim is also to discuss on dynamic responses (local and 

global), focusing on the interface between the FRC and PC layers in order to comprehend 

whether there is transient behaviour. 

 Regarding the overall experimental study involving both material and medium size structural 

characterization tests, the objective is on the one hand the determination of the minimum 

relevant parameters useful for allowing defining if a layered-SCC meets the specifications for 

being a layered-FGSCC. On the other hand, the objective is to enlarge the know-how on the 

topic by providing a huge amount of experimental data from where derive later on the design 

criteria or evaluating the accuracy of some of the proposed calculation methods designed for 

studying FGSCC structural elements.  

1.3 THESIS OUTLINE  

The thesis is organized by seven chapters and one appendix, including this introductory chapter 

focused on the motivation, objectives and publications obtained up to date regarding different 

topics considered.  

Chapter 2 presents the state of the art on the literature and patent review, with special focus on 

the FGSCC pillars of the concept: the SCSFRC and the layered-FG. Regarding SCSFRC, the 

issues related to its outstanding fresh properties, the fibre reinforcement mechanisms or 

standardized testing will be in particular discussed. Moreover, the following main aspects will be 

considered in the review of the FGCC: i) how and to which extent the concept has been used in 

structural concrete, ii) which are the main advantages and/or disadvantages of the methods 

used for manufacturing layered-FGCC, and iii) which are the methodologies adopted for 

evaluating FGCC main mechanical properties among others. 

The Chapter 3 is the first chapter of the experimental programme, which was split in this thesis 

in 4 chapters: this chapter 3, which deals with the materials their preparation and 

characterization and the remains three chapters 4-6, which deal with each of the testing 

methods used, their corresponding results and discussions. Regarding Chapter 3, it consists of 

two parts: i) the first, which deals with the different aspects related to the specimens’ 

preparation, involving from the design and fabrication up to the full description of the specimens 

to be used for performing the different studies, and ii) the second, which addresses the different 

aspects dealing with the methods designed for characterizing the graded interlayer as well as 

the results of the characterization. 

Chapter 4 examines the possibilities of the FGSCC to be used for structural bending members. 

The studies referenced in this chapter include different sectional FGSCC configuration and bulk 

PC and FRC beam elements of different dimensions and two SCC strength classes. The study 

is focused on the influence of FGSCC arrangement on the flexural cracking pattern, flexural 
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toughness and on the type of failure. The importance of the FGSCC in the flexural behaviour of 

elements will be also analysed. 

In Chapter 5, the prospect of FGSCC applied to structural members subjected to compressive 

loading will be considered. Study involves FGSCC elements of constant cross-sections with two 

different sectional compositions and three different lengths. The study is focused on the 

influence of slenderness ratio (l/h) on compressive performance of FGSCC. The potential 

hooping effect, exerted when using two FRC layers placed on the outer part, is also examined. 

Chapter 6 analyses the possibilities of FGSCC to produce structural slab members subjected to 

impact loading with a medium strain-rate. The FGSCC slab elements of the same size and the 

same strength class will be studied in drop-weight impact load test in comparison with the 

corresponding FRC and PC bulk elements. Local and global dynamic response of FGSCC slab 

elements, particularly the interface between the FRC and PC layers will be analysed. Analysis 

of impact results by mean of empirical expressions for the bulk and the FGSCC slab elements 

together with an analysis of those slabs based on an extended yield line theory will be taken 

into consideration. 

Chapter 7, the last of this thesis, is devoted to the conclusions and main contributions leading 

by the thesis. It will also suggest new inroads for future research on FGSCC. 

1.4 PUBLICATIONS 

Up to now, this thesis has been fruitful for the following publications: 

 Nguyen, V. D.; Río, O. and Sánchez-Gálvez, V. (2014) Performance of hybrid cement 

composite elements under drop-weight impact load. Materiales de Construcción 34 [314], 

April–June 2014, e017, p. 1-14 (IF: 0.570, Q2). 

 Río, O. and Nguyen, V.D. (2014) Evaluation of new material technology for tunnel segments. 

In: Al Shaeb Press Ed. Abstracts of Civil Engineering for Sustainability and Resilience 

International Conference, CESARE 14, Amman, Jordan. p. 11. 

 Nguyen, V.D. and Río, O. (2013) Exploring the potential of the Functionally Graded SCCC 

for developing sustainable concrete solutions. In: Japan Concrete Institute Eds., Proceeding 

of 1
st
 International Conference on Concrete Sustainability. ISBN: 978-4-86384-041-6. Tokyo, 

Japan, Vol. I, p. 892-899. Prize Awarded Paper
1,2

. 

 Nguyen, V.D, Alonso, M.C.; Araoz, G. and Rio, O. (2013) Hybrid cement-based materials 

exposed to fire. In: J.P.C Rodrigues & R. Fakury Eds., Proceeding of 2
nd

 Ibero-Latin-

American Congress on fire safety, ISBN: 978-972-96524-9-3. Coimbra, Portugal, Vol. I, p. 

429-438. 

 Río, O.; Nguyen, V.D. and Turrillas X. (2013) Functionally-graded self-compacting cement 

composites. In: S. Shah & K. Wang Eds. Proceeding of 5
th
 North American Conference on 

the Design and Use of Self-Consolidating Concrete. Chicago, IL, USA, CD-ROM, 12 p. 

                                                      

 
1
  Award “Excellent Young Researcher” given by the Organizing Committee of the First International Conference on 

Concrete Sustainability (ICCS13). Conference was organized by the JCI (Japan Concrete Institute), fib, ACI and 
RILEM. 

2
  The paper has been one of the 10 selected for preparing an extended version to be published in a Special Issue of 

Journal of Advanced Concrete Technology on the second semester of 2014.  IF: 0.752, Q1. The extended version of 
the paper is at present under review. 

http://www.jci-iccs13.jp/
http://www.jci-iccs13.jp/
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 Río, O.; Nguyen, V.D. and Alonso, M.C. (2012) Improving outer waterproof while avoiding 

inner spalling of tunnel linings by using a novel graded cement based composite concept. In: 

Proceeding of 7
th
 international scientific-technical conference: Waterproofing, roofing and 

heat-insulating materials, Saint-Petersburg, Russia, Vol. I, p. 69-77. Invited paper. 

 Alonso, M.C.; Rio, O.; Rodriguez, C. and Nguyen V.D. (2011) Avoiding spalling of precast 

HPC & UHPC elements by using a novel layered concept. Concrete Spalling due to Fire 

Exposure. In: E.A.B. Koenders and F.Dehn Eds., Proceeding of 2
nd

 International RILEM 

Workshop, RILEM PRO 80, ISBN: 978-2-35158-118-6. Delft – Netherland, Vol. I, p. 393-400. 

 Alonso, M.C.; Rio, O.; Rodríguez, C. and Nguyen, V.D. (2011) Fire protection of high 

strength concrete by modifying its cover composition. In New Zealand Concrete Society 

Eds., Proceeding of 9
th
 Symposium on High Performance Concrete: Design, Verification & 

Utilization, Rotorua, New Zealand, CD-ROM, 8 p. 

 Nguyen, V.D.; Río, O. and Sánchez-Gálvez, V. (2011) Hybrid cement-based composite 

elements. In New Zealand Concrete Society Eds. Proceeding of 9
th
 Symposium on High 

Performance Concrete: Design, Verification & Utilization, Rotorua, New Zealand, CD-ROM 6 

p. 

 Rio, O. and Nguyen, V.D. (2010) Hybrid cement-based composite solution based on 

nanotechnology concepts. In Proceeding of International Congress on Nanotechnology and 

Research Infrastructures GENNESYS, Barcelona, Spain. Poster. 

1.5 INSTITUTIONAL SUPPORT TO THE THESIS 

The experimental work of this thesis was carried out within the Group “Risk Management and 

Safety” of the Department of Construction of the Instituto de Ciencias de la Construcción 

Eduardo Torroja, CSIC in collaboration with the Department of Materials Science of the E.T.S.I. 

de Caminos, Canales y Puertos, UPM under the following research projects and grants: 

 Technology Innovation in Underground Construction (TUNCONSTRUCT). EU-FP6-2003-

NNMP-NI-3: Human-friendly, safe and efficient construction. IP 011817-2., 36 partners 2005-

2010. 

 Development, improvement and analysis of new multipurpose structural hybrid cement-

based-composites compound of different customized layers. Programa “Junta para la 

Ampliación de Estudios” (2009-2013). 

 Study on Fibre-reinforced Concrete. CSIC Grant for a Short-term internship in the 

Department of Civil Engineering, Architecture, Land and Environment of the University of 

Brescia. (March-June 2011). 

 Plataforma colaborativa para el almacenamiento, validación e intercambio de resultados 

numéricos y experimentales en ingeniería estructural (NUMEX). PN Avanza I+D. TSI-

020100-2008-553/ TSI-020100-2009-593 (2008-2011). 

 Mineral quantitative determination on the interface of cementitious bi-layers by synchrotron 

micro-diffraction. ALBA Standard Proposal nº 2010010267 (2013). 

 Implementación de modelos para la estimación y control de calidad de la bombeabilidad del 

HAC basado en indicadores prestacionales de bombeo. BIA 2013-48480-C2-1-R, Programa 

retos de la sociedad. (2014-2016). 
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CHAPTER 2: STATE OF THE ART 
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2.1 INTRODUCTION 

This chapter presents an overview of relevant literature regarding the main characteristics of 

self-compacting concrete (SCC) and self-compacting steel fibre-reinforced concrete (SCSFRC) 

fresh and hardened states, focusing on high strength class. It also presents the main findings 

regarding functionally graded fibre-reinforced cementitious composites (FGFRCC), in which a 

systematic research has not been performed up to now. 

Therefore, the review will consider not only the state of the art regarding the main topic 

addressed by this thesis, the FGFRCC, but also some general aspects regarding the materials 

used, SCC and SCSFRC, to manufacture the samples of the comparative study. 

 

2.2 SELF-COMPACTING CONCRETE (SCC) 

Self-compacting concrete (SCC) is an advanced type of concrete that at the time of placement 

can flow and consolidate under its own weight (without external vibration), pass through intricate 

geometrical configurations and resist segregation. Because of these unique workability 

characteristics, the use of SCC can result in increased construction productivity, improved 

jobsite safety, and enhanced concrete quality. 

The first SCC developments were done by Prof. Okamura in the University of Tokyo (Japan) in 

1986, who named it as “High Performance Concrete”. Two years later in 1988, Prof. Ozawa 

developed the first prototype of SCC. It was developed to achieve durable concrete structures 

due to the gradual reduction in the number of skilled workers [Ozawa et al., 1989]. 

The SCC differs from conventional vibrated concrete (CVC) in the following three main 

characteristic features: 

1-Filling ability that is the ability of fresh concrete to flow into all spaces within the formwork 

under its own weight. 

2-Passing ability, which is described as the capacity of the fresh concrete to flow through 

confined spaces and narrow openings such as, those of congested reinforcement without 

segregation loss of uniformity or causing blocking. 

3-Segregation resistance, which is defined as the ability of fresh concrete, to remain 

homogenous in composition during transport and placing. 

Thus, the key point to achieve self-compacting property is providing high flow-ability and 

deformability, while maintaining resistance to segregation and sedimentation. This can be 

achieved by proper balance between constituent materials. Okamura and Ozawa proposed 

limiting of volume of coarse aggregate, along with high amount of powders, controlling the 

water-powder ratio by volume, and use of proper superplasticisers [Okamura & Ozawa, 1995]. 

Besides, other authors established that packing density is a key concept for achieving high 

performance SCC [De Larrard, 1999; Su et al., 2001]. Higher packing density of aggregates 

means less space between the grains and less paste demand. Moreover, a better packing of 

powders will also decrease water demand, which in turn decreases the porosity of hardened 

paste in the vicinity of the surface of aggregates and improves the transition zone [Mehta & 

Aitcin, 1990; Wong & Kwan, 2005]. Other authors, for instance [Andreasen & Andersen, 1990], 
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showed that the optimum packing is obtained with n=0.37, which Brouwers and Radix 

[Brouwers & Radix, 2005] showed that for various size of the sand ratios of 40/60 to 60/40 of 

sand/gravel results in the best packing and the lowest void fraction. 

Moreover, as it has been also noticed by Oh, Skarendahl or Koehler [Oh et al., 1999; 

Skarendahl & Peterson, 2000; Koehler & Fowler, 2007], it is necessary: i) improving shape and 

angularity of coarse aggregates to reduce inter-particle friction; ii) using finer grading to reduce 

harshness; iii) ensuring sufficient minimum paste volume to fill voids between aggregates, or iv) 

increasing high-range water reducer admixture (HRWRA) dosage to increase slump flow. They 

also indicate that viscosity must be not too high (sticky) or too low (instability) and for optimizing 

workability retention the use of viscosity modifying admixtures (VMA) is also proposed.  

Therefore, the concrete mix can be only classified as SCC if all three main characteristics are 

fulfilled, as it is also established in the present standards [EHE-08; ACI-237R, 2007] and 

guidelines [Skarendahl & Peterson, 2000; EFNARC, 2002]. Nevertheless, there are still 

practical differences in how SCC is produced in each country. These differences primarily arise 

from difference in fillers available in each region. 

 

2.2.1 Present standards  

In Spain, the Code on Structural Concrete [EHE-08] has included in its annex 17, the 

recommendations for the use of SCC, referring also the following AENOR UNE-EN standards 

for its characterization: 

 UNE-EN 12350-8 [UNE-EN12350-8]. Testing fresh concrete. Self-compacting concrete. 

Slump-flow test. 

 UNE-EN 12350-9 [UNE-EN12350-9]. Testing fresh concrete. Self-compacting concrete. V-

funnel test. 

 UNE-EN 12350-10 [UNE-EN12350-10]. Testing fresh concrete. Self-compacting concrete. L-

box test. 

 UNE-EN 12350-12 [UNE-EN12350-12]. Testing fresh concrete. Self-compacting concrete. J-

ring test. 

Moreover, the UNE-EN proposed an additional test for determining SCC segregation; this is the 

sieve segregation test [UNE-EN12350-11]. Furthermore, there are also various international 

guidelines, standards and recommendations covering different aspects of SCC, for example: 

 Durability of Self-compacting Concrete - State-of-the-Art Report of RILEM TC 205-DSC [De 

Schutter & Audenaert, 2007]. 

 Self-Consolidating Concrete, ACI Committee-237R [ACI-237R, 2007]. 

 Interim guidelines for the use of self-consolidating concrete in Precast/prestressed Concrete 

Institute [PCI, 2003]. 

 Specification, production and use for Self-compacting Concrete. European Federation of 

National Associations Representing [EFNARC, 2002]. 
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 Self-compacting Concrete - State-of-the-Art Report of RILEM TC 174-SCC [Skarendahl & 

Peterson, 2000]. 

It is important to take into account that most of new established standards, guidelines and/or 

recommendations have dealt with the fresh state properties of SCC, meanwhile the hardened 

properties of SCC can still be checked based on the existing AENOR UNE-EN standards used 

for CVC such as compressive strength [UNE-EN12390-3], elastic modulus [UNE-83316], 

flexural strength [UNE-EN12390-5] and splitting tensile strength [UNE-EN12390-6]. 

 

 

2.2.2 Fresh state characterization 

As aforementioned, SCC differs from CVC fundamentally in the fresh state properties (filling 

ability, passing ability, segregation resistance) and its characterization. These properties, 

depending on the particular application, need to be complied simultaneously. The evaluation of 

these properties can be carried out either through the measurement of the rheological 

parameters using rheology or by mean of simple test methods. 

According to the Bingham model, which is the one used for representing concrete fresh state 

[Ferraris, 1999; Skarendahl & Peterson, 2000], two parameters (τo and μ) characterize the 

material mobility, as shown in Eq. [2.1] and Figure 2.1. 

.

0                                                              [2.1] 

where, 

 = shear stress (Pa)  

0 = yield value (Pa)  

  = plastic viscosity (Pa.s) 
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Figure 2.1: Flow curve characteristic of concrete based on Bingham model. 

 

In contrast to CVC, normal strength and high strength concrete (NSC and HSC), SCC is 

characterized by low yield value, as it can be observed in Figure 2.2.  
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Figure 2.2: Flow curve of self-compacting concrete (SCC), conventional vibrated concrete 
(CVC) and high strength concrete (HSC). 

 

The rheological parameters (τo and μ), which define SCC, can be measured by mean of 

viscometer or rheometer [Wallevik, 2003]. Nevertheless, the measurement of those rheological 

parameters is usually restricted to the laboratory study and depends on the type of rheometer 

used [Ferraris & Martys, 2003]. 

There are also several simple test methods available to evaluate the fresh characteristic of 

SCC. Those test methods are slump flow, V-funnel, J-ring, L-Box, U-Box, Orimet, sieve stability 

and filling vessel tests [Skarendahl & Peterson, 2000; EFNARC, 2002], settlement column test, 

penetration apparatus, visual stability index or VSI (based on the slump flow spread) [ACI-237R, 

2007]. 

Therefore, the correlation of rheological measurements and results from the simple test 

methods seems to be more applicable from the practical point of view. Considering this, Zerbino 

et al. [Zerbino et al., 2006] have derived, for example, which are the correlation between slump 

flow diameter and yield value, Figure 2.3 (a), or between V-funnel flow time (Tv) and plastic 

viscosity, Figure 2.3 (b). 
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Figure 2.3:  Typical correlation of slump flow diameter and yield value (a), and of V-funnel time 
and plastic viscosity (b) [Zerbino et al., 2006]. 
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In what follows, the standard tests to evaluate the fresh properties of SCC are briefly discussed. 

Slump flow test 

Slump flow test [UNE-EN12350-8] is used to assess the flowability and the flow rate of SCC in 

the absence of obstructions. The result of this test is an indication of the filling ability of SCC, 

that is determined by the slump-flow diameter (df) and T50
 
time, using the Abrams cone (Figure 

2.4). Although it is not specified in the standard, some authors used the Abrams inverted cone 

for performing the test [Cunha et al., 2011; Deeb et al., 2012; Abrishambaf et al., 2013]. In their 

papers, they showed that this procedure allows for better determining the segregation 

resistance. 

 

 
(a) 

 
(b) 

Figure 2.4:  Slump flow test: (a) testing tools (Unit in mm) and (b) determination of df. 

 

The df is the final flow diameter, which is the mean of the largest diameter of the flow spread of 

the concrete and the diameter of the spread at right angles to it, measured as illustrated in 

Figure 2.4 (b). While, the T50 time is the time since the starting upward movement of the cone to 

when the flow spread of concrete has reached to a diameter of 500 mm, as shown in Figure 2.4. 
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The EHE [EHE-08] displays the acceptable ranges that self-compacting parameters, 

determined by this test, should conform, that is 550 mm ≤ df ≤ 850 mm and T50 ≤ 8 seconds. 

Moreover, EHE establishes that the designation of self-compacting concrete is similar to that of 

conventional vibrated concretes. Alternatively, self-compactability using slump flow test may be 

defined by a combination of the classes corresponding to flow (AC-E) and viscosity (AC-V) in 

accordance with Table 2.1 and Table 2.2 respectively. 

 

Table 2.1: Flow classes. 

Class Criterion according to UNE-EN 12350-8  

AC-E1 550 mm ≤ df ≤ 650 mm 

AC-E2 650 mm ≤ df ≤ 750 mm 

AC-E3 750 mm ≤ df ≤ 850 mm 

 

Table 2.2: Viscosity classes. 

Class Criterion for flow test according to UNE-EN 12350-8 

AC-V1 2.5 seconds ≤ T50 ≤ 8.0 seconds 

AC-V2 2.0 seconds ≤ T50 ≤ 8.0 seconds 

AC-V3 T50 ≤ 2.0 seconds 

 

Although no standard tests are available to evaluate the resistance to segregation in this code, 

this characteristic may be checked from the behaviour of the material by checking that a uniform 

distribution of coarse aggregates should be observed and not type of segregation or exudation 

in the perimeter of the final test cake appears. Taking into account this, it is possible to say that 

the sample of Figure 2.4 (b) is in compliance, but the sample of Figure 2.5 cannot be 

considered as SCC. 

 

Bleeding of 

cement paste

Segregation 

of coarse 

aggregates

 

Figure 2.5:  Example of non-compliance SCC. 
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In general, self-compatibility class AC-E1, as shown in Table 2.1, shall be considered as the 

most appropriate SCC for most structural elements that are usually constructed. Particularly, its 

use is recommended in the following cases [EHE-08]: 

 structures that are not strongly reinforced. 

 structures where the filling of the formwork is simple, the concrete may pass through wide 

holes and the pouring holes do not require it to be horizontally displaced in long distances 

inside the formwork. 

 structural elements where the non-formwork surface is slightly separated from the horizontal. 

 

V-funnel test  

The V-funnel test [UNE-EN12350-9] is used to assess the viscosity and filling ability of SCC, by 

determining the V-funnel flow time (Tv). The V-funnel flow time (Tv) is the elapsed time when 

SCC passed through the V-funnel, as shown in Figure 2.6.  

 

 

Figure 2.6: V-funnel test (Unit in mm). 

 

Besides, EHE [EHE-08] has recommended as admissible range: 4 seconds ≤ Tv ≤ 20 seconds. 

Moreover, based on the V-funnel flow time (Tv), a set of alternative viscosity classes are 

specified in this code (Table 2.3). 

 
Table 2.3: Alternative viscosity classes. 

Class Criterion for V-funnel test according to UNE-EN 12350-9 

AC-V1 10 seconds ≤ TV ≤ 20 seconds 

AC-V2 6 seconds ≤ TV ≤ 10 seconds 

AC-V3 4 seconds ≤ TV ≤ 6 seconds 
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L-box test  

The L-box test [UNE-EN12350-10] is used to assess the passing ability of SCC to flow through 

tight openings including spaces between reinforcing bars and other obstructions without 

segregation or blocking, by determining the passing ratio CbL equal to H2/H1, where H1 and H2 

are shown in Figure 2.7.  

 

 

Figure 2.7: L-box test (Unit in mm). 

 

There are two variations; the two-bar test and the three-bar test. EHE [EHE-08] has 

recommended as admissible range: 0.75 ≤ CbL ≤ 1.00. Moreover, based on the characteristic 

requirements and the test variations, blocking resistance classes are specified in accordance 

with Table 2.4 included under J-ring test section. 

Sieve segregation test 

The sieve segregation test [UNE-EN12350-11] aims to investigate the resistance of SCC to 

segregation by measuring the portion of the fresh SCC sample passing through a 5 mm sieve, 

as shown in Figure 2.8. If the SCC has poor resistance to segregation, the paste or mortar can 

easily pass the sieve. Therefore the sieved portion indicates whether the SCC is stable or not. 

The sieved portion SR (the mass percentage of the sample passing through the sieve) is 

calculated using Eq. [2.2] and expressed in % to the nearest 1%. 

( ) 100ps p

c

m m x
SR

m


                                                   [2.2] 

where, 

SR = sieved portion in percentage  
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mps = weigh of the pan with the sieved materials 

mp = weigh of the pan alone 

mc = weight of concrete poured into the sieve, 

 

m
m

Concrete 

deposit
Sieve 5 mm

Pan

Scales

 

Figure 2.8:  Sieve segregation test. 

 

The sieved portion SR, which indicates whether the SCC is stable, is varied within the range of 

16 - 30 % based on the values of repeatability and reproducibility of the sieved portion 

described in UNE-EN standard [UNE-EN12350-11]. 

J-ring test  

The J-ring test [UNE-EN12350-12] is used to assess the passing ability of SCC through the 

reinforcement in free flow condition, by determining the final flow diameter dJf in a similar 

manner to that used to determine df in the aforementioned slump flow test (Figure 2.9).  

 

Cone

J-ring

Base plate SCC
300

 

Figure 2.9: J-ring test (Unit in mm). 

 

This test provides a higher degree of freedom in the choice of gap distance between re-bars as 

compared with L-shaped box in aforementioned L-box test. EHE [EHE-08] has recommended 

as admissible range: dJf ≥ df  - 50 mm. Moreover, based on the characteristic requirements and 

a type of ring used (12 bars or 16 bars), blocking resistance classes are specified in this code. 

The Table 2.4 just below displays the corresponding classes. 
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Table 2.4: Blocking resistance classes. 

Class Characteristic requirements 

Criterion 

according to 

UNE-EN 

12350-10 

Criterion 

according to 

UNE-EN 

12350-12 

AC-RB1 

Required when the maximum aggregate 

size is greater than 20 mm or the thickness 

of the holes through which the concrete 

passes is between 80 and 100 mm 

≥ 0.80, with 2 

bars 

dJf ≥ df  - 50 

mm, with a 

ring of 12 bars 

AC-RB2 

Required when the maximum aggregate 

size is less or equal to 20 mm or the 

thickness of the holes through which the 

concrete passes is between 60 and 80 mm 

≥ 0.80, with 3 

bars 

dJf ≥ df  - 50 

mm, with a 

ring of 16 bars 

 

2.2.3 Selection of materials and mix design 

SCC can be made using the constituent materials that are normally considered for structural 

concrete. As a general rule, materials that conform to the standards and specifications for use in 

concrete are suitable. Researchers have set some guidelines for mix proportioning, which 

includes: i) reducing the volume ratio of aggregate to cementitious material [Nagamoto & 

Ozawa, 1997; Khayat & Ghezal, 1999]; ii) increasing the paste volume and water-cement ratio 

(w/c); iii) carefully controlling the maximum coarse aggregate particle sizes and total coarse 

aggregate volume, and iv) using various viscosity modify admixture (VMA). 

Therefore, SCC, compared to CVC, is characterized by a lower coarse aggregate content, 

higher mineral fines content and a lower maximum aggregate size in general. As example, EHE 

[EHE-08] recommended SCC mixes with maximum coarse aggregate size less than 25 mm, 

while EFNARC [EFNARC, 2002] recommended limiting the maximum size to 20 mm. 

For SCC, it is generally necessary to use superplasticiser in order to obtain high mobility. 

Adding a large volume of powdered material or viscosity modifying admixture can eliminate 

segregation. The powdered materials that can be added are fly ash, silica fume, lime stone 

powder, glass filler and quartzite filler. 

Thus, in addition to the structural requirements, which ruled the mixes, three approaches for 

obtaining SCC are described in the literature [Petersson et al., 1996; Ouchi et al., 2003; De 

Schutter, 2011]: i) Powder-type, ii) VMA-type, or iii) Combined-type. While, for the powder-type 

a large volume of powder material is used, in the case of VMA-type the viscosity is obtained by 

using only viscosity modify admixture. The combined-type makes use of both filler and VMA. 

Table 2.5 reproduces different examples of SCC mixes, presented by Ouchi et al. [Ouchi et al., 

2003], in order to provide a feel for how SCC mixes not only differ from CVC, but from each 

other based on the approach used or on the specific need of the project or among regions 

around the world. The table shows three typical SCC mixes used in Japan for different structural 

elements. M1 (powder-type) is an example of SCC used for a liquid natural gas tank, M4 (VMA-

type) is an example of SCC used for bridge foundations, and M5 – is an example of SCC used 

for reinforced concrete structures. While, M2 and M3 (powder-type) are examples of SCC 

typical mixes used in Europe and USA for reinforced concrete structures. As it is also possible 
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to see in the table, different types of fillers are used in Japan, Europe or USA. These differences 

primarily arise from the difference in powder-type materials available in each region. As 

example in Europe, the ready availability of inert fine fillers such as limestone and dolomite 

allow the producers to design more economical SCC mixes with higher paste content as 

compared to Japan and USA. 

 

Table 2.5: Examples of SCC mixes. 

SCC mixes 

 

Ingredients 

Powder-type VMA-type Combined-type 

M1 M2 M3 M4 M5 

Water, kg 175 190 180 154 175 

Portland Cement Type, 

kg 
530 280 357 416 298 

Fly Ash, kg 70 0 0 0 206 

Limestone filler, kg 0 245 0 0 0 

Ground Granulated 

Blast Furnace Slag, kg 
0 0 119 0 0 

Fine Aggregate, kg 751 865 936 1015 702 

Coarse Aggregate, kg 789 750 684 892 871 

HRWRA, kg 9.0 4.2 2.7 2.8 10.6 

VMA, kg 0 0 0 0.542 0.0875 

Slump Flow Test – 

Diameter of  Spread, 

mm 

625 675 660 610 660 

 

Since, self-compactability is largely affected by the characteristics of materials and the mix 

proportions, it becomes necessary to evolve a procedure for mix design of SCC. As it was 

mentioned in section 2.2, Okamura and Ozawa [Okamura & Ozawa, 1995] have proposed the 

first mix proportioning or design system for SCC. In this system, the coarse aggregate and fine 

aggregate contents are fixed and self-compactability is to be achieved by adjusting the water-

powder ratio and superplasticiser dosage. Since that, several mix design methods have been 

proposed, the Table 2.6 summarizes the main characteristics, advantages and disadvantages 

of the most used up to now in the practice. 

Nevertheless, independent of the method used, the different recommendations, as it is the case 

of those of EFNARC [EFNARC, 2002] and RILEM TC 174-SCC [Skarendahl & Peterson, 2000 ] 

etc., indicate that in designing the SCC mix, it is most useful to consider the relative proportion 

of the key components by volume than by mass.  

It is also established: i) a coarse aggregate of 30-34% of the concrete volume, ii) a water-

powder ratio of 0.8-1.2 or with mixes with values at the upper end of this range to use a 

viscosity agent for enhanced viscosity, iii) water content of 155-175 l/m
3
 if no viscosity agent is 

used, or up to about 200 l/m
3
 with the viscosity agent, iv) a paste volume of 34-40% of the 

concrete volume, and v) a fine aggregate volume of 40-50% of the mortar volume. 
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Table 2.6: M
ethods for m

ix design of S
C

C
. 

M
ethod 

M
ain characteristics 

R
eference 

S
olid suspension 

m
odel m

ix design  

This m
ethod is based on the Solid Suspension M

odel [D
e Larrard et al., 1995]. The principle of the m

odel is 

the rem
ainder is used to control the w

orkability. This allow
s m

inim
izing the voidage betw

een the skeleton, 
w

hile increasing the w
orkability of a m

ix for the sam
e w

ater content. The m
ethod includes 9 stages ranging 

from
 specifications for the concrete should be determ

ined on the basis of slum
p flow

 or using the B
TR

H
E

O
M

 
up to the study of fresh properties of the concrete, i.e. filling and passing ability.  
M

ain advantage: the packing density of the binder and aggregate is im
proved.  

M
ain disadvantage: the m

ethod required the use of a specific rheom
eter (B

TR
H

E
O

M
). 

[S
edan &

 D
e Larrard, 

1996] 

M
odel of C

BI 

This m
ethod developed in the N

ordic countries consisted of three m
ain stages. In the first stage, the m

inim
um

 
paste volum

e is determ
ined. In the second stage, the com

position of the paste is obtained. Lastly, in the third 
stage, the properties of the concrete in both fresh and hardened states are assessed. In the m

ethod, the 
m

inim
um

 paste volum
e is determ

ined as a function of void content in the concrete skeleton and in a criterion to 
prevent blockage of the aggregate.  
M

ain advantage: the m
ethod allow

s obtaining very cost-efficient m
ixes.  

M
ain disadvantage: the com

plexity required for calculating the proportion of m
ortar, w

hich are determ
ined by 

adjusting the w
ater-binder ratio, superplasticiser and viscosity m

odifier content and sand content until the 
required yield shear stress and plastic viscosity are obtained. 

[P
etersson et al., 1996] 

Linear 
optim

ization  
m

ix proportioning   

This m
ethod is based on the m

ethod of O
kam

ura and O
zaw

a [O
kam

ura &
 O

zaw
a, 1995], but m

odifies this by 
using the m

athem
atical approach of linear optim

ization to produce an optim
um

 m
ixture of w

ater, pow
ders and 

aggregates. The m
ethod includes 9 stages ranging from

 specifying air content up to derive the m
ix proportion 

and the study of fresh properties of the concrete. 
M

ain advantage: the m
ethod allow

s allow
s the use of linear optim

ization to obtain the best solution of the m
ix 

design. 
M

ain disadvantage: the arbitrary fix of coarse aggregate content w
ithout a grading analysis of the overall 

aggregates, w
hich in turn cause non-optim

ized technical and econom
ical m

ix. 

[D
om

one et al., 1999] 

M
ethod 

recom
m

ended by 
JSC

E   

This m
ethod specifies the content of coarse aggregate of m

axim
um

 size 20 or 25 m
m

, varying from
 16-19%

 of 
the concrete volum

e depending on the fine content. The air content is fixed at 4.5%
. W

hen VM
A

 is used, the 
coarse aggregate content is fixed at 13%

 of the concrete volum
e.  

M
ain advantage: the m

ethod allow
s for proportioning three types of S

C
C

 (pow
der-type, V

M
A

-type and 
com

bined-type). 
M

ain disadvantage: the determ
ination of adm

ixture content is based on the experience and recom
m

endation 
of m

aterial supplier. 

[JS
C

E
, 1999] 
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2.2.4 Mixing process and filling of formwork 

SCC can be mixed with the same concrete mixers as for CVC. However, mixing time can be 

somewhat longer in order to reach an accurate mixing of powder-rich mixes. High-energy 

mixers are preferred, like planetary mixers or forced pan mixers, although other mixers can also 

be used. In comparison with CVC, a more accurate control on the dosage of the different 

components should be maintained, in order to avoid unwanted deviations (i.e., segregation). In 

practice, mixing of SCC is not considered as a problematic issue, and certainly after some trial 

and error, concrete plants and factories can produce good mixes. 

However, although nearly all mixer types can be used to obtain SCC, it should be mentioned by 

some authors [Geiker et al., 2007] that the mixing procedure should be considered as a major 

influencing factor. Unfortunately, this is too often neglected and can be a source of 

misinterpretation of experimental results [De Schutter, 2011]. The variation in rheological and 

mechanical properties due to variations in mixing procedures are to a large extent linked to the 

efficiency with which the powders (cement and fillers) are mixed, and to the interaction with the 

liquid phase (water and plasticizer). The latter interaction is also depending on the sequence of 

adding water and plasticizer (separately, simultaneously or with a delay, intermixed, etc.) 

However, as it has been also mentioned by De Schutter [De Schutter, 2011], a factor that may 

introduce variation in rheological and mechanical properties is the air accidently introduced in 

the fresh concrete by the mixing procedure. Modern concrete indeed can be considered as a 

six-component-material (aggregates, cement, water, admixtures, additives, and air). All 

components can be dosed quite accurately, except for the air. As Du and Folliard [Du & Folliard, 

2005] mentioned, the air content in fresh concrete is influenced by the type of mixer and the mix 

procedure, but also by the atmospheric conditions like the temperature. Although an accurate 

control of air content is less critical for traditional or conventional normal strength vibrated 

concrete, this parameter is of utmost importance for any type of high performance cementitious 

materials like reactive powder concrete or SCC. For them, an undesired variation of the air 

content can lead to unacceptable fluctuation in the material properties. Therefore, De Schutter 

proposed the use of a vacuum concrete mixer, as a way to reduce the abovementioned problem 

[De Schutter, 2011]. Nevertheless, at this moment, this is still an open topic, which needs 

fundamental research results before industrial innovation projects can be initiated. 

Other important bottleneck that is not widely developed is that related the pressure during the 

filling of formwork, mainly used in precast industry. This aspect addressed by the RILEM TC 

233-FPC [Billberg & Roussel, 2009] is still an open question also for performing ongoing and 

future developments in order to better understand the advanced hydrodynamic modelling of the 

the flow of SCC, especially in complex-shaped formwork. Form pressure generated by SCC, 

according to different studies [Billberg & Roussel, 2009; Oman et al., 2014], shows that it can 

vary from full hydrostatic pressure to 20% of hydrostatic pressure, depending on the type of 

SCC. In general, it is accepted that SCC is a thixotropic material that builds up a structure at 

rest. However, besides material properties many other parameters also influence the resulting 

form-pressure, such as formwork characteristics (surface roughness, form stiffness, 

reinforcement, etc.), casting procedure (disturbance of the concrete in the form, casting rate, 

filling from top or bottom, etc.) and environmental issues (temperature, mechanical disturbances 

on the construction site, etc.). The Figure 2.10 reproduced from Oman et al. [Oman et al., 2014] 

shows that the lateral form pressure not only varies along the casting depth, but for different 

casting rates 5m
3
/h (Figure 2.10-left) and 10m

3
/h (Figure 2.10-right) and for different 

temperatures 12
o
C, 22

o
C, and 30

o
C. 
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Figure 2.10: Lateral pressure envelops for concrete placed at different temperatures and casting 
rates (R) of 5 and 10 m

3
/h [Oman et al., 2014]. (Phyd – hydrostatic pressure; CVC-

conventional concrete; SCC9-12, -22, -30 refer to SCC mixes prepared at 12
o
C, 

22
o
C, and 30

o
C respectively). 

 

Although some tests are proposed [Billberg et al., 2014; Lomboy et al., 2014], the prediction of 

form pressure and the optimal design of formwork are still an open topic, which needs 

fundamental research results, because the cost of the formwork system represents some 40-

60% of total construction costs [Billberg & Roussel, 2009; Oman et al., 2014]. The future 

research might aim at completing the knowledge necessary to create new formwork systems 

design formulas. Moreover, the focus will be on possible new innovative changes to existing 

formwork systems and casting techniques, especially relative to SCC fresh properties 

 

2.2.5 Hydration process and mechanical properties 

In the SCC, especially for powder-type SCC, cement hydration can be influenced by the 

interaction with puzzolan or inert additions (powders) and admixtures (e.g. polycarboxylates) 

[Poppe & De Schutter, 2005; De Schutter et al., 2008]. This interaction is very complex, and is 

depending on the properties of cement, fillers and admixtures. In some cases, a synergetic 

effect can be obtained, e.g. when combining limestone filler and fly ash [De Weerdt, 2011]. The 

interaction between the different components is not always fully understood, especially in case 

of ternary or quaternary blends. As it was mentioned by De Schutter [De Schutter, 2011], the 

advanced hydration modelling including thermodynamic modelling and multi-scale approach 

can be used to predict the hydration process. 

In terms of SCC mechanical properties, it is relevant to mention the work of Domone [Domone, 

2007]. This work, based on analysis and comparison of data from more than 70 studies of SCC 

considering different range of materials, mix designs and test procedures, has shown that 

differences exist between SCC and CVC. In the concluding remarks of this work, it is mentioned 

the following: 
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 Compressive strength results show that the difference in strength, between mixes with 

crushed and uncrushed coarse aggregate, is lower for SCC than for CVC. 

 The ratio of tensile to compressive strength for SCC is similar to that for CVC. 

 The elastic modulus of SCC can be up to 40% lower than that of CVC for low compressive 

strength (~20 MPa), but the difference is reduced to less than 5% for high strengths SCC 

(90–100 MPa). 

 The variation of in situ properties in structural elements with SCC is likely to be similar to that 

for CVC, but with SCC the mix design is the most important factor giving good performance 

whereas with CVC site practice is more critical. 

While the greater homogeneity in results of SCC (compared to CVC) may be attributed to the 

rheological advantages of the material, the greater percentages differences presented by the 

normal strength SCC versus CVC may be only attributed to the significant proportion of 

limestone filler that such SCC solution used. This is a reason also that the differences decrease 

for the case of high strength solutions. High strength SCC due to better packing condition uses 

less proportion of fillers. 

It is a fact that a lot of research has been done up to now regarding to the SCC mechanical 

properties, nevertheless some issues still remain unclear. For instance, as it has been 

mentioned by De Schutter [De Schutter, 2011], one aspect which does not seem to be studied 

so far is the fatigue behaviour of SCC structures. Tension stiffening also seems to be an 

unstudied issue for SCC structures, although it is expected to show equal or even better 

behaviour in comparison with CVC, considering the excellent bond properties of SCC. On the 

other side, it is not clear why different powders lead to different values, e.g. the peak strain 

value in the compressive stress strain relation. A better understanding of its cause is needed to 

achieve more successful in developing tailor-made SCC. 

2.3 SELF-COMPACTING STEEL FIBRE-REINFORCED CONCRETE (SCSFRC) 

As it has been previously mentioned in this thesis, various kinds of self-compacting steel fibre-

reinforced concretes (SCSFRC) ranging from normal to high performance (in term of strength or 

durability) solutions have been developed, studied, and applied in construction over the last two 

decades. The possible applications of SCSFRC include highways or industrial and airfield 

pavements [Walraven, 2009]; hydraulic structures and tunnel segments [Blanco et al., 2010; de 

la Fuente et al., 2011; Laranjeira et al., 2012], bridges components and concrete structures of 

complex geometry [Nejadi & Aslani, 2013]. In what follows, we will concentrate on high 

performance solutions, and then when we mention SCSFRC, we will talk about self-compacting 

high performance steel fibre-reinforced concretes (SCHPFRC). 

As it has been defined by some authors [Liao et al., 2014], SCSFRC is the hybrid of SCC and 

high performance steel fibre-reinforced concrete. Thus, SCSFRC combines the self-compacting 

property of SCC with the strain-hardening and multiple cracking characteristics of high 

performance steel fibre-reinforced concrete. Moreover, it is a highly-flowable, non-segregating 

concrete that can spread into place, fill the formwork and encapsulate the reinforcing steel in the 

typical concrete structures without any external vibration. Besides, SCSFRC ensures proper 

dispersion of fibres, and undergoes minimum entrapment of air voids and loss of homogeneity 

until hardening. 
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At present, a specific standard for SCSFRC has not existed yet. Nevertheless, considering that 

it is a hybrid material (SCC+SFRC) the standard related to SCC and SFRC should be 

considered when designing and characterizing SCSFRC. For example, the work of Pacios-

Alvarez et al. make reference to both, the Annex 14 (Recommendations for using concrete with 

fibres) and Annex 17 (Recommendations for the use of self-compacting concrete) of EHE [EHE-

08] when designing self-compacting concrete with fibres to be used in a particular project 

[Pacios-Alvarez, et al. 2011]. It is clear that adding fibres will extend the range of application of 

SCC, but a reduction of workability due to fibre addition may become a handicap in practice.  

Therefore, some considerations regarding SFRC are also applicable to SCSFRC. For instance, 

that reported by Swamy and Mangat [Swamy & Mangat, 1974] that mentioned that the relative 

fibre-to-coarse aggregate volume and the fibre “balling up” phenomenon limit the maximum 

content of steel fibres, or that of Edington et al. [Edington et al., 1978] which mentioned that a 

relationship between the size of coarse aggregate and the fibre volume fraction exists, or that of 

Grunewald [Grunewald, 2004], which also suggested that the fibre length be 2 to 4 times that of 

the maximum coarse aggregate size, a recommendation similar to that generally suggested by 

ACI committee 544. Moreover, some other considerations regarding SCC are also applicable to 

SCSFRC. For example, Grunewald and Walraven [Grunewald & Walraven, 2001] mentioned 

that the limits for considering self-compacting properties are the same for SCC or SCSFRC, as 

they mentioned that the flow spread ranges of SCSFRC must be between 600-700 mm when 

self-compactability is determined with the slump flow test. 

Therefore, some papers have provided brief summaries of findings based on an extensive 

review of existing literature and numerous laboratory trials [Groth & Nemegeer, 1999; Blanco et 

al., 2010; de la Fuente et al., 2011; Liao et al., 2014], which show that some specific differences 

exist. On them, it is mentioned among others that SCSFRC mixes with high compressive 

strength (50-100 MPa) can be obtained by using the available local material involving coarse 

aggregates having a 12 mm maximum size, which means reduction on maximum size referred 

by some standards (Annex 17 of EHE limits the maximum size to 25 mm). Moreover, they 

mentioned fibre volume fractions varying from 1.5% to 2%, which in turn is considered superior 

to those proposed in the Annex 14 of EHE, where the recommendations for fibre-reinforced 

concrete are given. The EHE specifies that “concretes with a dosage of fibres higher than 1.5% 

by volume” are expressly outside of the scope of the Annex 14. Thus, considering above it is 

clear why this type of concrete was the object of the researchers carried out specific studies. 

 

2.3.1 Effect of steel fibre addition on SCC mixes 

As it has been mentioned above, the addition of steel fibres will extend the range of applications 

of SCC, but the reduction in workability due to their addition may become a handicap in 

practice. This is a reason that the addition of steel fibres into SCC mixtures has been studied by 

a number of researchers [Groth & Nemegeer, 1999; Khayat & Roussel, 1999; Massicotte et al., 

2000; Grunewald & Walraven, 2001; Suter & Butschi, 2001; Bui et al., 2003; Corinaldesi & 

Moriconi, 2004; Grunewald, 2004; Bui & Attiogbe, 2005; Busterud et al., 2005; Sahmaran & 

Yaman, 2007]. Moreover, numerous commercial laboratories have been involved in the 

development of SCC with fibres focuses on the development, manufacture and supply of 

chemicals and cementitious products for the construction industry, have been continuously 

improving the performance of SCC with fibres. Following are key findings based on their studies 

that also have been considered to develop guidelines and methods for designing SCSFRC [Bui 

& Attiogbe, 2005; Ferrara et al., 2007; Ghoddousi et al., 2010]: 
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 The coarse-to-fine aggregate ratio in the mix needs to be reduced so that individual coarse 

aggregate particles are fully surrounded by a layer of mortar. Paste amount must be 

sufficient to fill the void between aggregates and fibres, and also cover around the aggregate 

particles and the fibres. Reduced coarse aggregate volume and higher paste volume are 

required for higher volume of fibres. 

 Before addition of fibres, slump flow of SCC must be relatively high, as influenced by a lower 

coarse aggregate content, increased paste content, low water-to-powder ratio, increased 

superplasticiser rather than excess water, sometimes a viscosity modifying admixture. 

Johnston [Johnston, 2001] indicated that initial slump of plain concrete should be 50 to 75 

mm more than the desired final slump of SCSFRC. 

 Everything else being equal, addition of fibres reduces slump flow of SCC; higher fibre 

volume and higher aspect ratio of fibres reduce slump flow of SCC as well, thereby leading 

to higher possibility of blocking. 

Moreover, Grunewald has shown, when studying a particular case of powder-type SCC without 

and with fibres [Grunewald, 2004], that the slump flow can vary from 700 mm (without fibres) to 

550-650 mm (with fibres). He also mentioned that the higher the “fibre factor” [Vf*Lf/Df], the 

lower the slump flow diameter (df), as shown in Figure 2.11 reproduced from abovementioned 

document. This fibre factor depends on fibre volume fraction (Vf) and fibre slenderness ratio 

(Lf/Df). He also indicates that if the fibre volume fraction (Vf) is too high, SCC will lose its fresh 

properties and would not be considered as SCC anymore.  

 

 

Figure 2.11:  Effect of fibre factor [Vf*Lf/Df] on slump flow of mixes OS3, OS4, OS8 [Grunewald, 
2004]. 

 

It is also reported by Grunewald that if the mix has more fibre than the critical value, the mixture 

does not flow uniformly in circular shape and also a cluster of material should occur at the 

centre of the flow circle, resulting in mixes with segregation of steel fibre in the centre and 

bleeding of cement paste at the edge, as the one illustrated in Figure 2.12. 
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Figure 2.12: Highly-segregated SCSFRC after slump flow test. 

 

Moreover, when studying on the filing ability of SCSFRC, assessed by using the V-funnel test 

method, Khaloo et al. mentioned that the higher fibre volume fraction (Vf), the higher the V-

funnel flow time (Tv) [Khaloo et al., 2014], as it can be observed in Figure 2.13 (a) reproduced 

from the work of these authors. They also referred that in terms of the passing ability of 

SCSFRC, assessed by the L-box test, the higher the fibre volume fraction (Vf), the lower the 

ratio H2/H1, as it can be seen in Figure 2.13 (b), consequently, the possibility of blocking is also 

higher. 

 

  
Steel fibre volume fraction Vf (%)

 
(a) 

Steel fibre volume fraction Vf (%)
 

(b) 

Figure 2.13: Effect of fibre volume fraction on passing ability of HS-SCC (high strength SCC) 
and MS-SCC (medium strength SCC); (a) from V-funnel and (b) L-box test method 
[Khaloo et al., 2014]. 

 

In all these works it is also mentioned that to make the best use of the fibres, they need to be 

homogeneously distributed in the mix to avoid clustering and balling-up phenomena, 

[Grunewald, 2004] which in addition to the abovementioned considerations can be obtained if 

fibres are added at the end of mixing [Rio et al., 2013; Liao et al., 2014]. 
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As it was mentioned in the previous section, based on the abovementioned considerations, 

some authors have proposed different models for designing SCSFRC. For example Ghoddousi 

has introduced a model for estimating the aggregate content of SCSFRC [Ghoddousi et al., 

2010]. Moreover, Ferrara presented a method for mix design of SCSFRC based on the key idea 

of including the fibre in the particle size distribution of the solid skeleton through the concept of 

equivalent diameter defined on the basis of the specific surface area of the fibre reinforcement 

[Ferrara et al., 2007]. 

 

2.3.2 Effect of self-flow pattern on hardened SFRC 

Since the SCSFRC in its fresh state flows into the interior of the formwork, filling it in a natural 

manner and consolidating under the action of its own weight without any vibration, the hardened 

state properties of SCSFRC were different to those of conventional vibrated SFRC. Particularly, 

Vandewalle [Vandewalle et al., 2008] indicated that the post cracking behaviour of the SCSFRC 

mixes is better than that of the corresponding conventional vibrated steel fibre-reinforced 

concrete (SFRC) mix although the opposite was found for the compressive strength.  

Regarding the post-cracking behaviour of SCSFRC vs. SFRC beams, Grunewald showed in his 

results reproduced in Figure 2.14 [Grunewald, 2004] that the scatter of the results of SCSFRC 

bending performance was lower than that of SFRC. Besides, the fracture energy of the 

SCSFRC was significantly higher than that of SFRC. Both Grunewald and Vandewalle indicated 

that this is probably due to the better alignment of the fibres along the flow direction in 

SCSFRC. 

 

SCSFRC

SFRC

 

Figure 2.14: Bending performance of SCSFRC vs. SFRC [Grunewald, 2004]. 

 

Moreover, to answer the question why SCSFRC and SFRC differed that much, and to 

demonstrate that the fibre distribution and fibre orientation are better in the case of SCSFRC, 

Vandewalle examined some samples by means of X-ray observation [Vandewalle et al., 2008]. 

The X-ray pictures of SCSFRC and SFRC are shown in Figure 2.15. It can be observed that 

due to the rheological properties the steel fibres in vibrated SFRC are randomly distributed and 
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not aligned, while the steel fibres in SCSFRC are well-aligned and well-distributed in such a way 

that are favourable for the case of SCSFRC under bending, as shown in Figure 2.14. 

 

 
(a) 

 
(b) 

Figure 2.15: Fibre orientation of SFRC (a) and of SCSFRC (b) [Vandewalle et al., 2008]. 

 

Other significant aspect mentioned in the literature is related to the orientation of fibre due to the 

casting process [Vandewalle et al., 2008; Ferrara et al., 2011; Martinie & Roussel, 2011; Ozyurt 

& Sanal, 2013]. As it is mentioned, the fibres in the case of SCSFRC can be oriented and driven 

by the flowing direction of concrete, but also by the formwork conditions. Martinie and Roussel 

specifically indicated that the fibre shear induced orientation is more pronounced especially in 

case of confined flows (i.e. between two walls), as it is possible to see in the Figure 2.16 taken 

from the work of these authors [Martinie & Roussel, 2011].  

As it is shown in this figure, the orientation factor in these sections is then the average of the 

orientation factor in the zone closed to the walls of thickness equal to the half-length of the fibre 

closed to the wall (α=0.6) and the orientation factor in the rest of the section must be considered 

as isotropic with α=0.5. They also mentioned that this must be taken into account when 

estimating the average orientation factor for wall casting. 
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Figure 2.16: Wall effect for a fibre of length Lf in a structural element of thickness L. The 
thickness of the zone affected by wall effect is Lf/2 

 

It can be seen also in Figure 2.17 taken from Ferrara [Ferrara et al., 2011] that when several 

beams were cut from the same SCSFRC slab with different orientation, the bending behaviour 

of those SCSFRC beams was quite different. The beams cut with their axis parallel to the fresh 

SCSFRC flow, Figure 2.17(a), along which fibres are likely to be preferentially oriented, 

exhibited a deflection-hardening behaviour, characterized by a pre peak multi-cracking in the 

constant bending moment and by a post peak localization and propagation of a single major 

crack. While, the beams cut with their axis perpendicular to the direction of the casting flow, a 

deflection softening-behaviour was obtained, as shown in Figure 2.17 (b). From this work and 

the previous ones, it can be concluded that the fibre orientation caused by casting process (mix 

flow + wall effects) influenced significantly on the hardened properties of SCSFRC.  

 

    
(a) 

 
(b) 

Figure 2.17:  (a) Schematic of slab-specimen casting and beam cutting (dashed specimens 
were further used for fibre orientation analysis) [measures in mm]; and (b) Load–
crack opening displacement (COD) curves for tested beams [Ferrara et al., 2011]. 

 

Furthermore, the boundary condition such as formwork also influences the hardened properties 

of SCSFRC. It has been indicated that although the fibre orientations of fresh mix are similar, 

the specimens made out of the same SCSFRC may yield very different bending performance, 
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and the combined effects of several parameters such as fibre orientation, specimen size and 

fibre length or fibre aspect ratio need to be considered to better understand SCSFRC behaviour 

[Ozyurt & Sanal, 2013].  

As it can be observed in Figure 2.18 (a), SCSFRC mix was left to flow from one to the other end 

of one of three mould types (mould width of 100 mm, 200 mm and 300 mm) until the mould was 

full. The specimen of 200 mm width was then cut into two equal specimens (DR and DL), and 

the specimen of 300 mm width was cut into three equal specimens (TR, TM and TL). All of 

those specimens (DR, DL, TR, TM, TL) together with the specimen of 100 mm width (S) were 

subjected to the same bending test. It has been found that the increased flow width (or mould 

width) resulted in decreased flexural strength in case of specimens cut from big mould in 

comparison with specimens cut from small mould, as shown in  Figure 2.18 (b) and (c). In terms 

of combined effects, it was observed that the 50/06 (specimen thickness/fibre length in mm) 

specimens showed deflection-softening behaviour representing inadequate crack arresting 

capacity of steel fibres. While, the 50/13 (specimen thickness/fibre length in mm) specimens 

showed deflection-hardening which indicates good capability of crack arresting of fibres [Ozyurt 

& Sanal, 2013]. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2.18:  (a) Specimen of group 50/13 and 50/06 (specimen thickness/fibre length); (b) and 
(c) Stress vs. strain curves representing material behaviour for specimen group 
50/13 and 50/06 respectively [Ozyurt & Sanal, 2013]. 

 

2.3.3 Mechanical behaviour of hardened SCSFRC 

Like conventional SFRC, SCSFRC also exhibits the beneficial effect of fibre inclusion on 

mechanical properties, such as the enhanced flexural and impact strength, toughness and the 

energy absorption capacity [Balaguru & Shah, 1992; Bentur & Mindess, 2007; Foltz et al., 2008; 

Aslani & Nejadi, 2013]. This section provides an overview of the literature on the mechanical 

behaviour of SCSFRC, specifically bending and compressive behaviour. 
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Bending behaviour 

The mechanical properties in general and bending behaviour in particular of SFRC and 

SCSFRC depend mainly on the characteristics of the concrete matrix, but also on the type, 

aspect ratio, and content of steel fibres [Grunewald, 2004; Bentur & Mindess, 2007; Pająk & 

Ponikiewski, 2013]. 

The strength class of concrete matrix influences significantly the bending performance of 

SCSFRC [Grunewald, 2004]. Figure 2.19 (a), reproduced from Grunewald, shows the bending 

performance of SCSFRC beams. It can be observed that although the same steel fibre type and 

content is used (Dramix 80/60 BP; 60 kg/m
3
), the higher strength class (B45, B65, B105) yields 

the higher load carrying capacity of SCSFRC, besides the post peak bending behaviour of 

SCSFRC specimens is almost the same among those strength classes. Similar observations 

were obtained by other authors [Khaloo et al., 2014], even though another type and content of 

steel fibre inclusion were used. Steel fibres had hooked shape with length, width, thickness and 

aspect ratio of 20.6 mm, 1.8 mm. 0.5 mm and 20 respectively. For constant steel fibre content, 

when the higher strength class of concrete matrix is used, the maximum bending load and 

flexural strength increased. It was explained that due to the higher strength class resulted from 

the lower water to binder ratio, which in turn causes the better bonding between concrete matrix 

and steel fibres, leading to improve steel fibre-concrete matrix interaction [Khaloo et al., 2014]. 

 

 

(a) 

 
(b) 

Figure 2.19: Bending performance of SCSFRC; (a) effect of the strength class and (b) Effect of 
the fibre content for four types of steel fibres [Grunewald, 2004]. 
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The influence of the steel fibre content and type (length and aspect ratio) on the bending 

performance of SCSFRC of constant strength class (B65) is shown in Figure 2.19 (b). It can be 

observed that the best performance is found for type 45/30 (140 kg/m
3
), even though the length 

(30 mm) and the aspect ratio (45) of steel fibre were the smallest among those four fibre types 

used. However, it is noted that the fibre content in that case was the highest among those four 

cases. This issue was also reported by other authors [Pająk & Ponikiewski, 2013; Khaloo et al., 

2014] that for a constant strength class of concrete matrix the higher fibre content or fibre 

volume fraction (Vf), the higher is the maximum bending load. This statement is also observed 

in Figure 2.20, taken from Pajak and Ponikiewski, for the cases of hooked-end and straight fibre 

types and the high strength class of concrete. 

Therefore, in order to improve the bending performance or flexural strength of SCSFRC, 

generally there are two ways: the first one is to implement higher strength class of concrete 

matrix and the second one is to increase the steel fibre content. 

 

 

(a) 

 
(b) 

Figure 2.20:  Bending performance of SCC (Vf = 0%) and SCSFRC included with different steel 
fibre volume fraction (Vf = 0.50%, 1%, 1.50%): (a) hooked-end type and (b) 
straight fibre type [Pająk & Ponikiewski, 2013]. 

 

In terms of fibre type, the five most popular types of steel fibres are: straight, hooked, crimped, 

with deformed ends (coned, with end paddles or end buttons), and with deformed wire 

(indented, etched or with roughened surface). A statistical analysis of the assortment offered by 

the largest steel fibre producers allows claiming that around 67% of sold fibre consists of the 

hooked type. Other most popular fibre types are: straight fibre (around 9%), fibre with deformed 

wire (around 9%) and crimped fibre (around 8%) [Katzer, 2006; Pająk & Ponikiewski, 2013].  

According to the research of Pajak & Ponikiewski [Pająk & Ponikiewski, 2013] shown in Figure 

2.20, firstly the hooked-end fibre type yields higher maximum bending load than the straight 

fibre type. Secondly, deflection-hardening response was observed in case of hooked end steel 

fibres and deflection-softening flexural response for straight steel fibre. Finally, the hooked-end 

SCSFRC improves the post peak behaviour of concrete better than the counterpart straight 

steel fibre SCSFRC; probably due to the fact that the mechanical bond between the fibre and 

the matrix is improved by the deformed shape of hooked end steel fibres. Besides, the 
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reference about other type of fibre (crimped, with deformed ends and with deformed wire) 

solutions for SCSFRC has not been found in the literature. 

Compressive behaviour 

A few references were found in terms of the compressive behaviour of SCSFRC [Nejadi & 

Aslani, 2013; Pająk & Ponikiewski, 2013; Kamal et al., 2014; Khaloo et al., 2014]. Compressive 

behaviour of SCSFRC is slightly influenced by type, geometry, and content of fibre. 

Compressive strength of hooked-end SCSFRC was observed to be decreased, when the fibre 

content is increased [Pająk & Ponikiewski, 2013; Khaloo et al., 2014]. Strength reduction of 

hooked-end SCSFRC might be due to decreasing of workability of the concrete. While, the 

higher straight fibre content is used, the higher compressive strength of SCSFRC is [Pająk & 

Ponikiewski, 2013]. Although the fibre type was not reported, compressive strength of SCSFRC 

is almost constant, when the fibre content is increased [Kamal et al., 2014]. Compressive 

strength of SCSFRC also depends on the age of concrete in the similar manner to the other 

cementitious materials, such as CVC, SCC and SFRC, as it can be observed in Figure 2.21 

taken from Nejadi and Aslani [Nejadi & Aslani, 2013]. Furthermore, with respect to the type of 

failure in compression, SCSFRC exhibits the ductile behaviour without sudden failure.  

 

 

Figure 2.21:  Compressive strength-strain relationship of SCSFRC at different ages [Nejadi & 
Aslani, 2013]. 

 

Thus, the above results confirm what was mentioned by Vandewalle [Vandewalle et al., 2008] 

that the bending behaviour of the SCSFRC mixes is better than of the corresponding SFRC mix 

although the opposite was found for the compressive behaviour. 

2.4 FUNCTIONALLY GRADED CEMENTITIOUS COMPOSITES 

Most cementitious composite materials such as CVC, HSC, SCC, SFRC and SCSFRC etc. are 

manufactured with uniform properties. With structural components, the mechanical properties of 

materials are chosen to withstand maximum stress, which most often occurs in a small area of 
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the structural element. This approach, as it is mentioned by some authors [Dias et al., 2010], is 

effective in guaranteeing structural safety, but it is inefficient in the use of natural resources, 

because it results in some of the structural elements receiving a higher volume of such 

resources than it was necessary, which in turn, might produce higher mechanical properties 

than what they were actually needed in some areas. Thus, as these authors also mention, this 

is an effective, but fundamentally, inefficient design strategy. 

The efficient use of cementitious composite materials can be addressed by utilizing the concept 

of functionally graded materials (FGM), which is an innovative and attractive concept, born in 

1995 [Maalej et al., 2003], useful to address multi-objective performance requirements. This 

FGM concept consists of producing steady transitions in material microstructure and 

composition to meet the functional requirements of an engineered component and thus to 

enhance the overall performance of the system, as it was addressed by Roesler et al. [Roesler 

et al., 2007]. Or as it is mentioned by Dias or Miyamoto, in the FGM components, the material 

properties are engineered to change locally [Dias et al., 2010] or gradually over the volume 

[Miyamoto et al., 1999] in a controlled way to meet the actual element requirements. Therefore, 

they are intrinsically more efficient than traditional multifunctional materials (i.e. fibre-reinforced 

cementitious composites). 

As it was also mentioned in the literature [Kawasaki & Watanabe, 1997; Koizumi, 1997; 

Miyamoto et al., 1999; Roesler et al., 2007; Shen et al., 2008; Dias et al., 2010], the first 

comprehensive discussion concerning the potential of composite materials designed with 

property gradients was presented by Bever & Duwez [Bever & Duwez, 1972]. In some of these 

papers [Koizumi, 1997; Miyamoto et al., 1999], it is also mentioned that the concept of FGM 

was first proposed in 1984 by material scientists in the Sendai area in Japan as a mean of 

preparing thermal barrier ceramic-metal materials (the type of materials was not specified) for 

jet-engine in aeronautic industry. Miyamoto also mentioned that various FGM samples in the 

system of SiC/CC [Sohda et al., 1993], ZrO2/Stainless steel [Kawasaki & Watanabe, 1993], 

ZrO2/Ni [Himoda et al., 1994], Cr3C2/Ni [Tanihata et al., 1993] were fabricated since this time. 

He also mentions that since the 90-ies of the XX century, FGMs have received increasing 

interest over the world and have been applied to various composite materials useful for 

structural, engineering, electrical, optical, or medical uses.  

It is also reported in the literature [Ruys et al., 2001], that the three broad categories of FGMs 

are: FGM films (10
-6

-10
-4

 m thick), interface-FGMs (10
-4

-10
-2

 m thick) and bulk-FGMs (10
-2

-10
-1

 

m thick). FGM films are thin graded coatings, which provide an ideal solution to the problem of 

film-substrate thermo-mechanical mismatch. Interface-FGMs are those used to bond two 

dissimilar materials, producing a strong bulk but layered material without sharp or cold interface. 

Lastly, bulk-FGMs are those that have large graded cross sections and a large volume of each 

component phase.  

Since 1995, the FGM concept has been also applied to cementitious composite, being called 

functionally graded cementitious composite (FGCC). It is notable to mention that all FGCC 

reported in the literature [Ho et al., 2001; Maalej et al., 2003; Bosch et al., 2006; Roesler et al., 

2007; Shen et al., 2008; Li & Xu, 2009; Ma et al., 2009; Rio, 2009; Dias et al., 2010; Quek et al., 

2010; Wen et al., 2010] are constructed in multiple layers by incrementally varying the material 

properties in order to meet different requirements. As example Roesler mentioned a solution 

designed to be multifunctional to resist mechanical loading, stresses from thermal gradient 

survive early age and long term volumetric changes, attenuate noise and provide a skid- and 

wear-resistant and drainable surface layer, then useful for being used as rigid pavements for 

airports, traffic corridors, ports, local streets, etc. Maleej et al [Maalej et al., 2003] applied the 
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concept for forming two-layered system compose of normal strength concrete and high 

toughness concrete named as engineered cementitious composite [Li, 2002] in order to prevent 

the corrosion-induced damage and minimizing the loss in the beam load and deflection 

capacities. Up to now, the concept was also proposed to be used for developing small extruded 

elements, as it is the case of the corrugated sheets presented by Dias et al. [Dias et al., 2010] 

or for manufacturing big element, as it is the case of functionally graded concrete segment for 

shield tunnel proposed by Ma et al. [Ma et al., 2009].  

Therefore, FGCC always applies the layered material concept in order to optimize the 

performance of cementitious composite, as well as reducing the material cost. Differently to 

traditional layered concept, Figure 2.22 (a), it presents the advantage of forming a continuous 

compositional gradation at interlayer, Figure 2.22 (b), which allows for relaxing stresses 

(mechanical, thermal, etc.) at interlayer. Therefore, although they are built as layered, they 

behave as bulk material, because the cold or sharp interface is avoided. 

 

 
(a) 

 
(b) 

Figure 2.22:  Traditional layered concept (a) and functionally graded concept (b) 
[www.pavemaintenance.wikispaces.com]. 

 

Nevertheless, up to now, the concept presents two main disadvantages. First, the fabrication of 

the element involves the use of complex or costly procedures. As example, the method 

proposed by Dias for making corrugated sheets involve stacking thin laminas made from a 

suspension of cement, fibre, mineral admixtures, and water, in a process that resembles the 

production of paper, that then are transported to special machine, where different processes are 

applied (vacuum, compression, lamination etc.). Second, it involves the creation of quite thick 

interlayers. As example, the method proposed by Ho et al. [Ho et al., 2001] for casting raft 

foundation made with high strength SCC and normal strength CVC required the use of a poker 

vibrator to build the interface, which in turn lead to an interfacial area of about 50 mm. Thus, the 

method could be applied only to very thick element. Moreover, other method involves the use of 

treating board, as it is a case of the method proposed by Ma et al. [Ma et al., 2009] for 

fabricating tunnel segment, which not only introduce the complexity in the casting process, but 

also thick transition zone. 

Though the FGCC concept extend the range of application of the traditional layered concept, 

the complexity of the fabrication methods proposed up to now and discussed later on (section 

2.4.2), as well as the interlayer thickness of the systems included on literature and also 

discussed later on (section 2.4.2), may become a handicap in the structural concrete practice. 

The consideration of a relative thick interlayer (25-50 mm) of unknown material prevents its use. 

Indeed, the type of material properties plays a significant role in dimensioning the structural 

section. 
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2.4.1 Typologies of functionally graded cementitious composites  

Up to now, there is not a specific classification of functionally graded cementitious composites 

systems in typologies. The only definition provided in the literature was the one associated to 

the spatially tailored fibre distribution named as functionally graded fibre- reinforced 

cementitious composites (FGFRCC). This definition was used for the first time in the multi-scale 

and functionally graded materials conference of 2006 [Bolander et al., 2006; Dias et al., 2006; 

Roesler et al., 2006; Shen et al., 2006]. 

Nevertheless, other two typologies can be proposed taking into account the remaining FGCC 

systems available in the literature. The first one consists in a hybrid layered structure using 

different concrete technologies that we will denominate as: functionally graded hybrid 

cementitious composites (FGHCC). The second one consists in a multilayer structure, in which 

the main variation is the porosity. Therefore, we will denominate this typology as: functionally 

graded porous cementitious composites (FGPCC). Taking into account this proposed 

classification, in what follows, the main characteristics of the available systems described in the 

literature will be summarized. 

Functionally graded fibre-reinforced cementitious composites 

The functionally graded fibre-reinforced cementitious composites (FGFRCC) found in the 

literature are multilayer systems, in which the percentage of fibre volume fraction varies in a 

range of 0-2% [Shen et al., 2008; Dias et al., 2010; Park et al., 2010]. Among them, the one 

proposed by Shen for beams [Shen et al., 2008], as well as the other one proposed by Dias for 

corrugated sheets [Dias et al., 2010] are two good examples of this typology. Both systems use 

synthetic fibres and have similar configurations. The one of Shen, made with the aim of 

obtaining a most cost-efficient solution for bending, consists in a four-layer system, in which the 

spatially tailored of fibres (total Vf = 1%) varies in the way shown in Figure 2.23 [Shen et al., 

2008]. 

 

 

Figure 2.23:  FGFRCC system proposed by Shen for FRC beams. 

 

The configuration of the FGFRCC system proposed by Dias for casting corrugated sheets 

(Figure 2.24) is similar to the above one. Main difference is the height of the cross-section (6 

mm instead of 12 mm). Although it is not clear in the figure, the one of Dias has five instead of 

four layers of approximately 1 mm, and almost the same total fibre volume fraction (Vf =1%). 

 

 

Figure 2.24:  FGFRCC corrugated sheet proposed by Dias [Dias et al., 2010]. 
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Functionally graded hybrid cementitious composites 

Majority of the FGCC solutions found in the literature are of this typology. Usually these 

functionally graded hybrid cementitious composites (FGHCC) are bi-layer systems formed of 

two different concrete technologies and designed to: i) improve durability, ii) enhance fire 

resistance of high strength concrete, iii) improve toughness or impact resistance, and/or iv) 

reduce the cost of some concrete technologies (i.e. the cost of SCC). 

Among the solutions for improving durability requirements, listed in the literature, the following 

systems can be mentioned: CVC/ECC [Maalej & Li, 1995], CVC/DFRCC [Maalej et al., 2003], 

CVC/UHTCC [Li & Xu, 2009], FRC/PC [Ma et al., 2009; Wen et al., 2010]. 

Although CVC/ECC, CVC/DFRCC, CVC/UHTCC are named as different systems (Figure 2.25), 

the FGCC solutions proposed by Maalej and Li together or in collaboration with other authors 

can be considered as a unique one. In the three cases, a conventional vibrated concrete (OPC 

concrete) is combined with an ultra-high performance fibre-reinforced cementitious composite: 

ECC, DFRCC or UHTCC. As it has been defined by Li and Xu, the ECC (engineered 

cementitious composite) and the DFRCC (ductile fibre-reinforced cementitious composite) are 

both an ultra-high toughness cementitious composite (UHTCC). As it is known, ECC, DFRCC 

and UHTCC allow for redistributing the cracks and for decreasing crack width, but they are a 

most costly materials [Li, 2002]. Thus, the authors proposed to use them as a system with the 

ultra-high performance concrete at the bottom. The aim was to reduce the tendency of the 

concrete cover, in the tensile area of beams, to delaminate and also to diminish the corrosion of 

steel reinforcement.  

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2.25: Cross sections of the FGCC systems proposed by (a) Maalej and Li, (b) Maalej, 

Ahmed and Paramasivam, and (c) Li and Xu for reinforced beams. (Units in mm). 

 

Another similar system, the FRC/PC, is the one proposed by Ma for tunnel segments. The 

system combines a structural layer of high strength concrete and a protective layer of fibre-

reinforced concrete, this last designed to improve its water-tightness capabilities [Ma et al., 

2009]. Wen also describes this system adding that this protective layer should bear features 
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such as high anti-cracking, self-healing performance, high compactness, and less volume 

deformation [Wen et al., 2010]. In their proposal, the fibre-reinforced concrete is placed in the 

outer part of segment, which in turn corresponds with the part in contact with the under-water 

pressure area of the study case: the Wuhan Yangtze River Tunnel Project. 

Among the solutions for improving fire resistance of high strength concrete, the following 

systems proposed by Rio, Bosch and Ma can be mentioned: HSSCC/PerC [Bosch et al., 2006], 

HSSCC/LWASCC and HSSCC/PPFRSCC [Rio, 2009; Rio & Nguyen, 2010; Alonso et al. 2011; 

Rio et al., 2012], and HSC/FiR [Ma et al., 2009].  

Although Ma proposed a solution for improving fire resistance of high strength concrete (HSC), 

he did not report what kind of material was used for the fire resistant layer [Ma et al., 2009]. For 

this reason, we will denominate as FiR without given the corresponding material acronym. 

The HSSCC/PerC system is proposed by Bosch et al. [Bosch et al., 2006] for being used in 

tunnel segments for transportation (Figure 2.26). The system combines high strength self-

compacting concrete (HSSCC) and pervious concrete (PerC). In the proposed solution 

(segment), the pervious concrete, made with arlita, is placed in its inner part of the segment 

(Figure 2.26 -a), which is the one susceptible of being damaged by fire [Bosch et al., 2006]. 

Besides, according to the authors this pervious concrete can also improve tunnel acoustic 

performance. 

 

Pervious 

concrete

SCC

Tunnel segment

Superior 

and inferior 

covers

 
(a) 

 
(b) 

Figure 2.26:  HSSCC/PerC system: (a) Detail of tunnel segment proposed by Bosch [Bosch et 
al., 2006], and (b) Sample of the material after fire test [Martin et al., 2008]. 

 

The HSSCC/LWASCC and HSSCC/PPFRSCC systems proposed by Rio [Rio, 2009; Rio & 

Nguyen, 2010; Alonso et al. 2011; Rio et al., 2012] can be considered as a unique system, 

although two different concrete solutions were used as fire protection layer. On the one hand, 

the HSSCC/LWASCC system (Figure 2.27-a) combines the high strength self-compacting 

concrete (HSSCC) and light-weight aggregate self-compacting concrete (LWASCC). On the 

other hand, the HSSCC/PPFRSCC system (Figure 2.27-b) combines the HSSCC with 

polypropylene fibre-reinforced self-compacting concrete (PPFRSCC). While, the second one 

prevents the occurrence of spalling, the first one provides also better fire isolation in terms of 

thermal diffusivity [Rio et al., 2012; Nguyen et al., 2013]. These systems that can be used for 
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any kind of structural element were proposed to be applied for shield tunnel segments for 

transportation. Therefore, they proposed to use the fire layer in the inner part of the segments. 

 

 
(a) 

 
(b) 

Figure 2.27: Samples made of: (a) HSSCC/LWASCC and (b) HSSCC/PPFRSCC [Rio et al., 

2012]. 

 

Among the solutions for improving toughness and impact resistance, it should be mentioned the 

FRC/PC system proposed by Roesler [Roesler et al., 2007]. This system combines a 

conventional vibrated concrete (PC) with a fibre-reinforced concrete (FRC). As it is known, FRC 

is a material able to resist impact, abrasion, etc. This is a reason that the authors proposed the 

use of this system in industrial pavements with FRC in the upper part, in order to attenuate 

noise, and provide a skid- and wear-resistant and drainable surface layer. 

With respect to the solution for reducing the cost of some concrete technologies, the NMC/SCC 

system proposed by Ho et al. [Ho et al., 2001] must be mentioned. This system combines 

conventional vibrated concrete (NMC), commonly used in foundations, with a self-compacting 

concrete (SCC), also designed for this aim. The authors mentioned that these systems are 

useful for reducing the cost of construction using SCC. 

Functionally graded porous cementitious composites 

Regarding the functionally graded porous cementitious composites (FGPCC), Figure 2.28, it 

must be mentioned the solution proposed by MIT Media Lab to lighten the weight of concrete 

without worsening strength and stiffness [www.matter.media.mit.edu].  

 

 
(a) 

 
(b) 

Figure 2.28:  FGPCC sample [www.matter.media.mit.edu]. 
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This solution combines layers of concrete with different porosities, which varies incrementally 

from the centre to the edge, either for circular shape (Figure 2.28 a) or for prismatic shape 

structural elements (Figure 2.28 b). While, the first is useful for preparing lighter and more 

robust columns, the second can be used for walls [www.matter.media.mit.edu]. The sample 

shown in Figure 2.28 (b) corresponds to the half of a wall section. 

  

 

2.4.2 Graded interlayer fabrication 

Although the graded interlayer is an important issue in FGCC structures, only few authors have 

reported the method used for casting it [Ho et al., 2001; Bosch et al., 2006; Roesler et al., 2007; 

Shen et al., 2008; Ma et al., 2009; Rio, 2009; Wen et al., 2010; Dias et al., 2010]. According to 

these authors, the graded interlayer can be fabricated by different ways, for example by: i) 

interface disturbance, ii) interdigitated interface, iii) by extrusion, and iv) by controlling the 

rheology. In what follows, we will explain briefly each of these techniques.  

Interface disturbance 

Among those fabrication procedures, the first one, named as interface disturbance, was 

proposed by Ho for forming the 50 mm transition zone of their NMC/SCC system [Ho et al., 

2001]. The method reported consists in the use of a poker vibrator to create this disturbance 

zone for both proposed system configurations: type NS-D (Figure 2.29 up) and type SN-D 

(Figure 2.29 down). With regard to the method, they referred that also when SCC is applied 

over the conventional vibrated concrete (Type SN-D), it is necessary to use the vibrator for 

allowing one concrete solution penetrate into another one. 

 

 

Figure 2.29:  Interface disturbance [Ho et al., 2001]. 
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A similar technique was used by the team of the University of Illinois for forming the transition 

zone of their FRC/PC system [Roesler et al., 2007]. They specifically report that the technique 

consists in the following steps: i) casting and consolidating of plain concrete, ii) placing of fibre-

reinforced concrete over plain concrete, iii) consolidating of fibre-reinforced concrete by using 

poker vibrator which penetrates also 25-mm into the first layer.  

Although the feasibility of proposed fabrication systems have been demonstrated as the 

samples made using this technique performed as expected under compression [Ho et al., 2001] 

and bending [Roesler et al., 2007], it must be mentioned that they lead to thick interlayers (≥ 25 

mm). 

 

Interdigitated interface 

Ma and Wen proposed the interdigitated interface for creating the homogeneous transition of 

their FRC/PC system [Ma et al., 2009; Wen et al., 2010]. Ma refers that after consolidating a 

casted layer, and previously to cast the next one, the interface treating board must be used to 

cover the concrete for quivering it with the inserted bar in order to create the “tooth-like” shape 

interface (Figure 2.30).  

 

 

Figure 2.30: Details of the interdigitated interface proposed by Ma [Ma et al., 2009]. 

 

Wen applied the same technique but he proposed to use a different interdigitated interface that 

they named as a “zig-zag” shape (Figure 2.31). He also mentioned that the technique can be 

used for not only horizontal casting, but for vertical casting (Figure 2.31 right). For this last case, 

he specifically mentioned that the two materials must be poured, respectively, on both sides of 

the interface isolator. Then, the process of vibration goes on in tandem, taking out the isolator 

that can enhance the interface bond. 

Taking into account the abovementioned process, it is possible to say that the interdigitated 

interface method also uses vibration for forming the transition zone, but in contrast to the 

previous vibrating method, neither Ma nor Wen referred the thickness of the interface produced.  
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Figure 2.31:  Details of interdigitated interface proposed by Wen; a horizontal casting (left) and 
a vertical casting (right) [Wen et al., 2010].  

 

Extrusion 

Two different extrusion systems are referred in the literature: the one of Shen named by the 

author as stacking and pressing and the one of Dias which uses a typical Hatschek process 

after stacking the layers [Shen et al., 2008; Dias et al., 2010; Park et al., 2010].  

The technique proposed by Shen consists in the following steps: i) extrusion of each layer, ii) 

stacking of extruded layers, and iii) pressing of the whole system up to the desired thickness is 

reached (Figure 2.32). They did not specify which must be the thickness of each interlayer. 

They only mentioned that a 25% of total thickness reduction is sufficient to produce interlayer 

bonding strong enough to avoid delamination.  
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Figure 2.32: Details of extrusion and pressing technique proposed by Shen [Shen et al., 2008]. 

 

 

Dias used a similar technique through Hatschek process for manufacturing corrugated sheets. 

This widely employed system for producing fibre cement component consists of a stacking thin 

laminas made from a suspension slurry of cement, fibres, mineral admixture and water in a 

process that resembles the production of paper. By simulating this process, he prepared the 

five-layer-FGFRCC system described in Section 2.4.1. They specifically referred the following, 

“flat sheet fibre cement laminas (~1 x 200 x 200 mm
3
) are produced by using the slurry vacuum 

de-watering method [Savastano et al., 2005], six-milimeter thick pads are produced by stacking 

five laminas immediately after production. Each pad is submitted to a compression of 3.2 MPa 

for 2 minutes, which simulates the Hatschek process, and finally after this pressing process, the 

pads are soaked in water for 28 days”. 

Regarding these two techniques, it is noteworthy to mention that although complex and costly, 

they still present some significant drawbacks. The main problem of the one proposed by Shen is 

that it might result in FGCC elements with uneven layer thicknesses due to the mismatching of 

rheological properties of mixes (Figure 2.33). While, the disadvantage of the technique 

proposed by Dias is that the FGCC elements present a greater tendency for warping even 

during homogenous drying [Dias et al., 2010]. 

 

 
Figure 2.33: Wavy interface between layers of FGFRCC elements due to pressing [Shen et al., 

2008]. 
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Controlling the rheology 

Regarding this self-interlayer fabrication process, developed by a group of IETcc researchers as 

part of the works performed under the TUNCONSTRUCT Project, it must be mentioned that it is 

based on the flowable filling ability of SCC mixes. The technique which consists in simple layer-

by-layer casting method using SCC either over a pervious concrete [Bosch et al., 2006] or over 

another SCC [Rio, 2009] was used for building the HSSCC/PerC, HSSCC/LWASCC and 

HSSCC/PPFRSCC systems described in Section 2.4.1.  

Regarding the first approach, the authors indicated that a mechanical bond and strong graded 

interlayer of about 15 mm (Figure 2.34) is formed by using the abovementioned technique. 

Though, the method presents clear advantages in terms of fabrication, the uneven thickness of 

the interlayer as well as its thickness is still a drawback [Rio, 2009; Nguyen & Rio, 2013].  

 

 

Figure 2.34: Interlayer thickness [Rio et al., 2012]. 

 

Both drawbacks seem to be avoided when using the second approach involving SCC/SCC 

system (Figure 2.27 a). Nevertheless, in these previous works of the group, it is not specified 

which must be the thickness of interlayer [Alonso et al. 2011; Nguyen et al., 2013]. They only 

mentioned that using the methodology for building different in porosities SCC layers should be 

possible to produce bonding strong enough to avoid delamination. 

 

2.4.3 FGCC feasibility studies 

In what follows, we will discuss some of the results presented up to now regarding the 

behaviour of FGCC elements under: flexural test, compression test, high-velocity impact load 

test, and non-destructive test (NDT) methods for quality control. 

Flexural test 

The feasibility of the FGCC materials in terms of bending behaviour was demonstrated by 

different authors [Maalej et al., 2003; Bosch et al., 2006; Roesler et al., 2007; Shen et al., 2008; 

Li & Xu, 2009; Dias et al., 2010]. 
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Among FGFRCC beams subjected to flexural test, Shen mentioned that those beams have 

higher flexural strength than bulk FRC beams for the same fibre content used (Figure 2.35 

reproduced from the paper of Shen [Shen et al., 2008]). The similar observation is presented by 

Dias [Dias et al., 2010]. Both Shen and Dias indicate that the FGFRCC beams are affected by 

direction of load application; because the reverse loading on FGFRCC beams (bending moment 

is applied so that the fibres are placed in the compressive area) results in much lower flexural 

strength than bulk FRC beams for the same fibre content used. 

 

 

Figure 2.35: First cracking stress (bend-over-point) and maximum flexural stress of 
homogeneous or bulk FRC and FGFRCC beams [Shen et al., 2008]. 

 

In terms of bending behaviour of FGHCC beam with the CVC/ECC and CVC/UHTCC systems, 

Maalej indicated that these beams exhibited higher residual load and deflection capacities than 

the bulk CVC beam [Maalej & Li, 1995; Maalej et al., 2003]. Moreover, Li and Xu mentioned that 

the FGHCC beam with the CVC/UHTCC system has not only significantly improved load 

bearing capacity, but also effectively controlled deformation of beam [Li & Xu, 2009]. By 

checking the cracking patterns of bulk CVC and FGHCC beams after bending test, Maalej 

observed that the FGHCC beam had about twice the number of load-induced cracks as 

compared to those in the bulk CVC beam (Figure 2.36 reproduced from the paper of Maalej et 

al., 2003). However, the crack width of the FGHCC beam was much smaller than that of the 

bulk CVC beam. This may be attributed to the strain-hardening and multiple-cracking behaviour 

of the ECC used in the tensile area of FGHCC beam.  

However, Li and Xu observed that adhesion failure occurred between the CVC and UHTCC 

layers in one of the studied FGHCC beams (Figure 2.37 reproduced from the paper of Li and Xu 

[Li & Xu, 2009]). These authors indicated that the reason of the adhesion failure was that the 

steel bar reinforcement was placed just at interface between the layers. 
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Figure 2.36:  Cracking patterns of beams after four-point bending test (a) bulk CVC beam and 
(b) FGHCC beam with the CVC/DFRCC system [Maalej et al., 2003]. 

 

 

Figure 2.37: Delamination between different layers of FGHCC beam [Li & Xu, 2009]. 

 

The FGHCC beam with the SCC/PerC system was also studied under flexural test by Bosch 

[Bosch et al., 2006]. It showed that this FGHCC beam exhibited a good flexural performance; 

besides no adhesion failure between high strength SCC and pervious concrete (PerC) layers 

was observed (Figure 2.38). Besides, Roesler indicated that FGHCC beam with the FRC/PC 

system was more fracture resistant than that with bulk PC and less than that with bulk FRC 

[Roesler et al., 2007]. 

  

 

Figure 2.38: FGHCC beam at failure stage after flexural test [Martin et al., 2008]. 
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Compression test 

The only study of compression test on FGCC structure was carried out by Ho [Ho et al., 2001]. 

They found that the compressive strengths of the FGHCC cylinders (type SN-D for the 

SCC/NMC system and type NS-D for the NMC/SCC system) was in between those of bulk NMC 

and SCC cylinders (Figure 2.39 reproduced from the paper of Ho [Ho et al., 2001]). Moreover, 

the interface disturbance had a minor effect on compressive strength of the FGCC specimens. 

 

NMC          SCC         SN-D          NS-D
 

Figure 2.39:  Compression test results of bulk (NMC and SCC) and FGCC (SN-D and NS-D) 
specimens [Ho et al., 2001]. 

 

High-velocity impact load test 

FGCC panels were studied under high velocity impact load test by Quek [Quek et al., 2010]. 

They observed that the FGCC panels remained intact after high-velocity impact load test, while 

the bulk plain concrete targets disintegrated into several pieces when the impact velocities 

exceeded 300 m/s. Moreover, the FGCC panels displayed higher impact resistance than the 

bulk plain concrete targets. For FGCC panels, the higher the impact velocity, the greater the 

penetration depth is. However, the interface behaviour was not studied by the authors. 

Non-destructive tests for quality control 

Ma used the rebound and ultrasonic methods, which are non-destructive tests (NDT), for quality 

control of the FGCC tunnel segment [Ma et al., 2009]. However, these methods are used for 

only checking compressive strength of each layer of the tunnel segment. Moreover, Shen have 

used SEM technique for checking the fibre distribution along the FGFRCC beam cross section 

(Figure 2.40 reproduced from the paper of Shen [Shen et al., 2008]) However, no information 

related to interface in terms of thickness and bond strength has been reported. 
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Figure 2.40:  FGFRCC cross-section: (left) SEM image and (right) corresponding binary image 
showing fibre distribution [Shen et al., 2008]. 

 

2.5 CONCLUDING REMARKS  

The following conclusions can be derived from the state of the art: 

 Up to the present moment, the availability of simple test methods allows determining 

adequately the fresh properties of SCC and SCSFRC. The slump flow test is the simplest 

test method with a rapid test procedure in laboratory, precast plant, and jobsites. This test 

gives a good assessment of filling ability. Besides, it gives good indications of resistance to 

segregation based on a visual inspection after performing the test. Moreover, mix design 

methods have helped to produce concrete with versatile and tailored rheological properties, 

or in other words, the rheology of SCC and SCSFRC can be controlled satisfactorily for 

certain purposes. 
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 SCSFRC, and particularly the high strength class, has been mainly used for casting bulk 

SFRC elements. This is effective in guaranteeing structural safety; however, it might cause 

an inefficient use of fibres, because in the cross-section there might be regions with a higher 

volume of fibre than that actually needs. 

 On the one hand, some FGFRCC solutions have been proposed. However, they involved 

rather complex and costly production processes, thus they might be applicable to structural 

elements, but it does not allow producing mathematically regular and thin graded interlayers. 

On the other hand, rheology and gravity is an appropriate method for preparing FGM. This 

method, which involves a production complexity for the case of FGMs, might be a quite 

simple method for FGCC if the SCC technology is used. The self-compacting property itself 

and the use of fine particles make this method suitable for producing any type of FGCC in 

general and FGFRCC in particular.  

 No references on the interface evaluation in terms of thickness and bond strength have been 

found in the literature up to now. Besides, in terms of mechanical behaviour of FGCC 

element, there is a lack of information on behaviour at interface level when the element is 

subjected to bending. Shortcomings of study on static compressive performance of FGCC 

slender elements and of study on dynamic performance of FGCC elements under low-

velocity impact loading are confirmed. 
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3.1 INTRODUCTION 

As it has been presented in the previous chapter of this thesis, experimental studies concerning 

the mechanical behaviour of interface-FGCC were focused mostly on testing isolated beam 

elements, cast with different concrete technologies and using complex and costly fabrication 

methods. Thus, the state of the art confirms the need of: i) exploring the feasibility of new 

proposed production methods and ii) increasing the structural know-how for using the FGSCC 

concept for designing and producing cost-efficient multifunctional structural elements, in 

harmony with the sustainable development criteria. 

It was further indicated that the experimental programme should be considered first the design 

of appropriate mixes for being used in the preparation of the different elements to be tested; 

second the development or adoption of tools for characterise the FGSCC main material 

properties and finally the development of an experimental programme involving medium size 

elements that will allow to derive designing criteria for using in different types of structural 

elements. Therefore, the experimental programme encompasses into the same methodology 

fields that are traditionally studied separately.       

Taking into account the above considerations the purpose of this double aimed chapter is:  

 To describe the different aspects related to the specimens preparation which involves from 

the design and fabrication up to the full description of the specimens to be used for 

performing the medium size element study in terms of static and dynamic performance under 

bending, axial compression and hard drop-weight impact loads.  

 To describe the methodology designed for the characterization of the dimensional and 

mechanical performance of the main parameter associated to the interface-FGSCC 

solutions: the graded interlayer. Objective of this second part is also to determine the 

characteristics of the interface-FGSCC by using such methodology.    

3.2 DESCRIPTION OF THE SPECIMENS  

In addition to the standard cylindrical samples [UNE-EN12390-3] produced for characterizing 

the mixes, a total of 95 PC, FRC and FGSCC specimens from which 65 having square or 

rectangular cross section and different lengths were prepared to be tested under bending (32), 

axial compression (24) and drop-weight impact loads (9). While the remaining 12 cubic and the 

18 dog-bone samples were manufactured for testing, the graded interlayer, under splitting (12) 

and uniaxial tension (18). All the specimens were classified into 5 groups or series based on the 

sectional arrangements. The SCC class, the fibre reinforcement details (percentage of net fibre 

volume fraction) and the strength class adopted are given in Table 3.1 (split in two pages), while 

the dimension details and layer configuration of the different specimens and series are given in 

Figure 3.1. The columns in the Table 3.1 were labelled as follows: IDS and IDM means the 

specimen and material identification respectively. Roman numbering I-V was used in labelling 

the series, while the followed numbers 1, 2, etc. refer to the numbers of specimen in the series. 

For the sake of clarity, the elements to be tested under bending always ranged between x.1 to 

x.8, the ones tested under compression ranged between x.9-x.14, the ones tested under impact 

load between x.15-x.17, those subjected to splitting tension x.18-x.21 and lastly those tested 
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under uniaxial tension x.22-x.27. Therefore, for series III, IV and V the numbers are not 

correlative as the total number of samples is less than those of series I and series II (x.1-x.27). 

 
 Table 3.1: Summary of experimental programme: specimens, materials, batch and test details. 

b h l

(%) (d/m/y)

I.1

I.2

I.3

I.4

I.5

I.6

I.7

I.8

I.9

I.10

I.11

I.12

I.13

I.14

I.15

I.16

I.17

II.1

II.2

II.3

II.4

II.5

II.6

II.7

II.8

II.9

II.10

II.11

II.12

II.13

II.14

II.15

II.16

II.17

III.1

III.2

III.3

III.4

III.5

III.6

III.7

III.8

III.9

III.10

III.11

III.12

III.13

III.14

III.15

III.16

III.17

IV.1 0.10 0.10 0.40 80

IV.3 0.10 0.10 0.40 90

IV.5 0.15 0.15 0.60 80

IV.7 0.15 0.15 0.60 90

V.1

V.2

V.3

V.4

V.9

V.10

V.11

V.12

V.13

V.14

-

12/06/2013

08/05/2012

-

-

-

-

-

-

-

-

-

- -

Material Casting

IDS

Dimenssion
Total 

layer
IDM

EHE-08 

SCC 

class

UT

(m)

Specimen Experimental tests date

Series
Date FPB

1 FRC

80

1.02

Strength 

class
Batch

UC DWIL ST

(d/m/y)

3 26/10/2011

18/01/2011

90 2 15/06/2011

1 18/01/2011

90 2 15/06/2011

80 1

V f

3 26/10/2011

-

06/06/2012

25/11/2011

07/06/2012

90 2 15/06/2011

4 08/05/2012

11/07/2013

07/06/2012

90 2 15/06/2011

80

90

80

5

4

-

-

I

0.10 0.10 0.40

AC-E1 

and    

AC-V2

16/02/2011

II

15/07/2011

15/02/2011

14/07/2011

1 18/01/2011

3 26/10/2011

80 1 18/01/2011

90 2 15/06/2011

80

4 08/05/2012

2

-

0.10 0.10 0.40 14/07/2011

15/02/2011

14/07/2011

06/06/2012

24/11/2011

16/02/2011

15/06/2011

80 1 18/01/2011

1 PC

80

0.00

1 18/01/2011

90

80

4 08/05/2012

V

25/11/2011

IV 2
FRC and 

PC
0.34 5 12/06/2013 11/07/2013

0.31 0.06

III 2
FRC and 

PC
0.51

17/02/2011

13/07/2011

15/02/2011

13/07/2011

80

0.10

0.15 0.15 0.60

0.15 0.15 0.60

0.15 0.15

3
FRC and 

PC

80

0.68

0.10 0.10 0.40

0.31 0.06 0.31

0.60

0.10 0.10 0.10

0.10 0.10 0.20

0.15 0.15 0.60

0.15 0.15 0.60

0.10 0.10 0.40

0.10 0.10 0.40

0.10 0.10 0.40

0.31 0.06 0.31

0.10 0.10 0.10

0.10 0.10 0.20

0.20

0.10 0.10 0.40

0.10 0.10 0.10

0.10 0.40

0.10 0.10 0.40

0.15 0.15 0.60

- -

- -

- -

0.10 0.10 0.40

0.10 0.10 0.10

0.10 0.10 0.20

0.31

0.10 0.10 0.40

0.10 0.10 0.40

0.10 0.10
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Table 3.1cont’: Summary of experimental programme: specimens, materials, batch and test detail. 

b h l

(%) (d/m/y)

I.18

I.19

I.20

I.21

I.22

I.23

I.24

I.25

I.26

I.27

II.18

II.19

II.20

II.21

II.22

II.23

II.24

II.25

II.26

II.27

III.22

III.23

III.24

III.25

III.26

III.27

IV.18

IV.19

IV.20

IV.21

-

-

-

-

- -

- -

-

-

-

-

-

-

-

-

10/11/2010

01/12/2010

10/11/2010

01/12/2010

10/11/2010

01/12/2010

10/11/2010

Casting Experimental tests dateSpecimen Material

Series IDS

Dimenssion
Total 

layer
IDM

UC DWIL ST UT

(m) (d/m/y)

EHE-08 

SCC 

class

Strength 

class

V f
Batch

Date FPB

1

1

FRC

see Figure 3.1 (e)

see Figure 3.1 (e)

PC

0.15

0.15

0.15

0.15 0.15 0.15

03/11/2010

03/11/2010
FRC and 

PC

80

80

80

80

0

0

FRC and 

PC

0.34

0.51

00.00

01.02I

AC-E1 

and    AC-

V2

0.15 0.15

0.15 0.15

0.15 0.15

0.15 0.15 0.15

0.15

III

IV

II

0.15 0.15

2

2

see Figure 3.1 (e)

01/12/2010

10/11/2010

01/12/2010

10/11/2010

01/12/2010

-

-

03/11/2010

03/11/2010

 
 
 

 
 

FRCh

b

PCh

b

FRC 

PC

h/2

b

h/2

FRC 

PC

h/3

2h/3

b

FRC 

PC

FRC 

h/3

h/3

b

h/3

h=0.15

l=0.15

h=0.10

l=0.10

l=0.20

h=0.10

l=0.40

h=0.15

l=0.60

h=0.06

l=0.31

(a)

(b)

(c)

(d)

(e)

Series I Series II

Series III Series IV

Series V

A

A

A

A

A

A

A

A
A

A

A

A

A-A

32.5       

60      

32.5

55 

16 25 16

FRC 

PC 

FRC PC 

h/2 h/2

b

b

bSeries I

Series II

Series III

 

Figure 3.1:  Dimensions, geometry and cross section configuration of: (a and d) cubic samples; 
(b and d) beam or column samples; (c and d) slab samples and (e) dog-bone 
samples. Note: Units of cubic, beam/column and slab in m. Units of dog-bone in 
mm.  
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The letters b, h and l are the width, depth and length of specimens and Vf is the net fibre volume 

fraction. The abbreviations FPB, UC, DWIL, ST and UT refer to the four-point bending, uniaxial 

compression, drop-weight impact load, splitting tension and uniaxial tension tests respectively. 

The specimens were cast with mixes prepared in five different batches and tested 28-30 days 

after casting. Moreover, 9 dog-bones and 6 cubes were tested at the age of 7 days. The fresh 

properties and hardened mechanical properties obtained from standard cylinders (15x30 cm) at 

the age of 28 days of the 5 batches, as well as the dimensional and interlayer requirements 

were as designed. 

 

3.3 PREPARATION OF SPECIMENS 

3.3.1 FGSCC specimens’ design 

FGSCC can be produced with the same materials as a multifunctional high flowable concrete. 

But unlike traditional multifunctional SCC solutions using same material composition in its 

entirety (see Series I or Series II in Figure 3.1), the FGSCC design considers mix component 

variations along the section in order to tailor the material properties to the different sectional 

requirements. 

Consequently, to design the FGSCC solutions first the location of the different performance 

areas were identified; and then the different SCC mix compositions were defined to obtain the 

desirable microstructures and/or ductility requirements in agreement with the type of 

applications. Therefore, for the studied elements, the following considerations were done: 

 FGSCC with at least two changes in mix composition following the scheme FRC-PC 

(bottom-up) to provide post-cracking “ductility” and toughness similarly to the case when 

apply fibres in the entirety of beam or slab elements. FGSCC with at least two external FRC 

layers to confine the section aiming avoiding the spalling effects under compression or to 

consider a more balanced beam design, as used in reinforced concrete structure design 

[Arroyo et al., 2009]. While, for the case of columns the solution will involve two opposite 

faces, in the case of beams the FRC will be used at bottom and top layers. 

These differentiated areas are designated in this thesis by using either their series 

denomination (III, IV or V) or the names of the mixes (FRC or PC). On Figure 3.1 (d) and (e) the 

scheme of the considered non-dimensionalized layer thickness is included. 

Regarding the SCC mixes to be used for building the layers and the bulk elements the following 

mix design aspects have been considered: 

 SCC flowability with an slump (df) in the range between 620-660 mm and a viscosity class 

(T50) in the range between 5-6.5s without presenting segregation, or as classfied in the Code 

on structural concrete EHE [EHE-08], a SCC of types AC-E1 and AC-V1. 

 SCC of strength class ≥ 80 MPa or as classified in the EHE [EHE-08] as high strength 

concrete. 

 The use of local crushed aggregates and easy to obtain commercial products. 

 The mix must be designed by considering the powder-type approach, following one of the 

methods proposed in the literature [Ouchi et al., 2003; De Schutter & Audenaert, 2007]. 
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 Net fibre volume fraction of about 1% which in turn leads to different net fibre volumes in the 

different FGSCC series. 

While first criterion is required to be in agreement with the regular reproducible interlayer design 

criteria [Rio, 2009], but also with some industrial recommendations for preparing structural 

elements like beams, precast slabs, etc. [BE96-38-01, 2000; Molinos et al. 2012], the following 

three ones are essential to be consistent with the sustainability trend promoted by present 

construction industry [Aitcin & Mindess, 2011; Clark, 2013] and the last one for being compared 

with some FGFRCC results available in the literature [Shen et al., 2008]. 

Although a self compactability class might be acceptable, a concrete that has high fluidity and 

low viscosity may perhaps result in a lower surface quality due among others to entrapped air 

that could influence the formation of the graded interlayer and, as has been observed by some 

authors, it may well not have good fibre distribution [Khalil et al. 2012]. 

Besides, and regarding the other considerations, as it was also noted by some authors, high 

strength classes result in material savings among others, which in turn helps to meet the 

sustainable criteria. It was also selecting by considering a strength class (>70 MPa) that needs 

the use of fibres for several applications according to literature [Foltz et al., 2008; de la Fuente 

et al., 2011; Molinos et al. 2012; Nguyen & Rio, 2013]. Furthermore, the cost of the different 

SCC solutions can be substantially reduced through the partial replacement of cement with 

readily available inert materials [Ghezal & Khayat, 2002; Roussel, 2013], while the use of silica 

fume, widely used as a partial substitute of cement for SCC production also contributes to 

improve durability and consequently service life while reducing long-term costs in precast 

elements [Fernández-Luco et al., 2007; Alonso et al., 2012]. 

Last but not least, the use of performance tailored solutions combining PC-FRC layers strongly 

contributes to cost reduction by reducing the use of fibres [Shen et al., 2008; Dias et al., 2010], 

which in turn  strongly influence in the cost of the FRC [Li, 2002]. 

3.3.2 Mix design and preparation 

Considering the different matters of design of the PC, FRC and the FGSCC solutions in Figure 

3.1 (d), two different high strength plain and self-compacting fibre-reinforced concrete types, 

named as PC80 and FRC80
1, have been finally selected to be used for preparing the five different 

sample series I to series V. In addition, another two different mixes, named as PC90 and FRC90
2 

were designed for being involved in the production of some of the beams used for bending test.  

The specific SCC mix designs were developed by following the guidelines given by the EHE 

[EHE-08] and the specifications of different RILEM and EU committees [Skarendahl & Peterson, 

2000; EFNARC, 2002; De Schutter & Audenaert, 2007] in order to keep all mix design 

parameters as required (e.g., df, T50, fc…) or in the permissible range (e.g., paste  fraction, 

mortar fraction, absolute volume of coarse aggregate).  

A commercially available Type-I Portland cement of Lafarge (CEM I 52.5R) was used for all 

mixes. Also, a commercially available silica fume (SF with SiO2 > 92% from SIKA) and 

                                                      

 
1
 Or a HM-80/AC-E1/10/IIb-IIIa and HAF-80/A/AC-E1/10-30/IIb-IIIa [EHE-08] 

2
 Or a HM-90/AC-E1/10/IIb-IIIa and HAF-90/A/AC-E1/10-30/IIb-IIIa [EHE-08] 
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limestone filler (fineness of 78.8% < 63 µm) were used as pozzolanic and filler materials, 

respectively (see grading of limestone filler in APPENDIX I). One commercial polycarboxylate 

based high-range water reducing admixtures having 35% of solids content (5
th
 generation -

HRWRA- also from SIKA) conforming to UNE-EN standard [UNE-EN 934-2] were used.  

One type of locally available siliceous coarse crushed aggregates of a maximum size 10 mm 

and a maximum size 4 mm crushed graded siliceous sand were used at different proportions in 

order to achieve the various aggregate gradations of the mixes (see APPENDIX I).  

Furthermore, hook-ended steel fibres from BEKAERT ZP 55/30 (diameter = 0.55 mm and length 

= 30 mm) were used in the FRC mixes. The four mix proportions are shown in Table 3.2. 

 

 

Table 3.2: Mix proportion of component materials in kg/m
3
. 

Mixes 

Constituent materials 
PC80 PC90 FRC80 FRC90 

Ordinary Portland cement Type I 52.5R 475 500 475 500 

Siliceous fine aggregate 0 – 4 mm 858 821 858 821 

Siliceous coarse aggregate 4 – 10 mm 694 660 694 660 

Limestone filler (78.8% particle size < 63µm) 50  50 50 50 

Silica fume (SiO2 content > 92%) 45 50 45 50 

HRWRA (solid content 35%) 12  13 14 16 

Steel fibre ZP 55/30 - - 80  80  

Water content 166 165 166 165 

Water cement ratio (w/c) 0.35 0.33 0.35 0.33 

Water binder (cement+silica fume) ratio (w/b) 0.32 0.30 0.32 0.30 

 

In Table 3.2, PC80 mix was designed with sand, coarse aggregate and limestone filler 

proportions according to the selected fresh SCC properties (620<df<650 and 5s<T50<6.5) when 

combined with a usual superplasticiser, but considering also the strength requirements.  

This new combination, considered as starting point, was adopted for designing then the 

reference FRC80 used for building the Series I control samples. Besides PC90 and FRC90 were 

designed to have a superior strength class by mainly increasing the cement content and 

reducing the w/c ratio, no other special considerations have been done at mix level. Although 

durability performance tests are out of the scope of this thesis, all mixes have been designed to 

be performed properly in an environment type II.b or III.a [EHE-08] and also for being used in 

precast elements [Fernández-Luco et al., 2007; Alonso et al. 2011].   

As mandatory, for preparing all the mixes the moisture content of aggregates was controlled 

and subtracted to keep w/c ratios constant. Moreover, the fluidity level at which the mix 

becomes unstable was determined in all the cases by using the variable dosage of the HRWRA 

to get the fluid and stable mixes [Ghezal & Khayat, 2002; Fernández-Luco et al., 2007; De 

Schutter, 2011], as the mixing process is shown in Figure 3.2.  
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(a) 

 
(b) 

Figure 3.2:  Two different stages during the mixing process: (a) when placing the solid 
components and (b) during addition of HRWRA admixture. 
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No exceptional mixing procedure (Figure 3.2) has been adopted to make the different batches. 

In all cases, the mix dry components were blended about 10 min with the corresponding water 

and admixtures in one of concrete mixers (capacity 50-150 litres) available in the laboratory. 

The final w/c ratios of each mix are those included at the end of Table 3.2. 
  

3.3.3 Sample casting and curing 

After assessing the compliance of the mix fresh properties and preparing samples for assessing 

the compliance of the mechanical properties latter on (as it will be described in the section 

3.2.4), the different series I to V were cast by mean of steel and wood moulds, as shown in 

Figure 3.3. 

 

 

Figure 3.3: Moulds used for different sample preparation. 
 
 

The series I and II, consisting of one-layer samples, were produced by filling the whole mould at 

once with the same mix (PC80, FRC80, PC90 or FRC90). For preparing the FGSCC series III to V, 

the specific procedure given in the CSIC patent WO 2010122201 A2 [Rio, 2009] was adopted. 

The first layer was cast with the corresponding mix up to specified depth, then the next layer 

(different mix) was placed above the previous one, approximately 15 minutes later, up to the 

corresponding layer height was reached. In the case, there are more than two layers (series V), 

the elapsed time between casting layers was also 15 minutes. Neither vibration nor adhesive 

material or connectors were used at interlayer level. Figures 3.4 and 3.5 show different stages 

of the casting process of beams and slabs respectively. 
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(a) 

 
(b) 

 
(c) 

Figure 3.4:  Example of beam/column elements casting process: (a) during first layer casting; 
(b) during second layer casting and (c) after placing the second layer. 
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(a) 

 
(b) 

Figure 3.5:  Example of slab elements casting process steps: (a) during first layer casting and 
(b) after second layer has been cast. 

 

In addition, some extra dog-bones elements (III.22-III.27) were cast following a different 

procedure (Figure 3.6). For preparing them, first the PC mix was poured in a half of the divided 

element, as shown in Figure 3.6 (a), and then at the same time the FRC mix was poured, the 

separator plate was upward removed from the mould. The aspect of the elements just after 

casting is shown in Figure 3.6 (b). These dog-bones elements will be used for the FGSCC 

mechanical characterization, which is described at the end of this chapter.  

All series specimens were demoulded at the age of one day after casting and then cured at 

standard conditions in a climatic chamber (20º ± 2ºC, RH=98±2%) up to the age of 28 days.  

Figure 3.7 (a) shows the aspect of one of the specimens just after being demoulded and Figure 

3.7 (b) and (c) the specimens during the curing process. Figure 3.8 – Figure 3.10 show the 

specimens after curing. 
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(a) 

 
(b) 

 

Figure 3.6:  Example of dog-bone casting process steps: (a) after finishing first layer casting 
and (b) after second layer has been cast.  

 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.7:  Aspect of samples at the different stages of curing process: (a) after 24 hs; (b) and 
(c) on the chamber during curing period (15d).   
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Figure 3.8:  Aspect of the beam elements (batch 2) after curing period. 
 

 

 

Figure 3.9:  Aspect of the beam samples to be tested as column elements (batch 4) after the 
curing period. 
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Figure 3.10:  Aspect of the slab elements (batch 3) after the curing period. 

 

3.3.4 Fresh and hardened properties evaluation 

For assessing the fresh and hardened properties, the prescriptions regarding sample 

preparations and testing procedures of the UNE-EN standards [UNE-EN12390-2; UNE-

EN12350-8; UNE-EN12390-3; UNE-83316; UNE-EN12390-6] were followed. The four 

abovementioned SCC mixes of the preliminary batch 0 (PC80, FRC80, PC90 and FRC90) and 

those of the other batches were tested for their properties at the fresh state under standard lab 

conditions (20±2 ºC, RH 65±5 %).  

The chosen tests were focused on the assessment of flowability or filling ability and resistance 

to segregation according to the UNE-EN standard [UNE-EN12350-8] but using the Abram’s 

inverted cone, as it is shown in Figure 3.11 (a)-(b). Figure 3.11 (c) and (d) shows the aspect of 

the FRC80 concrete of batch 0 at the end of the slump flow test. This figure, taken as 

representative of the set of mixes and batches, shows that the mixes did not exhibit segregation 

or bleeding. 

The results of the measured mix parameters (df, T50) of batch 0 are the ones included in Table 

3.3, where the results of remaining batches are also included. Results showed the robustness of 

the mixes and the homogeneity expected for the material considered that the differences 

between batches were about 5mm and 0.1s in terms of df and T50 respectively for all the mixes. 

No anomalous behaviour was observed in any case. 
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Mechanical performance of the materials (PC80, FRC80, PC90 and FRC90) was estimated by 

means of its compressive strength (fc) [UNE-EN12390-3], elasticity modulus (Ec) [UNE-83316] 

and splitting tensile strength (fct,c) [UNE-EN12390-6] using standard 15x30 cm cylinders at the 

ages of  7d and 28d for the preliminary mix or batch 0.  Besides, for the remaining batches only 

control tests by determining the same parameters at the age of 28d have been performed. 

Moreover, due to the relation with the studies included at the end of this chapter cubes 

15x15x15 cm have been tested under splitting tension and dog bones under uniaxial tension in 

order to obtain the corresponding tensile strengths designated as fct,s and fct,d respectively. 

These last additional tests have been performed according to the EN standard [UNE-EN12390-

6] and to the specifications provided by the laboratory of Materials Science of UPM [Sánchez-

Gálvez, 1999] and will be reported together with the FGSCC sample results in the section 3.4.1. 

  

  
(a) (b) 

  
(c) (d) 

Figure 3.11:  Determination of slump flow diameter and T50 of a sample of FRC80 at batch 0: (a) 
beginning of test; (b) during cone lifting; (c) at the end of test and (d) determination 
of df. 
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Table 3.3: Mix properties in absolute values. 

f c E c f ct,c f c E c f ct,c

(MPa) (mm) (s) (MPa) (GPa) (MPa) (MPa) (GPa) (MPa)
1.1 58.6 - - - - -

1.2 63.4 26.8 - - - -

1.3 - - 3.3 - - -

1.4 - - 3.5 - - -

1.5 - - - 84.6 - -

1.6 - - - 81.6 38.4 -

1.7 - - - - - 4.3

1.8 - - - - - 4.5

1.9 - - - 80.2 - -

1.10 - - - 85.4 38.1 -

1.11 - - - - - 4.2

1.12 - - - - - 4.6

1.13 - - - 82.4 - -

1.14 - - - 80.2 38.2 -

1.15 - - - - - 4.3

1.16 - - - - - 4.5

1.17 - - - 80.3 - -

1.18 - - - 82.9 38.6 -

1.19 - - - - - 4.5

1.20 - - - - - 4.1

1.21 - - - 85.4 - -

1.22 - - - 80.2 38.4 -

1.23 - - - - - 4.4

1.24 - - - - - 4.1

1.25 57.8 - - - - -

1.26 62.1 26.7 - - - -

1.27 - - 6.1 - - -

1.28 - - 6.5 - - -

1.29 - - - 84.5 - -

1.30 - - - 79.6 38.2 -

1.31 - - - - - 8.5

1.32 - - - - - 9.2

1.33 - - - 81.1 - -

1.34 - - - 84.1 38.3 -

1.35 - - - - - 8.6

1.36 - - - - - 9.0

1.37 - - - 83.6 - -

1.38 - - - 80.1 38.0 -

1.39 - - - - - 8.5

1.40 - - - - - 9.0

1.41 - - - 84.1 - -

1.42 - - - 80.2 38.4 -

1.43 - - - - - 8.7

1.44 - - - - - 9.1

1.45 - - - 81.1 - -

1.46 - - - 84.2 38.1 -

1.47 - - - - - 8.4

1.48 - - - - - 8.9

2.1 66.6 - - - - -

2.2 70.4 30.5 - - - -

2.3 - 4.1 - - -

2.4 - - 3.8 - - -

2.5 - - - 90.9 - -

2.6 - - - 93.1 40.1 -

2.7 - - - - - 5.5

2.8 - - - - - 5.7

2.9 - - - 90.8 - -

2.10 - - - 93.2 40.0 -

2.11 - - - - - 5.6

2.12 - - - - - 5.8

2.13 - - - 94.6 - -

2.14 - - - 90.5 40.0 -

2.15 - - - - - 5.6

2.16 - - - - - 5.3

2.17 67.1 - - - - -

2.18 71.1 30.6 - - - -

2.19 - - 4.4 - - -

2.20 - - 4.5 - - -

2.21 - - - 94.8 - -

2.22 - - - 90.3 40.2 -

2.23 - - - - - 9.9

2.24 - - - - - 9.5

2.25 - - - 94.1 - -

2.26 - - - 91.3 40.2 -

2.27 - - - - - 10.1

2.28 - - - - - 9.5

2.29 - - - 92.6 - -

2.30 - - - 90.5 39.8 -

2.31 - - - - - 9.8

2.32 - - - - - 9.4

6.5

5 625 6.5

FRC

0 620 7.0

2 625

90

PC

625 7.0

4

6.0

5 645 5.5

5 635 6.0

0 645 6.0

2 650

630 6.5

3

FRC

0 635 6.0

1

630 6.5

5 660 5

655 5.5

3 645 5

4 650 5.5

80

PC

0 650 5.5

1

d f T 50
7d 28d

Sample No.

Strength 

class Mix Batch

Fresh Hardened

 
Note:  df- final flow diameter; T50 – time at flow diameter 50cm; fc - compressive strength, Ec - elasticity modulus, fct,c – splitting tensile 

strength on 15x30 samples. 
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Compressive strength and splitting tensile strength of materials (PC80, FRC80, PC90 and FRC90) 

were obtained from two samples in all the cases. However, elasticity modulus has been 

obtained from one of the 15x30 samples. Results showed that a good reproducibility of 

compressive strength for all batches existed as the average values for the five batches were 

82.1±2.1 MPa, 82.3±1.8 MPa, 92.3±1.7 MPa and 92.4±1.4 MPa for the PC80, FRC80, PC90 and 

FRC90, respectively. 

Pictures of PC80 and FRC80 cylindrical specimens after compression and splitting tests at the age 

of 28 days are shown in Figure 3.12 and Figure 3.13 respectively. All the PC samples had an 

explosive failure or a brittle behaviour, as illustrated in Figure 3.12 (a). On the contrary, the FRC 

did not crush and it held the integrity also once the samples were removed from testing machine 

after the test, as shown in Figure 3.12 (b). 

Therefore, FRC exhibited a ductile behaviour. Similarly it occurs with the PC and FRC samples 

in splitting tensile test. Although the PC sample was split in two halves after the test, the FRC 

sample keeps its integrity due to the fibre bridging effects, as it can be observed in Figure 3.13. 

Therefore, the PC and FRC samples behave similarly to what was reported in the literature for 

high strength plain and it was fibre-reinforced concretes [Denneman et al., 2011]. 

Regarding the elasticity modulus results showed that for both PC and FRC samples of the same 

strength class (Figure 3.14) the values were quite similar, therefore it is expected that the 

behaviour of both materials under bending do not result quite different up to the crack 

appearance. 

Furthermore, the developed SCC solutions showed a good internal appearance, as it can be 

seen in Figure 3.13 (c) and Figure 3.15, which show the fracture after splitting test or in Figure 

3.16, which shows the fracture surface of dog-bone specimens after uniaxial tensile test. 

 

 
(a) 

 
(b) 

Figure 3.12:  Examples of failure mode of the cylindrical standard specimens after compression 
test at the age of 28 days: (a) PC sample 1.5 and (b) FRC sample 1.29. 
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(a) 

 
(b) 

 
(c) 

Figure 3.13:  Examples of failure mode exhibited for the different cylindrical and cubic standard 
specimens after splitting test at the age of 28 days (Table 3.3): (a) plain concrete 
sample 1.7; (b) fibre-reinforced concrete specimen 1.32 and (c) plain concrete 
specimen 1.51. 

 

The images in Figure 3.15 and Figure 3.16 were taken with a stereomicroscope at the age of 28 

days with magnification x1 (sample 1.8 - see Table 3.3) and x1 (samples I.25 - see Table 3.4) 

respectively. From the images in the figures, which should be considered as representative of 

many of them examined under the stereomicroscope, an outstanding interfacial zone can be 

observed. 

Spatial distribution of aggregates and grading reflects the homogeneity of both SCC mixes PC80 

and FRC80. Similar results have been obtained for SCC strength class 90 mixes PC90 and 

FRC90.  
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(b) (c) 

Figure 3.14:  (a) Elasticity Modulus (Ec) test; (b) sample 1.6 result and (c) sample 1.30 result. 
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 Figure 3.15: Internal appearance of PC samples. Stereomicroscope close-up view of one area 
of the cross-section of one cylindrical sample after splitting test (sample 1.8 - see 
Table 3.3). 

 

 

   Figure 3.16: Internal appearance of an FRC samples. Stereomicroscope close-up view of one 
area of the cross-section of a dog-bone after uniaxial tensile test (sample I.25 - 
see Table 3.4). 
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3.4 CHARACTERIZATION OF FGSCC GRADED INTERLAYER 

The formation of a regular, thin (thickness 1-3 mm) and reproducible graded interlayer is of 

utmost relevance in the structural performance of “layered- functionally graded cementitious 

composites” (FGCC) but also to reach the adopted design criteria in this thesis. Since no test 

methods were found in the literature to test the FGCC, a novel methodology is proposed for 

checking both: i) the graded interlayer thickness and ii) its bond strength. 

For the first one, the use of a magnifying glass is proposed, while for the second one the tensile 

splitting test, as described in section 3.4.1 below, will be used. Moreover, in order to verify the 

accuracy of the proposed methodology other more reliable tools for testing material 

microstructure (stereomicroscopic magnifier, optical microscopy) have been used. Furthermore, 

the uniaxial tensile test [Sánchez-Gálvez, 1999], also described in section 3.4.1, was used to 

check the mechanical behaviour of the graded interlayer. 

The characterization of the graded interlayer in the experimental programme will be performed 

by using the 4 series samples described above in Table 3.1 (cont’). The testing programme 

consists of 18 dog-bone samples of series I, II and III (x.22-x.27) and 12 cubic samples of series 

I, II and IV (x.18-x.21). The bulk samples series I and II will be used for comparison. The 

splitting and uniaxial tensile tests were performed at the age of 7 and 28 days. 

  

3.4.1 Determination of bond performance 

Mechanical test set-ups 

Tensile splitting test (ST) — The test was performed as it is described in the UNE-EN standard 

[UNE-EN12390-6] with the only difference that the load was not applied on the middle of the 

sample but to one third of one of the lateral faces, as shown in the Figure 3.17. This 

configuration was adopted for allowing the placement of the load cell.  

The load cell was placed beneath the specimen on the right (Figure 3.17) for alerting the 

misalignment or rotation if it occurs, therefore to ensure that the load would be applied on the 

graded interlayer in the case of FGSCC samples.  

The cubic samples of series IV have been used for testing the FGSCC interlayer. In the 

remaining series (bulk series I and II samples), the load was also applied at the same position.  

Also for such cases, the control of specimen placement (with the load cell) was performed.  

In addition, longitudinal (l) and transverse (t) strains or deformations were recorded at the 

centre of the height using electrical resistance strain gauges placed on the opposite faces, as 

also shown in Figure 3.17. The strain gauges had 30 mm length, a resistance of 120±0.3 Ω and 

a factor of 2.11±1 %. 

The tests were carried out by mean of an IBERTEST universal hydraulic testing machine with 

capacity of 3000 kN, and the load was applied continuously at the stress rate of 0.05 N/mm
2
.s 

up to failure of the sample. The complementary measurements by strain gauges, which also are 

not described in the standard, were done in order to compare the obtained deformations of 

FGSCC samples and those of bulk samples at the same position. The load displacement-

diagram was produced digitally as the test proceeded.  
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Figure 3.17:  Photography (left) and scheme (right) of test set-up of the tensile splitting test 
back view on left and front view in the right sketch (units in mm). 

 

 

 

Uniaxial tensile test (UT) —  Each sample with an overall narrow space of 60 mm length and 

overall length of 125 mm was placed in the two rigid steel jigs connected to the testing machine.  

Those jigs were specifically designed in order to minimize misalignments and to avoid also the 

use of adhesive materials between the jigs and the sample. The element had a total length span 

of 70 mm, as shown in Figure 3.18, which also illustrates the test setup in an INSTRON testing 

machine with displacement control and 25 kN capacity.  

Two extensometers were placed, on opposite sides at the middle of the span length, for 

monitoring the deformation of the interface-FGSCC and its surroundings in addition of the 

LVDTs mounted for measuring the displacements () of the narrow cross sections, as it is 

mainly considered in the literature [Sánchez Paradela & Sánchez-Gálvez, 1992, Shah & 

Ouyang, 1994; Cunha et al., 2011; Hasan et al. 2012]. The gauge length and travel of 

extensomenters and LVDT were 12.5+/-2.5 mm and 50+/-2.5 mm respectively.  

Moreover, the samples were held steadily by applying a preload of approximately 0.3 kN. In this 

test, the displacement control at a rate of 0.5 µm/s was applied to the test sample by means of 

jigs up to a displacement of 0.1mm and 0.05 mm/s until the completion of the test, i.e. when 

reaching approximately 2.6 mm displacement.  

The load-displacement diagram was produced digitally as the test proceeded and the ascending 

curve up to crack appearance (in the case of extensometers) and the entire stress-strain curves 

(in the case of LVDT) were recorded. This last curve was used in order to capture the 

ascending and descending branches if failure occurs out of the extensometer measurement 

length. An appropriate filter was applied to reduce noise signal of the curves. 
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Figure 3.18: Test set-up of the uniaxial tensile test (units in mm). 

 

Tensile Performance  

For comparative reasons, the results for the two kinds of test performed to investigate tensile 

behaviour of interface-FGSCC will be discussed together in this section. Figures 3.20 to 3.22 

show the results of the tensile splitting tests and Figures 3.23 to 3.25 show those of the uniaxial 

tensile tests.  

Moreover, Table 3.4 summarizes the UTS of the bulk FRC (series I), PC (series II) and FGSCC 

(series III and IV) specimens obtained from both splitting and uniaxial tensile tests. Splitting and 

uniaxial tensile stress-strain of cubic and dog-bone samples is shown in Figure 3.20 and Figure 

3.23 respectively.  

For the sake of clarity, the curves of the control FRC series I are drafted in black colour, those 

of PC series II in blue colour and those of FGSCC series III in red colour. 

Regarding stress-strain curves, strain was acquired by dividing the average of the 

extensometer, LVDT or strain gauge extension (Figure 3.17 and Figure 3.18) by their respective 

gauge lengths, while uniaxial tensile stress (fct,d) was obtained by dividing the load by the cross-

sectional area in the narrow section in the case of dog-bones samples. 
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In the case of splitting tensile stress-strain of cubic samples, both the longitudinal strain data (l) 

and the transverse strain data (t) cannot be registered up to the end of test due to either the 

failure of strain gauge or the machine do not register further loads stopping automatically.  

Since the splitting tensile test set-up for cubic samples was modified in terms of loading 

position, as shown in Figure 3.17 and Figure 3.19, with respect to UNE EN12390-6 [UNE-

EN12390-6], the splitting tensile stress (fct,s), referred in Table 3.4, was calculated by Eqs [3.1] 

derived from the Theory of Elasticity [Timoshenko, 1934] for the particular load configuration 

shown in Figure 3.19. 
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Figure 3.19: Illustration of the radial elliptic stress induced under loading points with r1 and r2 - 
radius of ellipse. 
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                                                     [3.1] 

where, 

P = applied load (N) 

b = width of tested sample (mm) 

r1 = l/3 (mm)  

r2 = h/2 (mm) 

with l and h equal to the length and height of the element (see Figure 3.19) 

 

In the case of uniaxial tensile tests of Series I, both sets of readings (LVDT and extensometers) 

were combined together to present the full stress-strain responses. In Figure 3.21 and Figure 

3.25, in addition to the ultimate load capacity, the average peak load (Pu) of each series was 

represented. On what follows the characteristic material behaviours are summarized. 

 

Stress-Strain tensile splitting behaviour — For almost all the series, the results indicate that the 

material behaves linear elastically until the first crack stress is reached. The first stages of the 

stress-strain curves of all samples, both the longitudinal strain data (εl) and the transverse strain 

data (εt), can be seen in Figure 3.20 (a) and (b). It is noted that the first crack stress of all 

samples was at about 4-5 MPa. 
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(c) 

Figure 3.20: Stress-strain relationship of series I, II and IV samples under tensile splitting test at 

28 d: (a) stress-longitudinal strain (l) up to strain-gauge failure (signs must be 

consider (-)
 
;
 
(b) transversal stress-strain (t)  (b) detail of (c) stress-strain curve and 

(c) full stress-transversal strain (t) curve up to strain gauge failures.  

 

After this point, the samples of series II and series IV increase the stress up to 5.7 MPa (series 

II) and up to 6.0 MPa (series IV) and then fail suddenly, while for those of series I the stress 

stabilizes at this level (6.1 MPa) and increases again with a higher deformation rate until the 

failure captured by the machine, as shown in Figure 3.20 (c). Although both samples of PC80 

series II and FGSCC series IV failed suddenly, the maximum stress of sample of series IV is 
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about 5% higher than that of sample of series II, as it can be seen in Table 3.4. While the 

sample of series I, due to the fibre inclusion, sustained higher stress during the test (fst,s 11.4 

MPa or Pu=341kN), as shown in Table 3.4 and Figure 3.21 respectively. 

The failure aspect of the FGSCC samples is presented in Figure 3.22. As it is possible to 

observe, failure does not occur only along the loading axis, but combining a failure in this plane 

with other one that cross the vertical plane with an angle of approximately 5 degrees.  
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Figure 3.21: Ultimate load of series I, II and IV samples under tensile splitting test at 7 and 28 d. 

 

 

Figure 3.22: Failure of FGSCC samples (IV.20). 
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Table 3.4:  Maximum splitting (fct,s) and uniaxial (fct,d) tensile strength of PC, FRC and FGSCC 

samples tested of batch 0 tested at 7d and 28d.  

f ct,s f ct,d f ct,s f ct,d

IDS* (MPa) (MPa) (MPa) (MPa) (MPa)

II.18 4.2 - - -

II.19 4.5 - - -

II.20 - - 5.4 -

II.21 - - 5.9 -

II.22 - 2.4 - -

II.23 - 2.2 - -

II.24 - 2.3 - -

II.25 - - - 4.0

II.26 - - - 3.7

II.27 - - - 4.2

I.18 7.9 - - -

I.19 8.2 - - -

I.20 - - 11.6 -

I.21 - - 11.1 -

I.22 - 2.6 - -

I.23 - 3.1 - -

I.24 - 2.9 - -

I.25 - - - 4.4

I.26 - - - 4.5

I.27 - - - 4.6

III.22 - 2.2 - -

III.23 - 2.5 - -

III.24 - 2.2 - -

III.25 - - - 4.0

III.26 - - - 4.1

III.27 - - - 3.9

IV.18 4.2 - - -

IV.19 4.6 - - -

IV.20 - - 6.1 -

IV.21 - - 5.9 -

(*) IDS = series number

7d 28d

PC

0

FRC and PC

Sample No. Strength class
Mix Batch

Hardened

FRC80

 

 

Thus, the failure of FGSCC samples is quite different from those of series II (PC80), as shown in 

Figure 3.13 (c) in section 3.3.4. The failure plane of bulk samples series II was vertical and 

along the loading plane. It was also different from those of series I (FRC80), because it 

presented more than one distributed and vertical main crack similar to those obtained for the 

cylindrical samples
 
[Denneman et al., 2011]. 

 

Stress-Strain uniaxial tensile behaviour — For almost all the series (I, II and III), the stress-

strain response was linear just up to about 90-95% of the first peak stress, as shown in Figure 

3.23. Therefore, this phenomenon was different from that reported by some authors
 
[Sánchez 
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Paradela & Sánchez-Gálvez, 1992; Shah & Ouyang, 1994] for the case of normal strength plain 

concrete, the curves were linear almost up to the peak stress, as it was also referred by [Cunha 

et al., 2011;Hasan et al. 2012]. These authors mentioned that this behaviour makes HP- and 

UHPFRC different to other type of concrete. After this stage, the samples of series II and III 

failed rapidly at the weakest point due to the localization of the maximum strain in a single 

crack, which is greater than the strain limit of the matrix, Figure 3.24 (a) and (b). Thus, the 

ultimate tensile load of sample series II (PC) is almost equal to that of the sample series III 

(FGSCC), as it is shown in Figure 3.25. 
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(b) 

Figure 3.23:  Series I, series II and series III samples at 28d: Total (a) and first stages and (b) of 
uniaxial tensile stress-strain curves.  

 

On the contrary, as shown in Figure 3.23, stress is maintained in the samples of series I by the 

composite action of steel fibres bridging across the cracks in the cementitious matrix. This 

pseudo-plastic phase that occurs when a higher number of active fibres crossing the crack and 

ends when fibres holding both sides of crack are no longer able to sustain the maximum stress, 

which was the behaviour of the I.25 and I.27.  

Thus, both elements behave as it was described by Cunha [Cunha et al., 2011] for high strength 

steel fibre-reinforced concrete but also as it was described by Hasan [Hasan et al. 2012] for the 

case of ultra-high strength steel fibre-reinforced concrete.  

Nevertheless, in the case of I.26, as shown in Figure 3.23 (c), the residual stress starts to 

decrease with sudden strength losses, which was in coincidence with a fibre fracture (during the 

test this was audible), and after this the pseudo plastic phase appears. According to the above 

presented stress-strain results, it is noteworthy to mention that although a test set-up used was 

different from those of other authors [Cunha et al., 2011, Hasan et al. 2012], the curves follow 

the trend of those discussed in their papers, focused on the analysis of different HP- and UHPC 

with and without steel fibres in the composition under uniaxial tensile tests, for both ascending 

and descending branches. 
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Figure 3.24:  (a) Type of failure of part of series II samples or series III (III.26); (b) other type of 
failure of series II and occasionally III (III.25) and (c) type of failure of series I (I.26).  

 
 

 

The FGSCC sample series III behaved similarly to the bulk sample of series I and series II up to 

the peak stress. The initial slope of the curves was closer to that of PC80 sample of series II than 

to that of FRC80 sample series I for the different cases. Thus, no substantial difference seems to 

be between bulk PC80 sample series II and FGSCC sample series III in stress-strain response. 

Furthermore, the types of failure are similar and involve the weakest section of the element that 

it is not always the interface of FGSCC samples series III, as shown in Figure 3.24 (a) and (b). 

Therefore, when the failure occurs close to the interface of sample series III, it is because this is 

the weakest area, but it is not due to the occurrence of adhesion failure. 

Since no distinctive behaviour was observed in the case of FGSCC samples series III, it is 

possible to assume that the similar performance is due to the seamless material transition, 

which does not create a sharp interface or a plane of failure as usually occurs in traditional 

layering casting. 

With respect to the type of failure, it will depend on the type of series under study: a) quasi-

brittle and suddenly for series II (PC material); b) affected by the presence of fibres which avoid 

a sudden failure for series I (FRC material). 

In the case of the FGSCC series III if the failure occurs at the level of the interface-FGSCC, a 

quasi-brittle failure similar to those that appear on PC is expected. Nevertheless, it is not 

possible to derive from the observations that failure will occur at this interface level. 
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Figure 3.25:  Ultimate load capacity (Pctd) of the samples tested at the age of 7d and 28d 
(included preload value 0.3 kN). 

 

3.4.2 Graded interlayer thickness observation 

The study of the FGSCC on sawed samples taken from the additionally (non-tested) cubic 

series IV samples (cross area 55x25 mm) were carried out first with a magnifying glass and 

then with a digital stereomicroscope magnifier of five million pixel resolutions and the images 

were obtained with the camera mounted on it. 

Prior to, the faces of the tested samples were polished by hand with an abrasive sheet of silicon 

carbide in the vicinity of the crack to remove any possible carbonate contamination on the 

surface. No additional treatment has been performed on the extracted samples after cutting 

them with a diamond grinding wheel. 

Moreover, some additional samples were prepared in Portland cement paste using the same 

fine components and admixture used for preparing the PC80 and FRC80 mixes for being 

explored after preparing as thin-films. The only change was that no silica fume addition was 

used and that on one of the half of the samples that have prepared in the same manner as the 

FGSCC dog-bone samples, the powder of hematite has been added in order to distinguish one 

part from the other. 

From these works that form part of the ongoing synchrotron ALBA Experiment mentioned in the 

chapter 1 of the thesis, some of the preliminary results will be included as part of this section 

due to the significance the optical microscopy observations can derive for better understanding 

the graded interfacial formation and mainly the potential size. 
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Observation of internal appearance of FGSCC samples by magnifying glass and with a 

digital stereomicroscope 

All the observed FGSCC samples showed a good internal appearance, as can be seen in 

Figure 3.26, which shows a macro mode photography (taken with a digital camera) after 

exploring a sample with the magnifying glass of the bottom normal cut surface of one of the 28d 

samples. From this macro image, which is considered as representative of the different FGSCC 

samples, an outstanding interfacial zone between paste and siliceous aggregates can be seen. 
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Figure 3.26:  (a) Photography of FGSCC cubic sample series IV. Perpendicular to the casting 
area view including material type A (PC80 composition), B (interface-FGSCC 
PC80/FRC80 composition) and C (FRC80 composition); (b) stereomicroscope close-
up view of the dotted-line area b; and (c) stereomicroscope close-up view of the 
dotted-line area C. Unit in mm.  
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An absence of cracks at scale of millimetres or other defects (potential weak zones) can be 

pointed out. Spatial distribution of aggregates and grading reflects the homogeneity at meso–

level of the different SCC areas (FRC and PC) only interrupted by some voids caused by the 

spalling of part of the aggregates due to the cutting process. Moreover, the image clearly shows 

the random distribution of fibres and their high degree of parallel alignment along the casting 

direction, as shown in the Figure 3.26 (a) right. 

No distinctive boundaries can be found in the interface–FGSCC, which corresponds 

approximately to the zone between dot-lines (according to casting marks). The transition (zone 

B) from one layer (zone A) to the other (zone C) shows seamless material change. The 

absence of coarse aggregate in the zone B can be also derived from the detailed observation 

under stereomicroscope magnifier, Figure 3.26 (b). 

Moreover, there are no apparent differences between this area and other areas containing fine 

aggregates except for the presence of fibres in some of them, as it can be seen in Figure 3.26 

(c). By increasing resolution of stereomicroscopy magnifier by 3 times, it was possible to 

observe some randomly distributed and disconnected air micrometric voids in some of the 

explore areas, similar to those reported by other authors
 
[Shah & Ouyang, 1994; Shen et al., 

2008]. 

It seems noticeable from the observations that the interface-FGSCC casting method can be 

applied with confidence, particularly for mass functionally graded sample production if the 

compatibility issue between different types of SCC is previously resolved (as it occurs with the 

analysed cases) and the significance of thermal gradient is considered by adopting not only the 

criteria established by codes in order to ensure that elements did not have production defects 

but also the appropriate casting of layers elapsed-time [Rio, 2009]. 

Moreover, as it was possible to derive from the different analysed samples that interface width 

would meet the design criteria. Although it is difficult to identify due to the similarity of materials, 

it seems that interface width is about 3mm or less. 

 

Observation of internal appearance of FGSCC thin-film by optical microscopy 

The developed paste solutions showed a good internal appearance as can be seen from the 

Figure 3.27, which shows a micrograph of one of the thin-film samples prepared from the paste 

samples. From the image, which should be considered as representative of many of them 

observed under the optical microscopy, an outstanding gradual interfacial zone can be seen. 

Spatial distribution of both pastes can be observed between the 33 to the 37 in the horizontal 

scale. 

The grey is changing since a light grey which corresponds to the Portland cement past (left in 

Figure 3.27) to a medium grey (right) which corresponds to the Portland cement paste with 

hematite powder. The microstructure grading reflects the homogeneity of both high fluid but 

cohesive pastes. Similar results have been obtained for other thin film samples. From all thin-

film observed, it is important to confirm that the thickness of the graded interlayer was varied 

from 1.5-2 mm. 

Nevertheless, from both methods using magnifying glass and optical microscope, it is possible 

to assume that for standard quality control of the interlayer depth distribution, the use of a 

magnifying glass is much less complex than using another sophisticated on laboratory method 

such as SEM (scanning electron microscope), which has been used by Shen et al. [Shen et al., 
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2008]. Besides, it provides a good accuracy for determining the interlayer thickness. It can also 

be used to detect any crack forming in concrete due to incompatibility of materials or fails in 

casting process. 

 

 

Figure 3.27:  Micrograph of Portland cement paste (left) and Portland cement paste with 
hematite powder (right) taken from optical microscopy with 50 zoom magnification 
(1 unit = 50µm).  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4: FLEXURAL PERFORMANCE OF 

FGSCC BEAMS UNDER STATIC 

LOADS 
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4.1 RESEARCH SIGNIFICANCE 

The scope of the research presented in this chapter is to show the structural possibilities of 

FGSCC to produce beams by analysing both the in-service state and limit state behaviour of 

different combinations of layered plain and fibre-reinforced cementitious composite (PC and 

FRC) materials, or FGSCC. As per such a case, it is necessary to have not only a good 

understanding of the material itself, but also a deep knowledge (based on experiments) of the 

structural performance, the different FGSCC in front to their bulk counterparts under static loads 

will be analysed by using four-point bending test.  

Focus will be put in assessing the performance of the interface bond between the PC and FRC 

layers (graded interlayer), as well as the load-deflection of the beams. The different FGSCC 

arrangements and the two bulks are considered as independently. For all these arrangements, 

two different standard beam sizes and/or two different high strength concrete classes were 

considered for demonstrating the viability of the functionally graded sectional systems to attain 

the structural serviceability and ultimate limit states (SLS and ULS).  

  

4.2 TESTING PROGRAMME 

4.2.1 Description of specimens 

The testing programme consisted of 32 standard size beam elements [UNE-EN12390-5] from 

which 18 ones have a length (l) of 0.40 m with cross section (bxh) of 0.10x0.10 m (small size) 

and 14 samples have a length of 0.60 m with cross section of 0.15x0.15 m (big size), as shown 

in Table 4.1. The five beam sectional configurations, defined as Series I to Series V in this 

thesis, are the ones shown in Figure 4.1. 
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 Figure 4.1:  Scheme of (a) beam geometry and (b) sectional configuration arrangements of 
each series with FRC layers with a constant fibre volume fraction (Vf = 1.02%). 
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Among them, the Series I and Series II consisting of eight bulk FRC (fibre volume fraction, 

Vf=1.02%) and eight bulk PC (plain concrete) beams, named as I.1 to I.8 and II.1 to II.8 

respectively, included beams of small size (I.1 to I.4) or big size (I.5 to I.8) cast with the different 

strength classes FRC80 (I.1, I.2, I.5 and I.6), PC80 (II.1, II.2, II.5 and II.6), FRC90 (I.3, I.4, I.7 and 

I.8) and PC90 (II.3, II.4, II.7 and II.8), as  described in the Table 4.1.  

From both series only the series I will be considered as control series and from this set, the 

small size beam I.2 and big size one I.5 (both of strength class 80) will be used as the basis of 

comparison in the study. For the remaining series III, IV and V, same considerations have been 

done in terms of specimens’ definition. All of them were cast by combining FRC and PC layers 

always of the same strength class 80 or 90 MPa, but considering 3 different sectional 

arrangements (Figure 4.1). Although for the FGSCC series III, the same 8 beams have been 

designed taking into consideration the size and/or class (III.1-III.8), in the case of Series IV (1/3 

FRC and 2/3 PC) only one of the specimens of each of two replicates has been considered. 

Therefore, for Series IV only odd numbers of specimens are used (IV.1, IV.3, IV.5 and IV.7). 

Lastly and regarding Series V only samples of small size have been analysed, which in turn 

means that only the following number of specimens will be cited: V.1 to V.4. 

 

 

Table 4.1: Description of beams. 

Series 

Strength 

Class 

Dimension  
Total specimen 

number  

Specimen 

Denomination 
(*)

 
b h l 

(MPa) (m) 

I 

80 
0.10 0.10 0.40 2 I.1, I.2 

0.15 0.15 0.60 2 I.5, I.6 

90 
0.10 0.10 0.40 2 I.3, I.4 

0.15 0.15 0.60 2 I.7, I.8 

II 

80 
0.10 0.10 0.40 2 II.1, II.2 

0.15 0.15 0.60 2 II.5, II.6 

90 
0.10 0.10 0.40 2 II.3, II.4 

0.15 0.15 0.60 2 II.7, II.8 

III 

80 
0.10 0.10 0.40 2 III.1, III.2 

0.15 0.15 0.60 2 III.5, III.6 

90 
0.10 0.10 0.40 2 III.3, III.4 

0.15 0.15 0.60 2 III.7, III.8 

IV 

80 
0.10 0.10 0.40 1 IV.1 

0.15 0.15 0.60 1 IV.5 

90 
0.10 0.10 0.40 1 IV.3 

0.15 0.15 0.60 1 IV.7 

V 
80 0.10 0.10 0.40 2 I.1, I.2 

90 0.10 0.10 0.40 2 I.3, I.4 

 
(*)

 Control specimens are indicated in bold. 
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4.2.2 Test set up 

Un-notched beams and four-point bending (FPB) tests, in agreement with UNE-EN standard 

[UNE-EN12390-5], were used, as shown in Figure 4.2, to characterize the bending and fracture 

behaviour of the bulk (series I and series II) and FGSCC (series III to series V) beams. In this 

test, the simple supported beams have a total span of three times the beam height, as shown in 

Figure 4.2 (a), which in turn has been equal to 0.3 m for the small beams or 0.45 m for the big 

ones. The static load was applied on the one-third central part of the span using an IBERTEST 

universal machine with total capacity of 3000kN and loading rate being between 0.03 – 45 kN/s. 
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Figure 4.2:  Test set-up including front and back instrumentation view (a); - cross view (b) and 
bottom and top instrumentation view (c). 

 

Deflection of beam (d) was measured at its centre by using two dial gauges for manual 

measurement and two LVDTs for computer recording, as shown in Figure 4.2 (b) and in the 

photography of Figure 4.3. Demec gauges (manual), strain gauges and LVDTs (for computer 

recording) were employed in the central zone to investigate the flexural behaviour of beams 

(deformation -ε-) in coincidence with all possible interlayer position considered in the FGSCC 

arrangement (h/3, h/2, 2h/3) and at the bottom and on the top. LVDTs and Demec gauges have 

length varying from 100 mm ± 5 mm to 150 mm ± 5 mm, and accuracy of 0.01 mm. While, strain 

gauges have a length of 30 mm and an accuracy of 0.5 µm. Arrangement of Demec gauges, 

strain gauges and LVDT for deformation measurement can be seen in Figure 4.2 (a) and (c).  

Therefore, all beams were tested in flexural mode up to failure by applying continuously the load 

according to the corresponding EN standard [UNE-EN12390-5], but arresting at each increment 

of 5kN of load in order to check the appearance of the beam surface and/or the cracking 

pattern. During the programmed 3-5 minutes of pause, deflection and deformation were 

checked both using the Demec gauges and Dial gauges for the first beams tested (I.1-I.4). On 
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the remaining beams only the computer recording system has been used after checking that 

both procedures provided the same results. Computer recording data including the load were 

stored in the computer for further analysis and discussion of results.  

  

 

Figure 4.3: Lateral front view of one of series I beams (I.1) during testing. 

  

4.3 RESULTS  

As it was pointed out, the two control beams, I.2 and I.5 (Figure 4.4), both having a FRC of 

strength class 80 and two different section size, were chosen to give the basis for comparison. 

The corresponding behaviour of the control beams, and of the other beams for each series is 

illustrated in: Figure 4.4 to Figure 4.10 (Series I), Figure 4.11 to Figure 4.12 (Series II), Figure 

4.13  to Figure 4.15 (Series III), Figure 4.16 to Figure 4.18 (Series IV) and Figure 4.19 to Figure 

4.21 (Series V) respectively. While, the summary of flexural test of all beams is given in Table 

4.2 and different comparative results involving some selected beams are represented in Figure 

4.22 and Figure 4.23. 

For each series, not only the load versus deflection of all the beams of the set are represented, 

but also it is drawn also the strain variation diagrams along the mid-span cross section for one 

selected beam. In all the figures representing the load versus deflection, all the beams of 

strength class 80 are drafted in red colour, while the beams of strength class 90 are in blue 

colour, and the two control beams (I.2 and I.5) are drafted in black. Moreover, a dashed line 

was adopted to represent the curve, which joins all data of each small beam, while for the big 

one a continuous line is used.  

Regarding the strain variation diagrams obtained by means of the LVDTs located at different 

positions along the beam depth, three different loads corresponding to different deformational 

stages (ε, where εt - tensile deformation, and εc – compressive deformation) at mid-span have 

been considered: i) one corresponding to the pre-cracking (Pe), ii) other at a fixed load value 

within the deflection-hardening area (Pdh), and lastly iii) other in coincidence with the peak load 

(Pu). The different load values considered for each of the selected beams of strength class 80 

are those included in the corresponding figures.  



  FLEXURAL PERFORMANCE OF FGSCC BEAMS UNDER STATIC LOADS 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  95 

 

 

(a) 

 

(b) 

Figure 4.4: Failure of control beams (a) small size beam I.2 and (b) big size beam I.5 (back 
views). 

 

Lastly, some comparative results between bulk and FGSCC beams as the flexural stress versus 

deflection for different cross-sections 0.1x0.1m and 0.15x0.15m are shown in Figure 4.22, and 

the maximum flexural strength versus equivalent fibre volume fraction of FGSCC beams in 

comparison of those proposed by [Song & Hwang, 2004] on bulk beams is shown in Figure 

4.23. 

4.3.1 Series I 

The only variables in this set of FRC bulk beams, named as series I, were the size of the beam 

and the strength class. Figure 4.5 shows the non-linear load-deflection curves of all series I 

beams with the exception of beam I.6, whose results were not available due to a failure of some 

channels of the data acquisition system connected to LVDT and strain gauges during the test. 

Moreover, Figure 4.6 and Figure 4.7 show the deformation evolution of both control beams (I.2 

and I.5). Finally, the ultimate or peak load (Pu) reached by all the beams of this series and their 

corresponding maximum deflection values at Pu (du) are included in Table 4.2. 

 

Control beams 

During the loading process of the small series I control beam (beam I.2), one initial crack 

appeared around the 65% of the total load (Pc=0.65*Pu) at about 3.5 cm on the right from the 

centre, Figure 4.8 (a), considering the front view of beam. After this point, a second crack 

appeared later and first crack became larger, being both of flexural type starting on tension 

zone, as it is possible to see in Figure 4.8 (b). 

It is also possible to observe the slightly change of slope in the load-deflection (Figure 4.5) 

curves after first cracking stress appears at the end of the stress-displacement linearity (or at 

the so called bend-over-point or BOP) being later these changes in slope more noticeable as 

soon as cracks propagate and increase its size (due mainly to fibres tensile contribution) up to 

the beam reach its maximum load bearing capacity (ULS) at a load of 34.1 kN (see Table 4.2), 

being for such a load the strain variation diagram nearly linear yet (see Figure 4.6). 
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Figure 4.5:  Load (P) versus deflection (d) curves of series I beams. Small size (in dash), big 
size (solid), strength class 80 (in red), strength class 90 (in blue) and control 
beams (black). 
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Figure 4.6:  Different deformational stages for small size beams of series I (I.2) at mid-span 
cross section. 

 

After this load, deformations continue increasing faster (as it is possible to observe by the less 

number of measured points capture at a same measurement interval), while the load decreases 

also because fibres begin to fail due to the loss of bond between concrete matrix and fibres 

causing their pull out. The beginning of this last stage is the one that can be observed in the 
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Figure 4.8 (c), where the condition of beam for a load of 30kN after Pu is represented. Similar 

behaviour is observed for the big size control beam (I.5) but loads and flexural capacity are 

higher in this case. The comparison between small size beam (Figure 4.6) and big size beam 

(Figure 4.7) indicated a similar strain distribution along the beam depth although obviously for 

different loads.  

 

0

25

50

75

100

125

150

-0.003 -0.002 -0.001 0 0.001 0.002 0.003

B
e
a
m

d
e
p
th

(m
m

)

50kn

70kn

86.7kn

Pe = 50kN

Pdh = 70kN

Pu = 86.7kN

εt (-) εc (+)
 

Figure 4.7:  Different deformational stages for big size beams of series I (I.5) at mid-span cross 
section. 

 

It is possible to observe that the deformation was maintained linear at pre-cracking (Pe) and 

nearly linear at post-cracking (Pdh and Pu) stages, which is similar to that reported by other 

authors [Padmarajaiah & Ramaswamy, 2002] for FRC beams having the same amount of fibres 

(Vf=1%). Furthermore, the curves for both control beams present the same stages observed in 

the works of other authors for the case of FRC beams [Shah & Ouyang, 1994; Naaman, 2003; 

Brandt, 2009].  

Thus considering the stages referred on the abovementioned studies; it is possible to say that 

for both beams the linear stage is up to a load about the 60% of Pu. The second and third 

stages, which start when the cracking begins and propagates goes from the about 60% to the 

75-80% of the Pu and from this load up to the peak load (Pu), as considered by other authors 

[Naaman, 2003; Brandt, 2009] as a common stage named as deflection-hardening.  

Lastly, the fourth or after peak load stage, also denominated deflection-softening, where the 

tensile strain of the material within the localized damage band continuously increases whereas 

unloading may occur for the material outside the damage band, results also similar for both 

control beams (I.2 and I.5). The observed change of slope after post peak might be due to the 

variation of fibre content and/or their orientation along the cross section (see Figure 4.5).  

For this last stage, where the crack continuously propagates even though the load decreases, 

differences have also been observed in the strain diagrams. While, the one of beam I.2 is 

almost linear, the one of beam I.5 presents slightly loss of linearity for almost the same 

deformation (εt) measured by the bottom LVDT. Also it can be observed that both beams I.2 and 

I.5, in principle, had a ductile behaviour and meet the potential SLS and ULS design criteria.   
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20kN

 

(a) 

25kN

 

(b) 

30kN

 

(c) 

Figure 4.8: Video Photograms of beam I.2 test including the crack pattern exhibited by the beam 
at 3 stages of the load process (a) just after the first crack was visible; (b) just before 
peak load –deflection hardening- and (c) just after peak load –deflection softening.  
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Remaining beams      

The P-d curves of the remaining beams of the series I (Figure 4.5), follow the same trend, but 

deformations at the beginning of FRC90 beams were slightly smaller for the same load than in 

the corresponding control beams (I.2 or I.5). Thus, beam performance was as expected as this 

initial part of the curves depends on the elasticity modulus, as it has been also mentioned in the 

literature [Li & Xu, 2009, Hasan et al. 2012], so that the Ec90, obtained experimentally, was 

slightly greater (4%) than the Ec80 one, as it is indicated in Table 3.3 of Chapter 3. 

In fact, according to some authors, this percentage of load increasing or flexural stiffness is 

produced by material elastic modulus and effective moment of inertia. In some of the cases, 

initial cracks appeared also for a value slightly greater (I.3 and I.4) or smaller (I.1) than for the 

corresponding small size (I.2) or big size (I.5) control beams, being for the big size ones of 

strength class 90 (I.7 and I.8) almost a 10% higher.  

For all cases, the second to the fourth stages were similar ones. Two exceptions were the small 

cross-section beam I.1 and the big cross-section one I.7. These beams present a less ductile 

behaviour being also lesser for the small beam I.1 compare to the I.7.  

Observation of the failure of beam I.1 shows that the fibre orientation as well as total number of 

fibres of the failure section (Figure 4.9) was less than for the corresponding control beam I.2 

(Figure 4.10).  

Since no special procedures to achieve for fibre orientation during casting were taken into 

account; it is possible to obtain variations of ductile behaviour, as the ones were observed for 

beams I.1 and I.7. This fact was also mentioned by other authors when analysing FRC beams 

performance [Soutsos et al, 2012].  

Nevertheless, for the cases like those presented by the beams I.1 or I.7 the ULS was affected, it 

is possible to say that these beams and the other ones also met the SLS design criteria in terms 

of deformations and cracking, while the Pu variations were less than 3-5%.  

Exception was the small beam of the strength class 80 as the difference for this case was 

approximately 11% in respect to I.2, as it is indicated in Table 4.2. 

 

  

Figure 4.9: Detail of the failure of beam I.1 after 
test (bottom view) 

Figure 4.10: Detail of the failure of beam I.2 
after test (bottom view) 
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4.3.2 Series II 

Bulk PC beams of series II, both small and big size cross sections, show a load-deformation 

diagram that is similar to those of the control beams, I.2 and I.5, up to a load of approximately 

26 kN and 55 kN respectively (Figure 4.11). It is easy to observe that the limit of proportionality 

(LOP) for each of the load-deformation curves (beams II.1 to II.4 and II.5 to II.8) occurs at a 

deformation value similar (in general) to those corresponding to the control ones. It is also 

possible to observe that the different beams’ LOP occurs for higher values of P. 
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Figure 4.11: Load (P) versus deflection (d) curves of series II beams. Small size (in dash), big 
size (solid), strength class 80 (in red), strength class 90 (in blue) and control 
beams (black). 

 

A different mode of failure (that occurs for the values indicated above) was observed for the 

Series II beams (Figure 4.12). The main difference between this series and control beams (I.2 

and I.5) was that the crack appears for loads quite close to their maximum (or peak) loads.  

Thus, they present a brittle behaviour that occurs for a load approximately at 8-10% higher than 

those of crack appearance, as it is possible to see also when observing the beam II.5 in Figure 

4.12. While, for a load of 50 kN it is not possible to see any visible crack, Figure 4.12 (a), for a 

load of 58.4 kN the failure occurs, as shown in Figure 4.12 (b). 

Based on these series tests, it is possible to confirm what has been mentioned also formerly in 

the literature [Shah, 1991] that the type and amount of fibres currently used do not play an 

important role on enhancing the first-cracking stress of the FRC beams (see for instance the 

control beams in Figure 4.11). But fibres help in changing the type of failure from brittle to 

ductile behaviour and in enhancing the ULS flexural capacity in about 30% (Pu) for the same 

concrete strength classes. 
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50kN

 
(a) 

58.4 kN

 
(b) 

Figure 4.12: View of beams of series II (II.5) during the test: (a) at pre-cracking stage A 
(P=50kN) and (b) at ultimate load. 

 

4.3.3 Series III  

In the first FGSCC series, bi-layered series III, although the load-deflection of the FGSCC series 

III beams are similar to the corresponding small size (I.2), and big size (I.5) control beams, as 

shown in Figure 4.13, some differences have been observed mainly after the first crack 

appeared. Thus, in what follows the behaviour of each set will be described independently. 

 

Small size beams  

It is noteworthy to mention that the first crack appears in small beams for a load slightly higher 

(5%) compared to that of the control beam I.2. But after cracks appear, the behaviour of III.1 

and III.2 in relation to I.2 were different. In the case of III.1, the behaviour was quite similar to 

the control beam I.2, as Pu was reached for almost the similar deflection (0.56mm), even 

though the peak load was about 95% less. 

On the other hand, the beam III.2 exhibited behaviour more similar to that of control beam I.2 

after reaching the maximum load (Pu) that occurs for a Pu9% and du50% lower compared to 

the control. Moreover, the slope of the curve of the beam III.2 descends faster in the beginning, 

but then it remains almost constant from du1.2mm.  

This behaviour, also similar to the one presented by beam I.1, could only be due to a non-

uniform distribution and orientation of the fibres along the section as what was also described in 

section 4.3.1 when describing the behaviour of remaining beams. The post-peak behaviour of 

both beams (III.1 and III.2) was quite similar to that of the control I.2. 

The behaviour of the beams III.3 and III.4 was also different, because for both the Pu was 

reached for a 50% smaller deformation than for the control beam. Moreover, the load was equal 

or a 2% higher than that of the control beam. Then, the deformation increases rapidly while the 

load decreases very slightly, up to a deformation almost equal to that corresponding to the du of 

control beam I.2. After that point a less ductile behaviour, as expected due to the upper part of 

beam has not fibres, was observed. 
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Figure 4.13: Load (P) versus deflection (d) curves of series III beams. Small size (in dash), big 
size (solid), strength class 80 (in red), strength class 90 (in blue) and control 
beams (black). 

 

 

The type of failure presented by the FGSCC series III of size 0.1x0.1x0.4 m (bxhxl) is shown in 

Figure 4.14 (a) for the case of beam III.1. It is noteworthy to mention that for all the tested cases 

no bond failure between FRC layer and PC layer was noticed, and the crack pattern was similar 

to that of the corresponding FRC series I beams, as shown in Figure 4.4 (a). 

 

 
(a) 

 
(b) 

Figure 4.14: Type of failure of beams of series III: (a) small size beam III.1 and (b) big size 
beam III.5. 
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Big size beams  

The big size strength class 80 FGSCC beams of series III show a load-deflection diagram that 

is almost in coincidence to that of the corresponding control beam, I.5, up to the point, where 

the load reached the Pu value, which was about 8-10% lower (III.5 = 80.1 kN and III.6 = 77.8 

kN) than that of control beam (Figure 4.13) and consequently for a smaller deflection (du   0.80 

mm), as shown in Table 4.2. It is also possible to observe that when the beam III.5 reaches its 

maximum flexural capacity at a load of 80.1 kN the strain variation diagram was nearly linear yet 

(Figure 4.15).  
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Figure 4.15: Different deformational stages for big size beams of series III (III.5) at mid-span 
cross section. 

 

Regarding the slope of the class 80 curves (Figure 4.13) after post peak, they were different to 

that of control beam I.5. All series III beams present almost one slope until the failure. It can be 

due to the fibre distribution along the FRC cross section of beam series III was more uniform 

than in the case of control beam I.5. Regarding the type of failure of big size FGSCC series III 

beams, they were similar to those of small size beams shown in Figure 4.14 (a), as it is 

illustrated in Figure 4.14 (b).  

The similar P-d behaviour was observed in case of the big size strength class 90 (Figure 4.13). 

The main difference between class 90 series III beams and control beam I.5 (also class 80 

beams of this series) was that the values of deformation for the same load were slightly lower 

than those observed in the control beam until P70kN. The initial crack appeared for such 

beams at a higher value (5%) of the load compared with the control beam.  

Moreover, the LOP of class 90 series III beams occurs for a similar value of deflection but 

always for a higher load. On contrary, the peak load was lower than that of control beam I.5, 

and also in the case of beam III.8; this peak load was lower than that of class 80 (III.5 and III.6).  

For all cases tested class 80 and 90, no bond failure between the FRC and PC layers was 

noticed. The Pu of these beams were 80.7kN (III.7) and 74.9kN (III.8) or 7% and 14% lower 

compared to control beam (I.5). 
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4.3.4 Series IV 

The small size (IV.1 and IV.3) and big size series IV beams (IV.5 and IV.7) show a load-

deflection diagram that is similar to that of control beams (I.2 and I.5) up to a load of 

approximately 25kN and 55kN respectively (Figure 4.16).  
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Figure 4.16: Load (P) versus deflection (d) curves of series IV beams. Small size (in dash), big 
size (solid), strength class 80 (in red), strength class 90 (in blue) and control 
beams (black). 

 

For both small and big size beams of series IV, the first crack appears for a load slightly higher 

(4%) compared to that of the control beams (I.2 and I.5) but then the load increased more 

slowly up to reach the beam Pu.  

The Pu of small beams were similar for both class 80 (IV.1=30.5 kN) and class 90 (IV.3=29.9 kN) 

beams, while the Pu of big beams were slightly different for class 80 (IV.5=61.5kN) and class 90 

(IV.7=70.2kN). Moreover, the Pu of series IV beams was about 11-20% less than that of the 

corresponding control beams (I.2=34.1 kN; I.5=86.7 kN) being greater in case of big size 

beams, as it is also shown in Table 4.2. 

After reaching the maximum or peak load, the series IV beams exhibited a similar deflection-

softening behaviour compared to the control beams and almost equal to those of series III 

beams. Exception was the beam IV.5 that exhibits a less ductile behaviour. The strain variation 

(Figure 4.17), for the Pe and Pu almost equal to the one exhibited by the control beam I.5 for a 

similar load. 

The type of failure of all FGSCC series IV beams (Figure 4.18) was similar to those of the 

FGSCC series III beams, but the deformation was smaller than those of the FGSCC series III 

beams. Therefore, no bond failure between FRC and PC layers was observed for this series. 
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Figure 4.17: Different deformational stages for big size beams of series IV (IV.5) at mid-span 
cross section. 

 

 

Figure 4.18: Failure of series IV beams (IV.7). 

4.3.5 Series V 

During the loading process of beams of series V, the first crack (Figure 4.19) appeared at a load 

level of 65% of the maximum load Pu. After that, the crack became large and propagated 

upward to the compression region. When this crack approaches to the FRC layer on the top, an 

additional diagonal crack was propagated, as it can be seen in Figure 4.19, where the beam V.1 

at failure is shown. However, no adhesion failure was observed between both FRC and PC 

layers not only for beam V.1 but also for the remaining beams of series V.  

After the first crack ( 65% of Pu), beams of series V (V.1-V.4) behaved differently to the 

corresponding control beam I.2 (Figure 4.20). In general and independently on the strength 

class, deformation of these beams increases rapidly, while the load keeps almost constant for a 

load close to the peak load values approximately 30kN (V.1 and V.2) and 31kN (V.3 and V.4). 
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Figure 4.19: Failure of series V beams; small size beam V.1. 
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Figure 4.20: Load (P) versus deflection (d) curves of series V beams. Small size (in dash), big 
size (solid), strength class 80 (in red), strength class 90 (in blue) and control 
beams (black). 

 

An exception was the beam V.3 which exhibited a similar behaviour to control beam. Thus it is 

noteworthy to mention that the series V beams exhibited a more similar behaviour to that of 

reinforced concrete beams with steel fibre ratio lower than balanced design [Rio et al., 2005] 

than those typical of bulk FRC beams [Shah & Ouyang, 1994; Ozyurt & Sanal, 2013]. However, 

the strain variation of series V beams presenting this type of behaviour was quite similar to that 

of bulk FRC beams (see Figure 4.21 and Figure 4.6 respectively). 
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Figure 4.21: Different deformational stages for small size beams of series V (V.1) at mid-span 
cross section.  

 

4.3.6 Estimation of bulk and FGSCC properties 

Table 4.2 shows the loads (Pc, Pu, Pf), the corresponding deflection values (dc, du, df), the 

computed flexural strength (fc, fu, ff), the estimated flexural toughness (FTc, FTu, FTf) and the 

estimated work of fracture (WFc, WFu, WFf) obtained for each beam at three different stages 

such as at BOP, at critical crack length and at considered final of deflection-softening stage (d = 

4mm). Regarding the computed flexural strength (f), it has been obtained by considering the 

formulae included in the corresponding UNE-EN standard [UNE-EN12390-5] (see Eq. [4.1]). 

While, the flexural toughness  (FT) is defined here as the area under the load versus deflection 

curves (Figure 4.5, Figure 4.11, Figure 4.13, Figure 4.16 and Figure 4.20) and the work of 

fracture (WF) is defined here as the area under the flexural stress versus deflection curves (see 

as example of the flexural strength versus deflection curves in Figure 4.22) up to the 

corresponding deflection (dc, du, df) at each stage.  

Furthermore, at critical crack length and at considered final of deflection-softening stage, the 

index of toughness (ITc and ITf) was computed by dividing the flexural toughness at those 

stages (FTu and FTf) to the flexural toughness at BOP (FTc). 

2

*

*

P s
f

b h
                                                               [4.1] 

where,  

f –flexural strength (MPa) 

P – load (N) 

s – span length of tested beam (mm) 

b – width of tested beam (mm) 

h – height of tested beam (mm) 
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Table 4.2: Summary of flexural test of all beams. 

d c P c f c FT c WF c d u P u f u FT u IT WF u d fin P f f f FT f IT WF f

(mm) (kN) (Mpa)
(kN 

mm)

(MPa 

mm)
(mm) (kN) (Mpa)

(kN 

mm)

(MPa 

mm)
(mm) (kN) (Mpa)

(kN 

mm)

(MPa 

mm)

1 0.17 19.44 5.83 1.66 0.50 0.26 29.70 8.91 3.72 2.24 1.12 4.65 1.40 44.78 26.97 13.43

2 0.18 20.52 6.15 1.87 0.56 0.60 34.10 10.23 14.25 7.62 4.28 4.85 1.45 61.08 32.66 18.33

3 0.21 26.59 7.98 2.71 0.81 0.78 40.80 12.24 23.64 8.72 7.09 9.94 2.98 98.85 36.48 29.66

4 0.19 25.25 7.58 2.44 0.73 0.76 39.10 11.73 22.67 9.29 6.80 10.23 3.07 88.73 36.36 26.62

5 0.27 51.37 6.85 7.00 0.93 1.10 86.70 11.56 68.34 9.76 9.11 16.44 2.19 182.7 26.09 24.35

6

7 0.31 62.64 9.35 9.66 1.29 0.74 94.30 12.57 45.19 4.68 6.03 32.96 4.39 237.1 24.54 31.61

8 0.30 62.38 8.32 9.48 1.26 0.93 95.60 12.75 62.36 6.58 8.31 20.27 2.70 208.5 21.99 27.81

1 0.25 27.20 8.16 3.55 1.06

2 0.24 25.20 7.56 3.09 0.93

3 0.24 29.80 8.94 3.48 1.04

4 0.24 28.70 8.61 3.36 1.01

5 0.36 58.40 7.79 10.45 1.39

6 0.36 60.10 8.01 10.54 1.41

7 0.36 61.70 8.23 10.98 1.46

8 0.36 62.30 8.31 9.98 1.33

1 0.19 20.60 6.18 1.94 0.58 0.56 32.30 9.69 13.27 6.84 3.98 1.89 0.57 57.22 29.49 17.16

2 0.17 20.63 6.19 1.78 0.53 0.27 31.00 9.30 4.32 2.43 1.30 10.72 3.22 64.07 35.99 19.22

3 0.17 22.16 6.65 1.86 0.56 0.28 34.70 10.41 5.10 2.74 1.53 0.43 0.13 54.61 29.36 18.36

4 0.16 21.27 6.64 1.69 0.53 0.27 32.70 9.81 4.53 2.68 1.41 0.40 0.12 48.50 28.70 15.13

5 0.29 51.87 6.92 7.61 1.01 0.81 80.10 10.68 44.41 5.84 5.62 2.97 0.40 122.2 16.06 16.30

6 0.28 50.38 6.72 7.18 0.91 0.78 77.80 10.37 41.89 5.83 5.31 2.75 0.35 115.6 16.10 14.65

7 0.26 53.35 7.11 7.03 0.94 0.67 80.70 10.76 36.45 5.18 4.86 4.03 0.54 143.8 20.46 19.18

8 0.25 51.76 6.90 6.25 0.83 0.71 74.90 9.99 37.69 6.03 5.48 1.39 0.18 123.6 19.78 16.48

1 0.19 20.19 6.06 1.92 0.57 0.32 30.50 9.15 5.72 2.98 1.79 3.65 1.09 48.57 25.30 14.57

3 0.17 19.50 5.85 1.65 0.50 0.27 29.90 8.97 4.16 2.52 1.25 3.00 0.90 36.34 22.02 10.90

5 0.24 44.87 5.98 5.33 0.71 0.33 61.50 8.20 10.23 1.92 1.42 5.96 0.79 53.02 9.95 7.07

7 0.25 46.34 6.18 5.84 0.78 0.46 70.80 9.44 18.32 3.14 2.54 3.65 0.49 98.94 16.94 13.19

1 0.18 19.80 5.94 1.74 0.52 0.27 30.60 9.18 4.12 2.37 1.29 5.42 1.63 48.86 28.08 14.66

2 0.17 19.80 5.94 1.71 0.51 0.36 30.40 9.12 7.02 4.11 2.15 7.68 2.30 55.81 32.64 16.74

3 0.17 20.48 6.14 1.69 0.51 0.62 31.40 9.42 14.71 8.70 5.03 8.72 2.61 60.57 35.84 18.17

4 0.16 20.50 6.15 1.60 0.48 0.31 31.50 9.45 5.77 3.61 1.94 2.10 0.63 25.19 15.74 7.56

II

I

At considered final of deflection-softening 

stage

Series Beam

4.00

- -

- - -

-

IV

V

At BOP At critical crack length

III

 

 

All FGSCC as well as the FRC bulk selected beams in Figure 4.22 show the deflection-

hardening response noticed by different authors [Naaman, 2003; Shen et al., 2008; Brandt, 

2008; Brandt, 2009]. As it has also been mentioned by Shen et al. [Shen et al., 2008], the effect 

of fibre volume ratio on strength and work of fracture are self-evident (Figure 4.22), both 

increased with fibre volume ratio  (Vf) or with the equivalent to bulk fibre volume ratio (Vf
*
) in the 

case of FGSCC beams, as it is also easy to observe when checking the du values 

corresponding to these beams in Table 4.2 or the volume fibre ratio of all the beams in Figure 

4.23. The stress for FRC with 1.02% as well as the bi-equal-layered (series III) or tri-equal-

layered (series V) fibre increased much more after the BOP occurs, compared to the bi-layered 

of series IV with small equivalent to bulk fibre volume fraction.  

As on the one hand, the peak loads of class 90 beams were in general higher than those of 

class 80 beams, independently of the series considered. On the other hand, the du values seem 

to be independent on the strength class, but depending on the equivalent fibre volume fraction 

which varies among series from 1.02% in the case of series I to 0% in the case of series II, 

being for the remaining series III, series IV and series V of 0.51%, 0.34% and 0.68% 

respectively. Thus, the results show that Pu is in general independent on beam arrangements or 

equivalent fibre volume fraction (bulk or FGSCC), while du highly depends on that. 
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Figure 4.22: Flexural stress (f) versus deflection (d) curves of different Vf and Vf
*
 class 80 

beams: (a) small size and (b) big size. 
 



  FLEXURAL PERFORMANCE OF FGSCC BEAMS UNDER STATIC LOADS 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  110 

4

6

8

10

12

14

0 0.2 0.4 0.6 0.8 1

f u
(M

P
a
)

Vf (%)

Class 80 (0.1x0.1m) Class 80 (0.15x0.15m)

Class 90 (0.1x0.1m) Class 90 (0.15x0.15m)

Series1

FRC 

PC

h/2

Series III 

FRC 

PC

h/3

Series IV 

FRC 

h/3

PC

h/3

FRC 

Series V 

Predicted SFRC proposed by Song & Hwang for strength class 85
 

Figure 4.23: Effect of fibre volume fraction on maximum flexural strength for different FGSCC 
compared to the predicted SFRC proposed by Song & Hwang [Song & Hwang, 
2004]. 

 

Regarding the flexural strength (fu) at various fibres volume fractions (considered for the case of 

FGSCC the equivalent to bulk volume fractions), the results included in Figure 4.23 indicates 

that the fu of FGSCC beams result in always higher than those values calculated by using Eq. 

[4.2] proposed by Song & Hwang [Song & Hwang, 2004] for calculating the flexural strength of 

high strength FRC. 

26.4 3.43 * 0.32 *u f ff V V                                               [4.2] 

where,  

fu - maximum flexural strength (MPa) 

Vf - fibre volume ratio (Vol. %) 
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It is referred by those authors [Song & Hwang, 2004] that the predicted maximum flexural 

strength of SFRC was obtained by using a regression analysis based on FRC samples with 

compressive strength varying from 91MPa to 98MPa and adopting the PC with fc equal to 

85MPa. 

 

4.4 DISCUSSION OF THE RESULTS 

Relevant and detailed information was previously published [Song & Hwang, 2004; Kuder & 

Shah, 2010; Ferrara et al., 2011; Ozyurt & Sanal, 2013] about high strength steel fibre-

reinforced SCC (or as named in this thesis FRC) and modification of cracking patterns, with 

reference to the improvement of the different SLS and ULS parameters at BOP, at critical crack 

length and at considered final of deflection-softening stage (d = 4mm). Among them, flexural 

strength (f), flexural toughness (FT), index of toughness (IT) and work of fracture WF) can be at 

the relevant to the understanding of main aspects of the structural behaviour of the different 

FGSCC were summarised in Table 4.2. 

In the next subheadings a discussion of results derived from the experimental FPB tests 

presented in prior sections of this chapter will be done. The emphasis will be placed on 

structural cracks pattern, displacements, load bearing capacities and ductility variations in order 

to examine the fibre layer position of FGSCC arrangements in the beams SLS and ULS. 

Moreover, the differences between the fibres reinforced FGSCC sectional solutions with respect 

to FRC bulk beam SLS and ULS will be discussed.  

4.4.1 Influence of FGSCC arrangement on flexural cracking patterns and failure 

type 

It is worthwhile to mention that the fibres evenly distributed throughout a FRC intersect, block, 

and even arrest the propagating cracks at initial stages while contributing to improve ductility 

after cracking appearance [Sánchez Paradela & Sánchez-Gálvez, 1992; Song & Hwang, 2004; 

Ferrara et al., 2011; Ozyurt & Sanal, 2013]. It is also a fact that this last effect is strongly related 

to the total amount of fibres and its orientation across the section [Ferrara et al., 2011; Ozyurt & 

Sanal, 2013].   

Nevertheless, it is also worthwhile mentioning that when a fibre layered concrete configuration 

is used [Ho et al., 2001; Shen et al., 2008], it does not always exist a coincidence between the 

amount and orientation of fibres and the maximum bending crack width. The same occurs 

between the flexural crack position and the failure of beam that for such cases delamination or a 

failure of bond at interlayer level could happens.   

That is, the cracking pattern and type of failure of layered concrete solutions do not seem to 

follow always the usual FRC crack patterns or cohesive failure after flexural cracking except if a 

gradual stress transition between layer materials occurs at interlayer level, or section behaves 

as a FGM. It is a fact that more results and a further deep analysis by including other FGSCC 

arrangements and beam sizes are necessary to establish definitive conclusions. In spite of this, 

according to the results obtained up to now, the most efficient configurations of FGSCC can be 

outlined in order to ensure the typical bulk FRC cohesive failure occurs after having the element 

an appropriate ductile behaviour. 
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For the whole set of FGSCC beams, it has been noticed that failure (see Figure 4.14, Figure 

4.18 and Figure 4.19 for example) and deformation at the bottom (see Figure 4.15, Figure 4.17 

and Figure 4.21) do not differ so much from that of the bulk FRC (Figure 4.4, Figure 4.6 and 

Figure 4.7), if fibres are distributed similarly into each layer and if FGSCC arrangement is like 

the ones of Series III and Series V. Moreover, it is possible to derive that FGSCC which means 

an equivalent bulk fibre volume ratio up to 50% less behaves more efficiently, as it is also 

possible to see in Table 4.2 and in Figure 4.23 where fu - Vf is represented. It is also possible to 

derive that FGSCC sections as those included as series V behave more similar to a reinforced 

concrete beam than to a bulk FRC beam, taking into account not only the results included in this 

thesis (Figure 4.20) but also those included in literature [Rio et al., 2005, Ferrara et al., 2011; 

Ozyurt & Sanal, 2013]. 

4.4.2 Importance of FGSCC in the flexural behaviour of elements  

The tests have shown the relevance of designing FGSCC sections not only for reducing FRC 

material cost, dominated by the cost of fibres [Li, 2002], but also to enhance sectional beam 

efficiency while ensuring and adequate behaviour of the element in both the SLS and the ULS. 

The different FGSCC solutions, with at least a 50% less of overall fibre volume fraction, showed 

similar strength and work of fracture of the homogeneous FRC used in the study.    

Regarding the slope change after BOP of the P-d curves (Figure 4.5, Figure 4.11, Figure 4.13, 

Figure 4.16 and Figure 4.20) they were different for different beam series.  

On the one hand, the bulk FRC beam (series I) curves are in general tri-linear approximations 

up to Pu or up the maximum rotation capacity (ULS) is reached, nevertheless it results 

sometimes in practically one linear curve, as normally happens for non- or light- reinforced 

sections up to the Pu is reached (Figure 4.5). Even though, the post peak behaviour was 

different due to the non-uniform sectional orientation and distribution of fibres. This fact 

contributes to the reduction in the ductility (or total beam deformation capability with no- or 

slight- decrease in load) but also to have a more sharply drop of the curve. The lack of oriented-

fibres also was the cause of the premature and also less-standard failure mechanism of some 

of the beams. These effects can be better assessed when observing the values of the flexural 

toughness (FT) or the work of fracture (WF), derived by means of the P-d and f-d curves, for 

different load stages, included in Table 4.2. This effect, lack of oriented-fibre, was also most 

noticeable on the big size elements. As it has noted by different authors due to the flow 

thickness/fibre length factor [Ozyurt & Sanal, 2013] and specially due to the influence of the 

confined effect caused by the mould in the flow, the fibres have a tendency to orient, although 

not special considerations have been done, being greater as lower is the width [Martinie & 

Roussel, 2011]. This was most likely the cause of the better fibre orientation and consequently 

better deflection softening behaviour exhibited by the small beams.  

On the other hand, the bulk PC beam (series II) curves have a similar behaviour before cracking 

(Figure 4.11), but no significant change of slope appears in the curve before the failure of the 

beam (nearly bi-linear approximation curve). This brittle behaviour is due to no-fibres, or other 

type of reinforcement has been used for casting the high-strength series II beams. No change in 

the deformational behaviour, type of failure, and in the load bearing capacity was observed 

when compare beams of this series of same strength class or same sectional area. Concrete 

brittle failure was reached sudden and consequently no data can be captured after post-peak 

load.  
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Compared to both series performances, it is relevant to say that the FGSCC series having two 

equal layers one down of FRC and one up of PC (series III), or three equal layers (series V) 

behaves similarly to the bulk FRC beam series I as they present a tri-linear curve approximation 

up to Pu (Figure 4.13 and Figure 4.20). Moreover, the different behaviour presented by some of 

the curves was also for cases having a non-uniform sectional orientation and distribution of 

fibres, which was also most noticeable in the big elements, as it happened in the FRC beams.  

Nevertheless, the series IV beams with the different layer heights (1/3h of FRC and 2h/3 of PC) 

behave more similarly to the series II beams than to the series I beams (or inclusive to the other 

FGSCC series III and series V). It exhibits a slightly bi-linear behaviour but with an increase of 

the flexural strength (in terms of peak load). This can be expected because the response of the 

FGSCC is predominantly controlled by its bottom layer, which contains 1.02% of fibres. 

However, the post-peak or descending part of the curve dropped since this point. It is more 

sharply than in the other FGSCC arrangements (series III and series V) because of the almost 

equal to zero fracture toughness presented for the upper or PC layer.         

Considering also the flexural strength data (Figure 4.23), derived from the tests, it is remarkable 

importance of designing FGSCC arrangements that allow to place the FRC layers most in 

agreement with the sectional flexural behaviour of the beams. Compared to their homogeneous 

or bulk counterparts (represented in the Figure 4.23 by the black line curve taken from Song & 

Hwang [Song & Hwang, 2004], all the FGSCC solutions, independently of the element size or 

the strength class considered, behave better for a definite Vf.      

Taking into account the results, it is possible to state that the variations in total fibre volume 

fraction Vf have a relevant role on both the SLS and the ULS of the FGSCC beams after the 

peak-load is reached (as less the Vf is, as less the ductile behaviour exhibited by the beams).  It 

is also possible to mention that in principle, a FGSCC beam, as those designed, behaves 

similarly to a bulk beam with higher equivalent amount of Vf up to a Pu slightly lower (series III or 

series V). After Pu results showed that in the case of series III the relative lack of toughness of 

the plain concrete (PC) above the FRC layer leads to an abrupt loss of beam strength.  

Observations during test showed that brittle failure of the PC is prior to the FRC. This different 

behaviour as well as the enhancing in loads exhibited by the FGSCC series III (although 

FGSCC has a 50% less in terms of fibre volume fraction) indicates the capacity of a FG for 

addressing drawbacks and also to change from brittle to ductile the post peak behaviour in the 

case of using series V arrangements.     

Part of these effects was also showed by Shin et al. [Shin et al., 2007] and by Shen et al. [Shen 

et al., 2008], though cementitious composite materials and beam configuration considered were 

different. In the study of Shen et al., FG concrete of four layers containing four different fibre 

volume fractions as well as other type of fibres was considered, while in the study of Shin et al., 

a bilayer FG concrete made of plain and ductile fibre-reinforced cementitious composite placed 

on the bottom was considered.   

It is a fact that a simple configuration allows the fibres to be used more efficiently. Nevertheless, 

in order to give some recommendations about the layer thickness to be adopted more 

experimental and theoretical research must be done to establish which is the most adequate 

layer thickness or equivalent fibre volume for each. However, the FGSCC solution as proposed 

can be an alternative promising method for efficiently use of fibres in FRC. 
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4.4.3 Influence of FGSCC arrangement on flexural toughness  

Flexural toughness of FGSCC beams at BOP is nearly the same as those of the bulk FRC 

series I beams, as shown in Table 4.2. It is due to the fact that the fully fibre inclusion (series I 

beams) and partially fibre inclusion (FGSCC beams) does not influence considerably on the first 

cracking load, therefore flexural toughness of those beams at BOP is not different from one to 

another. Nevertheless, at critical crack length flexural toughness of big size FGSCC series III 

class 80 and 90 beams is about 50% less than those of the corresponding FRC series I beams. 

While, flexural toughness of small size FGSCC series III class 80 beams is nearly the same as 

that of the corresponding FRC series I beams, and that of small size FGSCC series III beam 

class 90 is about 20% that of the corresponding FRC series I beams.  

This unexpected result of small size FGSCC series III class 90 beams might be due to the poor 

orientation and distribution of fibres in FRC layers. For the FGSCC series IV beams, flexural 

toughness of small size FGSCC series IV class 80 and class 90 beams are about 64% and 18% 

respectively that of the corresponding bulk FRC series I beams, while that of big size FGSCC 

series IV class 80 and class 90 beams are about 15% and 34% respectively that of the 

corresponding FRC series I beams. Flexural toughness of small size FGSCC series V class 80 

and class 90 beams are about 62% and 44% respectively that of the corresponding FRC series 

I beam.  

At the so considered final of deflection softening stage (df = 4mm), flexural toughness of small 

size FGSCC series III class 80 and class 90 beams is about 115% and 55% that of the 

corresponding FRC series I beams, while that of big size FGSCC series III class 80 and class 

90 beams is about 65% and 60% that of the corresponding FRC series I beams. 

For the FGSCC series IV beams, flexural toughness of big size FGSCC series IV class 80 and 

class 90 beams is about 29% and 44% respectively that of the corresponding FRC series I 

beams, while that of small size FGSCC series IV class 80 and class 90 beams is about 92% 

and 39% respectively that of the corresponding FRC series I beams. Flexural toughness of 

small size FGSCC series V class 80 and class 90 beams is about 99% and 46% respectively 

that of the corresponding FRC series I beam. 

Although flexural toughness of FGSCC beams in some cases is less than that of the 

corresponding FRC series I beams, in several cases such as FGSCC class 80 beams of series 

III, series IV and series V, flexural toughness of those beams is nearly similar or even higher 

than that of the corresponding FRC series I beams. Therefore, taking into account that the fibre 

volume fraction (Vf) of FGSCC beams of series III, series IV and series V is only 50%, 34% and 

68% respectively that of the corresponding bulk FRC series I beams,  efficient use of fibres can 

be achieved in FGSCC beam solution. 
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5.1 RESEARCH SIGNIFICANCE 

The loads from floor and roof structures are usually carried to the ground by columns and/or 

walls. In this chapter the mechanical possibilities of FGSCC for being used in such elements, 

subjected mainly to compressive loads, is explored. It will be done by comparative analysing the 

compressive performance under increasing static loads of FGSCC and bulk columns with 

constant square cross-sections.   

As the load carrying capacity, Figure 5.1, is dependent upon the ratio of its width (h) to its height 

or length (l), the focus will be put in assessing the deformational behaviour and the type of 

failure for different slenderness ratios (l/h). Ratios range from l/h=1 to l/h=4 are considered. In 

order to assess the behaviour of columns, the compressive test proposed by the UNE-EN 

[UNE-EN12390-3] will be used.  

 

 

Figure 5.1: Sketch of the behaviour of short and tall columns [Uwe, 2014]. 
 

This test provides the boundary conditions that can be induced behaviour as the one shown in 

Figure 5.2 for the case D. Therefore, the maximum deformations and failure will happen at 

middle third of the element and the “l” to be considered for estimating the slenderness ratio will 

be the length of the element (lv). 

 

lv

 

Figure 5.2: Sketch of the l to be considered when varies the boundary conditions (case A l=2lv, 
case B l=lv, case C l=0.85lv and case D l=0.7lv) [Uwe, 2014]. 

 

Furthermore, the effect of slenderness on the tensional behaviour of the graded interlayer will 

be examined as well as if a hooping effect (by measuring the deformations over the neutral 

axis) can be obtained when using FGSCC configurations as that of the Series V type (see 

Figure 5.3).  
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5.1.1 Description of specimens 

The testing programme consisted of a total of 24 elements (cast as beams, using steel moulds, 

as shown in Figure 3.3). Each of the four considered series, the bulk ones (series I and series 

II) or the FGSCC (series III and Series V) consisted of three pairs of elements having lengths (l) 

of 0.1, 0.2 and 0.4 m, and all with equal cross-section (bxh) of 0.10x0.10 m as it is shown in the 

Table 5.1, wherein the main characteristics of each element is presented.  
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Figure 5.3:  Specimen description; (a) elements of different heights in each series and (b) 
scheme of sectional configuration arrangements of each series. Note: FRC layers 
with a constant fibre volume fraction (Vf = 1.02%).  

 

As it has been mentioned in the previous chapters, the bulk FRC specimens (series I) have a 

fibre volume fraction, Vf = 1.02%, while those FGSCC of series III and V have an overall net 

fibre volume fractions of Vf = 0.51% and Vf = 0.68% respectively. In each series (series I, series 

II, series III and series V), the elements designed as x.9 and x.10 (Table 5.1) are those of height 

or length equal to 0.1 m, the ones designed as x.11 and x.12 are those of length equal to 0.2 m 

and lastly the ones designed as x.13 and x.14 are those of height equal to 0.4 m. Among them, 

the column elements of the FRC bulk series I such as I.10, I.12 and I.14 of height 0.10 m, 0.20 

m and 0.40 m respectively were utilized as control elements for a basis of comparison. 

  

5.1.2 Test set up and procedures 

The compression test was carried out in accordance with the procedures described in the 

corresponding UNE-EN standard [UNE-EN12390-3], as shown in Figure 5.4. In addition, four 

pairs of LVDTs, connected to an external data acquisition equipment and mounted in cross over 

the neutral axis and in the middle of the specimen, as shown in the Figure 5.4 and in the 
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photography of Figure 5.5, were placed in each of the specimen sides: L1 or front, L2 or back, 

L3 or left and L4 or right to compute the axial and lateral deformations (c and t). All the LVDTs 

have a length of 70 mm ± 5 mm and accuracy of 0.01 mm. An IBERTEST universal machine 

with total capacity of 3000kN and loading rate being between 0.03–45 kN/s was used. The 

compressive loads were measured by a load cell of IBERTEST machine connected also to the 

external data acquisition equipment connected to a personal computer.  

 

Table 5.1: Description of column elements. 

Series 

Strength 

Class 

Dimension 
Total number of 

specimens 
Specimen denomination

(*)
 b h l 

(MPa) (m) 

I 80 

0.10 0.10 0.10 2 I.9, I.10 

0.10 0.10 0.20 2 I.11, I.12 

0.10 0.10 0.40 2 I.13, I.14 

II 80 

0.10 0.10 0.10 2 II.9, II.10 

0.10 0.10 0.20 2 II.11, II.12 

0.10 0.10 0.40 2 II.13, II.14 

III 80 

0.10 0.10 0.10 2 III.9, III.10 

0.10 0.10 0.20 2 III.11, III.12 

0.10 0.10 0.40 2 III.13, III.14 

V 
80 

 

0.10 0.10 0.10 2 V.9, V.10 

0.10 0.10 0.20 2 V.11, V.12 

0.10 0.10 0.40 2 V.13, V.14 
(*)

 Control specimens are indicated in bold. 
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Figure 5.4: Schematic of test set-up including (a) front instrumentation view and (b) sectional 
view.  
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The test procedure was carried out by applying the load continuously at a constant stress rate 

(0.5MPa/s), as established in the corresponding UNE-EN standard [UNE-EN12390-3] up to 

failure occurrence. The data acquisition in terms of displacement from LVDTs was registered 

automatically in the personal computer during the test. Besides, the load data from the 

IBERTEST load cell was also captured and stored automatically in the personal computer. 

  

 

Figure 5.5: View of lateral sides (L1 and L3) of one of column element (I.I4) during test. 
 

5.2 RESULTS  

The automatically acquired data: deformations (from LVDTs) and compressive load (from the 

load cell) were then computed in terms of strains (ε) and compressive stresses (fc) in order to 

compare them with the available results in the literature for different types of bulk samples 

[Ezeldin & Balaguru., 1993; Bhargava et al., 2006; Olivito & Zuccarello, 2010]. The axial strain 

(measured in the loading direction), εc, and the lateral strain (measured perpendicular), εt, were 

determined by dividing the displacement over the length of the LVDTs. While, the compressive 

stress (fc) was obtained according to the corresponding UNE standard [UNE-EN12390-3] by 

using the Eq. [5.1].  

*


c

c

P
f

b h
                                                              [5.1] 

where,  

fc – compressive stress (MPa) 

Pc – compressive load (N) 

b – width of tested square column (mm) 

h – height of tested square column (mm) 
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The corresponding behaviour of the control elements (in black) and the other elements (in red) 

as well as their mode of failure are illustrated in Figure 5.6 to Figure 5.13. Following the same 

colour criteria for representing the control and other curves established in the previous Chapter 

4. Lastly, the summary of all column elements tested in terms of cracking (fcc) and peak 

compressive strength (fcu) and the corresponding lateral strains (εtc and εtu) and axial strains (εcc 

and εcu) can be found in Table 5.2. In addition the correlation between maximum or peak 

compressive strength (fcu) and the slenderness ratio (l/h) of all column elements is represented 

for comparative study in section 5.2.5. 

For the sake of conciseness, only deformational data from one side, the one named as L1 

(Figure 5.4), will be used for analysis as the remaining deformational data were quite similar for 

the elements of Series I, II and V. Moreover, the deformational data of the opposite sides with 

equal configuration of Series III (front and back or L1 and L2) were also similar. This 

representative lateral side was chosen because of its crucial position in relation to interface 

location of FGSCC column elements series III and series V. Lateral strain (εt) in this lateral side 

L1 is normal to the interface, so that the tensile strain across the interface can be measured, 

and axial strain (εc) is parallel to the interface, which might aggravate the interface due to 

potential shear strain along the interface plane.  

Therefore, the compressive stress (fc) versus axial strain (εc) and lateral strain (εt) are 

represented on the curves of Figure 5.6, Figure 5.8, Figure 5.10 and Figure 5.12. Furthermore, 

the axial strain (εc) and the lateral strain (εt) were plotted on the positive and negative side 

respectively for a more clear observation, the continuous line, dashed-line and dotted-line 

represent column elements of height h, 2h and 4h respectively in those figures. 

 

5.2.1 Series I 

During the loading process of control column I.10 (l/h=1), no cracks were observed up to a load 

of 800 kN which corresponds to a stress of 80 MPa. Therefore, the column had a nearly linear 

compressive stress–strain relationship up to about 92% of its peak strength (fcu), as shown in 

Figure 5.6 and Table 5.2. It is noteworthy to report that similar values for the fcc (90%-95%) were 

reported by some authors [Hasan et al. 2012] for the case of UHPSFRC.  

After crack appearance, during the compression hardening stage, both the lateral and axial 

deformations represented in Figure 5.6 by the lateral strain (εt) and the axial strain (εc) 

increased significantly, though the compressive stress increased quite slowly. Beyond the peak 

strength, the crack width increased progressively, while new cracks appeared showing a similar 

post peak behaviour as those referred by Wang et al. [Wang et al., 2011] for confined elements 

of slenderness ratio equal to 3.  

Therefore, it seems that short stocky column does not behave as standard cylindrical 15x30cm 

specimens when tested to compressive strength, as shown in the Figure 3.12 (b) of Chapter 3. 

On contrary, it behaved similar to hopped or confined RC elements (between transverse 

reinforcement) as it is reported in the literature [Cusson & Paultre, 1995; Khalil et al. 2012], but 

although the arch is initially formed they do not fail by crushing or by losing their integrity. This is 

due to the fibres contributing to ductile compressive behaviour.  

Particularly in case of high strength cementitious composites, the presence of fibres restrained 

cracking development occurred swiftly inside matrix for the case of compression as it was 

reported in the literature [Bentur & Mindess, 2007] and is shown in Figure 5.7 (left). 
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Figure 5.6:   Compressive stress (fc) versus axial strain (εc) and lateral strain (εt) curves of 
series I elements. Continuous line, dashed line and dotted line present elements 
of height 0.1 m, 0.2 m and 0.4m respectively. Control elements in black. 

 

 

 
I.10 I.12 I.14

 

Figure 5.7:  Failure of series I control elements: (left) element I.10 (l/h=1); (centre) element I.12 
(l/h=2), and (right) element I.14 (l/h=4). 
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The control columns I.12 (l/h=2) and I.14 (l/h=4) behaved similarly during the elastic stage, but 

first crack appears for a load of 638 kN (20% less) and 609 kN (24% less) respectively. Thus 

the crack was initially propagated on the column elements I.14 of height 0.40 m at the 

compressive strength fcc  60MPa while, the crack propagation of the I.12 of height 0.2 m was 

developed at fcc  63MPa (Table 5.2). Up to these values the fc- curves were linear and with 

the same trend of the I.10, as shown in Figure 5.6.  

Also the behaviour after first crack was different for both when compared to the I.10 control 

element. For I.12 and I.14, the lateral strains (εt) and the axial strains (εc) have not increased as 

much as for the control column I.10 (Figure 5.6), while the compressive stress increased. The 

maximum or peak compressive strength (fcu) of the square column element I.14 attained at fcu  

65MPa and that of the square column element I.12 was at fcu  70MPa as shown also in Table 

5.2. Also for these cases the values of fcc were higher of those reported in the literature for 

normal strength fibre-reinforced concrete [Olivito & Zuccarello, 2010] and almost similar to those 

reported for UHPSFRC [Hasan et al 2012] as it has been mentioned above for the I.10 case.  

Thus, the fcu, εcu, εtu of the I.10 element were the highest among control column elements of 

series I being for this case about 87MPa, 3.25% and 1.30% respectively (Table 5.2). While, the 

fcu of the control column I.12 and of the control column I.14 were 20% and 26% less than those 

of the element (I.10). Moreover, the εcu and εtu were approximately 78% and 70% less for the 

I.12 element and 90% and 85% less for I.14 respectively, which could be due to the reduction 

on the load capacity due to slenderness effects. In the literature [Instron, 2014], it is mentioned 

that for a case D boundary condition (Figure 5.2) and l greater than the h/6, the second order 

effects begins to have a noticeable influence on the failure of circular cross section element. 

Nevertheless, as it was also pointed out [Rio, 1986], for square or rectangular cross section, this 

effect could appear for lower slenderness values (l ≤ h/6). 

This effect is more evident on the I.14 element that behaves similar to those unless short 

elements, as the cracking appears more in one side than in the other most probably due to one 

side is in tension and other in compression, while for the I.12 element the effect is the less 

remarkable and the failure is more similar to those obtained on the standard cylindrical samples, 

where the slenderness is also equal to 2. Nevertheless, and due to the fibres the elements have 

a ductile behaviour.  

Regarding the post peak (compressive softening stage), it was for such cases more similar to 

that reported by different authors for non-hooped steel fibre-reinforced of strength class higher 

than the considered one in the present samples for the element I.14 [Sparowitz et al., 2011; 

Hasan et al. 2012] or to that reported for standard RC elements of lower strength class [Wang 

et al., 2011] in the case of I.12. Lastly, it is remarkable to say that, although some slightly 

differences exist; the remaining elements of this series behave similar to their corresponding 

replicates as it is shown in the Figure 5.6.  

 

5.2.2 Series II 

The square column elements of series II (II.11 to II.14) also behaved elastically in a similar way 

to what occurred for the control square column elements series I (I.12 and I.14), however the 

linear compressive stress–strain relationship was even up to almost peak strength (fcu), as it can 

be observed in Figure 5.8.  
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Figure 5.8:  Compressive stress (fc) versus axial strain (εc) and lateral strain (εt) curves of 
elements series II. Continuous line, dashed line and dotted line present elements 
of height 0.1 m, 0.2 m and 0.4m respectively. Control elements in black. 

 

This behaviour that particularly occurred for elements of height 0.20 m (II.11 and II.12) and 0.40 

m (II.13 and II .14) was slightly different for the elements of slenderness (l/h) equal 1. In the 

case of II.9 and II.10 the elastic stage was higher approximately 10% higher than for the 

corresponding control element I.10. After the elastic phase (although Pc and corresponding 

displacements were not precisely identified) first crack propagated suddenly and subsequently 

they failed instantaneously in an abrupt manner but exhibiting a different mode of failure, as it 

can be seen in Figure 5.9. The maximum or peak compressive strength (fcu) and the 

corresponding lateral strain (εtu) and axial strain (εcu) for all series elements are those included 

on Table 5.2. 

All series II elements have brittle failure due to the lack of toughness of the PC material and 

also due to the absence of reinforcement, which in turn has led to an abrupt failure as that 

reported by different authors for the case of HPC without fibres [Aitcin, 1998]. It is noted that the 

elements of slenderness ratio equal to 1 and 2 (II.9 and II.11 of Figure 5.7) show also a 

pyramidal shape failure. Thus the failure was similar to what happens between transverse 

reinforcement [Cusson & Paultre, 1995] due to the arching action that acts forming parabolas 

with an initial tangent slope of 45º. 

Therefore the elements behave similarly to that of their corresponding cylindrical samples of 

strength class 80, as shown in Figure 3.12 (a), failing with significant spalling. Meanwhile, in the 

case of the elements of height 0.40 m or slenderness ratio equal to 4 (II.14), the left face is 

stretched and is therefore under tension and the right face is squeezed and is therefore under 

compression, as it is shown in Figure 5.9 (right). Thus the elements tend to buckle while platens 

confined the movements, which make the elements exhibit a behaviour similar to that presented 

in the Figure 5.2 for the case D.  
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Figure 5.9: Failure of series II elements: (left) element II.9 (l/h=1); (centre) element II.11 (l/h=2), 
and (right) element II.14 (l/h=4). 

 

As it was reported by different authors, not only the connection with the platens, as shown in 

Figure 5.3, but the aspect ratio of specimen influences the type of failure [Neville, 2004, Hasan 

et al. 2012]. It can also be observed in Table 5.2 that the fcu of series II was almost the same as 

that of series I. Thus, it is possible to confirm that the presence of fibres in the control series I 

square column elements had very little affected on the maximum compressive strength of 

concrete matrix, similar to what had been stated formerly by some authors [Balaguru & Shah, 

1992; Bentur & Mindess, 2007; Brandt, 2009; Olivito & Zuccarello, 2010; Hasan et al. 2012]. 

 

 

5.2.3 Series III 

The FGSCC square column elements of series III behaved almost equal to the control square 

column elements of series I (I.10, I.12 and I.14) up to the peak load, as shown in Figure 5.10. 

Since a nearly linear compressive stress–strain relationship is observed up to about 90%-94% 

of peak strength (fcu). It is observed that the cracking compressive strength (fcc) of the elements 

of height 0.10 m (III.9 and III.10) and of height 0.20 m (III.11 and III.12) were a little higher than 

the control ones of series I (I.10 and I.12), specifically about 2.5% and 1.5% respectively (Table 

5.2). While, the fcc of elements of height 0.40 m (III.13 and III.14) is nearly equal to the 

corresponding control element of series I (I.14). Similarly, the corresponding lateral strain (εtc,) 

and axial strain (εcc) of series III and their corresponding control elements of series I were nearly 

equal, as it is shown in Table 5.2.  
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Figure 5.10:  Compressive stress (fc) versus axial strain (εc) and lateral strain (εt) curves of 
series III elements. Continuous line, dashed line and dotted line present elements 
of height 0.1 m, 0.2 m and 0.4m respectively. Control elements in black. 

 
 

Moreover, the differences between the peak load values were less than about 1% for all 

slenderness ratios: 1, 2 and 4. Thus, during the compression hardening stage, deformations 

such as εt and εc developed markedly, while the stress increased quite gently, as it can be seen 

in Figure 5.10. More cracks propagated in this stage, particularly in the elements III.9 to III.12 

the crack appearance was observed first in the FRC layer while in the PC layer appeared quite 

later, almost when the stress approached to the peak strength (fcu). In the case of the III.13 and 

III.14 (l/h=4), the cracks appeared almost at the same time in both layers progressing more 

markedly on the PC layer.     

With respect to the post-peak behaviour, as it is possible to see in Figure 5.10, all the elements 

behaved similarly to the control ones but exhibiting an slightly less ductile behaviour in the case 

of a slenderness ratio equal to 1 and a more brittle behaviour in the cases with slenderness 

ratios equal to 2 and quite similar in the cases with slenderness ratio equal to 4.  

Regarding the failure, it is noteworthy to mention that the PC layer of series III with slenderness 

ratios 1 and 2 (III.9-III.12) did not fail in an explosive manner. Opposite to what occurred for bulk 

series II aforementioned made of PC, the FGSCC of series III have not lost totally their integrity 

at failure stage although the shape of failure of the PC layer was almost equal, due to the 

arching action, as it can be seen also by comparing Figure 5.9 with Figure 5.11. 

Although this arching effect begins to appear in both layers forming the initial 45º tangent slope 

this effect only progresses on the PC layer where the crack opening developed wider and wider 

together with an increasingly loss of small PC fragments until the testing machine stopped 

automatically which also means occurrence of failure of elements. This less explosive behaviour 

can be only assumed to be due to the existence of the FRC layer.  
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Figure 5.11: Failure of series III elements: (left) element III.9 (l/h=1); (centre) element III.12 
(l/h=2), and (right) element III.13 (l/h=4). Dashed-line indicates the potential 
interface location according to markings before casting. 

 

However, in case of square column elements of height 0.40 m (III.13 and III.14), the crack 

formation in PC layer has led to spalling of several PC fragments rapidly. The consequences 

were a rapid alteration of the centre of gravity and the momentum, caused by an instantaneous 

spalling of PC fragments, which resulted large flexural moment on the adjacent FRC layer, 

caused by compressive loading from both ends of the elements III.13 and III.14. Consequently, 

a large diagonal crack has appeared on FRC layer, as shown in Figure 5.11 (right). This was 

also the cause of curves (Figure 5.10) of elements III.13 and III.14 exhibited a lower post-peak 

strength in comparison with that of the control series I of corresponding slenderness ratio.  

The dashed-line in Figure 5.11 indicates the interface location according to markings. As it is 

possible to observe, no adhesion failure due to a lack of bond strength of interface between the 

FRC and PC layers occurred when FGSCC series III square column elements were subjected 

to compression static load, even in case of square column elements of height 0.40 m where the 

arching effect appears mainly on the PC layer, as shown in Figure 5.11 (right). 

 

5.2.4 Series V 

The same trend in terms of elastic behaviour is observed in the FGSCC elements of series V 

compared with the corresponding control elements I.10, I.12 and I.14 as shown in Figure 5.12. 

The cracking compressive strength (fcc) of square column elements of series V independently 

on the heights (0.10 m, 0.20 m and 0.40 m) were also nearly identical to those of the control 

counterparts bulk FRC of series I. The fcc values were about 90%-92% of peak strength (fcu) for 

those of series V and between 92%-94% for the control elements (Table 5.2). 
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Figure 5.12:  Compressive stress (fc) versus axial strain (εc) and lateral strain (εt) curves of 
series V elements. Continuous line, dashed line and dotted line present elements 
of height 0.1 m, 0.2 m and 0.4m respectively. Control elements in black. 

 

On the one hand, similar to what occurred for the control elements of series I and FGSCC of 

series III, after crack appearance both axial strain (εc) and lateral strain (εt) increased at much 

higher rate than in the previous elastic phase, while the stress increased in a rather small 

magnitude as it is shown in Figure 5.12.   

On the other hand, the crack formation has appeared first in the two outer FRC layers of the 

FGSCC series V. Then the crack propagated continuously (compressive hardening stage on the 

curve of the Figure 5.12) to the PC layer when the stress almost reached the maximum 

compressive strength (fcu). The fcu of FGSCC square column elements series V were nearly the 

same as their corresponding control ones and also similar to those of the series III, as it can be 

found in Table 5.2.  

After peak strength the stress decreased gradually (Figure 5.12). This corresponds also with the 

crack development in PC layer and the spalling of PC fragments on the front and back sides of 

the elements V.9 (l/h=1) and V.11 (l/h=2) as shown in Figure 5.13. The failure occurred when 

those elements were not capable to sustain any loads, though they still maintained their integrity 

(Figure 5.13), which is in contrast to what occurred for bulk PC square column elements of 

series II.  

Many cracks have been found on the lateral faces L3 and L4 corresponding to the sides of the 

FRC layers, and fibres were detected being across the cracks, similar to what occurred for the 

control square column elements series I. 
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Figure 5.13:  Failure of series V elements: (left) element V.9 (l/h=1); (centre) element V.11 
(l/h=2), and (right) element V.13 (l/h=4). Dashed-line indicates the potential 
interface location according to markings before casting. 

 

The PC layers of all FGSCC elements of series V did not fail suddenly. Nevertheless, a 

longitudinal splitting crack in the PC layer is absolutely possible, because the hooping effect 

acts only in one direction.  

Moreover, in case of series V elements with height 0.40 m (V.13 and V.14), the rapid alteration 

of centre of gravity, which was observed in the FGSCC elements of series III with same height 

(III.13 and III.14) did not occur. Therefore, the mode of failure of the FGSCC square column 

elements of slenderness ratio equal to 4, represented on Figure 5.13 (right) by element V.13, 

was different to what occurred for the FGSCC series III corresponding elements as shown in 

Figure 5.11 (right), where the  III.13 is shown. 

On the contrary, the mode of failure was quite similar to that of the corresponding control square 

column element I.14, as shown in Figure 5.7 (right). Therefore, the elements exhibited the same 

combined failure, which in turn led to the formation of a greater number of cracks on one of the 

sides than on the other one.  

Furthermore, in all elements of series V after compression loading, no adhesion failure due to a 

lack of bond strength of interface between the FRC and PC layer was observed (Figure 5.13). 
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5.2.5 Bulk and FGSCC main properties at SLS and ULS 

Table 5.2 summarized the main compressive data in terms of stress (fc) and strains (εc, εt) of all 

elements tested including the two bulk (series I and series II) and the two FGSCC (series III and 

series V) at crack appearance (SLS) and at peak strength (ULS). 

 

Table 5.2: Relation between stress and strain data at SLS and ULS. 

Slenderness 

ratio

f cc ε cc ε tc f cu ε cu ε tu

(MPa) (MPa) %

I.9 80.2 0.87 -0.40 87.5 3.26 -1.31 1.09 3.75 3.28

I.10 80.1 0.85 -0.39 87.2 3.25 -1.30 1.09 3.82 3.33

I.11 63.0 0.28 -0.18 69.6 0.72 -0.37 1.10 2.57 2.06

I.12 63.8 0.29 -0.18 69.8 0.73 -0.37 1.09 2.52 2.06

I.13 60.8 0.24 -0.12 64.5 0.32 -0.19 1.06 1.33 1.58

I.14 61.0 0.24 -0.13 64.9 0.32 -0.19 1.06 1.33 1.46

II.9 88.5 0.98 -0.40

II.10 89.2 0.99 -0.40

II.11 71.2 0.67 -0.29

II.12 69.5 0.65 -0.29

II.13 65.4 0.29 -0.17

II.14 67.5 0.30 -0.17

III.9 82.4 0.89 -0.40 88.2 3.01 -1.21 1.07 3.38 3.03

III.10 82.2 0.88 -0.40 87.4 2.97 -1.18 1.06 3.38 2.95

III.11 64.8 0.31 -0.18 70.5 0.69 -0.31 1.09 2.23 1.72

III.12 64.5 0.30 -0.18 69.9 0.68 -0.30 1.08 2.27 1.67

III.13 60.6 0.23 -0.13 64.2 0.31 -0.18 1.06 1.35 1.38

III.14 60.8 0.24 -0.13 66.7 0.31 -0.18 1.10 1.29 1.38

V.9 80.5 0.87 -0.40 88.0 3.14 -1.28 1.09 3.61 3.20

V.10 80.3 0.86 -0.39 87.7 3.10 -1.25 1.09 3.60 3.21

V.11 63.1 0.30 -0.18 69.3 0.66 -0.30 1.10 2.20 1.67

63.9 0.31 -0.18 70.8 0.67 -0.32 1.11 2.16 1.78

V.13 60.9 0.24 -0.13 64.2 0.30 -0.17 1.05 1.25 1.31

V.14 60.9 0.24 -0.13 65.8 0.30 -0.17 1.08 1.25 1.31

Series

Element 

denomination

At crack appearance At peak strength

l/h
(%) (%)

I

1

1.02

II

1

- -

2

4

2

4

0.00

4

V f

Ratio

ε cu/ ε cc ε tu/ ε tcf cu/f cc

V

1

0.68

III

1

0.51

2

4

2

 

 

It can be observed that the ratio between the cracking compressive strength (fcc) and the 

maximum or peak compressive strength (fcu) were quite similar for all the elements, 

independently of the slenderness ratio and/or the fibre volume fraction: the minimum ratio was 

90.3% and the maximum 94.9% while the average (all cases) was 92.5%.  

Regarding the compressive strength (fcu) at different slenderness, the results included in Figure 

5.14 indicate that fcu of FGSCC elements (independently of its configuration or fibre volume 

fraction) results always equivalent to those of PC and FRC bulk elements provided the 

slenderness of the elements are the same and the elements were designed for having 

equivalent strength class (e.g., 80MPa). 
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Besides, the main difference among them was the type of failure as shown in Figure 5.15 which 

summarized the type of failure of the different tested elements described in the prior 

subheadings. These presented here are the replicate ones. 
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Figure 5.14:  Ultimate strength capacity of different slenderness ratio tested samples at the age 
of 28d. 

5.3 DISCUSSION OF THE RESULTS 

In addition to beams, the full behaviour characterization of HPFRCC in other structural elements 

still remains to be developed. Nevertheless, some relevant information was previously 

published [Bentur & Mindess, 2007; Sahmaran & Yaman, 2007; Foltz et al., 2008; Olivito & 

Zuccarello, 2010; Sánchez-Gálvez, 2012], about high strength with and without fibres (or as 

named in this thesis PC and FRC) and the modification of cracking patterns, the influence of 

fibres on the ULS strength, the influence of the shape and length of the samples. Among those 

factors, the most relevant ones to understand the mechanical behaviour of the two FGSCC are 

the types of failure, slenderness ratio and the net volume fraction (section 5.2.5).  

In the next subheadings, a discussion of results derived from the experimental compression 

programme, presented in the prior sections of this chapter, will be done. The emphasis will be 

put on the ULS behaviour of the elements. Moreover, the differences between the fibre-

reinforced FGSCC with respect to the bulk FRC elements will be discussed. 

 

5.3.1 Importance of FGSCC on failure modes 

The tests have shown the relevance of designing three-layer FGSCC sections not only for the 

significance in steel volume fraction reduction (33% less), but to enhance ductile response. Due 

to the confined compressive behaviour caused by the FRC material, they behaved similarly to 

what occurs when using a FRC (bulk or bulk column) also with a greater volume fraction. Both 

the strain-hardening and strain-softening stages are similar (Figure 5.12).  
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II.10 III.10 V.10I.10

PC FRC FGSCC-2L FGSCC-3L

 
(a) 

II.12 III.12 V.12I.12

PC FRC FGSCC-2L            FGSCC-3L

 
(b) 

II.14 III.14 V.14I.14

PC FRC FGSCC-2L            FGSCC-3L

 
(c) 

  Figure 5.15:  Type of failure of different PC, FRC and FGSCC (bi- or 2L and tri-layer -3L-). 
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Regarding the two-layer FGSCC (Vf ~ 50%) also results in an improvement of the strain-

hardening compressive behaviour (Figure 5.10). They still had some residual post-peak 

strength but they experienced an explosive fracture at the end.  

On the one hand, the typical failure mechanism of the plain concrete specimens was produced 

by tensile splitting of the concrete (also explosive in high strength concrete). Under axial 

loading, the initiation of a failure surface along a plane parallel to the plane of loading axis 

resulted in an abrupt failure of the specimen, while the uniaxial tests experienced fracture 

formation along a plane parallel to the applied load and perpendicular to the unloaded out-of-

plane surface of the specimen, as showed on the Figure 5.15 for the PC elements.  

On the other hand the failure mechanisms experienced by the fibre-reinforced specimens were 

considerably different. As also described in previous research [Bentur & Mindess, 2007], these 

specimens experienced a faulting or shear failure due to the formation of multiple fault planes in 

the specimen independently of the slenderness if the fibre volume ratio is accordingly. 

Moreover, it is also reported the significantly increased ductility of these specimens when fibres 

are randomly distributed, which was not totally the case of the study elements.  

It is important to take into account that the FGSCC square column elements subjected to 

compression static load are placed at right angle or perpendicular to the as-cast direction, so 

that each layer FRC and PC (parallel one to another) extends from the lower platen to the upper 

platen of testing machine.  

As it has been previously mentioned, the elements were cast as beams, thus although it was 

not planned, a slightly orientation of fibres this effect occurs due to the confined effect caused 

by the lateral walls of mould during casting [Ferrara et al., 2011; Martinie & Roussel, 2011; 

Ozyurt & Sanal, 2013]. Although the obtained results were quite good, the casting method 

results in unfavourable fibre orientation regarding compression [Bentur & Mindess, 2007]. 

Therefore, the interface between the FRC and PC layers of FGSCC square column elements 

under compression loading might be imposed by both normal strain and shear strain. Since the 

layer arrangement and graded interlayer position is different from one to another FGSCC, each 

case needs to be analysed independently.    

Two-layer FGSCC (series III): Compared to both prior described, PC and FRC performances, 

it is relevant to say that series III, with overall net fibre volume fraction of 0.51% and FRC layer 

and PC layer of equal thickness, have a combined failure mode (Figure 5.15).  It is noteworthy 

to say that behaviour of this FGSCC at interface is not different from that of bulk FRC square 

column elements series I at the same location considering the deformations cu and tu are 

almost equal for the ELS and ULS as shown in Table 5.2.  

The crack formation has appeared firstly in the FRC layer of the FGSCC square column 

elements, and then it propagated to PC layer, and PC layer failed as described above (for this 

type of material) when the FGSCC elements were not capable to carry higher loads. This 

means that the bond strength between FRC and PC layers of FGSCC series III square column 

elements was sound enough under compressive static loads. 

Three-layer FGSCC (series V): Two graded interlayers between the FRC and PC layers are 

located in series V which results in an overall net fibre volume fraction of 0.68% and in three 

equal distributed layers. Nevertheless, as it has been mentioned those two interfaces have very 

little effect on compressive behaviour compared to the bulk FRC elements series I. Opposite to 

the FGSCC of series III that had a combined failure mode, the three-layer presented a failure 



COMPRESSIVE PERFORMANCE OF FGSCC ELEMENTS UNDER STATIC LOADS 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  134 

similarly to that described for the bulk FRC. This can only be due to the good bond strength 

between the FRC and PC layers of the elements, which confirms the advantages of confined 

laterally the plain concrete, as it has also been demonstrated by other authors for the case of 

reinforced concrete [Mari & Hellesland, 2005]. It is also remarkable that such type of sectional 

arrangement behaves quite similar to a RC column with steel rebar reinforcement on the four 

sides or when the section is confined with carbon fibre-reinforced polymer [Mohamed & 

Masmoudi, 2008; Wang et al., 2011] or with glass fibre-reinforced polymer [Saravanan et al. 

2014]. 

 

5.3.2 Slenderness effect on compressive strength of bulk and FGSCC elements 

The tests have shown that as higher the length of the specimen as lower the load (or stress) 

obtained. This behaviour was almost equal for all the samples tested. Moreover, the stress-

strain curves were almost equal for the same slenderness ratio independently of the cross 

section configuration (bulks or FGSCCs).  

As it has been mentioned in [Eurocode 2, 2004, Mari & Hellesland, 2005, EHE-08, Khalil et al. 

2012; Serrano-Lopez et al., 2012], the slenderness effect on structural elements subject to 

compression (Figure 5.1 and 5.2) depends on the strength of material, stiffness, detailing or 

steel distribution, boundary condition and forces acting on them.  

Moreover, as it was also reported regarding compression tests on standard specimens, not only 

the connection with the platens, but also the aspect ratio of specimen influences the type of 

failure when testing standard samples under compression [Neville, 2004, Hasan et al. 2012].  

This restraining effect caused by the steel platens of testing machine near the ends of specimen 

always results in an arching action due to the so called barrelling effect [Cusson & Paultre, 

1995; Khalil et al. 2012]. Moreover, they explain that the effect is much more pronounced the 

shorter is the element. Due to this, the element fails because the material reaches its ultimate 

compressive strength.  

Therefore, this barrelling effect was the cause of the different failure in terms of compressive 

strength and cracking behaviour of the elements as the ones with slenderness (l/h = 1) exhibited 

more crack appearances and higher compressive strength, 24% and 35% higher than those 

with slenderness l/h = 2 and l/h = 4 respectively. Furthermore, the compressive strength of 

elements of slenderness ratio (l/h = 1) was about 9% higher than those of FRC and PC 

cylindrical specimens (l/h=2) of the same strength class (80 MPa) in the same batch which 

confirm also the results reported in the literature and the differences that can exist when the 

cross-section varies from circular to square [Neville, 2004; Hasan et al. 2012; Breins, 2013]. 

Furthermore, in case of PC, FRC and FGSCC-3L elements of slenderness ratio equal 4, a 

higher cracking on one of the sides than in the other was observed which in turn can only be 

due to the second order effects. These effects that has also reported in the literature either for 

reinforced concrete columns with longitudinal reinforcement distributed on two opposite faces or 

in the four faces [Eurocode 2, 2004, Mari & Hellesland, 2005, EHE-08, Serrano-Lopez et al., 

2012] or fibre-reinforced concrete  [Khalil et al. 2012] makes that the elements exhibited a 

failure similar than the one included in Figure 5.2 for case D. Considering this, it is possible to 

declare that the elements with l/h=4 have a combined failure caused not only by the platens but 

also because of the second order effects.  
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5.3.3 Influence of fibre volume fraction on the compressive strength 

As it can be observed in Table 5.2 and Figure 5.14, the maximum compressive strength (fcu) of 

monolithic and the corresponding FGSCC elements of different slenderness ratio (l/h = 1, 2, or 

4) has the similar value, even though the overall net fibre volume fraction in each specimen 

series was different for series I, series II, series III and series V being 1.02%, 0%, 0.51% and 

0.68% respectively. Nevertheless, this phenomenon is different from that reported in the 

literature [Khalil et al. 2012], the increase of steel fibre volume fraction from 0.5% to 0.75% 

caused a slight decrease in the maximum strength of bulk HSC column. 

Therefore, it is possible to confirm that the steel fibre volume fraction has a little effect on the 

maximum compressive strength of high strength cementitious composite, not only for monolithic 

element, but also for FGSCC element. Indeed, this similar statement was mentioned before by 

several authors for the case of high strength SFRC [Padmarajaiah & Ramaswamy, 2002; 

Bentur & Mindess, 2007; Olivito & Zuccarello, 2010]. In some cases, the addition of steel fibre 

even slightly reduced the compressive strength of normal strength concrete [Marmol, 2010; 

Khaloo et al., 2014], of high strength concrete [Khalil et al. 2012], and of high strength self-

compacting concrete [Khaloo et al., 2014].  

Furthermore, it is important to take into account that although the FGSCC elements series III 

and series V was cast from different layer of FRC80 and PC80, compressive strength of those 

elements of different slenderness ratio were similar, which means that the compressive strength 

of FGSCC materials was not also influenced by the overall net fibre volume fraction. 
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6.1 REASEARCH SIGNIFICANCE 

The objective of this chapter is to show the possibilities of FGSCC to produce structural 

members able to withstand impact loads. The emphasis is put on dynamic performance of 

FGSCC slabs of layered plain and fibre-reinforced cementitious composite (PC and FRC) 

materials against multiple impacts. Behaviour of FGSCC structural element type slab is 

presented in comparison with the bulk counterparts of PC and FRC. Maximum impact load, 

penetration depth, accumulated energy absorption capacity and mode of failure against multiple 

impacts are aspects for assessing the impact performance.  

This chapter also focuses on the dynamic responses (local and global) and interface of FGSCC 

elements in order to comprehend whether there is an adhesion failure between the FRC and PC 

layers due to a lack of bond strength between them when the structural element is subjected to 

the impulsive loading. 

6.2 TESTING PROGRAMME 

6.2.1 Description of specimens 

The structural element type slab of size 0.06x0.31x0.31 m (hxl1xl2) was chosen for impact load 

test, as shown in Figure 6.1 (a). This size was adopted to fit the mobile steel frame span used 

with the drop-weight tower (Figure 6.2). Due to the limitation of testing machine, it does not 

allow for slab of thickness (h) greater than 0.06m or h ≤ 0.06m. 

 

h

l1

l2

 
(a) 

FRC

l1

Series I

h PC

l1

Series II

h
PC

l1

Series III

h/2 FRC

h/2

 
(b) 

 Figure 6.1: (a) Perspective view of structural slab used in testing programme and (b) Sectional 
configuration arrangements of each series with FRC layers with a constant fibre 
volume fraction (Vf = 1.02%). 

 

Therefore, only FGSCC series III slabs with equal FRC and PC layer thicknesses (h/2= 0.03m) 

was involved for testing in this Chapter. Furthermore, the two other bulks FRC series I and PC 

series II were considered into testing programme as a basis for comparison. The three slab 
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sectional configurations of series I, series II and series III used for the testing programme can 

be seen in the Figure 6.1 (b).  

The number of slabs within the same series (series I, series II and series III) is designated as 

sequel numbers in the whole experimental programme of this thesis, as described in Table 6.1. 

Therefore, the slabs series I consisted of three bulk FRC slabs and named as I.15, I.16, and 

I.17, and similarly the slabs series II consisted of three bulk PC slabs and named as II.15, II.16, 

and II.17. Regarding to the FGSCC series III, the same considerations have been done in terms 

of specimens´ definition in order to avoid confusion with the previous chapters, therefore three 

FGSCC slabs are named as III.15, III.16, and III.17. Similar to those specimens of previous 

Chapter 5, as it was mentioned in Chapter 3 that the different strength class 80 and 90 were 

applied for FGSCC only being studied in Chapter 4 in terms of flexural performance of FGSCC 

elements, in this Chapter the same strength class 80, FRC80 and PC80, were considered for 

studying dynamic performance of FGSCC elements under impact load. 

 

Table 6.1: Description of slab elements. 

 Class 

Dimension  

Total number  
Specimen 

Denomination 
(*)

 
h l1 l2 

m m m 

Series I 80 0.06 0.31 0.31 3 I.15, I.16, I.17 

Series II 80 0.06 0.31 0.31 3 II.15, II.16, II.17 

Series III 80 0.06 0.31 0.31 3 III.15, III.16, III.17 
(*)

 Control specimen is indicated in bold. 

 

6.2.2 Test set-up and procedures 

The instrumented drop-weight impact tower used for testing was a Dynatup 8250 sketched in 

Figure 6.2. This machine allows for performing impact load tests from different predetermined 

heights up to the maximum of 1030 mm and weights of 2.21, 4.98, 11.72, 22.34, 33.14 or 44.02 

kg. The weight has to be installed onto the cross-head which bolts with load cell and a 

cylindrical hard impactor of 51 mm length and 12.7 mm diameter (Figure 6.2).  

The impactor has a hemispherical shape impact end on bottom. It is noteworthy to mention that 

the stiffness of impactor is of about 220 GPa which compared to that of specimens is 

significantly higher (> 5 times). The cross-head has an indication flag, which is used together 

with a laser sensor to trigger the Instron data acquisition system, used for recording the impact 

load (Pi) vs time (t) responses during the test once the impactor was in contact with the slab.   

The machine has also an electro-mechanical system and a computer connected to the data 

acquisition system. The electro-mechanical system is operated manually, to move freely the 

entire weight-load cell-impactor system up and down along the two stainless steel circular guide 

rods. Next to guide rods there are two shock absorbers which play a role of stopping the cross-

head to protect the impactor from collision with other components. 

Grease was applied to guide rods, in order to reduce friction along the rods and to ensure a 

controlled and smooth fall. The weight together with the load cell and the impactor was dropped 

freely below the earth’s gravitational acceleration. Furthermore, the machine is complemented 
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with a mobile rigid steel frame which is used for simply placing the specimens to be tested 

without using any dissipating element. During each drop, the steel frame supports must be fixed 

by means of screws to laboratory floor made of a dissipating material type rubber, in order to 

absorb any vibration caused by the impact. A front picture of drop-weight tower is shown in 

Figure 6.3. 

 

 

Figure 6.2: Drop-weight tower used in this study. 
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Figure 6.3: Front view of drop-weight tower with one of series I slabs (I.15) prepared for testing. 

 

The test procedure was the following one: all slabs were placed onto the steel support in an as-

cast direction and were struck at the mid-span of their top face by the weight from the maximum 

height (1030 mm). Since the bearing guiding rods are almost frictionless, this gave an impact 

velocity of approximately 4 m/s and strain rate was in the range of 10
0
-10

-2
 s

-1
, which in turn is 

similar to the range proposed by other authors for this type of experiment [Mindess & Bentur, 

1985; Enfedaque, 2008]. During each single drop weight the impact load (Pi) versus time (t) 
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response was the only data recorded. It has been reported by some authors [Suaris & 

Shah,1983 ]that the experimentally observed load was not exactly the true bending load exerted 

on the slab and consequently they suggested the use of an accelerometer attached to the 

specimen for measuring the response of the concrete element itself [Ong et al., 1999].  

However, the recent study, performed by Enfedaque [Enfedaque, 2008] and Nguyen et al. 

[Nguyen et al., 2014] using the same drop-weight tower and test configuration described above, 

pointed out that the inertial load of the slabs can be considered negligible in such cases. After 

each impact, the mobile steel support and the slab were moved out from the drop-weight tower 

for checking the degradation in terms of crack propagation, crack development and crack width. 

This was done by mean of a special magnifying glass, which allowed measuring the crack width 

with accuracy of 0.01 mm or by mean of a crack ruler when the crack has been wide enough. 

After checking, the slab was subjected to the successive drop up to occurrence of failure, which 

is considered when the impactor had perforated the slab. 

6.3 RESULTS  

All slabs were subjected to impact load in an as-cast direction, hence, in case of FGSCC slabs 

series III, the impact or top face was that without fibre inclusion or PC layer and, consequently, 

the rear or bottom face was that with fibre inclusion or FRC layer. The first test was performed 

by using a weight of 33.14kg, with which the slab I.15 of series I was tested. This slab showed a 

high impact performance, and it only failed after three impacts of weight 33.14kg. It has been 

decided to study the limitation of the bulk FRC series I slabs, therefore in case of the other two 

slabs (I.16 and I.17), the maximum determined weight of 44.02kg was used, and those two 

slabs (I.16 and I.17) failed after two impacts of 44.02kg. Similarly, the determined weight of 

33.14kg was used for testing first the slab series II, and only after a single impact they failed 

totally. Regarding the FGSCC slab series III, they failed after two impacts of determined weight 

of 33.14kg.  

The impact load (Pi) versus time (t) responses of slabs of series I, series II and series III, 

recorded during the first impact, are shown in Figure 6.4, Figure 6.6, Figure 6.8 respectively. 

The slab I.15 of series I was designated as control slab for a basis of comparison, therefore, in 

the mentioned figures it is drawn in black colour as well as in the previous Chapter 4 and 

Chapter 5, while the other slabs are still drawn in red according to the criteria established in the 

previous chapters that red colour represents the use of strength class 80 for FRC80 and PC80.  

Furthermore, based on the impact load (Pi) versus time (t) relationship, an available software in 

the computer was used. It allows for calculating the velocity (vi) and energy absorption (E) 

according to the Eq. [6.1] in subheading 6.3.4. Cracking development and type of failure of 

slabs of series I, series II and series III are shown in Figure 6.5, Figure 6.7 and Figure 6.9 

respectively.  

The interface condition of the FGSCC series III slabs can be observed in Figure 6.10. Besides, 

the summary of all slabs tested including the maximum penetration depth (pd), maximum impact 

load (Piu), energy absorption (E), and impact velocity (vi) from each impact can be found in 

Table 6.2. Since all of tested slabs were damaged after a single impact or Impact 1, the average 

maximum impact load after the Impact 1 and accumulated energy absorption, which is the sum 

of energy absorption capacity from each impact, for each series was used for comparative study 

among series slabs. Those values were computed and presented in Table 6.3. 
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6.3.1 Series I 

During the impact load test, the bulk FRC slabs of series I (I.15 to I.17) experienced a rapid 

increase in the load giving rise to the maximum load. This sudden increase in load to the 

maximum value occurred within 0.5ms (0.5 millisecond) for series I the slabs tested, as shown 

in Figure 6.4. The control slab I.15 only failed after triple impacts under the same drop weight of 

33.14kg (Figure 6.5) and the penetration depth of this slab was about 7mm after a single impact 

(Table 6.2). On the other hand, in case of the other series I slabs I.16 and I.17, since the impact 

weight was increased up to 44.02kg, the impactor penetrated fully into the slabs after double 

impacts. After a single impact, the penetration depth of these slabs (pd  8 - 12 mm) was 

moderately higher than that of the control slab I.15, as shown in Table 6.2.  

Under the first impact of weight 44.02kg, impact load resistances of the slabs I.16 and I.17 were 

nearly the same as that of the control slab I.15, nonetheless, the energy absorption capacity 

has increased notably. It indicated that after the first impact of weight 44.02kg the slabs I.16 and 

I.17 have had more internal damage than the control slab I.15 did, when it was subjected to 

impact of weight 33.14kg. 

The maximum of peak load resistance (Piu) of slabs of series I after the single impact is varied in 

the range of 60-70kN (Table 6.2) and the accumulated energy absorption of these slabs is 

approximately 800J, as it can be observed in Table 6.3. The multiple contacts between the slab 

and the impactor were characterised by the occurrence of multiple peaks, referred as 

“secondary peak” in Figure 6.4. The secondary peak load of series I slabs after the single 

impact is observed at about 50-60kN (Figure 6.4). According to several researchers [Ong et al., 

1999], the peak loads may be influenced by various parameters such as velocity of impactor, 

mass of the weight, nose-shape of impactor, slab thickness, etc. 
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Figure 6.4: Impact load (Pi) versus time (t) history curves of series I slabs. Control slab in black. 
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Regarding the cracking development, under a single drop-weight impact of weight 33.14 kg the 

impact face of the control slab I.15 was slightly indented by spherical-ended body of the 

impactor, as shown in Figure 6.5. Several cracks appeared on the rear face with the maximum 

width of 0.08mm, as a crack map on the rear face is also drafted in Figure 6.5 (a). 

  

Impact face Rear face 

  
a) 

  
b) 

  
c) 

Figure 6.5:  Crack formation on the impact and rear faces of bulk slab series I or FRC slab (I.15)  
after a) impact 1; b) impact 2 and c) impact 3. Units of crack width in mm. 

 

The second impact of the same weight has caused crack propagation on the impact face with 

the maximum width of 0.6mm and slightly spalling; however, the crack opening has increased 

on the rear face with the maximum width of 2.5 mm, as illustrated in Figure 6.5 (b). The 

penetration of impactor occurred on the impact face after the third impact and the cracks have 

developed broadly on the rear face up to maximum width of 10 mm, as it can be seen in Figure 
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6.5 (c). The fibre pull-out was observed predominantly at the fractured zones of series I slabs, 

similar to what was observed by other authors [Kamal et al., 2014]. It is noted that the impactor 

penetrated into series I slab I.15 on impact face and the crack width at centre was 10 mm on 

rear face (Figure 6.5 -c), which is slightly smaller than impactor diameter (d = 12.7 mm).Taking 

into account crack measuring was carried out at residual stage; it indicated that the impactor 

would have perforated the series I slab (I.15) if the length of impactor has been greater than the 

thickness of slab. 

6.3.2 Series II 

In contrast to that occurred for control slab I.15, the slabs of series II have failed immediately 

after a single impact of the weight 33.14 kg, as it can be seen in Table 6.2, nevertheless, as 

shown in Figure 6.6, the series II slabs also experienced a rapid increase in the load giving rise 

to the maximum load, and after that those slabs did not show the secondary peak. After 

reaching the maximum load, the curve fell down steeply and the impact lasted only about 2 ÷ 3 

ms (millisecond), as shown in Figure 6.6. The maximum penetration depth of those slabs was 

only 2÷3 mm, as given in Table 6.2. The maximum impact load is varied in the range of 35-60 

kN (Table 6.2) and the accumulated energy absorption of these slabs is about 220J, as it can 

be observed in Table 6.3. 
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Figure 6.6: Impact load (Pi) versus time (t) history curves of series II slabs. Control slab in black. 

 

The matrix of series II slabs was rather brittle. When the impactor hit the slabs, they failed 

instantaneously, they have lost their integrity swiftly and similar to what was observed by other 

authors [Kamal et al., 2014]. The failure of the series II slabs under the single impact of weight 

33.14kg was catastrophic, as it can be seen in Figure 6.7. The cracks formed in the series II 

slabs were mostly close to the diagonal sections of slabs and the slab shattered into four or five 



DYNAMIC PERFORMANCE OF FGSCC SLABS UNDER IMPACT LOADS 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  147 

sizable pieces. The failure of the series II slabs may be foreseen as follows: On striking the 

slab, the impactor penetrated the slab and during the contact period, very high stresses 

developed in the vicinity of impact spot and formed cone-shaped stress propagating towards 

rear or bottom face [Sánchez-Gálvez, 2012]. The slab losing integrity and gaining momentum 

experienced large displacements inducing radial cracks formation. 

 

 
(a) 

 
(b) 

Figure 6.7: Failure of slab series II: (a) slab II.15 and (b) slab II.16. 

6.3.3 Series III 

The FGSCC series III slabs (III.15 to III.17) behaved similarly to the bulk FRC control slab I.15, 

as it can be observed in Figure 6.8, the series III slabs also experienced a rapid increase in the 

load giving rise to the maximum load within about 0.5ms, especially in case of the slab III.16. 

After the primary peak, the spalling of PC layer on the impact face of the slab III.16 has caused 

the reduction of load down to 10kN at about 2 ms. While, the reduction of load in case of the 

control slab I.15 was only down to about 45 kN. It might be due to the absence of spalling on 

the bulk FRC control slab I.15 during the single impact. After diminishing of load, the control 

slab I.15 and the slab III.16 have resisted higher load and the secondary peak was observed 

before the impact experience was finished at about 7ms.  

On the other hand, in case of the FGSCC slabs III.15 and III.17, after the primary peak of about 

45kN, the spalling of small PC pieces on the impact face of those slabs has caused the 

reduction of load down to 20 kN at about 1-2 ms, in contrast to the control slab I.15, the slabs 

III.15 and III.17 have resisted a little higher load than the primary peak load at about 50 kN 

before the impact experience was finished at about 5 ms. 

With respect to cracking development, under the first impact of weight 33.14 kg any crack was 

not formed on the impact face of the series III slabs, except the minor spalling of small PC 

fragments at the area of impact point; while on the rear face, several cracks propagating from 

centre to the edges of slab were observed and the maximum width was of 0.1 mm, as crack 

map of the series III slab (III.17) is shown in Figure 6.9 (a). After the second impact, the 

impactor penetrated fully into the slab and pushed a frustum cone-shaped plug off, as illustrated 

in Figure 6.9 (b), the steel fibres held the plug to hinder its separation from slab. Although an 

impactor penetrated into the FGSCC slabs after double impacts of weight 33.14kg, they have 
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still maintained the integrity. It was due to the steel fibre presence helped in holding the 

fractured parts together. Furthermore, no adhesion failure due to a lack of bond strength was 

observed in those slabs after multiple impacts, even though there were spalling phenomenon 

occurred on the FGSCC series III slabs. No longitudinal crack along the interface between the 

FRC and PC layers was detected, as the interface condition is shown in Figure 6.10. 
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Figure 6.8: Impact load (Pi) versus time (t) history curves of series III slabs. Control slab in 
black. 

 

It was observed during the test that in general there was spalling of small PC fragments around 

the spot in contact with an impactor on the impact face of the FGSCC series III slabs (III.15 to 

III.17), while that spot was slightly indented on the impact face of the bulk FRC control slab I.15 

(Figure 6.5) under the same impact drop-weight of 33.14kg. Since steel fibre inclusion on 

impact face of the slab I.15 increased toughness and shear strength [Cánovas & Hernando, 

2012], which resulted in diminishing the penetration depth of the control slab I.15 (pd 7mm) 

compared to that of the series III slabs, which varied in the range of 11-13 mm, as  it can be 

observed in Table 6.2. 

The spalling phenomenon of the FGSCC series III slabs is explained in the literature that it was 

due to the reflection of elastic waves from the bottom face to impact face causing a tensile 

strain higher than failure tensile strain of material (PC layer) and, consequently, led to chipping 

or splintering of material in the vicinity of impact point [Sánchez-Gálvez, 2012]. Nevertheless, 

the ductile behaviour was still observed in the FGSCC series III slabs. It is noteworthy to 

mention that similar to what occurred for the bulk FRC series I slabs, steel fibres in the FGSCC 

series III slabs have played an important role as a crack arrestor to restrain against the 

development and propagation of cracks through crack bridging action. The stress was 

transferred from matrix to fibres which, in turn, make the material become tougher under impact 

load [Bentur & Mindess, 2007; Brandt, 2009]. 



DYNAMIC PERFORMANCE OF FGSCC SLABS UNDER IMPACT LOADS 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  149 

 

Impact face Rear face 

  
(a) 

  
(b) 

Figure 6.9:  Crack formation in the impact and rear faces of the slabs series III (III.17) after (a) 
impact 1; (b) impact 2 (Units of crack width in mm). 

 

6.3.4 Estimation of bulk and FGSCC properties 

As mentioned above, the impact velocity (vi) can be directly derived from the corresponding 

recorded impact load (Pi) [Enfedaque, 2008]. Furthermore, by mean of the load versus time 

history curves, the loss of kinetic energy could also be computed according to Eq. [6.1].  

2

2

0

1 1

2

t

i iE M v v Pdt
M

  
        

                                                [6.1] 

where,  

E = kinetic energy lost by the weight (J) 

M = drop-weight impact mass (kg) 

vi = impact velocity at the corresponding time t (m/s) 

0

t

Pdt  = the area below the load versus time curve up to time t (kN*ms) 
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Figure 6.10: Rear face of FGSCC slabs (III.17) at post-test: a) bell-shaped failure; b) typical 
crack formed across the layers of FGSCC slabs on lateral side after impact load.  

 

As expressed in Eq. [6.1], the loss of kinetic energy of the impactor was obtained by mean of 

impact velocity and the area below the load versus time curve measured for every single 

impact. It is well-known that a major part of the energy loss of the impactor was absorbed by the 

slab kinetic energy, strain energy, and plastic work, whereas the rest was converted into noise 

and heat, as it was mentioned by Bangash [Bangash, 1993].  

In this thesis, since all the other testing conditions were kept roughly the same, the energy loss 

from the impactor can be used as a measure of the energy absorption capacity of the material.  

Table 6.2 shows all data obtained from each impact on all slabs including FGSCC and bulk 

ones subjected to the impact load test. 

Since all of tested slabs (series I, series II and series III) have been damaged after a single 

impact such as failure of series II slabs or crack propagation in series I and series III slabs, the 

data in terms of maximum impact load (Piu) from impact I of Table 6.2 was taken into account 

for a comparative study together with accumulated energy absorption (E), which is the sum of 

energy absorption from each impact.  

Table 6.3 shows an average Piu and accumulated E for each type of slab such as series I slabs 

(bulk FRC slab with Vf =1.02%), series II slabs (bulk PC slab) or series III slabs (FGSCC slabs 

with Vf  = 0.51%). 
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Table 6.2: Summary of all slabs tested for this thesis. 

Series Slab 

Impact up 

to failure 

Impact 

1 2 3 

No. 

M pd Piu E Vi pd Piu E Vi pd Piu E Vi 

kg mm kN J m/s mm kN J m/s mm kN J m/s 

I 

15 3 33.14 7.43 63.66 300.4 4.24 5.90 72.56 300.3 4.24 16.49 58.11 230.2 4.23 

16 2 44.02 12.56 60.52 395.7 4.21 19.59 64.56 397.7 4.23 - - - - 

17 2 44.02 8.06 70.23 394.6 4.21 24.53 40.41 401.5 4.21 - - - - 

II 

15 1 33.14 2.45 34.37 249.7 4.24 - - - - - - - - 

16 1 33.14 2.98 62.42 163.1 4.19 - - - - - - - - 

17 1 33.14 2.03 47.64 257.7 4.18 - - - - - - - - 

III 

15 2 33.14 12.31 52.38 301 4.23 35.99 58.50 282.6 4.22 - - - - 

16 2 33.14 11.09 59.73 295.6 4.20 39.43 25.86 250.9 4.25 - - - - 

17 2 33.14 11.31 50.44 299.5 4.23 32.14 52.65 292.4 4.25 - - - - 

 

As given in Table 6.2, the Piu and E of series II slabs are varied in the range of 34 - 63 kN and 

163 - 257 J respectively. Therefore, the standard deviation of these values was markedly large, 

as shown in Table 6.3; it means that the coefficient of variation (COV) of this material is quite 

high. This phenomenon has been also reported previously in [Nataraja et al., 1999], where the 

COV of plain concrete slabs subjected to drop-weight impact load test was even up to 51%. 

Furthermore, Rahmini et al. [Rahmani et al., 2012] also indicated that the impact resistance 

results of PC structural elements barely had a normal distribution under the statistical and 

experimental analysis.  

However, the maximum impact load (Piu) in a single impact and accumulated energy absorption 

(E) of series I (FRC) and series III (FGSCC) slabs were quite close one to another. Thus, the 

standard deviation of those values was smaller than that of series II PC slabs, as it can be 

found in Table 6.3. 

 

Table 6.3: Average maximum impact load after a single impact and accumulated energy 
absorption for each series. 

Slab 

Piu of Impact 1 
Ratio with 

series III 

Accumulated E 
Ratio with 

series III 

Vf 

kN J 
% 

Average Deviation Average Deviation 

Series I  63.85 4.50 1.17 806.8 19.8 1.41 1.02 

Series II  48.14 11.50 0.88 223.5 42.9 0.39 0.00 

Series III  54.18 4.00 1.00 574.0 17.1 1.00 0.51 
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On the other hand, series I (FRC) and series II (PC) slabs were bulk slabs with Vf =1.02% and 

Vf =0%, respectively, the FGSCC series III slabs were built in two layers of FRC and PC, the 

maximum impact load (Piu) of series III slabs was approximately 5–24% greater than that of 

series II slabs and about 6-21% smaller than that of series I slabs.  

Furthermore, the FGSCC series III slabs absorbed 2.6 times more energy (E) than the bulk PC 

series I slabs and only 41% less than the bulk FRC series II slabs. Although there was a scatter 

of obtained data, the test results emphasized an enhanced impact performance of FGSCC 

series III slabs under impact load compared to that of bulk PC series II slabs. 

Undoubtedly, the bulk FRC series I slabs showed better behaviour than the FGSCC series III 

slabs, in terms of ductility and toughness under impact load, nevertheless it is important to point 

out that the fibre volume fraction (Vf) used in the FGSCC series III slabs (Vf = 0.51%) was only a 

half that used in the bulk FRC series I slabs (Vf = 1.02%). 

Furthermore, it needs to take into account that, as it was mentioned by some authors [Ozyurt & 

Sanal, 2013], the steel fibre orientation is influenced by the mould and the layer thickness. 

Therefore, if the casting process was carefully designed so to make the flow direction of fresh 

SCSFRC, along which steel fibres are aligned, to match as close as possible with the direction 

of the principal tensile stress within the structural element when subjected to impact load, the 

FGSCC slab would perform almost like the bulk FRC slab with double fibre content. 

 

6.4 DISCUSSION OF THE RESULTS 

6.4.1 Dynamic responses of FGSCC and interface between the FRC and PC 

layers 

 

Local dynamic response 

In general, the global structural response and failure of the series I, series II and series III slabs 

were quite similar and characterised by the formation of flexural cracks emanating from the 

centre and propagating towards the corners and edges of the slab, similar to what was reported 

in other studies on cementitious composite slabs subjected to drop-weight impact load test 

[Yankelevsky, 1997; Mougina et al., 2005; Zhang et al., 2007; Sudarsana, et al., 2010]. 

However, the local response of the FGSCC series III slabs was somehow different to the other 

bulk slabs (series I and series II). At failure stage, the striking of impactor has produced a 

frustum cone-shaped plug on the series III slabs, as the case of FGSCC slab III.17 can be seen 

in Figure 6.10 (a), and the top diameter of frustum cone-shaped plug is equal to impactor 

diameter (di).  

Looking at Figure 6.9 (a) and Figure 6.10 (a), the first impact has caused radial cracks on rear 

face of FGSCC slabs (III.17). The reflection of elastic wave caused spalling on impact face; it 

implied that radial and curved shear cracks have developed and the frustum cone-shaped plug 

was formed on PC layer of FGSCC slabs. 
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During the second impact, the impactor has pushed the plug, sheared it off the surrounding 

composite and continued penetrating through the slabs. The curved shear cracks have 

somehow continued propagating toward rear face. This pointed out that there was merely a 

transient behaviour from PC layer to FRC layer of the series III slabs under impact load. 

Therefore, the FGSCC series III slabs tested in this thesis showed local response of punching 

shear or cone cracking. 

 

Global dynamic response 

The global damage of FGSCC series III slabs observation indicated that the radial cracks have 

developed across the layers on lateral sides, as for instance the case of FGSCC slab III.17 can 

be seen in Figure 6.10 (b), and there was no trace of an adhesion failure or debonding of the 

interface between the FRC and PC layers. Theoretically, under impact load not only longitudinal 

wave causing radial and shear stresses is created, but also transverse wave travels from impact 

surface toward rear surface [Zaera & Sanchez-Galvez, 1998]. In this case, longitudinal wave 

causing the transient behaviour seemed to be dominated in FGSCC series III slabs, which, in 

turn, the transverse wave was aggravated. 

If the transient or transfer stress was arrested or stopped at the interface due to the huge 

dissimilarity of materials, since the total energy is constant [Chocron Benloulo & Sánchez-

Gálvez, 1998], longitudinal wave would somewhat be converted into transverse wave. In such 

case, the transverse wave would travel along the interface, processing shear stress and 

causing an adhesion failure as the worst effect [Garg, 1988]. The dissimilarity of materials in 

FGSCC series III slabs of this thesis was merely steel fibres included in one region of slab 

section. Since the adhesion failure between the FRC and PC layers did not occur, the type of 

fibre and its volume fraction used in FGSCC series III slabs was quite relevant. 

6.4.2 Empirical analysis of series I, series II and series III slabs under impact load  

Owing to complexities in evaluating structural damage such as penetration, perforation, spalling 

and scabbing due to impact load, design criteria so far developed have been mainly dependent 

on experimental tests and empirical formulae according to [Bangash & Bangash, 2006]. Up to 

the present moment, there are about twenty empirical formulae that used to be employed in 

connection with missile impact problem on a massive concrete structure such as Petry, BRL, 

ACE, NDRC, Kar, Hughes formula, etc., which have been described extensively in the literature 

[Li et al., 2005, Bangash & Bangash, 2006]. 

However, most of them only employed compressive strength of concrete or cementitious 

composites in general, together with missile data in their expressions, which consequently do 

not give good or realistic results for cementitious composites, especially in this thesis 

compressive strength of PC80 and FRC80 are almost similar, the main difference between them 

is tensile strength and toughness.  

The unique formula among many of them dealing with tensile strength of cementitious 

composites is Hughes formula [Li et al., 2005]. This formula enables to calculate the empirical 

penetration depth for given missile data and also gives the thicknesses that would be required 

to prevent perforation and scabbing of the target. The empirical formulae are expressed in Eqs. 

[6.2] - [6.4]: 
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                                                    [6.2]                                                                            

where,  

pem = empirical penetration depth (mm) 

Nh = impactor nose-shape factor (Nh = 1.26 for spherical-ended bodies in this thesis)  

Ih = non-dimensional impact factor and 2 3( * ) /( * )h i i tI M V d f   

S = strain-rate factor and 1.0 12.3ln(1 0.03* )hS I    

M = drop-weight impact mass (kg) 

vi = impactor velocity (m/s) 

di = impactor diameter (mm) 

ft = tensile strength of cementitious composite (MPa) 
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(1.74 * 2.3 * )sc em ix x d       for       0.7em

i

p

d
                          [6.4] 

where,  

xp = required thickness of target to prevent perforation (mm) 

xsc = required thickness of target to prevent scabbing (mm) 

β = safety factor in the range of 1.2-1.3 and equals to 1.3 adopted for this study 

 

Using the tensile strength of FRC (series I), PC (series II), and FGSCC (series III), which has 

been reported previously, elsewhere in [Nguyen et al., 2011], besides, the impactor properties, 

the corresponding impact weight and velocity of impactor from Impact 1 given in Table 6.2 as 

missile data, the penetration depth was calculated by solving Eq. [6.2] and then it was 

substituted into Eqs. [6.3] and [6.4] for computing required thickness of FRC, PC and FGSCC 

target to prevent perforation and scabbing.  

The empirical results in terms of empirical penetration depth (pem), empirical required thickness 

of target to prevent perforation (xp), and empirical required thickness of target to prevent 

scabbing (xsc) together with experimental data such as penetration depth (pd) and real thickness 

of tested slabs (hr) are summarized in Table 6.4.  

The empirical results are then compared to experimental results from a single impact or Impact 

1 of series I, series II and series III slabs, because as mentioned above after a single impact all 

of tested slabs have been somehow damaged. In order to protect concrete structure under 

impact load properly, the real thickness of slabs (hr) needs to be greater than required thickness 

to prevent both perforation (xp) and scabbing (xsc) [Bangash, 1993; Li et al., 2005; Bangash & 

Bangash, 2006]. Looking at the empirical results in Table 6.4, hr of bulk PC series II slabs (II.15, 

II.16, II.17) are smaller than the required thickness to prevent scabbing; consequently slabs 

were not able to avoid scabbing under drop-weight impact of 33.14kg. That is somehow a 

reason why those slabs failed instantaneously under a single impact.  
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Table 6.4: Empirical results of material FRC, PC and FGSCC by Hughes formula. 

Series Slab 

hr pd pem xp xsc 

Impact 1 

mm 

I 

15 60.84 7.43 9.74 43.11 60.00 

16 60.56 12.56 10.68 45.05 62.13 

17 60.94 8.06 10.68 45.05 62.13 

II 

15 60.49 2.45 11.08 45.87 63.03 

16 60.55 2.98 10.98 45.67 62.81 

17 60.32 2.03 10.96 45.63 62.77 

III 

15 60.92 12.31 10.03 43.71 60.36 

16 60.75 11.09 9.98 43.61 60.25 

17 60.97 11.31 10.03 43.71 60.36 

 

On the other hand, the required thickness of slab to prevent perforation (xp) and scabbing (xsc) 

are smaller than real thicknesses of bulk FRC series I slab (I.15) and FGSCC series III slabs 

(III.15, III.16 and III.17). It is mainly due to higher tensile strength of FRC and FGSCC materials 

than that of PC material. It points out that FGSCC series III slabs (III.15, III.16 and III.17) and 

the bulk FRC series I slab (I.15) can sustain the impact load of drop-weight 33.14kg, indeed, 

after a single impact, those slabs have damaged very slightly, the crack width in rear face was 

equal or smaller than 0.1 mm, as it can be seen in Figure 6.5 and Figure 6.9. 

Furthermore, it can be observed in Table 6.4 that the empirical (pem) and experimental (pd) 

penetration depth of those slabs are quite similar even though the pem in Hughes formula was 

derived from testing a massive concrete structure with a semi-infinite thickness [Li et al., 2005]. 

In case of series I (bulk FRC) slabs I.16 and I.17, the required thickness of slab to prevent 

scabbing (xsc) was higher than the real thickness of slabs (hr), because the impact weight was 

increased up to 44.02kg. Consequently, those slabs are not able theoretically to withstand 

impact load of drop-weight 44.02kg.  

However, it needs to bear in mind that the empirical formulae only employ tensile strength of 

FRC and does not take into account the post-cracking behaviour and toughness of FRC, which 

is an essential property as well. This is a deficiency of empirical formulae which needs to be 

enhanced. 

It is noted that the pem and pd of the bulk PC series II slabs have a big discrepancy about 11 mm 

and 2.5 mm respectively, as shown in Table 6.4. It might be due to the fact that the empirical 

formulae are derived for a massive concrete structure with a semi-infinite thickness [Li et al., 

2005, Bangash & Bangash, 2006], in this study when the impactor penetrated 2.5 mm, the slab 

failed immediately and the penetration of impactor stopped automatically to avoid any damage 

to the machine.  

If the bulk PC series II slabs have had higher thickness, the pem and pd of those slabs would 

have had a minor discrepancy. On the one hand, since the Hughes formula employs the tensile 

strength of the material, the empirical analysis of FRC, PC and FGSCC slabs somehow agrees 
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with the impact load experimental results of series I, series II and series III respectively in this 

thesis. On the other hand, the empirical formulae unfortunately do not take into a full 

consideration of fibre role in the structure. 

6.4.3 Analysis of slabs based on an extended yield line theory 

In order to assess the maximum static load (Psu) of series I, series II and series III slabs, 

analysis of slab in failure regime can be done based on an extended yield line theory [Sánchez-

Gálvez, 1999; Mosley et al., 2007; Nguyen et al., 2014]. When a square slab is subjected to a 

bending moment (Mp) yielded from concentrated load (P) at slab’s centre, based on 

conservation of virtual work which prescribes the internal energy dissipation equals to the 

external virtual work, the ultimate static load can be derived as eight times of bending moment, 

which is given in Eq. [6.5].  

8 *
su p

p M                                                           [6.5]   

where, 

Psu = maximum static load (kN)   

Mp = plastic moment per unit length (kN) and ( * ) /
p t

M f I y  

ft = tensile strength (MPa) 

y = depth of slab under tensile stress (mm) 

I = second inertia moment per unit length (m
3
) 

The ultimate static load (Psu) of each slab has been calculated and included in Table 6.5 and the 

ultimate dynamic load (Piu) of each slab is considered as a maximum load yielded from all 

impacts given in Table 6.2. 

 
Table 6.5: Correlation between dynamic and static loads. 

Series Slab 

Piu Psu 

kN kN 

Individual 

value 

Mean 

value 
Deviation 

Individual 

value 

Mean 

value 
Deviation 

I 

15 72.56 

69.12 3.36 

54.85 

54.37 0.45 16 64.56 54.49 

17 70.23 53.77 

II 

15 34.37 

48.14 11.5 

37.37 

37.71 0.29 16 62.42 38.07 

17 47.64 37.68 

III 

15 58.50 

56.96 3.09 

48.42 

48.53 0.27 16 59.73 48.90 

17 52.65 48.26 
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It is seen that the Piu from experimental impact tests has higher deviation than the Psu from 

theoretical analysis. Furthermore, it is important to take into account that a quite simple analysis 

based on yield line theory of plasticity provides static load results Psu well-correlated to 

experimental impact loads Piu.  

The ratio Piu / Psu being in all cases in between 1.17 and 1.27, which agrees with dynamic 

strength ratios proposed by Mode Code for strain rates of the order of magnitude as those 

experienced by slab in the drop-weight impact tests performed in this study [CEB-FIP, 1993]. 



DYNAMIC PERFORMANCE OF FGSCC SLABS UNDER IMPACT LOADS 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  158 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 7:  CONCLUSIONS AND SUGGESTIONS 

FOR FUTURE RESEARCH 

 



  CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  160 



  CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

Mechanical behaviour of laminated functionally graded fibre-reinforced self-compacting cementitious composites  161 

In this thesis the mechanical behaviour of laminated functionally graded fibre-reinforced self-

compacting cementitious composites has been investigated. Although the thesis has been 

structured so that in each chapter a summary was done, in the next section a summary of the 

work developed along the thesis, as well as the main conclusions and contributions will be 

presented. Moreover, the suggestions for future research will be outlined. 

7.1 SUMMARY OF THESIS WORK 

Regarding the planned objectives, the following work has been performed:  

 A study of the state of the art including the limitations of the current bulk self-compacting 

steel fibre-reinforced concrete (SCSFRC) solutions and of laminated-functionally graded 

fibre-reinforced cement composites (FGFRCC), as well as their relation with the 

sustainability criteria. Special focus has been put on the design and fabrication challenges of 

preparing regular reproducible “graded interlayer”. Moreover, the methods for evaluating the 

laminated-FGFRCC main parameters have been explored. 

 The design of the experimental programme, including the considerations regarding the 

selection of materials, mix preparation and characterisation, as well as a full description of 

the selected samples (and their fabrication) to be used for performing the medium size 

element study in terms of static and dynamic performance under bending, axial compression 

and hard drop-weight impact loads. 

 The definition and development of a novel methodology designed for the characterization of 

the main parameter associated to the interface-FGSCC solutions: the graded interlayer. 

Work also included: 

o   The design considerations of the innovative (in the field of concrete) production 

method based on “rheology and gravity” for casting FGFRCC or, as named in the 

thesis, FGSCC casting process and elements. 

o   The design of a specific testing methodology for these materials. 

o   The characterization of the interface-FGSCC by using the so designed testing 

methodology. 

 The characterization of the different medium size FGSCC samples under different static and 

dynamic load patterns for exploring their possibilities to be used for structural elements as 

beams, columns, slabs, etc. 

7.2 CONCLUSIONS 

By considering the performed works and the obtained results, the following conclusions can be 

derived regarding: 

Fibre-reinforced FGSCC solutions  

 The FGFRCC solutions, proposed and described in the literature up to now, involve layers 

and graded interlayers for tailoring the use of fibres to the material properties along the 
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section. Therefore, they are intrinsically more efficient in the use of fibres than the bulk 

solutions, but they do not allow to produce regular reproducible “graded interlayer” as it 

would be required to be defined as interface-FGCC (thickness of interlayers in a range 

between 1 and 3 mm). Up to now, achieving the mentioned characteristics would require 

the use of quite complex and costly production methods, which would prevent their use for 

casting structural elements.   

 A systematic study of the different production methods proposed for preparing FGM like 

ceramic-metal or metal-metal or other than FGCC, reveals that the combination of rheology 

and gravity results in an outstanding manufacturing technique. Based on this production 

concept and using the most recently concrete technology: the SCC, it is possible to obtain 

FGCC in general and FGFRCC in particular with thin and regular graded interlayer of 1-3 

mm. This allows:  

o    A sectional designed by considering only the layers thickness and properties, which is 

clearly an advantage with respect to present FGCC solutions.  

o    A robust graded interlayer, which causes that the layered material, behaves as a bulk 

material, because the transition material is capable to decrease the de-bonding 

tensions and avoiding the occurrence of a sharp failure.  

o    Improving present FGFRCC production methods, to be potentially used in designing 

more performance suitable and cost-efficient structural systems.  

Methodology proposed for characterizing Layered-FGSCC  

 No methods for characterizing the layered-FGCC graded interlayer thickness and load 

carrying capability are yet proposed in the literature; in despite of the relevance that both 

parameters have in making that the layered material behaves as a bulk material and in the 

proper sectional design of the element. 

 Both parameters are easy to obtain by using the novel methodology and tests proposed in 

the Chapter 3 of the thesis. While, the determination of the thickness is immediate when a 

cross section is examined with a graduated magnifying glass, the mechanical performance 

(de-bonding capability evaluation) can be easily obtained by using the splitting test. 

 Moreover, the proposed de-bonding capability evaluation test was found to be useful also 

for directly measuring and monitoring tensile strains at the interface layer resulting from the 

load-induced tension on the area. It can also be used to detect any crack forming at 

interfacial area due to loads. 

 Besides, the magnifying glass observation technique can also be used to detect any crack 

forming in concrete due to incompatibility of materials or defects in the casting process. 

Characterization of FGSCC interlayer 

 Magnifying glass, stereomicroscopic and optical microscopic observations demonstrate the 

feasibility of the FGSCC casting technique for producing bond-defect-free, with the design 

predictable graded interlayers, since the interlayer microstructure distributes gradually in 

stepwise way in the interlayer area. This is noticeable when SCC (or paste) hardened 

samples have some differences between layer’s properties. 
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 Images taken with a camera with a zoom (this is equivalent at what it is observed with the 

magnifying glass) or images from the camera of the stereomicroscopy also showed the 

absence of coarse aggregate in the middle area of interface that for all the analysed 

samples was between 2-3 mm. Moreover, images did show the outstanding interfacial 

zone between paste and siliceous aggregates, not only at interface but in the whole 

sample. Therefore, they showed the potentiality of the FGM for reaching a good structural 

performance. 

 The use of the accurate methods as optical microscopy improved the results with regard to 

the interlayer thickness determination when used in combination with colorimetric 

indicators and with special sample preparation. Measurements obtained by this method 

over thin-film preparations were about 2mm. 

 The evaluation of the samples by using either the splitting test or the uniaxial tensile test 

demonstrates that the graded interlayer is not the weakest section in the FGSCC solution. 

On the contrary, under uniaxial tension, the FGSCC failed where the weaker material was, 

and not by adhesion or interface failure, even though the load was normal to the interface. 

 Compared to the bulk PC, FGSCC samples have almost similar stress under uniaxial test 

and more than 6% higher under splitting tensile tests, which can only be due to the type of 

failure. On the cubic samples the failure not always occur on the weakest area (as occurs 

for the tensile test) of the non-fibre-reinforced part of the FGSCC. The curves at initial 

deformations were also quite similar in both tests for all case studies up to first crack and 

also beyond. 

 For knowing the maximum de-bonding stress of the interface, which is crucial for sectional 

design, the splitting test is applicable. Besides this method is more appropriate than other 

methods, e.g. uniaxial tensile tests, which do not allow deriving this parameter always, as 

failure does not always occur at the interlayer area. 

Flexural performance under static load 

 The ability to resist crack growth more efficiently by using the FGSCC concept was 

explored for applications to beam elements. This was done by analysing steel fibre-

reinforced beams where one or two layers of FRC material was placed in the top and/or in 

the bottom of the elements for improving the residual strength or softening behaviour. In 

the study, the FGSCC concept using the FRC material was found to be very effective in 

preventing fragile failure of beams, as well as in minimising the loss in the beam’s load and 

flexural capacities. 

 The initial critical crack opening displacement did not show differences in the fracture 

behaviour of the PC, FRC, and layered-FGSCC, which had for all the analysed cases a 

value ranging between the 62-65% of the maximum load. Up to this stage, behaviour of 

elements was almost elastic. Moreover, they all present at the end a cohesive failure 

similar to that of a bulk FRC, and not the de-bonding failure which is typical in most 

sandwich or traditional layered solutions. 

 Regarding load-deflections, it is remarkable that after the first crack starts, the fibre-

reinforced beams (bulk and FGSCC) follow a quite similar trend (although for some 

FGSCC beams deformations were lower) up to the maximum load; which occurs for the 

FGSCC cases at a value ranging between a 12% lower to a 2-3% higher. As expected, 
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since not a fibre alignment considerations but a randomly fibre distribution occurred, the 

post peak or deflection-softening was quite similar for some of the cases but not for all.  

Exceptions regarding the deflection-hardening behaviour were some of the big size beams 

or those with only a total net Vf of 0.34%, independently on the sectional configuration (bulk 

or FGSCC). These cases also exhibited a much more pronounced deflection-softening. 

 Hence, the experimental results did yield that no differences on mechanical behaviour was 

exhibited in general for all the fibre-reinforced beams with Vf of 1.02% (bulk), 0.68% (3-

layered FGSCC) and 0.50% (equi-2-layered FGSCC), as variations were not due to the 

sectional configuration, but to the flow thickness/fibre length factor, which in the present 

thesis depends on the beam size. The experimental results indicated that fibre-reinforced 

concrete increases the residual load capacity not only when placed in the bottom lift but 

also when placed in both bottom and up lift. However, the FRC layers placed at the half 

bottom lead to a more efficient solution (P-d values), for simple supported system, than 

when placed in both top and bottom layers, or when placed on the 100% of beam. 

 The experimental results also illustrate that FGSCC (or layered-FG) can potentially be 

used to design more economical structural systems under flexion. Moreover, varying 

concrete constituents or properties (e.g. fibres, aggregate type, or strength) can provide an 

extra flexibility in designing efficient structural systems as beams, girders or slabs. 

Compressive performance under static load 

 The FGSCC concept was explored to determine whether placing FRC only in the outer 

layer of opposite faces would be sufficient to maintain or improve the desirable properties 

of high strength concrete, obtaining similar ones than those of bulk FRC. The test results 

indicated that the ductility performance of both bulk FRC and FGSCC-3L (tri-layered) 

square columns has been improved thank to steel fibres. Besides, the FGSCC-2L endured 

large displacements without developing wider cracks, which would cause the arching effect 

and further pyramidal failure when compared to PC elements. 

 The experimental results did also show that no significant differences on mechanical 

stress-strain and on the type of failure have been exhibited for both bulk FRC (Vf =1.02%) 

or 3-layered FGSCC (Vf =0.68%); as variations were not due to the sectional configuration 

for such two cases, but influenced by the slenderness ratio. All the elements exhibited 

minimal spalling in the outer layers. For all tested samples, the stress-strain values which 

almost equal not only up to the peak strength, but shape of curves were in general quite 

similar after peak. Moreover, the types of failure have been strongly influenced by the 

platen effects when l/h≤2 and for both platen and second order effects for l/h=4. Due to this 

combined effect the l/h=4 cases involved a higher number of cracks on one of the sides 

than in the other at the central third part of the elements. 

 Although, a brittle or a brittle-ductile behaviour has been exhibited by both the PC and 

FGSCC-2L, the combined  effect due to the slenderness of the element was also observed 

for these type of samples, when the slenderness ratio was l/h=4. It is remarkable that even 

for the FGSCC-2L cases having higher spalling on the zone of brittle material (l/h=4), the 

graded interlayer did not exhibit any type of damage in all the FGSCC cases analysed 

under compression in the thesis. 

 It was noticed, that all the l/h=2 square column elements (FRC, PC) presented a reduction 

in the ultimate compressive strength when compared to the 15x30 standard samples of 
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about 10-13%, which confirm the influence of the shape on the bearing capacity. In 

addition the l/h=1 FRC elements have shown a modest increase on bearing capacity of 

about 6% (values between 5-19% were mentioned for such type of FRC mixes on the 

literature) and practically no increase of capacity when compared with the PCs 

counterparts independently on slenderness ratios), which in turn can only be attributed to 

the tendency of the steel fibres to align due to the flow and to thickness/fibre-length factor, 

as the elements have been cast as beams. 

 Further experimental work beyond l/h>4, considering also the placement of FRC layers on 

the four element sides is required before drawing thorough conclusions regarding the type 

of failure variation and graded interlayer integrity. However, up to now the FGSCC-3L 

specimens performed adequately in terms of the mode of failure and ductility requirements. 

Dynamic performance under impact load 

 The ability to enhance the ductility and energy dissipation performance by using the 

FGSCC concept with a FRC layer, placed on the area subjected to tensile effects, was 

explored for applications to slab systems. For that specific application, the FGSCC concept 

was found to be effective in preventing the fragile failure and in increasing the absorved 

energy in comparison with the PC slabs. The accumulated energy absorption of FGSCC 

(Vf=0.51%) slabs was 2.6 times higher than that of the bulk PC slabs and 41% lower than 

that of the bulk FRC elements (Vf=1.02%). 

 The maximum impact load of FGSCC slabs was in between the 5–24% % higher than that 

of bulk PC and in between the 6-21% lower than that of bulk FRC. However, in terms of 

failure type, the FGSCC slabs behaved similarly to FRC in ductile manner after double 

impact of the same drop weight, while PC presented a fragile and sudden failure after the 

only one impact. 

 The global dynamic response of FRC, PC and FGSCC slabs was characterised by the 

formation of flexural cracks originating from the centre towards the corners and edges of 

the slab. However, the frustum cone-shaped plug was pushed off from FGSCC slabs at 

failure stage due to the local punching shear response without exhibiting any sign of 

adhesive failure between layers. 

 Empirical results based on the Hughes formulae were somewhat in agreement with the 

experimental results. 

 It is acknowledged that further experimental work, e.g. changing layer positions, is 

advisable. Nevertheless, the analytical analysis of slabs under static load in failure regime 

based on an extended yield line theory shown that: 

o    It is applicable for analysing FGSCC-2L cases as the study in the thesis. 

o    For all tested slabs, the correlation between the dynamic and static bearing capacities 

were in the same order of magnitude than those prescribed in design code for 

concrete structures in front of impact; with independence on the sectional 

configuration. 
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7.3 CONTRIBUTIONS 

As main contributions of this pioneering work, which introduces specific know-how in the 

innovative field of the FGCC, the following can be listed: 

 An outstanding and simple FGCC production technique based in the combination of 

“rheology and gravity” which allows producing multifunctional concrete solutions in line with 

the present sustainable construction principles. 

 An innovative methodology for the preliminary characterization of layered-FGCC of any 

type intended to be used for the design of structural elements. 

 A preliminary validation of the structural FGSCC material mechanical properties for 

application to beams, slabs, walls, columns, etc. 

 A set of valuable experimental data for modelling and design. 

7.4 SUGGESTIONS FOR FUTURE RESEARCH 

Not only due to the novelty but also due to the rather unexplored nature of FGCC field, there are 

a variety of topics that can be suggested for performing future research. Nevertheless, 

specifically referring to the work of this thesis, the following potential research areas can be 

proposed: 

 In spite of the experimental effort performed in the thesis, only a limited number of 

variables could be analysed. Therefore, the numerical analysis is considered essential to 

quantify the fracture behaviour of various SCC materials, thicknesses, and placements 

within concrete layers for future FGCC systems. The excessively expensive testing 

procedure, especially involving the scaling of the problem by employing real scale 

elements tested on structural laboratory would be required to quantify the fracture 

behaviour of different fibre types, fibre combinations, volume fractions, layer depths, and 

concrete mixture. This is also true even for the beam cases on which the research effort 

was focused up to now. 

 The shape and length of the section and the way of casting seems to be highly significant 

when the elements are subjected to compressive or impact loads. Although the layered 

geometry and fibre type selected in the study can be considered between the unfavourable 

cases, the topic is mostly unexplored, even when considering bulk FRC solutions. 

Therefore, in view of the relevance that the promising results obtained so far can have for 

promoting the use of HPC solutions in seismic areas, or for addressing the complexity of 

some architectonic shapes, this may be other significant line of future research. 

 Similarly, it is considered as a great importance to perform more theoretical and 

experimental research on the dynamic response of different type of elements, exploring 

other layer configurations, cocktail of fibres, the possibilities of using FGSCC-3L, etc. 

 Last but not least, the thesis is mostly focused on short-term static and dynamic load 

configurations. However, when considering the current concrete codes of practice, it 

becomes clear that there is a need of analysing both long-term mechanical and durability 

effects. Therefore, it is convenient to perform studies regarding the behaviour of FGSCC 

solutions in different environments, as well as how creep can affect both the interlayer and 

the whole layered solution when different SCC classes are used. 
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I.1 Cement 

Commercial cement type CEM I 52.5 R of Lafarge, with CE marking was used for all self-

compacting concretes in this thesis. The physical and chemical compositions of cement are 

shown in Table I.1 and Table I.2 respectively. Figure I.1 shows the accumulative grading for the 

CEM I 52.5 R, obtained from a laser granulometer at SIKA-laboratory. 
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Figure I.1: Particle size accumulative grading for CEM I 52.5 R (Laser granulometer) 

 

Table I.1 Physical properties of cementitious materials used 

 Density Blaine specific surface 

 (g/cm
3
) (cm

2
/g) 

Cement type I 52.5R 3.15 4440 

 

Table I.2ph Chemical composition of cement, silica fume and limestone in % 

 SiO2 Al2O3 Fe2O3 FeO CaO MgO Na2O K2O SO3 Cl 
-
 

Loss 
on 

ignition 

Cement 20.9 4.2 2.3 - 63.0 2.2 0.28 0.86 3.8 0.02 2.4 
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I.3 Limestone filler and silica fume 

Commercial limestone filler was used to increase the powder content of the mix, as the 

“powder- type” was selected for all self-compacting concretes in this thesis. The physical and 

chemical composition of limestone filler and silica fume (provided by SIKA) are shown in Table 

I.3 and Table I.4 respectively. Nominal size of the filler was “passing the 0,063 mm sieve” and 

thus, a complementary test such as laser granulometry was performed at SIKA laboratory to 

verify main particle size and size grading. Figure I.2 shows the the accumulative grading for 

limestone filler obtained by the laser granulometer. 

Since the thesis involves the use of high strength self-compacting concretes. Commercial silica 

fume was used to increase compressive strength and durability of concrete. The Table I.3 

shows physical properties of silica fume. 

 

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100 1000

A
c

c
u

m
u

la
ti

v
e

 p
a

s
s

in
g

 (
%

)

Sieve (micron)  

Figure I.2: Particle size accumulative grading for mineral filler (Laser granulometer) 

 

Table I.3 Physical properties of cementitious materials used 

 Density Blaine specific surface 

 (g/cm
3
) (cm

2
/g) 

Limestone filler 2.6 4900 

Silica fume 2.2 22000 
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Table I.4 Chemical composition of limestone filler and silica fume in % 

 SiO2 Al2O3 Fe2O3 FeO CaO MgO Na2O K2O SO3 Cl 
-
 

Loss 
on 

ignition 

Limestone 
filler 

0.1 - 0.02 - 55.6 0.05 - - - - 43.7 

Silica 
fume 

95.0 0.3 0.1 - 0.6 0.3 0.2 0.4 0.3 0.02 2.7 

 

I.4 Aggregates 

The local commercial aggregates used for all self-compacting concretes comply with CE 

marking requirements, as well as Standard recommendations. Aggregate grading was 

assessed by sieving; their corresponding curves are shown in Figure I.3. Furthermore, routine 

testing such as grading, surface saturated dry (SSD) density, water content and absorption 

were conducted as the results are required to accomplish the selected design approach.  Table 

I.5 shows the physical characterisation of coarse and fine aggregates (absorption, SSD 

density). 
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Figure I.3: Aggregates grading (coarse and fine) 
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Table I.5 Physical characterization of crushed stone and sand for mix design 

 
Absorption Surface saturated dry density 

(%) g/cm
3
 

Coarse aggregates (Crushed) 0.8 2.62 

Fine aggregates (Sand) 1.2 2.64 

 

It can be seen that the sand curve (0-4 mm nominal size) is rather smooth, while the coarse 

aggregate, 4-10 mm nominal size, fits entirely between 4 and 10 mm. More sieves than the 

standard series have been used aimed at acquiring more precise information on the actual 

grading; nevertheless, only the reference EN sieves are indicated in the x-axis of the graph. 

There is neither a discontinuity, which means a continuous curve for the total aggregate can be 

expected. 

 
 

I.5 Steel fibres 

Commercial steel fibres Dramix used for FRC80 and FRC90 mixes in this thesis were supplied by 

BEKAERT with CE markings, and the technical data of the steel fibre is given in Table I.6 

 

Table I.6 Properties of steel fibre 

 
Length Diameter Aspect 

ratio 

Specific 
gravity 

Tensile 
strength 

Modulus of 
elasticity 

(mm) (mm) kg/m
3
 (MPa) (GPa) 

Fibre 
ZP305 

30 0.55 55 7850 1100 200 

 
 

I.6 Chemical admixture 

Commercial high range water reducer admixture (HRWRA), Viscocrete 80,  of fifth generation 

used for SCC mixes in this thesis was supplied by SIKA-España, and the properties of the 

HRWA are shown in Table I.7. 

 

Table I.7 Properties of admixture 

 pH 20
0
C 

Density Solid content 

g/cm
3
 (%) 

Viscocrete 80 4.5±0.5 1.09 35 

 

 


