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Abstract

Abstract

Ultra-High Performance Fibre Reinforced Concrete (UHPFRG novel development in concrete
materials that can lead to novel applicatiahg toits excellentstrength and durability potential
However thewidespread use of UHFRC is currently limited due tits high initial cost and high carbon
footprint ofthe cement and steéibre constituents as well as the lack of recognised design models.

The aim of thisresearch is talevelop an Eo-Efficient Ultra-High Performance Fibre Reinforced
Concrete (BJHPFRC) by utilisingalternative binders (e.g. GGBRecycled Tyre Steel Fibres (RTSF)
andRecycled Tyre SteaTords (RTSQ. Thisis achieved througkxperimentabnd numerical studies

as well as the development of analytical models to aid the development of design guidelines. An
extensive series of tests is carried out on twelve (12)RR@Pmixes containing either RTSC or RTSF,

or blends of the two in various i@¢ for total fibre volumes of 2, 3 and 4%. The fresh properties of the
designed BEJHPFRC mixes are examined, followed by a comprehensive analysis of the mechanical
behaviour of the hardened concrete in: flexure, compression and shear. The resultstshbwf ttiee
examined mixes can offer the desired mechanical properties and meet the requirements of workability
and strength to be defined as UHRC. The performance of the mixes containing RTSC is comparable
to what is reported in the literature for mixastaining Manufactured Steel Fibres. Design models are
proposed to predict the flexural and shear strengthdfiIEFRC mixes. The complementargat@rial
efficiency study of the mixes shows that use of R&8& RTSAn UHPFRC provides significantost

and environmental bene§it

The application of the newly developedJHPFRC in the manufacturing of screw piles is proposed as

a quick and more sustainable means of providing foundations for light weight structures, which given
the limitations of ordinaryancrete is currently only feasible with costlier steel piles. A detailed design

guideline for EUHPFRC screw piles is providédr two possible geometries.
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Chapter 1 Introduction
Chapter 1: Introduction

This chapteroutlinesthe motivation and background of this research witskaim and objectives,

research methodology and layout of this thesis.

1.1 Introduction
Recentadvance$n concrete technology have led to the development of Hligh Performancé&ibre

ReinforcedConcrete (UHPRC). The mechanical properties of UHRC include compressive strength
greater than 150 MPand sustained post cracking tensile strength greater than 5(fetPfibre
reinforced mixes)As compared to conventiorahd highperformance concretddHPFRC has a very
dense pore structyrand thisreducesfluid ingress and significantly enhances durability3]. The
superor mechanical and durability propertief UHPFRC are the result of the adoptioniofproved
concreting techniqueandthe useof granular material@ith optimized gradation, ultrine pozzolans,

very low water cement ratio, high quality and high dosdgeiperplasticizeras well asteel fibres4.
Although superior to other types of concretiéiPFRC is still characterised by relatively lowtensile
strength To address this weakness, steel reinforcemseaatded directly to the mix the form of steel

fibres (UltraHigh Performance Fibre Reinforced ConcrietdHPFRC), or as conventional steel bars.
However steel production contributes tfte greenhouse effect, with an average of 1.9 tons of CO2 per
ton of steel producefb]. This is in addition to the high cement content needed to producé&REIP

(up to 900kg/m). Global cement productiomontributes 47% of the worldwide emissions of
greenhousgasesTo address the ongoimgpbal challengeof climate change and sustainability, there

is aneed tareducethe use of steel and cement produced from virgin raw materials by encouraging the
use of suitable waste or recycled substitutes.

Despite thgoromisingmechanical and durabilifyerformancethewidespread applicatioof UHPFRC

is limited due tats high initial coss, concerns regarding sustability [6], as well as lack of design
standards and guidelineg.]UHPFRC can cost up to 10 times more than ordinary concfgtarid

this discourages its use by contractors and end users, who can easily overlook the potential lower life

cycle costs. The lack efkisting design standardadprocedures for UHPRC is due to limited resedahnc
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and understanding of the mechanical and physical properties of the ma&{eralresult, the few
contractors and engineers that want to take advantage of its potentials have to rely on a design by testing
approach rather than on a rational design mettogg. Thus, there is a need to establish models for the
material properties and develop design guidelines for using UHPFRC in structural applications, as well

asprovide suitable construction technologies and solutions for this material.

1.2 Motivation

The hypothesis of this work is that specially designed BRE canbe developed toneet strength
requirementsyet ensuring good sustainability credentials. Alepth understanding of the mechanical
behaviour of this material can then be leveraged to deveippved design models. However, to
achieve this and make UHPFRC a competitive construction material, there is a need to bufirove
its cost anag:nvironmental ardentials using a sustainalohix design with reduced cement contand
recycled stedibres (RTSF and RTSC), withoabmpromisingvorkability and mechanical properties.
Civil engineeringstructures areawally built on foundationdn weak soils, especially in marshy soils
and marine environments, piles are often the only foundatioriguléts driving piles requires heavy
equipment and can cause undesirable vibratioes| strew piles are often usétbwever,steel screw
pilescan corrode, especially in miae environments. For many decades, the development of concrete
screw piles habeen attempted, and many design patents E4P]. However, ordinary concrete
cannot resist the high shear/torsional stresses that develop during installatemgeathourgof steel
reinforcementaire neededeading to large sections thate impracticabléo drive. Furthermoraynless
addtional costly measures are adoptsteel reinforcement corrosion would stié an issueThe
superior strength and durability properties of UHPFRC make it a suitable candidate for the development

of concrete screw piles.

1.3 ResearchBackground

1.3.1 Ultra-high Performance Fibre Reinforced Concrete

Over the last two decades, various studies have been carried out on the mechanical properties of
UHPFRC. Hakeeni4] studied the compressive strength and flexural behaviour ofFBEPwhile

other studies examined thgierformance in tensiofl3], shearf14], biaxial loading [L5], as well as
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under blas{16] andhigh temperature loadind.7]. Many other studies have been conducted on the
performance of UHPRC under various loading conditions, and the results have shswuaperior
performance compared to normal strength and bigkngth concrete. Howevdyrther studies in
UHPFRC material characterisation are needed, in particular regarding shear/torsional performance, in
order to aid the development of comprehensive design guidelines.

High initial cost and sustainability prabhs are among the factors limiting the widespread use of
UHPFRC due to its high cement content and high cost of steel fiboresFBERontaining 1.5% by
volume of steel fibres costs approximately $950/mgainst $15€00 for conventional concrefé§].

The environmental impact of these two constituent materials (cement and steel) is known to be
significant, with about 0.9 tons of CO2 emitted for every ton of cementpeaifi19] and 1.9 tons of

CO2 per ton of steel producd8d]. Nonetheless,ife cycle cost analysis (LCCA) bashown that
UHPFRQCC structures can bmore competitiveéhan conventional concrete structuf26]. According

to [21], approximately 56% reduction in materials costs can be achieved by utilizingR@HRther

than conventional concrete, because the high strength oFREIRIlowsthe design ofmoreslender

structures, thereby reducing the overall volume of construction ma{@2hls

1.3.2 Recycled Tyre Steel Fibres (RTSFand Recycled Tyre SteeCords

Approximately 1.5 billion tyes are produced worldwid23], and a large percentage of this number is
disposed annuallgFig 1.1a) Over the past two decadesste tyre disposal has become a key concern

for environmental bodies and the society at large. In 2006, the European Union (EU) banned disposal
of tyres and their bproducts into landfills. Similarly, in the United States, 42 states have restricted
depoding of end of life tyres in landfill§24]. In 2008, Theeuropean directive 2008/98/E€H set up
adisposal plan to encourage management and recycling of waste tyre productsdrabbles, steel

fibresand polymer fibres) for novel applications.
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(c)
Figure 11: (a) Stockpile of waste tyr@§] (b) RTSF (c) RTSC

The construction industrgtrives to contribute t@nvironmental sustainability by minimizing the
consumption of natural resources and increasing the use of waste mafarélshe past 8 years,
research worlat the University of Sheffield on the reuse of RT@&#gure 1.1b)has demonstrated its
use for various concrete applications and patents have been awarded for the use of RTSF in concrete
(e.g. EP 1 466 060 B1\Vork includes studies on: shrinkad@7-29], roller compacted concrete (RCC)
[30,31] and slabs on grad&2-33]. The resuk from these studies have demonstrated the viability of
RTSF as a substituter manufactured steel fibres. A spinit company is already providing RTSF for
slals on grade application3his study aims to utilise thefibres saas to design sustainable UHPFRC
mixes.

RTSCo bt ai ned f r ooffcuts or dxtractéd frome wevllcardised rubber beltsom tyre
manufacturing plants has the potentibprocessed talesired lengths, to be used as a substfarte
manufactured st fibres in UHAFRC. The use of RTSC in concrete mixes has been demonstrated by
[34,35. RTSC (Fig 1.1c)is obtained in cleaned form (free from impurities) as a series of twisted
filaments (0.5 3m long) anddoesnot need much processirgpart fromuntwisting and cuttingo the

desired length.

1.3.3 Screw Piles
Screw or helical piles were first intgéhtheyed as
differ from traditional piles in that they consist of helioghich are fixed to the shaft at specific spaging

and are installed by screwing them into the gro@Tl Early use®f helical piles consisted of offshore

4
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anchorages in very soft marine spilesost commonly required in the construction of lighthouse
foundations Screw pilesare capable of resisting both tensile and compressive |bayig€1.2), and

their strength is developed by the combined contribution of the helix bearing capacity and shaf
resistance.However, their performance depends on the soil properties, pile geometrpilesoil

interaction and type of loadingg].

i
(@) (b)

Figure 12: Screw pile mode of actior83§ (a) in tension (b) in compression

With the advent of modern installation equipment and improved practical knowledge and engineering
design, screw piles applications developed substantiatkgeRtly, helical piles are utilized resista

wide range ofctions, includingiplift, bearing, and/or lateral loadingndare employedn structures
ranging from bridges, buildings, machine foundations to pipeline supports and more recently
foundatiors for solar panel framesFigure 1.3). The advantages of screw piles include: rapid
installation, immediate load carrying capability, minimal site disturbance, installation in shallow

groundwater and resistance to wide load applications.
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Figure 13: Screw piles for solar farm constructid9] 40]

However, screw piles have some limitations as they cannot be installed on hard soil strata. Furthermore,
despite the corrosion vulnerability of steel, especially in marine envirosnagtiie moment only steel
screw pilesare used in practicelue to the weakness obnventional concrete in shear (as high shear
stresses are developed during installatibi®nceto develop concrete screw pilessoncretewith high
shear strength negtb bedeveloped.

Although designs and patelfite precast reinforced concrete screw piles existed as far back as81911 |
12], the use otoncrete screw piles baot been successful in practice mainly because conventional
concrete is inadequate to resist the high shear stresses that develoghgunatallationphase To
resist such high shear stressdarge amount of steel reinforceméntequired leading to large sections
that are practicallyimpossible to driveTheseweaknesss and drawbacks can be overcome using
UHPFRC. The shear strength &dHPFRC is the keystrength parameter needed to resist the shear
stresses that develomin the torsional load applied during installation. Hence theamiedto study

and unerstand the shear behaviourldfiPFRC andidentify the critical parameters fothe designof

UHPFRC screw piles.

1.4 Research Aim and Objectives
The aim of this research is to investigate the feasibility of developirgcasfficient Ultra-High

Performanced-ibre ReinforcedConcrete E-UHPFRC) by utilising recycled steel fiboreéRTSC and
sorted RTSF)n screw pile applications.

To achieve this aim, the following objectivieave been defined.
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Obj.1: Optimise RTSF fibre length distribution througlearing and soiing of fibres for
optimum mechanical performanoEUHPFRC

Obj. 2: Evaluate the fresh andhechanical properties of -BHPFRC, and check their
compliance with the requirements necessatyetclassified as UHPFRC.

Obj. 3: Evaluate the tensile strength characteristics 0HPFRC through Finite Element (FE)
inverse analyses of flexural tests amd@op a constitutive modad predict the tensile
responsef E-UHPFRC for design purposes

Obj. 4: Study the shedrehaviour of BJHPFRC experimentally and analytically.

Obj. 5: Develop predictive models for the critical mechanical propertié&sWdHPFRC.

Ohbj. 6: Carryout physical modelling of-BHPFRC screw pile in cohesionless soil and develop
design guidelines

1.5 Research Significance
The successful completion ofiststudywill lead toa better understanding of threechanicabehaviour

and peformance ofE-UHPFRC. The proposed predictive and design moudalsprovide valuable
information to designers and standardization committees. The use of waste andi nexyelgals
(GGBS and RTSF) will contribute to incréag the sustainability andecreasinghe initial cost of
UHPFRC, thus addressinthe major factors hinderingts widespreadacceptancén construction E-
UHPFRC screw piéscanoffer a suitable alternativi® expensive andorrosion vulnerale steel screw
piles especiallyin marire and coastal environmisn EUHPFRC screw pilescan be suitably used as
foundations foelectric poles and telecommunication masts, solar pearaks, fence foundations and

otherapplications.

1.6 Outline of the Thesis
The thesis consists of five chapters mixed format. It comprises 3 chapters based on research papers

(Chapters 2, 3 and 4) published or submitted to peer reviewed journals, and two conventional chapters
that provide the Introduction (Chapter 1) and summarise the overall Conclusions stutly and
provide relevant Recommendations (Chapteil B methodologies and concepts for each component

of the work is presented under the relevant chapters/papers
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Chapter 2: Tittedi Me c hani c al per f or ma-efficent dtfahigh feffoomantea b | e ar
concrete (UHPC) cont ai niisnlgased enclsa et a4t publighecein st e el
fiConstruction and Building Materiadsand addresses Objectives 1, 2 and part of ObjectiviS

chapter presents the results ad preliminary investigation using thrpeint bending tes$ on
40x40x120mm prismand examinegshe effect of fibre length and RTSF cleanliness on mechanical
performance. The results show that rubber and other impurities, as well as fibres with less than 9 mm
length, significantly reduce the strength BfUHPFRC mixes. Based on these resuiigelve E

UHPRCC mixes containing either RTSC, cleaned and sorted RTSF or blends of the two in various
ratios are studied for total fibre volumes of 2, 3 and 4%. The fresh propdrtiessmixes are assessed

in terms of workability and densitywhile the mechanical performance is assessed in terms of
compressive strength and modulus of elasticithich areobtained from tests 0100x200mm

cylinders and overall flexural behaviourwhich was examined throudhreepoint bending tests on
75x75%225mm prisms. Five specimens were tested for each of the desightf?FRC mixes. The

efficiency of the studied mixes is evaluated in terms of cost credentials, environmental impact and
mechanical performance.

Chapter 3: TitledAi Det er mi nati on of T®esgrnof EccECH a ca e st r IUHIPICE
based on lsaetdd2l publ i s hed i hhis dhdpteraddedses rObjectives 3 and 5. The
experimental flexural behaviour obtchedprisms subjected tthreepoint bending testis used in
conjunction with Finite Element (FE) inveraaalysis to characterise the uniax&isile properties of
E-UHPFRC. A mesh independent solution for the postck tensile propertigs developed based on a

fracture energy approach usinglaracteristic length scaling procedure as a function of finite element

size Prediction models for theonstitutive tensile stressrain (T -) laws of E-UHPFRC are proposed

based on simplstrength and mipparametersThese proposed models are used to devspaeific

design guidelines in line with current fib Model Code design provisions.

Chapter 4: Tittedin Sh e ar B eHUHRPARGConNtaining Recycle Steel Fibres alddJHPFRC

Scr ew iPlased endlsa et akF which has been submitted oCoristruction and Building
Materialsd. The chapter investigates the shear behaviour of beam specimens manufactured using twelve
different EUHPFRC mixes and testeshder an asymmetric foynoint loadingconfiguration. A shear

8
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strength prediction model based on flexural properties and fibsagds is proposed for design
purposes. Due to its excellent shear performance, the use of the develdptF-RC in screw piles

is proposed as a suitable applicatiorUHPFRC can offer numerous advantages, includaymd
installation, immediate load ca&ing capalblity, minimal site disturbancetesistance to wide load
applications and will solve the problem of corrosion vulnerability of steel screw piles. The behaviour
and response of-BHPFRC screw piles is modelled analytically based on existing s agekloped

for steel anchors and screw piles. Finally, design guidelinesfgiPFFRC screw piles in cohesionless
soils are proposed.

Chapter 5: This chapter presents the conclusions derived from this research workffansl

recommendations for future wo
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Chapter 2. Mechanical Performance d Affordable and Eco
Efficient Ultra -High Performance Concrete UJHPC) Containing
Recycled Tyre Steel Fibres

M.N. Isa, K. Pilakoutas, M. Guadagnini, H. Angelakopoulos, Mechanical performance of affordable
and eceefficient ultrahigh performance concrete (UHPC) containingcycled tyre steel fibres,
Constuction and Building Materials 255 (2020) 11272.
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ABSTRACT

This study aims to develop an affordable-efficient ultrahigh performancébre reinforcedconcrete
(UHPFRC) using normal mortar, recycled tyre steel cords (RTSC) and recycled tyre steel fibre (RTSF).
Twelve UHAFRC mixes containing either RTSC, RTSF or blends of the two in various ratios are studied
for total fibre volumes of 23 and 4%. The effect of short fibres and cleanliness of RTSF on flexural
strength of UHIFRC is examined, and it is shown that rubber and other impurities, as well as fibres
with less than 9mm length, significantly reduce the strength of theFBBRnix. Ths confirms that
cleaning and reducing the amount of short fibres is necessary for improved performance. Although
mixes containing RTSF only do not exhibit the same flexural performance of mixes containing RTSC
or manufactured fibres, similar strength t@machieved by using hybrids (RTSC and RTSF) or a higher
dosage of RTSH. he mainstrength parameters used in serviceability and ultimate limit state design are
experimentally derived and prediction models are propdsedaterial efficiency study of thmixes

shows that use of RTSF in UHRC provides significant cost and environmental benefit. Such
affordable and robust UHHRC mixes can help develop new and more sustainable applications for the

construction industry.
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2.1 Introduction

Developments in concrete techogy in the past two decades have led to the developmeritraf U

High Performancé&ibre ReinforcedConcrete (UHERC) [1], which hascompressive strength greater

than 150 MPa and a sustained post cracking tensile strength greater thafZ72MRaIPFRC has a

very dense pore structure that reduces liquid ingress, and significantly enhances durability as compared
to conventional and higperformance concretd4,3i 5]. These improved mechanical and durability
properties are achieved throuthie use of high strength cementitious mater@$imized gradation of

high strength granular materials, very low watement ratio, high quality and high dosage of
superplasticizer as well as the use of filfweith steel and carbon fibres being the most commonly used
[1,6]). Despite the superb performance characteristics offlRdR its widespread application is limited

due to high initial costconcerns regarding sustainabilf§] and lack of standardizatiohe lack of
standard dsign guidelines means that contractors and practicing engineers wanting to take advantage
of the superior properties of UFRC must rely on the more onerous design by testing procedures,
rather than rational design rule3.|

The high initial cost and sustainability problems are dukdase ohigh cement content and high cost

steel fibres. UHPRC containing 1.5% by volume stefibres costs approximately $95Gmgainst
$150200/n% for conventional concretg®]. The environmental impact of thevo main constituent
materials(cement and stedbres) is also high with about 0.9 tons of CO2 emitted for every ton of
cement producefdl(] and1.9 tons of CO2 per ton of stggoduced 11]. Nonetheless, life cycle cost
analysis (LCCA) has shown that UHPC structures can be stronger, more durable and cheaper than
conventimal concrete structuré$?). According tg13], approximately 56% reduction in material costs

can be achieved by utilizing UHPC rather than conventional conastiee high strength of UHPC

allows the design of slender structures, thgneducing the overall volume of construction materials

[14]. To address the sustainability issue of UHRE, the cement contewbuld be reduced bwsing
alternative cheaper and greener pozzolanic materials like Ground Granulated Blast Furnace Slag
(GGBS) [15i17] as well asalternativesteel fibres. Steel cord obtained from end of reelsirer

vulcanised rubber belt offcuts fronréymanufacturing plants, otherwise known as Recycled Tyré Stee
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Cords (RTSC)18] has the potential, if processed to desired lengths, to be used as a substitute to
manufactured steel fibres in URRC. Moreover steel fibres extracted from end of life tyr(@sTSF)

and processed to high specificationay alsgrovide a better substitute to manufactured steel fibres in
terms of economic and environmentally sustainability.

Approximately 1.5 billion tyres are produtgorldwide[19], and a large percentage of thesenber

is disposed of annually. Over the past two decades, waste tyre disposal has becorseciztiéy
concernand as a resultn 2006, the European Union (EU) banned the disposal of tyres and their by
products into landfills. Similarly, in the United States, 42estdnave restricted depositiegd of life

tyres in landfills[20]. In 2008,the European directive 2008/98/E[d8] set up a disposal plan to
encourage management and recycling of waste tyre products (rubber granules, steel fibre and polymer
fibres) for novel applications. The viability of usiRecycle Tyre Steel FibigRTSH and RTSCwas
demonstratedby researchers at the University of Shaffi[22' 25] as a substitute for manufactured
steel fibres (MSF) ikonventionatoncrete However, conventional UHHRC relies on the use of high
quality fibres with optimal geometry and the use of reegdibres from tyres, which have a nron
uniform length distribution (the very short fibres are likely to reduce post cracking strength, while the
very long ones might affect workability and fresh properties) and can include rubber impurities, has
never beemxamined. This study will assess the viability of using RTSF and RTSC ifrREIRnd

will examine some of the technological issues that need to be addressed to obtain reliable mixes.
While RTSC do not need much processing apart from cutting to the desigeds, extractindjbres

from used tyres requiresseries of operations. The most commonly used tyre recycling technique
involves mechanical shredding and granulatignich produces secondary products including unsorted
RTSF, polymer (textile) fibreand rubber granulder use in several other applicatioRartially sorted
RTSFs used in conventional concreésecontaminated with rubber (which can be up to 20% by weight
[24]), andcomprises ofibres of irregular shapes, length and diametéresewill have a degrading
effect on the strength and durability of UHRC. To obtain cleaned RTSF that can suitably be used in
UHPFRC, further processing (@hning andating) is required taninimize the rubber content as well

as the amount of fibresf unsuitabldength and diameter

17
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To facilitate the widespread use of UFHRC, there is a need to reduce the environmental and cost
credentials of UHPRC by usingalternative cementitioumaterialsyeadily/locallyavailable sands and
steel fibres without loss of mechanical characteristicdloreover, the main parameters used in
serviceability and ultimate limit state design will be examined and prediction mod@sspbto
promote the development of design codes and guidelines.

This study assesses the mechanical performaredJbfPFRC containing normal mortandrecycled

steel fibres cured at room temperatur@he fresh propertiescompressive strengthnd flexual
characteristicef 12 UHPC mixes containing RTSRTSF, and blends of the tveweexamined in this

study.

2.2 Material and Methods
Twelve mixes containing fibres and one plain mix used as control were prepared as shateari.

The mixes were desigd with fibre dosages of 2, 3 and 4% by volume. For each fibre dosage, 4 mixes
were produced using ratios of RTSF to total fibre content equal to: 0, 1/3, 2/3 and 100%.

The mix design and the characterisation of the recycled fibres are distuSsetiors 22.1 and 2.2,
respectively

Table 21: Mix identification and fibre proportions

Mixes RTSC RTSF
kg/m3 kg/m3
Plain 0.0 0.0
f2-CCC 157.0 0.0
f2i1 CCF 104.7 52.3
f21 CFF 52.3 104.7
f21 FFF 0.0 157.0
f371 CCC 235.5 0.0
f31 CCF 157.0 78.5
f31 CFF 78.5 157.0
f31 FFF 0.0 235.5
f4i CCC 314.0 0.0
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Mixes RTSC RTSF

kg/m3 kg/m3
f41 CCF 209.3 104.7
f4i CFF 104.7 209.3
f41 FFF 0.0 314.0

The following nomenclature was used to identify mixes;

Istitem is a letter f stands for mix with fibre

29 tem is a number designated as either A2, 3 or 40 w
3%jtem a three letter stands for proportion of fibre type where C stands for RTSC and F stands for RTSF e.g.

f 27 CCF = mix containing 2% fibre volume and 1/3 RTSF and

f47 FFF = mix containing 4% fibre volume and 100% RTSF

2.2.1 E-UHPFRC Mix Design

The constituent materialgsed for the mix design includéocally available silica sand having a

maxi mum particle sizes | ess than 500em, dry den:
size of 0. 15¢m T&00ckg/nt potycaibdxylate superptagti€izer (Sika ViscoCrete

30HE); 52.5N type Icement and GGBS having approximate density of B kg/nd. The mix

(Table2.2) is based on a low cemetintentmix developed by15 and also used byfi 29].

Table 22: UHPFRC mix design

Material Mix
Quantity QTh ) Per unit weight of cement

Cement 657 1
GGBS 418 0.64
Silica Fume 119 0.18
Silica Sand 1051 1.6
Superplasticizer 59 0.09
Water 185 0.28

2.2.2 Fibres Characterisation and Processing
The RTSC and RSTF used in this study were obtained from TWINCON Ltd. Partially sorted RTSF
contain fibres of various lengths ranging frod3mm as well as rubber impuritidsigure2.1c). The

fibres have a nominal dineter of 0.22mm and a nominal direct tensile strength of 2,50080Pa [
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RTSC Figure2.1a and b) comprise of brass coated straight fibres having a diaméténwh and a

tensile strength of 2500MPa.

A =
—————— K E :
gy
ls' 4 S le‘ "»O
Bt BT & o
@) (b) ‘ ()

Figure 21: (a) Tyre steel cords (b) RTSC (c) Partially sorted RTSF

Based on the performance of the dixing pilot testing$ec. 2.2 and 2.4.), RTSF 1 was subjected

to a refinement process which aimed to clean and improve length distribusbowas inFigure2.2.

The cleaning processmovesubberparticlesand impuritiesand reduces the amountsbforter fibre

lengths which are known to contribute less tohe flexural strength of UHPCThe preess, which

involves the use of sieves and a sieve shakearried out in 3 stageStages 1 and &m toclean the

partially sortedRTSF using 1mm size scremremoevery long and vershort fibresrubber particles

and dust, while stage &ms tofurther reduce the amount of short fibresdigving using a 6G0 m

screen. At each stage, the fibres retained on sieve (T) and those that passed through (B) were collected
separately and sangs of these are shown figure2.3. To obtain the length distribution of RTSF, a
system of advance photogrammetric pattern recognition based on digital optical correlation is used

[30,31]. The system uses a higlpeed camera to capture images of fibres dispersed on a screen
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Stage 1

1mm Sieve

Stage 2

1mm Sieve

Stage 3
600um Sieve

@_

Partially Sorted
(RTSF 1)

(d)
Figure 23: Samples from the cleaning process (a) TT (b) BB (c) Short fibres (d) RTSF 3

The RTSF fibraistribution andstatistical analysiare given inFigure2.4 andTable2.3, respectively.
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Table 23: Statistical analysis of RTSF distribution
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Cumulative (%)

Property RTSF 1 RTSF 2 RTSF 3

Fibre length

<9mm 57.6% 48.6% 35.7%

971 15mm 32.4% 37.7% 47%

>15mm 9.9% 13.7% 17.3%
Mean 9.3 10.4 11.6
STDEV 4.8 5.0 5.1
Variance 23.3 25.5 25.8
Kurtosis 2.8 29 2.5
Skewness 1.2 13 11
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2.2.3 Pilot Flexural Testing

To examinethe suitability of RTSC angartially sortedRTSF in UHFFRC, pilot flexural strength tests

were conducted on a 40x40@0mm prisms made with mixes containing 3% of fibres. pliameters

for the pilot study were; the length of RTSC (6, 9, 12 and 15mm) and cleanliness and distribution of
RTSF (Sec 2.1.1) Mixes containing RTSF with 3 different level of cleanlinéRISF 1i 3) and
distribution were examined. The control mix fbistbatch contained thgartially sortedRTSF (RTSF

1) as obtained from the suppliers.

2.2.4 Mixing Procedure and Specimen Preparation

Cement, silica fume, GGBS and silica sand werendiged in a pan mixer for 5 minutes. Clean water
and superplasticizer werexad together and half of the mix was added to thendied materials. The
materials were mixed further until the mixture changed to granules. At this point, the remaining half of
the mixing water was added and the mixing continued for a further Smighentnix achievd a
homogenous seffowing state. Steel fibres were then added slowly whildémgifor 2mins. The mortar
was then further mixed for another 2mins to ensure that all fibres were well dispersed.
Immediately after mixing was completed, wability (flow table)(Figure2.5b)and fresh density tests
were conducted in accordance to ASTM C145132] and BS EN 12356 [33], respectively. The
preparecE-UHPFRCmix was then cast int8 plastic cylindical moulds (100 x 200mm) and 5 steel
prismatic moulds (75 x 75 x 225mm) in accordanceEtd 123902 [34]. Although E-UHPFRCis a
form of selfcompacting mortar, each specimen was cast in two layers, with eachdagetidatecn

a vibrating tabldor 10 seonds per layer(Figure2.5c¢). After casting, the specimens were covered with
plastic sheetto prevent moisture log§igure2.5d). The specimens were heoulded after 24hrs and

placed inside a curing tank atvatertemperature of 20+2C for 28 days.
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Figure 25: UHPC production ((:3 Fredh UHPFRCmix (b) Wor(l?zibility test (c) casting and levelling

(d) cast prisms and cylinders
2.2.5 Compressive Strength and Modulus of Elasticity
Compressive strength and modulus of elasticity of the mixes were obtained from 100 x 200mm
cylinders using a servo hydraulic testing machiPeor to testing, e cylinderswere prepared by
grinding thetop (rough face andtheir exactdimensions measuredh special measuring device
consisting of two metal rings equipped with ladeplacement sensovgas used for measuring axial

deformation Figure2.6). The specimen were tested under uniaxial compressive loading in accordance

to BS EN 123903: 2009[35].
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Figure : Compressive strength and modulus of elasticity test.
2.2.6 Three-point Bending Test
Theflexural behaviour oE-UHPFRCprisms was assessed througtreepoint bending testd~gure
2.7), using an electromagnetic universal testing machitie a capacity of 300kN. A day prior to the
testing date, a notch (2.5mm wide and 12.5mm deep) was sawn at the bottepamaf eaclprism.
A specially designed aluminiumkeh ol di ng t wo ¢ e n eachate)wasédfddmbled ( on e
on the specimen to measure central deflectidnslip gauge was used to meastine crack mouth
opening dsplacement (CMOD) at the notcfihe tests wereonducted in accordance to EN 14651:
2005[36] with CMOD control at a constant rate of 0.05mm/min for CMOD from 0 tonthlnd

0.2mm/minafter 0.1mm.

Figure 27: Flexural prism test setp
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2.3 Material Efficiency
A material efficiency analysiwas conducted to ascertain the efficiency of the mixes and the effect

RTSC and RTSF on the efficiencihe efficiency ‘O is computed based on cost, environmental and
mechanical credentials for each mix

In determining the environmental impact of the constituent materials, GGBS and Silica fume are treated
as waste products and their environmental impact is based on thd Blatmaing Potential (GWP)
attributed to the energy consumed during the industrial processes needed to make them suitable for
direct application in concrete (i.e. grinding, classifying etc.). Likewise, the environmental impact of
RTSF is determined usingglenergy used in processing of the steel extracted from waste tyre into clean
and sorted RTSHRRTSC is basicallproducedfrom leftover steel cords such as the end of reels that
cannot be used to manufacture tyre. Thus RTSC after cutting has the sameicatana properties

and appearance as MSF. Hence, in this study, RTSC is treated as MSF, and the cost and GWP of MSF

applies to it

2.3.1 Cost
The cost of each mix is calculated as the sum of cabeatmount of eaatonstituent materiakquired

to produce a unit volume of UHPC as showrkip (27 1) below;

0 0 8a ¢ p

Whereo is the cost of materiddda is the mass of materigand€ is the number of constient
materials.
Economic Efficiency O of the mixes cathenbe computed usingq. (27 2);

&

0o =
0

Whered is the cost of the reference mix (CCC).

26



Chapter 2 MechanicalPerformance of Ec& f f i ci ent UHPC

2.3.2 Environmental Impact
The environmental impact is computed in terms of GWP. It is calculated as the sum of the product of
the GWPsper unit mass of eaaonstituent materialand thecorresponding mass used to progldo?

of E-UHPFRG as shown ifeq. (27 3)

"0 0 "Ow 084 ¢ O

Where"Ow U is the global warming potential of materi@ is the mass of materi&Dandé¢ is the
number of constituent materials.
Environmental EfficiencyO of the mixes can also be computed udtog(271 4);

"Ow 0
"0 0

Where "Ow U is the for theeference mix (CCC).

2.3.3 Mechanical Efficiency
The mechanical efficiency( is typically calculateéh terms of compessive strength and workability
[9]. However,with regards to the objectives of this study, is adjusted to be depenteon flexural

strength and workability as shownHqg). (27 5).
0 o & © v
e ) ¢
Where"Q and™Q are the flexural strength of the mix examined and the reference mix, respectively.

andw are the workabilities of examined and reference mixes respectively. The factors 0.7 and 0.3

were chosen to give strength a higher weatar workability P].

2.3.4 Mix Efficiency

The mix efficiencyor total efficiency ‘O is used to describe the overall efficiency of the mix based on
the contribution of all othematerial indices. It is calculated as the product of mechanical, economic
and environmental effiencies as shown in E(R 1 6) below.

O 0 0O ©O C
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2.4 Results and Discussion

2.4.1 Effect of RTSC Length and RTSF Refinement on Flexural Behaviour

Figure 2.8 shows the average flexural stress versus deflection culzdJ6fPFRC prisms containing
RTSC of different lengths arlRIT SFobtained from the refinement process (described in secd) 2
Three sample were tested for each niilke results show thaéngth of RTSC fibre affects both the
peak strength and pegeak stiffness oE-UHPFRC Mixes containing shorRTSC (RTSG6 and
RTSG9) show lower performance compared to mixes containing longsf{RESG12 and RTSELS).
This can be attributed to thmoranchorage of fibiewith low aspect ratio (in this casgQless than
45) resulting in premature fibre slip. This is consistenhiitdingsavailable in the literaturen the

effect of manufactured steel fibre length on the flexural strength oRB8Re.g. B7]). As there is no

further streagth enhancement from 12 to 15mm, for this type of fibre, the optimum fibre length is

expected to be fourioetween this two limits. It should be noted that the flexcaahcityof RTSG12

and RTSCG15is 3.8 times higher thanahof theplain mix.

35
30 +
RTSG15
25 + v sc6
4 RTSG12
<
o 20t 33 RTSGY
=3
7
S 154 [l RTSF2
n
IS
g 10 +
[ Plain 1
5 H
0 : : ' ' ' : :

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Deflection (mm)
Figure 28: Flexural behaviour dE-UHPFRCcontaining different fibre types and length

The flexuralcapacityof all RTSF mixess lower tharthat ofthe RTSC mixeswith RTSF1 exhibiing

the lowest flexural capacitylhisis becausdRTSF1 contains rubber impurities and a high content

(57.1%)of fibres with low aspect ratio (< 9mm in length) which makes it unsuitable for direct use into
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UHPFRC. After the firstcleaning Figure 2.4b), RTSF 2 contains considerably less impurities and
48.6% of fibres less than 9mrithe amount of short fibres is further reducedthe end of final
refinement procesandthe final product RTSF &eeFigure2.3(d) and2.4(c)) contains only 35.7% of

fibres less tha@mm.

As a result, thenixes containing t refined RTSFs show superior flexurarfprmance compared to

mix RTSF1, with an increase in the flexural strength of 34 and 54% for RTSF 2 and RTSF 3,
respectively. The flexuralapacity of RTSR2 and RTSFE3 were2.4 and 2.7 times the strength of the
plain mix, respectively. Based on this pilot test study, all subsequent RTSF mixes were designed using

RTSF 3.

2.4.2 Fresh Properties
Table2.4 summarizes the fresh properties of the mixes examined in this study Zlgkketerms of
workability and freshdensity.

Table 24: Fresh and hardened propertyssJHPFRCmixes

Mix ID Flow Diameter Fresh Density

(mm) (kg/m?)
Plain > 255 2464
f2-CCC > 255 2596
f21 CCF 243 2590
f21 CFF 238 2592
f27 FFF 222 2587
f37 CCC 228 2691
f31 CCF 217 2687
f31 CFF 211 2688
f31 FFF 205 2682
f4i CCC 201 2769
f4i CCF 198 2751
f4i1 CFF 186 2757
f41 FFF 179 2747
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All mixes show adequate flgvgreater than 200mnmeeting the UHPRC workability requirement
generally recommended the literature 38], the only exceptions arejixesf4 i1 CCF, f47 CFFand

f4 1 FFFthat showslightly lower flow, butstill meet the flow requirement recommendby the US
Department of Transportation report (FHWARTI 18-036)[39)], i.e. > 178mm (7 inches). Rige2.9
showsthat for the same total fibre volume, mixes containing G€sLilt inhigher workabilitythan
mixes containing-FF. As expected, the flow further decreases with incred#img content, due to
increased friction between the fibres and the pa&itees cortaining CCC up to 4% by volume showed
no sign of balling, as opposed toif€FFand f4i FFFfor whichthefibres started to ball as the friction
between the fibres and paste built up.

255

255
245 4 243
238
235 + -
g 225 + 222
= 217
g 215 ¢ 211
= 205
S 205 + 201
o 198
=
=2 195 +
186
185 T 179
175 4 f2 f3 ——f4
165
CCC CCF _ CFF FFF
Mix

Figure 29: Workability of E-UHPFRCmixes

The fresh density test results show that for the same total fibre dosage, mixes cofRfaihaye
slightly lower density < 1% than mixes containi@gC. This may be due to higher air content and tiny

rubber particles that are still attachtedhe surfice of some of the RTSF fibres.
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2.4.3 Compressive Strength and Modulus of Elasticity

The results othe compressive strength tegiable 2.5) show thatall mixes achieved a compressive
strength greater than 150MPa, and as such can be defined as UWHR&scontaining CCC have
higher compressive strength compared to mixes contdiifiRgT he lower strength in mixes containing
FFFcan be attributed to possible entrapped air in the mixes due to theofdhaRTSF fibred 30,40

43] and small rubber particlésclusions For the fibre dosages ofi24% by volume tested, the fibre
volume does not appear to affemich thecompressive strength, similar to the findings that are reported
for MSF in UHHAFRC [44,45]. However thereductiorsin strength oFFFcompared t&cCC of 8.7, 7.5

and 3.6% for 2, 3 and 4%@&spectivelyshow that théossin strength decreases as the total fibre volume
increases.

The modulus of elasticityO was determined using the gradient of the compressive-strags curve
measurd between 267/0% of the peak strength ames found taange betweed9i 54 GPa for all
mixes It was found tha© increases slightlyl i 8%) with fibre volume (Bble2.4), and is higher for
mixes containing CCQ-or the same fibre dosage, the addition of RTSF results in a small reduction in
‘O possibly due to the presence of fibres containing rubber remmdougver, no cleairend carbe
establishedn the decrease i@ with increasing RTSF conter@omparison between the measud

and prediction models based on the rule of composites or as a functibarefshown in Tablg5.
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Table 25: Comparison between measured and predicted modulus of elasticity for all mixes (MPa)

Prediction models

ko & ) 0 (46 (47 (48
WL TR ¢ TpuvA ¢ TR 4

Plain 158 49.6 49.6 511 523 51.2
f27 CCC 173 51.4 50.7 52.9 54.6 53.5
f27 CCF 171 515 50.7 528 544 533
f27 CFF 159 50.7 50.7 515 52.4 514
f27 FFF 158 505 50.7 514 522 512
f31 CCC 173 525 51.3 53.0 54.7 537
f31 CCF 169 52.1 51.3 52.5 54.0 52.9
f371 CFF 167 518 51.3 52.3 537 52.6
f31 FFF 160 51.0 51.3 517 52.6 51.6
f47 CCC 172 536 51.9 52.8 54.4 534
f41 CCF 169 532 51.9 526 54.0 53.0
f47 CFF 170 534 51.9 52.7 54.2 532
f41 FFF 165 52.6 51.9 52.2 535 52.4

Thevalues ofO found for the testethixesare in close agreemewith prediction models reported by
[46 48]. The smalldifferencesbetween the experimental and predicted vabagsbe attributed to the
difference in constituent materials and curing regimes, as mostFRBE® reported in literature ude
higher cement content, high strength safelg. quartz)and high temperature curing regimésr
further validaion of themeasured values, the theoretioabdulus of elasticitypased on the rule of
mixture for composite€O g is calculated usingq. (27 7).

0O 3 Ow Ow ¢ X
Where O &£ Q are the modulus of elasticity of matrix (plain mix) and fib(€ ¢ T@0 ¢
respectively, andv & @Q are the volume fraction of matrix and fibmespectivelyw p @ ,

@ X (Krenchel composite efficiency factor for fibre orientat[ds]).
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The composite modulus is slightly lower than the measured modulus, this may be due to a low reading

of the plain mix or an additional synergetic mechanism by which the fibres enhancatmeaaiulus

by preventing the lateral expansion of the mix.

2.4.4 Flexural Performance

The loaddeflection andléxural stress behaviour for all examiredJHPFRCmixes are presented in

Figure2.10(a-c). As expected, all mixes after cracking exhibit an initigis hardening behaviour due

to the high volume of fibre used

Figure 210: Load/flexural strest deflection behaviour dE-UHPFRCmixes
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The values of flexural strengtiQ andbending modulus of elasticityO were determined from the
experimental load deflection curves and are shown in TaBl6, along with their coefficient of
variation (COV). It should be noted that BS EN 14651: 2@, pased on which the flexural tests
were carried out, determiné&3 as the strength at limit of proportionalit@2( , calculated from Eq2(

T 8) using the highest load value recorded at a CMOD value of 0.05mm (0.025mm CMOD for the
prisms size in this study). The strength values based on this approacf) (seeTable2.6) however,
are not suitable to describe strain hardening matetkal$JIHFFRC, as the highest load value measured
within the recommended CMOD range represents only betwee63% of the ultimate load capacity,
thus providing a significant underestimation of the flexural strength of RREP To address this
drawback,”Qwas determined the approach proposed by BS EN 133D which relies on the
maximum load obtained from the loddflection curveof the UHAFRC mixes from Eq.Z 7 8).

IO

a
e ¢ Y
WhereD is the load (N)Q & & is the distance between the tip of the notch and top of the specimen,

0

@ G @ is thewidth of specimen and & & is the span length.
The bending modulus of elastici§ was determined usingqg. (21 9), which relates loadleflection

stiffness toO as shown below;

v
T (0

Where- QG s the slope ofheload-deflection curve measured frd38-90% of theultimateload

¢

of the plain mixa(mm) is the span length, ai@mn?) is the second moment of ai@zhe fullsection.

Table 26: Flexural strength and bending modulus of all mixes

Mix 1D B vPa Bly-MPa  Bending Modulus
(COV) (Cov) GPa(COV)
Plain i 6.6 (5%) 45.8(3%)
f2i ccc 11.7 (9%) 23.8 (6%) 47.1(3%)
f21 CCF 10.8 (M%)  22.4 (13%) 46.8(4%)
f21 CFF 9.9 (7%) 16.0 (8%) 47.0(4%)
f27 FFF 9.7 6%) 14.0 (7%) 46.5(6%)
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CCF

CFF

FFF

14.9 (Ph)

12.7(6%)

11.8 (4%)
11.2 (12%)
15.5 (4%)
14.7 (13%)
14.1 (3%)

13.2 (10%)

30.0 (5%) 49.0(3%)
24.9 (8%) 48.8(4%)
22.3 (6%) 47.4(4A%)
18.2 (12%) 47.3(6%)
42.9 (7%) 50.0(4%)
35.5 (8%) 49.4(4%)
31.2 (11%) 49.0(5%)
26.0 (6%) 49.2(5%)

For the same fibre volume, mixes containing CCC show the hifRd@4 1 43 MPa) while mixes

containingFFF show the leasQ (147 26 MPa) The"Q of mixes containing CCC are similar to the

strength of mixes containing manufactured steel fioreSKMreported in the literatur@,$1i 53 for

specimens that have been cured at room temperaturesdhifiisnsthat RTSC can successfully be used

to substitute MSF with no loss in strength. The effect of fibre volume and RTSF cont@nis@iown

in Figure2.11

Flexural Strengthf; (MPa)

40 T TTe~el.
“~~e..  f3=-16.1QF) +41.85
35 + A~~~~s~~~R2 =0.99
30 % \‘\\\
-~ — B Ssao
- — -~ fﬂ -_ '1091F) +2918 ~~~~*
25 % X~ R?=0.999
o} =~ x
—
20 A -
~X
15 4+ fo =-10.78F) +24.4
R2=0.93
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o f2
X f3
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0 f f f
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Figure 211: Relationship betweél® and RTSF content
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The flexural strength increases as the total fibre volume increases, while for the same fibre volume
"Q decreases withn increase in RTSF content. The decreas®irdue to the addition of RTSF can

be attributed to the amount of short fibres (35.7%) with low agpeict (<45) that do not anchor
sufficiently. Additionally, remnants of rubber particles attached to the surfaces of some RTSF fibre as
shown inFigure 2.12 may also decreaseahe bond strength between the fibres and the paste, thus
contributing tothe reduction in"Q . Comparing thdoss in strengtlof hybrid mixes to that of their

corresponding CCC mix, f 2 CCFshows the best performance at 94#™Q of CCC indicatinghe

bestsynergic effect between RTSC and RTSF at this ratio and fibre volume.

Figure 212 Magnified appearance of some RTSF

The effect of fibre volume and RTSF content@nand correlation between measui@dandO are

shown in Figur®.13 a and b, respectively

51 51
Sk E, = -0.84E, + 49.82 50T
B R?=0.69 N
49 + A TTTee=- 49 +
T X~ =
o ~—x  E=-138E+4864| &
=48 =~ — __R=097 Q48 1
- ol uf
~—
47 E, = -0.66E, + 47.08 47 1
R2=0.89
9
o f2
+ 46 =+
OT % f3
A f4
45 f f } 45 f f } }
0 1/3 2/3 1 49 50 51 52 53 54
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(a) (b)

Figure 213: (a) Effect of RTSF content d@ and (b) Correlation betweéd and ‘O
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All fibre reinforcedmixes haveO greater than that of the plain miks expectedD increases with
increasing fibre volumewhile, for the same fibre volume,ixes containing CCGhow higherO ,
compared to mixes containing RTSF. However, the reducti@ fidue toaddition of RTSF is less
than 3% for all fibre dosages.

Strong correlation was found betweé@nand’O with an R value of93% (Figure2.13). The result
shows thaD for all mixes ardess tharO by 671 9%. Studies orfO of UHPFRC arerarelyreported

in the literatureand nost studie®n UHPCmodulusof elasticity are basemhthecompression tegO )
[8,54,55], whichis based othe uniaxial deformation of the entit@dy of thespecimerandas such is
expected toyield amore reliable stiffness valuethan'© which is obtained indirectly and is more
sensitive to the accuracy of the measuremétsvever, measuring deformati®from bending test

can bdess demandingompared t@ompression test in terms of machine capdaiyre than 1200kN

is needed to test 100x200mm UHPC cylindars] instrumentatiorequired.

The lower values ofO compared tdO can also be related to the effecttbé notch on the prism
specimens, as the formulaed to calculatedO (Eq. (271 9)) is based on the second moment of area
‘Oof the full sectionTo investigate the effect of the notcHijrdte element (FE}tudy was carried out
using theFE analysigpackage Abaqus. Two models, one each for notched and unnotched prisms were
developed using a deformable 2D planar sliadl element 285mm long and 75mm deep (with plane
stress thickness of 75mm). @models were assembled in a thpeat bending arrangement having a
span of 225mm and meshed usingroded bilinear plane stress quadrilateral element (CPS4l) with a
finite element size of 5mm (2.5mm for the notched section). The modulus of elasizitged from

the compression tedD() for the selected specimens and a Poisson ratid 8ffe5] was used to model
material behaviour. The load was applied using displacement control rather than CMOD control (used
in experiment).The interaction between prism, loading plate and support is modelled using a friction
coefficient(,) of 0.3 (& 0 . 207 concrete against stedlq]). The at midspan of the prism is
obtained by subtracting deformation at the support from tleeded midspan displacement (since

also does not include deformation at supporitsg results of FEA at the paeacking load of 6kN for

the four specimens are showriliable2.7.
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Table 27: Results of FE modelling

Specimen L Deflection at 6kN Bending Modulus (GPa)
(GPa) Bape o <4 1 r M Fe e < M F
Plain 49.6 0.0117 0.0102 46.2 52.9
f21 FFF 50.5 0.0116 0.0101 46.6 53.5
f371 CFF 51.8 0.0113 0.0098 47.8 55.1
f4i CCC 53.6 0.0107 0.0093 50.5 58.1

It can be seethatthenotched prisrmhaveonaveragel 5% more midspan deflectiaghan theunnotched
prisms.Hence ignoring the notch can lead to significant errors up to 15%. To account for the notch
effect and possible load spreading and support friction effect, a fctq® is introduced to adjust

the expression foD that will give a more accurate preton of modulus of elasticity dfHPFRCas

shown in Eq(27 10) below.

0 TQi Tt
T U0 ¢ P

It should be noted that the effect of notch will vary with nedelpth to fultdepth ratio of the prisms.
However, the correction provided in this study will also apply to the standard notched specimens
described by8S EN 1465[36]as they have similarotch to full depth ratio.
Comparison betwee® and the adjuste® (Eq.(27 10)) are shown inrable2.8. The results show
that Eq.(2 7 10) can effectively account for the presence of the notch and provide a good estimate of
the Youngds modulus, as evidenced by the average

the low standard deviation.

Table 28: Comparison between unnotched and adju&ed

[FL Eq. (27 10) Normalised
Mix ID (MPa) (MPa) Modulus
I
Rk
Plain 49.6 50.0 1.01
f2i cCc 51.4 51.4 1.00
f2i CCF 51.5 51.2 0.99
f2i CFF 50.7 50.7 1.00
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[F Eq. (27 10) Normalised
Mix ID (MPa) (MPa) Modulus
I
[EL
f21 FFF 50.5 50.7 1.00
f31 CCC 52.5 53.0 1.01
f31 CCF 52.1 52.7 1.01
f371 CFF 51.8 51.9 1.00
f31 FFF 51.0 51.6 1.01
f41 CCC 53.6 54.6 1.02
f41 CCF 53.2 53.9 1.01
f4i CFF 53.4 53.5 1.00
f41 FFF 52.6 53.7 1.02
Average 1.01
Standard Deviation 0.01

2.4.5 Residual Flexural Strength

Existing design codes classify SFRCs according to their residual flexural strepgthli¢is) obtained

at specific CMOD valuesyhich characterise the material behaviour at the serviceadildyultimate

limit states While RILEM [57] measure #values at CMODs of 0.5 and 3.5mnri(ind f4
respectively), Model Code 2018§] measures at 0.5 and 2.5mm: @nd ks respectively). However,
these CMOD values apply tatandardorisms of dimensions 150x150x500mm. As the specimen size
and notch dimensions used in it@rent studyjs scaled down by 50%he CMOD values are also
detemined at scaledown CMODof 50% For example, thexiwill be measured at CMOD of 0.25mm.
Figure2.14 shows the relationship between flexural stress and CMOD for the mixes, échtluns

where k-values are obtained.
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Figure 214: Flexural behaviour and design CMOD values based on RILEAVENd Model Cod

[58]

It was found that CMODat which &1 is measured is attained before the flexural strengthreached

UHPC

for all mixes. Hence for UHFRC, fr1 cannot be considered as a residual strength. For cracked normal

SFRC it is assumed that the tensile strength contribution of the remainiciguaked section is

negligible, however, this is not the case in UARE because at the initial cracking stageretis high

resistance to crack propagation (due to high fibre dosage and bond strength) and thus at low CMOD

values the wtracked section may be large enough and contribute significantly to the overall tensile

stress of the UHFRC prisms. Similarly, theasidual strength designated for ultimate limit design i.e.

frain Model Code $8] and &4 in RILEM [[57]] will not be suitable for ultimate limit design of UHPC.

This is due to the fact thatHPFRC possesses adequate flexural capacity even beyond these values

(CMOD.). Residual strengthsf and &4 show flexural capacity betweer299% and 588% of
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respectively, depending on the mix type (highest for CCC and lowest for FFF mixes). Base on this
observation, it is recommended that residual strength ofARR@Rat ultimate limit state should not be
measured at a fixed CMOD valas designated by the codes, but rather should be selected based on the
function of the structure and the steel fibre type to be used.

The proposed approach for determining the design parameters atlaBu@s) for UHIFRC utilises

the toughnessetermination for FRC by ASTM C 10189, but CMOD values are preferred over
deflection values. The approach involves identifying the servicea@MpD (CMODs.s) and then

determining thedvalues parameters at multiples of the CMfas shown irFigure2.15.

Flexural Stress

CMODyg s 5.5 CMODg 10.5 CMODyg s

CMOD
Figure 215: Definitions of residual flexural strength of UARC

The CMODy s value of 0.25mm (corresponding to 0.5mm recommended by RI[FZM and Model
Code[58)]) is used, representing the yielding of the material. TAleshows the proposed-¥falues

values for alE-UHPFRCmixes and their COV.
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Table 29: Residual flexural strength

Mix ID Iy vPa) L(MPa) L (MPa)
(Cov) (cCov)

Plain 6.6 (5%) - -

f21 CCC 23.8(6%) 21.8(7%) 16.2(7%)
f2i CCF 22.4(13%) 17.4(15%)  12.9(12%)
f21 CFF 16.0(8%) 12.1(10%) 8.0 (12%)
f2i FFF 14.0(7%) 8.8(15%) 5.0(19%)
f31 CCC 30.0(5%) 25.6(10%)  20.1(16%)
f31 CCF 24.9(8%) 21.614%) 15.9(17%)
f3i CFF 22.3(6%) 17.9(15%)  11.8(24%)
f31 FFF 18.2(12%) 12.1(25%) 6.9 (33%)
f4i CCC 42.9(7%) 41.6(8%) 33.7(10%)
f41 CCF 35.5(8%) 33.6(8%) 27.1(10%)
f41 CFF 31.2(11%) 27.3(13%)  19.8(13%)
f4i FFF 26.0(6%) 21.8(13%)  14.6(17%)

For all mixesfr-values are loweathan fi. The COVfor all the mixes were found to be between¥%

(Table 2.9) which iswithin the range of values <40% reported in the literaf8660i 62] for FRCs.

For the same total fibre volume, mixes @ning CCC have lower COV (616%) compaed to mixes

containingFFF (57 25%). The variation in COV for mixes containing RTSF can be attributédueto

higher variability ofRTSFfibres in terms of length and surface conditions. Al€b, was found to

have lower COV (T 25%) compared t&Q (771 33%). This may be due to fact that tfe variability

is dominated by the matrix, while th@ variabilities is dominated by the number of fibres crossing

the main cracks and their bond characteristite relationship betweéf values fo each mix with

their corresponding RTSF contdat the same fibre dosage is as showRigure2.16.
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Figure 216: Correlation betweeif) , fibre volume and RTSF content (8 (b)'Q

It can be seen that bolf@ and™Q

decrease with increasing RTSF content. Mixes contafiag

fibres decrease dhe lowestrate while mixes containind?% fibres decreaseat the highestate

indicating fasterloss of post cracking stiffnes$his shows that RTSF offers better performance in

mixes containing higher fibre dosageorrelation betweei2

above0.94as shown irFigure2.17.
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Figure 217: Correlation betweei2 and™Q
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Utilising the correlation models given in Figur241 and2.17 a complete prediction 6€ and "Q d&
of E-UHPFRCmixes containing various RTSF/total fibre volume ratian be obtained, using of
mix containing only RTSQor MSH as input The proposed models can be used to estimate the design
parameters "Q & required for the design of structural members in bending at serviceability and

ultimate limit state without the need to conduct expanaivd time consuming material testing.

2.4.6 Relationship between Measured Deflection and CMOD
Only a few studies on threlationship betwegn 6 0 0 ‘@r UHPFRCs areavailablein the literature
(e.g. b4)). BS EN 14651: 200836], based on which the flexural strength test was conduatipts
thecongant lineat 0 0 0 ‘@lationshipgiven in Eq.(27 11).

17 ™o 00 OoOndrt C pp
Theoretically, thd 6 0 0 Gn the post cracked phase can be computed based on rigid body
kinematcsasproposed bYRILEM TC 162 B3]. For the prism size used in this stuthe relationship
is as shown iieq. (271 12) below;

] mM6OLULO ¢ PG

A comparison betweethe] 0 0 0 ‘@lationships of f 2 and f 4pecimens against the predicti

models proposed by BS EN 146%b]and RILEMTC 162 B3] is shown inFigure2.18.
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Figure 218 Relationshigbetween midspan deflection and measured CMOD
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It can be seethat the tested specimens show lower post cratkingg 0 0 ‘Gradient compared to the
proposed modelsand exhibit some degree of nonlinearifyhus the use ofa linear| &6 0 0 O
relationshp as employed by the current models doesapply to UHRFRC. This is in agreement with
findingsby [64,65] for high strengtlfSFRC The reason for the nonlindaehaviourcan be attributetb

the high strain hardening capacity of UHRC, which leads to the developmentailtiple small cracks
alongside the major crack leaw) to the formation of a hingeegionlocated at the centre of the prism
(Figure2.19b), rather than a zero length hinge as assumed by RILEM TC6BbPHigure2.19a).
Understanding the development of the plastic hinge zone is important for flexural members as it affects
both their load carrying capacity and deformation. Information regarding length of plastic hinge is
useful when designg for ductility, especially in the design of members to resist extreme events such
as earthquakesp]. To investigate the development of the hinge and its bebgva ney 6 0 0 'O
modelis developedased on rigid bodkinematicstaking into account the formation of a hinge at

midspan as shown Figure2.19b and Eq(21 13).

b—
CMOD

(a) (b)
Figure 219 Schematidgllustration of post cracking behaviour of prisms undgoit bending for (a)
normal FRC (b) UHPRC

) 0p 1
6000 11Q

C<p o

An inverse analysis metheghsused to obtain the valueshihge length rati¢ &dm theexperimental
behaviour 6 0 0 f@sults The relationship betweesand hinge lengthef) with CMOD, or applied

load were examined and a comparative analysis showigume?2.20.
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A nonlinearrelationshipbetweers-and CMODcan be seen for all mixes. For value€dOD smaller

than CMOLRy.s, the values o0&

c

an

be

Cc 0 n s At HighrCBI@D valuesatinereazegith o .
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increasing fibre dosader all mix. For example, &EMOD;, (2.625mm)a ©GCJF mixesequals to 9
11 and 8% for 2, 3 and 4% fibre dosages, resjively. Similarly, it was found thas-increases with
increasingRTSF content, with mixes containifigrFshowing the highest which is equal to 811 and
11% at CMOD (1.375mm) and 12, 16 and 16%CGMOD, for 2, 3 and 4% fibre dosages, respectively
Mixes containing CCC show tlsnallest values as-equal to6, 8 and D% at CMOD and 9, 10 and
13% atCMOD, for 2,3 and 4% fibre dosagesespectivelyA model for predicting the value ¢ a 't
CMOD, and CMOD is shown in Eq(271 14) below.

1 " mOo QZp T
Where” is the fibre volume dosag®is the RTSF to total fibre volume ratio al@lis a constanfQ
¢& 1atCMOD, andQ o® xat CMODy.
A correlation between experimentahd predicted values fodel and _exp respectively)is shown in
Figure 2.21. The model predicting at CMOD,; offers slightly higher accuracy (having anerage
_model _exp Of 1.0022 and £0V of 11%)than at CMOL) (which has araverage_model _exp Of 1.0013

and aCOV of 13%).
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Figure 221: Correlation between experimental and model hinge length ratio at Ultimate limit state
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A more reliabl e equ@MOD ocelationslnip ofl UHPRCr(Eni @i e.3))wdoulel U
lead to better estimates of crack widths, and in turn to better predictions of load carrying capacity and
durability of structures at ULS. Similarly, the proposed models in E¢.14) will aid designers to
estimate the length of hinge regions in BFHRC members with greater accuracy, thus leading to more

refined plastic design models of rigid connections (e.g. in earthquake engineering design).

2.5 Cost and Environmental Impact Analysis
In this section, a comparative djuon theefficiency of the exaninedE-UHPFRCmixes is presented.

Table2.10gives the cost and environmental impact in terms of GWReafonstituent materialgsed
in this study. The prices relate to supplied quantities of 1 toeugelOOOL for water and 833lfor
superplasticizer/accelerators).

Table 210: Cost (as at Dec 2019) and environmental impact of constituent materials

Constituent Cost Environmental footprint
Material (Efton) GWP (kg CQ/kg) Source

Cement 170 0.782 [67]
GGBS 50 1.88x1 [68]
Silica Fume 600 3.1x10* [69]
Natural Sand 180 2.4x10° [69]
Ground Quartz 700 2.34x10% [70]
Water 15 1.5x10 [69]
Superplasticizer 3000 0.944 [74
Accelerators Same as SP Same as SP

RTSC/MSF 3000 2.68 [69]
RTSF 860 0.083 TWINCON Data
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2.5.1 Comparison with Ductal UHPFRC mix design

Table2.11 shows a mix design comparison between the stugiefHPFRCmixesand commercial
UHPFRC mix Ductal (mix proportion reportdaly [8,55]) containing no fibres, dsed on the priceof
constituent materials ggesented in Tabl2.10.

Table 211: Cost and GWPO6s of constituent me

Material Studied Mix Ductal

Quantity (kg/n) Quantity (kg/nd)

Cement 657 712
Silica Fume 119 231
GGBS 418 -
Natural Sand 1051 1020
Ground Quartz - 211
Water 185 109
Superplasticizer 59 30
Accelerators - 30
Cost (£/n7) 570 773
GWP (kg COz2/md) 579 621

It wasshownthatthe studied mixcost 26% less thatthe Ductal mix. This is attributed to the faitte
studied mixl contains high GGBS content as supplementary material which is cheap compared to
ground quartz contained in Ductal. Also, the GWRhef studiedvasfound to be 7% lower than the

Ductal designwhichis as a result dfs lower cement content.

2.5.2 Efficiency Comparison
Figure2.22 shows a comparisdn terms ofmechanicald , economic’ O henvironmental’O and

total efficiency 'O between mixes of the same fibre volume.
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Figure 222: Comparison between material efficiencief€df/HPFRCmixes (a) f 2 (b) f 3c) f 4

The mechanical efficiency is in line with the results of workability and flexural strength, with mixes
containing CCC (100% MSF) showitligehighesth . For the same fibre volume, decreases as the
RTSF content increases, with mixes containfitgf- being 32, 30, and 30% less efficient for fibre
volumes of 2, 3 and 4%, respectiveliis can be attributed to the fact that RTSF offers relatively lower
workability and flexural strengtlin terms of economyQ increases with increasing RTSF content with
mixes containing-FF having 48, 65, and 80% more efficiency than mixes containing CCC for fibre

volume of 2, 3 and 4%, respectively. The hig@epf mixes containing RTSF can be attributed to the
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lower cost of RTSF (3.5 times cheaper tH@@C/MSF). Similarly, mixes containing FFF show
significantly higherO than mixes containing CC®aving 69, 102 and 135% more environmental
efficiency for fibre wlume of 2, 3 and 4%, respectively. This is due to the fact that RTSF is obtained
from waste product and the energy consumed during its processing is much lower than the energy
consumed in manufacturing MSF. In terms of total efficié@cy was found tht Oincreases as RTSF
content increaseBor mixes containingrfFFonly, the efficiency increases as the fibre volume increases
i.e. 69, 132 and 195% more efficiency for 2, 3 and 4% fibre volume respectively compared to their
corresponding CCC mixes.
Thereduction in0  of mixes containindR TSFcompared to CCC for the same fibre volume can be
resolvedby usinghybrid mixes or digher dosage of RTSFor exampleasimilar or highetd than
f 2 CCC can be achieved by usirigt FFF (i.e. 4% RTSF) or Hyid mix (e.g. f 3 CFF) as shown in
Figure2.23.

20 = f2i CCC

=== 37 CFF
— {47 FFF

Ec

En
Figure 223: Comparison between material efficiencies of mixifQCC and mixes containing FFF

Theanalysisshows thatthe total efficiency of f 4 FFF is 100% greater than thatfdi CCC, while
f 21 CFF is28% more efficient, with both mixes being more economically viable and environmentally

friendly.
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2.6 Conclusion
The study investigates the mechanical propeofiE&sUHPFRCmixes containing two types of recydle

fibres (RTSC and RTSFused individuallyandin hybrids solutions Fresh properties, compressive
strength and-point bending testreused to assess the performance of the designed.Mhesaterial
efficiencies of the mixes are also determined in terms of their mechanical, cost and environmental
credentialsBased on the experimental findings, the following conclusiansbe drawn:

9 Forsimilar fibre dosages and curing regimes to those reportegllitetlature, mixes containing
RTSC offer comparable performance to that of mixes containing manufactured steel fibres
(MSF). This can be related to the fact that RTSC share similar properties with MSF in terms of
cleanliness, geometry and mechanical gfiten

1 The performance of mixes containing RTSC is affected by fibre length. Owing to the better
anchorage provided by longer fibres, mixes containing RTSC with length of 12 and 15mm show
superior strength (11 and 19% more than mixes containing 9 and 6mMR®6C,
respectively) and post cracking stiffness.

1 Sustainabl&/HPFRCmixes can be effectively developed with RTSF fibres, provided the fibres
are clean, with little or no impurities. Very short fibres, however, can fail to develop high
strength due to ingficient anchorage length, while longer fibres affect workability making the
mix susceptible to balling. Improved flexural performance can be achieved when 50% or more
of the fibres have lengths within the range-dfnm. By cleaning and reducing theqantage
of fibres shorter than 9mm from 57.1% to 35.7%, a 48% increase in flexural capacity was
achieved.

1 Forthe same fibre dosage, the use of RTSF reduces the workability of m396ldcrease
in flow diameter depending on fibre dosage) and shgtetiuces fresh density, compressive
strength and modulus of elasticity compared to RTSC.

1 For the same fibre dosage, mixes containing RTSF (FFF) have about 40% lower flexural
strength than mixes containing RTSC (CCC). To achieve similar strength valudsjdcor

higher dosage of RTSF need to be used.
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1 The use of new design parametersvdlues) is proposed for the design of UHRE flexural
members at serviceability and ultimate limit states, and analytical predictive models are
proposed for these pararaet.

T T hei CMIDD model proposed by BS EN 146536] and RILEM TC 162 TDF [63] are
not suitable for strain hardening tadals likeE-UHPFRC A new model is proposed to predict
the hinge length based on fibre types and dosage.

1 The use of RTSF iE-UHPFRCoffers significant cost and environmental benefits compared
to RTSC/MSF. Mixes containing RTSF (FFF) arei480% more ost efficient than mixes
containing RTSC/MSF (CCC), and 6935% more environmentally efficient (depending on
fibre dosage). While the use of RTSF only can result in lower mechanical efficiency, the total
efficiency of mixes containing RTSF (FFF) is alwaligher and varies from 69 195%,

depending on fibre dosage.
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ABSTRACT

Eco-efficient UltraHigh Performancé&ibre ReinforcedConcrete (EJHPFRC) containing Recycled Steel

Fibres has been recently developed to reduce the cost and environmental impactRE ldHRe
construction industry. Nevertheless, currently there are no design guidelines fperigimance fibre
reinforced materials with hardening pesack tensile characteristics, such as BRE. The determination

of the postcrack tensile characteristicd & HPFRC is also a major challenge experimentally and
numerically. In this paper, the notched thpeent bending test is used in conjunction with Finite Element

(FE) inverse analysis to characterise the tensile propertiedJMHERC. To address issues of spurious

mesh dependency in smeared crack FE models, the post crack tensile properties are determined using a
fracture energy approach. A mesh independent solution is developed by using a characteristic length scaling
procedure as function of finite element size. Based on that, a simple and precise model for predicting the
constitutive tensile stress strain - law of UHFFRC using simple strength and mix parameters
(compressive strength, flexural strength, fracture energye fibsage and recycle steel fibre content) is
developed. This model is then used to derivgéHPFRC specific design guidelines in line with curréibt

Model Code design provisions.
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3.1Introduction

Owing to its high compressive and flexural strengths, as well as its d@ossstructure, Ultranigh
Performancd-ibre ReinforcedConcrete (UHPRC) can facilitate the development of more duraté][

and efficient structural elements with reduced sectional areas and w&jghidh aghin shell andgrid
structuresHowever, as a high strength concrete, BRE is more brittle than conventional concrete and
fibre reinforcement is generally added to improve its gpostk tensile strength and ductility. Although

steel fibres are the most widely usegdyof fibre reinforcement, various other ametallic fibres have

shown great potential for UHHRC, including: polymerT], polyester 8], aramid P], polypropylene 10-

13|, basalt L4,15], carbon and glass fibresq].

Despite its enormes potential, the widespread use of UHRE is currently limited by a lack of design
guidelines, as well as the high initial cost and high carbon footprint of cement and steel fibres. Recent
advancements in the field have led to the developmdatoéfficient UltraHigh Performance Concrete
(E-UHPFRC) [1], which uses lowcost and sustainable constituent materials to enhance the environmental
credentials of UIRFRC and increase its demand as a primary construction matefi#tHFERC uses
conventional sand, Ground Granulated Blast Furnace Slag (GGBS) to reduce the cement content, and
Recycled Tyre Steel Fibres (RTSF) and Recycled Tyre Steel Cords (RTSC) inf lggmv@ntional
Manufactured Steel Fibres (MSF). Both RTSC and RTSF can offer a significant reduction in cost and
environmental footprint compared to MSF and other synthetic fibres (the most expensive constituent of
UHPFRC) [17]. RTSC are similar to some MSF (made of cords) in geometry and surface conditions as they
are obtained directly from ends of reels (used for rubber belt manufacture) or are extracted-from un
vulcanised rubber belt offcuts from tyre manufacturib§ jand cut to the desired length. RTSF, on the
other hand, are extracted from end of life tyoesreinforced vulcanised rubber that are mechanically
processed and sorted to obtain a suitable steel fibre (filament) length distribution. As such, RTSF consist
of individual fibre filaments of varying length, diameter, curliness, and surface condititthseme
filaments having remnant rubber particles attached to their suffadkate, only limited studies have been
carried out on the mechanical properties-@/lHPFRC [1] and a more irdepth mechanical characterisation

of its performance is required to develop much needed design guidance and support its uptake in practice.
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The lack of standard design guidebrmaeans that practical applications of UHRESs in general must rely

on a costly design by testing approach rather than the implementation of a rational design §frocess [
Hence, more research is needed to address this fundamental issue and characterise the mechanical behaviot
of UHPFRC. Fracture properties such as flexural strength, energy absorption capacity and fracture energy
are important parameters for charaisiag and numerically modelling the pasticking response of fibre
reinforced concretes (FRC), which is required for design purp&SeNumerical modelling has kbeme

an indispensable tool in structural engineering as it helps to gain a deeper understanding of material
performance and can save time and resources when developing design guidelines and optimising structural
elements. In finite element (FE) analysisciete is commonly modelled using the smeared crack approach,
which requires the stre$sstrain ,, - relationship to be known. According to this approach, materials

are modelled as a continuum and cracks are assumed to be smeared over a fractunechdagypically
represented by the width of a finite element. As a result, in strain softening materials the smeared crack
approach is mesh sensitivi&f22]. The fracture energy of the material can be used to adjust the softening
modulus of the,, - relationship so that the correct fracture energy is dissipated irrespective of element
size, thus removing mesh dependency. As the fracture properties oFREIRre influenced by fibre
characteristics, such as aspect ratio, surface condition and filpe ahavell as volume fractio@325],

the fracture properties & UHPFRCcontaining different fibre types and distribution need to be determined
experimentally.

The experimental determination of the tensile properties of RIRAR however, is also a major challenge

as there is currently no agreement on the type of test setuigpaaidnen geometry that is best suited for
determining its uniaxial tensile behaviour. Direct tensile tests, which are supposed to provide directly the
tensile behaviour, are adopted by some researc®@&l]. However, the reliability of data obtained from

direct tensile tests on concrete composites is low, becausadchaiiacy relies on the ability to eliminate

any off axis bending by accurate alignment of the central axis of the specimen with the axis of thrust of the
machine. In addition, specimen geometry imperfections and theimform composition of cement
compodtes result in variable stiffness and strength along and across the specimen, and with additional stress
concentrations at boundaries, it means that bending in these specimens is practically in8gig&fle [

Furthermore, conversion of measured stresck width , 0 into streséstrain , - hwhich is used
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in most desigrguidelines, is also challenging. Thesemplexitieshave led many researchers to adopt
bending tests, which are easier to conduct and yield less variable results, in conjunction with inverse
analysis to determine the tensile characteris828B,38]. However, a standardised bending test is not yet
universally accepted and the merits of different testipstare still being debated@Z,33], with different
researchers using either three four-point bending tests on notched or unnettiprisms.

Among the available design codes, only Model Code 2010 (M@®Dpfoposes a uniaxial tensile stress

strain , - constitutive model for strain hardegi FRCs. The model is based on a bilinear-postk

» - relationship derived from load and CMOD values from a tpaat bending test on notched prisms

[40Q]. As this model is proposed for strain hardening FRCs in general and ndtRCH8pecifically, the
suitability of this model for determining the tensile stregwmin , - of UHPFRC needs to be
ascertained.

The objective of this paper is to investigate thetiree properties oE-UHPFRCcontaining RTSC and

RTSF and utilise fracture parameters to develop design oriented straiss,, - modelsthrough the
implementation of mesh independent inverse FE analyBles. papersummarises theparametric
experimental worland discusses the methodology useddnve thebasicmechanical properties dfie
examinede-UHPFRC mixes based on data obtained from thya@nt bending tests. A design oriented
model that can fully describe the constitutive tensitesststrain , - law of EEUHPFRCbased on

simple strength and mix parameters is then presented. Finally, the suitability of the proposed model to

capture the behaviour of UHRC is evaluated and its performance is compared to that of the MC10 model.

3.2 Experimental Program

3.2.1 Materials and Mix Proportions

A total of 12fibre reinforcede-UHPFRCmixes werdested for this parametric studjong withone plain
referencamix (full details can be found irl]). Fibre dosages of 2, 3 and 4% by volumere used in the
different mixes, corresponding to 157, 235.5 and 314 ¥géapectivelyFor each fibre dosage, fofilore
ratiosof RTSF to total fibre contemtere prepared: 0, 1/3, 2/3 andAlnomenclature based on fibre dosage
and fibretype conten{RTSC = C and RTSF = F) is adopteddentify the mixes, e.g. f 2 CCF, where

the first item f 2 stands for total fibre dosage of 2% and ©Gi€ates the usef @/3 RTSC and 1/3 RTSF,
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similarly f 41 FFFindicates amix containing 4% total fibre volume and 100% RT3Re exact fibre
amounts for each mix are shown in TaBle,

Table 31: Mix description and fibre proportions (kg/m3)

Mix ID/Fibre %) w w w O L T T O L T TR
c Q Q LL [T O Q T T O Q L o
type content | ‘g O O O [ @) O ©) w @) O @) w
oS |8 |8 |3 |5 |s | |d |5 |5 |5 |5
RTSC 0 157 | 104.7| 52.3 0 235.5| 157 78.5 0 314 | 209.3| 104.7 0
RTSF 0 0 52.3 | 104.7| 157 0 78.5 157 | 235.5 0 104.7 | 209.3| 314

The constituent materials per cubic meter were: 657 kg of 52.5N type | OPC, 119 kg of microsilica with
approximate particles size of O0.15em, 418 kg of
polycarboxylate superplasticizand 1051 kg of natural silica sandST 95 with particle size less than

500 em. The RTSC used in this study have a nomir
approximately 2,500 MP4.J18]. A combination of 12 and 15 mm long RTSC was u$ddure3.1) in a

50:50 ratio as these fibre lengths were shown tdtrasoptimum performance for UHHRC [1]. RTSF

free from impurities were obtained by cleaning and sorting factory supplied RTSF and comprised fibres of
lengths ranging from 3 to 30 mm, with an average length of 11.6 mm. The distrilamd statistical

properties of the RTSF are showrFigure3.2 and Table3.2.

(a) (b)
Figure 31: (a) Tyre steel cords (b) RTSC (c) RTSF
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Figure 32: RTSF length distribution RTSF

Table 32: RTSF length distribution and statistical properties

<9mm 971 15 | >15mm Mean STDEV | Variance | Kurtosis | Skewness
Property mm (mm) (mm)
35.7% 47% 17.3% 11.6 5.1 25.8 2.5 1.1

3.2.2 Mixing, Specimen Gsting and Curing

Specimen preparation and curing were carried out in accordance with BS EN212G@0([41]. The
constituent materials were mixed in a pan type concrete mixer until the mix attainedi@a\éeff state
(approximately 121 15 minutes). Steel fibres were then added slowly and mixing continued for two
additional minutes to ensure that the fibveere well dispersed. Three 100x200 mm cylinders and five
75x75%285 mm prisms were cast for each mix. Immediately after casting, the specimens were covered with
polythene sheets to prevent moisture loss. The specimens wa@utihed after 24hrs and placiedide a

curing tank at a water temperature of 20+2°C for an additional 27 days.

3.2.3 Compressive Strength and Modulus of Elasticity
The compressive strength and modulus of elasticity of the mixes were obtained in accordance with BS EN
12390 3: 2009 g2] and BS EN 12390L3: 2013 #3], respectively, from tests on 100 x 200 mm cylinders

in a servo hydraulic universal testing machine. The axial deformation was measured using a device
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consisting of two metal rings, fixed to the cylinders by spring loaded pingaatge length of 200 mm and

equipped with three equally spaced laser disphece sensord=jgure3.3).

s o,
Figure 33: Measuring device for axial deformation

3.2.4 Three Point Bending Test

The flexural behaviour of the examined mixes was determined by conductingdimééending tests on

75 x 75 x 285 mmprisms, in accordance with EN 14651: 2086][ A specially designed aluminium yoke
equipped with two Linear Variable Differential Transducers (LVDT), one on eaeho$ithe specimen,

was used to measure relative midspan deflections. A clip gauge was installed across the notch to measure
the crack mouth opening displacement (CMQ@&8eFigure3.4 and3.5). The tests were carried out in an
electromagnetic universal tegg machine with a capacity of 300kN and using a CMOD control rate of 0.05

mm/min for CMOD from 0 to 0.1 mm, and 0.2 mm/min thereafter.

A I I
LVDT on each side

= : 75mm

[ [

: :

| [F—Noteh: 2.5+ 12mm |

@ [|:|:|“— CMOD Clip Gauge @

| A—-| J Section A — A

| 225mm ‘
|L 285mm I

Figure 34: Setup for the thregoint bending test
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Figure 35: View of flexural test

3.3 Calculation of Fracture Parameters
3.3.1 Flexural strength
The parameters that define flexural behaviour at various levels of the fracture process are Eiguwe in

3.6.

fio T I = Elastic/No Damage

I = Matrix Degradation/Failure
111 = Bond Failure/Fibre pull-out

fﬂ,c--

friut

Flexural Stress

T Y,

[ T

=

o
<,

=

u Deflection (§)
Figure 36: Idealised flexural behaviour & UHPFRCmixes

The strength parametét3y, for a threepoint bending configuration is calculated using B4. ().

ol &
"Qp o 0)
h W0 p

Where;b  applied load (N)&  span length (mm)p  width of the specimen (mmR QG fiCis

the depth of the unnotched cross sectioncnis the depttof the notch, anilds the fracture level.
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The cracking flexural strengtiQf, is calculated using the load ( causing a deflection or CMOD of
0.016 mm. This corresponds approximately to the deflection or CMOD of the plain mix at cra@king.
calculated in accordance with BS EN 128944, using the peak load)(). As there are no standard
provisions for selecting ultimate deflection valuestimi s st udy the dAulQ;)imat eo

determined using the load corresponding to an ultimate deflectionof 2.5 mm.

3.3.2 Energy Absorption

The energy absorption representing the external work done by the applied loagii(2§). i€ calculated
using the area under the loadleflection 0 | curve. For strain hardening materials IkéJHPFRG
this consists of three componenigure 3.7): (i) recoverable elastic energi2 - up to] ¢; (ii) energy
absorption during defledni hardening "Q - from1 ¢ to] p; and energy absorption during deflection

softening "Q - from] , to7 w.

L I =Energy absorption in elastic phase
(recoverable) — ge
I1 =Energy absorption during hardening
(micro-cracking) phase — gp,
111 =Energy absorption during softening
phase — g

<rd ! 1
= :
S Putfiemeeeees """""""""""""""""" :
I i
<I$C (IS‘p <{$u Deflection (§)
Figure 37: Energy absorption
Qo 07 Q (2)

3.3.3 Fracture Energy

Fracture energy’O is defined as the amount of energy per unit area required to open a crack. The method
developed by Hillerborg4b] and adopted by RILEM TC 5BMC [46] expresses fracture energy as the
area under th8 1 curve of tte notched prism divided by the area of the notched cross se@tionas

shown in Eq. 3§71 3).
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o 219
5 o) oz

3.4 Tensile Stress Strain Characteristics
A lineaiized uniaxial tensile stregsstrain curve versus crack width of UARC is shown inFigure 3.8

[3347]. The behaviour is divided into three phases: (I) a linear elastie response up to cracking))
an inelastic strain hardening phase characterised by -naoking; and (Ill) a crack opening softening
phase.

% P P

I: Elastic Phase

II: Hardening Phase: Micro-cracking
Otc III: Softening Phase: Crack localisation

Ot¢, & = Stress and strain at cracking respectively
Otp) Ep = Stress and strain at peak load respectively

Out» Wh, E¢yy = Stress, crack width and at breaking point
respectively

7 w,, = Ultimate crack width

Tensile Stress (a;)

Out

|
|
|
|
|
Eec £tp Wi (£c)

— Strain (g) F—— Crack width (w) Elongation

Figure 38: Idealised uniaxial tensile stresstrain behaviour of UHPRC

The softening phase is typically represented by a bilipear relationship with a change in slope at a

crack width ofo  often referred to as the breaking point.

3.4.1 Model Code 2010 Uniaxial Tensile Model for Strain Hardening FRCs
Model Code 2010 (MC103BP] proposes the use of a uniaxial tensile constitutive model for strain hardening
FRC based ot € @@ 0 U ‘@ata obtained from three point bending tests ofmed prisms and uses a
Asuitabl ed c ha rtacrivetrCMGD to strainl Femsigplitity, (he model characterises the
tensile behaviour using the bilinear posack curve shown ifrigure 3.8. The model parameters are
determined using Eq371 4)1 (37 7).

” ™Q 1@ meh - — (314)

" Q ™ Qh - —_ (315)
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0 -
—0 Q ™ Q Q 1th
ovbuvoO 8 0<e

- — 4 'Qg HeaTa

a G Qi ho (317)
Where:
Q RQ Reference values based on serviceability and ultimate behaviour respectively.
"Q RQ  Residual flexural strengths correspondingtd 0 ‘@ndé 0 U Qespectively.
60 0@ 000 Crack mouth opening displacement corresponding to 0.5 and 2.5 mm respectively.
0 Maximum crack opening accepted in design.
i Average crack spacing.
w Distance between neutral axis (N.A.) and tensile side of cross section evaluated in the elastic cracked
phase.

The model parametersg{fand ks) are measured at CMQand CMOD; valuesof 0.5 and 2.5 mm,
respectively, for standard prisms of dimensions 150x150x500 mm. As the specimen size and notch
dimensions used in the current study are scaled down by 50%, the same scale factor was applied to define

the CMOD values used in this anas/si

3.4.2 FE Inverse Analysis

FE inverse analyses were carried out using the FE analysis software ABi#Qlg&rmine the uniaxial

. - behaviour of the studied mixes from flexural tests. The Concrete Damage Plasticity model (CDP)
[21] developed by20] adopts the smeared cracking approach. It was used to model the nonlinear behaviour
of UHPFRC as it allows the definition of the straimrdening and softening behaviour of cracked concrete

in as many stages as needed. This model has been used successfully to model the behavidiR®f UHP
in various studies4-52]. This method is suitable for the analysis of flexure dominated slab and beam
elements. Thenverse analysis procedure involves changing the tensile -strags characteristics
incrementally, until a stresstrain relationship is found that predicts the experimental load deflection
behaviour within certain limits of accuracy.

3.5 Experimental Results and Discussion

3.5.1 Compressive Strength and Modulus of Elasticity

The compressive strengtfiQ and modulus 'O of elasticity of the tested mixes, normalised to the

respective values of the plain reference mix, are showigimre3.9.
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Figure 39: (a) Compressive Strength and (b) Modulus of Elasticitg-0fHPFRCmixes normalised with
respect to the plain reference mix

The plain mix achieved an average compressive strength of 158 MPa, thugnsatisé strength

requirement of UHPC. Overall, an increase in strength was observed for all fibre reinforced mixes with the

only exception of f 2 FFF, which developed an average strength 1% lower than that of the reference mix.

Mixes containing RTSC (CC) show the highest relative increase in average strength, about 10%, while

mixes containing RTSF show a maximum average increase of only 4%. The lower strength of mixes

containing RTSF can be attributed to the qomiform characteristics of RTSF, the pease of entrapped

air along the surface of the fibres, as well as the presence of remnant rubber particles attached to some

fibres [1,53,54]. Compared to the negligible variation in the plain mix strength (COV of 1%), the strength

of theFRC mixes was affected by a relatively high variability. Mixes containing higher RTSF content show

the highest variation.

The modulus of elasticit® was found to increase slightly with an increase in fibre dosage, as anticipated

by the rule of mixturesMixes containing RTSC show the highest increas® i(8% in f 47 CCC). For

the same fibre dosage, there is a small reducti@ {fess than 3%fpr RTSF mixes compared to RTSC

mixes. The prediction model proposed b§][and given in Eq.37 8) can predict the modulus of elasticity

of the studied mixes with high accuracy having an average prediction/actual ratio of 0.99 and a standard
deviation of 0.01.
O 1TmMme@

(MPa) (318)
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3.5.2 Flexural Behaviour and characteristics

The loadi deflection behaviour of thE-UHPFRCspecimens is shown Figure3.10.

8 40 —1f2iCCC
Plain 35 4 — —f2iCCF
1 f 2i CFF
— ° =~ S I — f 21 FFF
2 2 g7
2 41 7 < 20 +
S 4 &
- 4 9151
2T Load - Deflection 10
— —Load - CMOD
O : : T T T T T .I
0.00 0.01 0.02 0.03 00 05 10 15 20 25
Deflection/lCMOD (mm) Deflection (mm)
40 —1f3iCCC 40 f 41 CCC
35 T — —f3iCCF 35+ — —f4iCCF
f 3i CFF f 41 CFF
S — f 31 FFF 307 J4FFF

00 05 10 15 20 25 00 05 10 15 20 25
Deflection (mm) Deflection (mm)

Figure 310: Load-deflection behaviour dE-UHPFRCmixes []

3.5.3 Flexural Parameters

The values of the flexural strength parameters that characterise the behaviour of the mixes at serviceability
"Qn and ultimate limit site "Q w & Qp are presented iRigure3.11 . It can be observed that these
strength parameters increase with increasing total fibore dosage. The values of all strength parameters
(QrRQ & ¢ W) for the fibre reinforcednixes are generally higher than e of the plain mix, with

the exception oQ; and™Qj; of f 27 CFF, f2i FFF and f 3 FFF. For the same fibre dosage, the strength

parameters decrease with an increase in RTSF content.
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Figure 3.11: Flexural strength parameters

The lower strength of the RTSF mixes can be attributed to the relatively high amount of short fibres (35.7%
with length less than 9 mm) and residual rubber partilestt fibres do not anchor well across cracks and

as such tend to pull out at lower stress levels leading to an overall reduction in sttgngikejvise,
residualrubber particles reduce the bond stiffness along theifibvatrix interface, thus causing an overall
reduction in fibre contribution to strength. However, desirable high strength capacities can still be achieved
using higher RTSF dosages or hybrid miXglse variation in flexural strength between specimens of the

same mix is like that observed in terms of compressive strength. From the three strength parameters, the
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lowest variation is observed 1 (COV 371 12%) while the highest variation is sdrved inQj; (COV

77 33%). The variation ifQ was also low (COV 5 12%).

An equation derived by fitting the experimental data is presented in3EQ9) to predict the flexural
strength "Q of the studiedE-UHPFRCmixes as a functiondfi br e dosage (J}) and r

fibre content (F).

0
Q Tt — ()
ppTLTP @ 0Z
As shown in Figure.12, the proposed equation provides a strong correlation between predicted strength
Q and experimental strengtfiQ values,with an average of their ratiosQ 1Q 8

close to unity (1.01) and a low standardidgon (0.11).
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Figure 312 Correlation between predicted and experimental flexural strength

3.5.4 Energy Absorption
The energy absorption for all the examined mixes is evaluated based dhiE8). &nd the results are
presented in Tablg.3. It can be seen that the addition of steel fibres increases the energy absoiption of

UHPFRC
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Table 33: Energy absorption of specimens manufactured with difféasitiPFRCmixes

Mix / c [Q |6 | |E Q|8 ||k |8 |o |& |k

5 |0 |0 |C |& |O |O |C |L |O |O |OC |
Energy | % 1& |& |a |8 |6 |0 |0 |0 | |3 |3 |Z

(N.mmx1C)

1. 01 04][04][03][02]04]|03]03|[02|03]03]03]03
I i | 116 96 | 39| 24 [121] 97 | 6.1 | 3.6 | 24.2| 16.8] 11.1| 6.7
I, i |288[256]188| 140|388 333|257 17.9|51.2| 47.9] 38.8] 31.2
1. 0.1 [ 40.8] 35.6| 23.0] 16.6] 50.3| 41.3| 33.1| 22.2| 75.7 | 64.5| 50.7 | 38.2

The energyabsorbedn the elastic phaséQ is mainly controlled by the cracking strength of the paste
rather than the fibre content. Nonethelessmall increasdn the valueof "Q is still observed due to the
addition of fibres (Tabl&.3). The energyabsorbedluring the hardening’Q and soféning phasesQ
increases considerably with increasing fibre dosage. The total eabsgyption "Q for all fibre
reinforced mixes is in the range of (16.65.7) x16 N.mm (highest in CCC mixes and lowest in FFF
mixes), which is 166 757 times fgher than that of the plain mix. The effect of RTSF conteri€Qoaf E-

UHPFRCmixes is shown ifrigure3.13.
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Figure 313: Effect of fibre dosage and RTSF content on energy absorption
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For the same fibre dosage, the enexiggorption decreases with an increase in RTSF coiftiguiré3.13).

For fibre dosages equal to 2, 3 and 4%, mixes containing only RTSF (FFF) have 59, 55 and 50% lower
than mixes containing only RTSC (CCC), respectively. This can again be attriivettydo the fact that

the short fibres present in RTSF pull out at lower loads leading to an overall lowergdshg energy

absorptiorcapacity.

3.5.5 Fracture Energy
The fracture energyO for all fibre reinforced mixes is shown kigure3.14. The'O values for the fibre
reinforced mixes range between 3i586.26 N/mm. Similar to most other properties, théncreases with

an increase in fibre dosage and, for the same fibre dosage, decreases with an increase in RTSF content.

N
o

y & (N/mm)
e e =
o N A OO ©

Fracture Energy &
[ep]

ccd ccF cFF| FFF
f4

Icc CCFICFFI FFFI
f3

cc CCFICFFI FFFI
f2

Figure 314: Histogram with error bars showing effect of RTSF on Fracture Energy

For the same fibre dosage, mixes containing FFF are characterised by valuemoksponding to 41
51% that of CCC mix. However, the RTSF relative efficieisdyigher at higher fibre dosages. When fibre
dosage is increased from 2 to 3% and 3 to ‘@Whincreases by 14 45% and 80 132%, respectively.
Mixes containing f 3 and f 4 show the highest variatioiGrbetween specimens with the same ratio of
RTSF to total fibre content (COV of 1023% and 8 21% respectively). The high degree of correlation

betweeriQ and"O for the mixes examined in this study is showrrigure3.15 and a simple regression

model can be used to predict the fracture ener@@HPFRCmixes based on théR.
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Figure 3.15: Correlation between fracture energy and flexural strength

3.6 Tensile StressStrain Behaviour

3.6.1 FE Inverse Analysis Model

The numerical analysis was carried out using deformablalitmensional planar shell elements, meshed
using an &oded bilinear plane stress quadrilateral element (CPS8) having nine (3x3) integration points.
The input parametersif the CDP model include the inelastic - relationship in uniaxial compression

as wel |l as the mul ti axi al and f f),chapeparamaterékt er s :

viscosity parameter § and the biaxial to uniaxial compressiveeagth ratio "Q ¥'Q). The default values

of the multi axi al and f°l ofw p.a8rdQ&OQs pfypase use
recommended in2l] , while a | ow visgimswas ysedpoaavod manvemence ¢
problems.

While the tensile response sfrain hardeningRCs in generatonsistsof atrilinear postcracking tesile
behaviour (sed-igure 3.8 for UHFFRC), the tensile response provided by MC10 for design of FRCs
considers only ailinear postcracking behaviour. Similarly,in this study a simplified bilinear post
cracking tensileesponsés adoptedas thethird branch of the curve (beyond the breaking paagFigure

3.8) can only develop at levels of deformation that are too high to be relevant for practical design

applications.According to B3], the stress at the breaking poiot UHPFRC can betaken to be
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approximatehonethird of the peak stress, while MCB9] for FRCs approinates thisto onefifth of the

peak stress. In this study, the ultimate tensiesst,,  is assumedotbe between orthird and onehalf

of the peak stress. Compression failure is not expected to dominate the behaviour due to the high
compressive strength of the mixes, thus a linear elgstic response is used in compression with a
strength equal to thcompressive strengid [27,56].

A preliminary study on the behavioof a square plate (100x100 mm) subjected to uniaxial tension was
carried out using five different mesh sizes (100, 50, 25, 12.5 and Sonnmeestigate mesh sensitivity. The
results from the plate tegtiure3.16a) show that the elastic and hardenihgses are not affected by the

mesh size. However, the softening phase is highly mesh dependent and the dissipated energy decreases witl
decreasing mesh size. This can be solved by adjusting the softening modulus of the tendikehaviour

such that thelesired amount of energy is absorbed irrespective of element size. This can be achieved by
adopting a characteristic length scaling parametsyual to the ratio of the specimen characteristic length

to that of the FE element, as given in B3ji (L0).

a
; ozp T
- 3 p

Where,a Characteristic length of specimen

a Characteristic length of FE mesi; QéEL O
"Q Length of square elements

0  Area of rectangular element
Thus, the modified ultimate strain for a given element size is given by Eg1 (11):
- - (3111)

Figure3.16 (b) shows the comparison between input- curves and output data for various mesh sizes
after implementing the adjustments based on Bd. (0) and 8 i 11). It can be seen that a mesh
independent solution can be achieved by modifying the emksgipatediuring the softening stage using

the characteristic length scaling parameter
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Figure 316: (a) Plate response in uniaxial tension (a) plate response using the modified ultimate strain
approach

Mesh dependency was also observed on the energy absorption BRGHIRxural prisms and a similar
approach to that implemented above can be used to develop a mesh independent solution. Such approact
has also been used and validated ®%}. Howeve, most of the existing methods to calculate from
bending testsg8-63] are unsuitable, as they give unreasonably high vatues 6pan of prism sp@oens)

when applied to UHPRC. Furthermore, the approach proposed@#], although commonly used to
determined , cannot be applied to mortars like UHRC as itrelies on the maximum size of the coarse
aggregates.

MC10 [39 provides a simplified approach for calculating and recommends the usetof "Q (depth

of notched cross section) for elements without traditional reinforcement, andw(distance between the
neutral axis and the tensile side of the prism) for elements with traditional reinforcement. However, due to
their strain hardening betiaur, UHF-RC elements behave more like steel reinforced members (depending
on fibre dosage) rather than ordinary FRCs. StudieS@yahd [L9] have adopted values af T (Q

and T®JQ respectively, while the Swiss Standard SIA 2052: 202464] proposes a value ab

1@ Q . Based on the current literature, this study adopts a value of characteristic length within the range

™0 a Q.
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3.6.2 Assumptions used in Inverse Analysis dt-UHPFRC
The following assumptions are made when conducting the inverse analysis
1. A main crack dominates the fracture zone.
2. The elastic energy is negligible and the total energy absorption can be taken equattertizdly
applied energy.
3. The uniaxial tensile softening part can be represented by a single linear branch up to an ultimate
tensile strain (not exceeding the breaking point of the bilinear softening seskgure3.8).
4. Theultimatetensile srainof 27 3% can be considered approprifiethe structural design oE-
UHPFRCelementsat ultimate limit stat@nd toprevent excessive crack width openings.

5. The characteristic length 88 UHPFRCspecimens lies within the rang& Q & Q.

3.6.3 Determination of Ultimate Tensile Strain

As meshsizeaffects mainly the post pkésoftening behaviourreliable estimates of the cracking and peak
tensile properties,( ik h, ®¢& Q in Figure3.17) can be obtained (through inverse analysis) by fitting
the FE prepeakd 1 behaviour with the experimental response, irrespective of mesh size. However, the
ultimate strain is highly dependent on mesh size and a fracture energy approach needpltoraniad

to obtain a reliable estimate, as outlined in the following.

g, (MPa)

T
Stp Stu & (0/0)

Figure 317: Tensile, - response to determine using a fracture energy approach
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1 Energy per Unit Volume Dissipatedin Tension | <4

The energy per unit volume dissipated in tension is given by the area under the, tensiteirve shown

in Figure3.17 and can be calculated by using Bj. (2).

Q " - p [ ” - - p n ” - l'-')J d d O-Zp C

f Volumetric Energy dissipated 4 :

The energy dissipated per unit voluni® is given by Eq.§1 13).
O MM a4 00 0da
O "Q a o 0 ad ozp o

1 Equivalent Energy Dissipation:

The energyQ representing the total work done by the external load in flexure is equivalent to the energy
dissipated per unit volume in direct tension Bg. (4):

Q O 0da
M Q a o 0ad
0O Q «a Ojaa
0 O 5 ozp T
TQand equatingeq. 31 12)to Eq.

The ultimate tensile strain can be obtained by substituting

(37 14)

C“O d - " TQ ”
0 oZp L

Where'Qcan vary frong® o (highest for CCC mixes)

For a given finite element size, the adjusted ultimate strgin needed to dissipate the correct amount of
energy can be obtained by multiplying by the characteristic length scaling parameterof the selected
mesh based on Eq3 { 9) and(3 1 10). The step by step procedure for the inverse analysis is given in

Appendix A, while an example is shown in Table Al.

3.6.4 Comparison betweenExperimental and Numerical Load-Deflection Curves
The loaddeflection response of specimens made with mixi f@QCC is examined using three different

mesh sizes after implementing the ultimate strain scaling. As shokigune3.18, all models reach the
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same peak load and energy absorption irrespedtivesh size. All subsequent numerical analybagufe

3.19) are carried out using the 14x12.6 mm mesh element.

25 27 CCC

20 1

=
(&)
I

(kN)

s
Ss
~

©
T10
— Experiment
| —©O— 21mm Square mesh
57 — & - 14x12.6mm mesh
---%--- 7mm Square Mesh
0e f f f f f
0.0 0.5 1.0 15 2.0 2.5
Deflection (mm)

Figure 318 FE response of f 2 CCC for different mesh sizes

Figure3.19 compares the average experimental-daitection curvedor all the E-UHPFRCmixes with

those obtained from the FE inverse analysis, MGB) &nd the proposed prediction model. A detailed
discussion on the MC10 approach and the proposed prediction model is provided in subsequent sections
(Sec.3.4.1 and3.6.6 for MC10 and Se3.6.7 for prediction model)The prediction model work on similar
approach to MC1039] (See Sec34.1) i.e. using a trilinear uniaxial tensile relationship. However, the
model use¥2 andO to calculate tensile strength pareters rather than residual strength vali@s used

by MC10 B9]. It also avoided the use of CMOD values (which is specimen size dependant) to calculate

strain,as such can be applied to flexural prism of various sizes.
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Figure 319 Comparison between experimental average load deflection behaviours, FE inverse analysis,
MC10 and proposed model
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For easier comparison, Tal8e! shows the percentage errompisak load and energy absorption between
the values determined using the FE analyses and the experimental data. The low percentage errors (ranging
-1.57 1.3% in peak load ané.57 7.3% in enggy absorption) provide clear evidence that experimental
and FE derived load deflection are in good agreement and the derived tensile properties are equivalent to

the tensile properties of the mixes.

Table 34: Error in Peak Loadnd Energy absorption

T T B < N T B B < B B A

3 O O 3] m O O 3] o O O O o

Error - a a o § (:J or_) © S'): ; <_r N i
[F—=(%) 0.1 1.2 1.3 -05 | -15 1.0 -1.1 | -11 0.6 0.4 0.4 2.0
| D) 0 -0.1 4.9 0.5 4.1 -3.5 21 0.2 7.3 1.4 0.6 0.1 -0.8

3.6.5 Inverse Analysis Tensile Stress Strain Behaviour

Figure 3.20 shows the uniaxial tensile stress vs plastic strain d&-6lIHPFRCmixes examined in this

study.
16 16 "
—e—f2-CCC —@—f 37 CCC
14 4 —8—f2-CCF 1 —#—f 37 CCF
14
f2-CFF f37 CFF
’512 4 --%=--f2 - FFF 12 + -=%--f 31 FFF
=} g
§lO T \2_,1
— (7))
% 81 &
m )
= 0
2 6 o
S =
= 4 ; g
~5 2
2 \~~~X
04 } } } } } 0 4 } }
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Figure 320 Tensile stressracking strain behaviour of mixes

The results show that the tensile strength increases with an increase in fibre dosage and, for the same fibre
dosage, it decreases with increasing RTSF content. All mixes excdpEFE attained a @-cracking

tensile strength greater than 5 MPa, thus meeting the requirements for UHPC in accordance with the US
Department of Transportation FHWA repa}.[This dgnifies that a minimum RTSF dosage of 3% must

be usedn the manufacture &-UHPFRC However, 2% fibre dosage of hybrid mixes of RTSF with RTSC

or MSF can still meet the desired tensile strength requirement elg.dCF. Mixes containing RTSC

(CCC) shav values of, and, that are comparable to those obtained with M&E3D,31,65].

As shown inFigure 3.21, a strong correlation was found to exist betwgenor, and’Q, and this

information can be used to simplify the derivation of serviceability limit state equations.
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Figure 321 Correlationbetween tensile strength parameters and flexural strength

3.6.6 Evaluation of Stress Strain Relationship of MC1039]

The MC10 B9 guidelines outlined in SectioB.4.1 were used to derive the input tensjle -
charateristics for the FE analysié characteristic length af "Q was used in strain calculations as
recommended for FRC sections without traditional steel reinforcement and subjected to bending [35]. The
results are shown iRigure3.19, while errors are summarised in Tabk From the analysis of the results

it can be seen that the MC1®9] approach overestimates the tensile strength of UMRErins of, and

» by 451 82% and 16 41%, respectively. Furthermore, MC1®9] shows a maximum overestimation

of 43 and 116% in peak load and energyoafison, respectively. As a result, the current model used in

MC10 [39] is found to be unconservative for the desigiJbiPFRCs

3.6.7 Proposed Tensile StresStrain Prediction Model

To address the lack of a suitable simplified tensile model for fibre reinforced, a new predictive model that
utilises easy to determine mechanical propert@ar(d™Q) and fibre content is proposed in Edg®i (15)

T (37 18). Theidealised response for the proposed model is shown iB.Z2g
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I: Elastic Phase
II: Hardening Phase
III: Softening Phase
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Figure 3.22 Uniaxial tensile model dt-UHPFRC
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Alternatively, the ultimate strain can be obtained from the following simplified equationXEJ.9))
- - - p — - N - 8§ p p® OP ozq M

Where:Qis a constant between 2i53 , }  dosadeiby voleme, F = ratio of RT&Ftotal fibre

content.

A comparison between the predictions of the numerical analysis and theqatapodel is presented in

Table3.5 as a ratio of the two predictions. The overall average and standard deviation are also reported.
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Table 35: Correlation between derived (inverse analysis) and proposed model thiasdeteristics

Mix ID Q . ” ” = -
f27 CCC 1.08 1.03 1.08 1.08 0.97 0.98
f21 CCF 1.19 1.10 1.22 1.22 1.04 0.96
f27 CFF 1.02 0.97 1.01 1.01 1.10 0.96
f27 FFF 1.13 0.95 1.10 1.10 1.16 0.93
f3i CCC 0.91 0.91 0.89 0.89 0.97 0.92
f31 CCF 0.88 0.95 0.87 0.87 1.02 0.97
f37 CFF 0.95 1.00 0.93 0.93 111 0.98
f371 FFF 0.98 0.93 0.97 0.97 1.17 0.92
f47 CCC 0.98 0.97 0.95 0.95 0.88 1.00
f47 CCF 0.94 0.96 0.95 0.95 0.92 1.01
f47 CFF 1.00 1.038 1.01 1.01 1.01 0.99
f47 FFF 1.05 1.09 1.01 1.01 1.10 1.05
Average 1.01 0.99 1.00 1.00 1.04 0.97

S.D. 0.09 0.06 0.10 0.10 0.09 0.04

The correlation shows excelleagreement between the predicted and measured parameters, with average
ratios close to unity (between 0.871.04) and a very low standard deviation (0i.0d.1). This indicates

that the proposed model can adequately predict the tensile responseFRCHiXes.

Figure 3.19 shows comparisons between experimental, proposed design model and 3dCd€xijed

load deflection behaviours for each tesEetHPFRCmix. It can be seen that the proposed model captures
the tensile behaviour of the studied mixes reasonably well.

Table3.6 shows tk percentage error in peak load and energy absorption values predicted by the proposed
model and MC1039]. The proposed model shows a maximum underestimatict8@f and-12.4% and a
maximum overestimation of 9.6 and 15.7% in peak load and energy absorption, respectively. MC10 always

overestimates the performance of all mixes and predicts values of peak load and energy absorption with
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errors up to 30 and 90%, respeely. Hence, the proposed model provides a rather accurate prediction of
the uniaxial tensile behaviour of fibre reinforced mixes and can serve as a useful design tool for the design

of E-UHPFRCstructures.

Table 36: Errors inpredicting peak load and energy absorption

. O LL LL LL O LL LL LL O LL LL LL

Mix O o o T O O o T O O (T L

O (@] O (TR @) (@] O L (@) (@) (@] L

DModel | S |& |8 |o |8 |o |2 |2 |5 |3 |57 |3

Error in Peak Load (%)

P. Model | -49 |-13.2 | -0.6 -4.9 9.6 8.9 3.8 2.9 4.0 53 -1.4 -1.4

MC10 193|318 | 232 | 285 |175 |194 |243 |234 |152 |176 |156 |215

Error in Energy absorption (%)

P. Model | -6.3 | -12.4 | 5.2 -2.4 141 | 135 |82 157 |54 4.6 0.2 0.4

MC10 359|538 | 539 |930 |321 |378 |489 |76.2 |29.7 |28.0 |38.1 |527

3.6.8 Accuracy ofthe Proposed Model in Performance Design Parameters

In most design guidelines (e.g. MC10), the flexural characteristics of concrete are normally used directly
to predict moment capacities at different performance stages using a simple section anabgsit apipe
approach adopts predetermined neutral axis depthand assumes that the concrete remains elastic in
compression (see Appendix B for more details). From the analysis, it was found that the vatloeof

not vary significantly for the mixesxamined (less than +1 mm). Hence, a constant neutral axis depth was
determined by taking the average of the neutral axis depths at a given stage for atistakewn irfFigure

3.23.
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Figure 323: Stress distribution using predetermined neutral axis depth (a) at crack (b) at peak load
capacity and (c) at ultimate capacity

The moment capacities determined using the stress levels sh&guia3.23 for all the fibre reinforced
mixes were calculated arsste compared with the numerical (inverse analysis) and experimental moment

capacities irfFigure3.24. Values below the diagonal indicate underestimation of the moment capacity.
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Figure 324: Comparison between momarapacities

The results show that predicted cracking momeént and peak moment)  capacities correlate well,
with correlation factors of 12% far and 3% ford , while relatively overestimated values are obtained
for the ultimate moment capagitd  of some specimens. Nonetheless, it can be concluded that this

approach leads to safe and accurate results and can be used for design purposes.
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3.7 Conclusions
This paper presents an experimental study on mechanical properfiddHPFRCand anapproach for

determining the tensile - characteristics oE-UHPFRCby using thregooint bending test results and

FE inverse analysis. Experimental results show that compared to RTSC only mixes, the inclusion of RTSF
causes a slight reduction in compieesstrength and modulus of elasticity, and a higher reduction in
flexural strength, energy absorption and fracture enddgyerthelesssimilar mechanical properties to

RTSC mixes can be achieved by using higher RTSF dosages or hybridRRITSCmixes.

Inverse analysis is shown to be an effective tool to estimate the tensile characterstiidRPFRC The

mesh dependency of crack models encountered when modelling the softenindegaHRFRCis solved

by adopting an adaptive fracture energy approalsa.approach uses fracture energy, characteristic length
and mesh size as input parameters. The determined tensile properties of RTSC mixes are similar, and in
some cases higher than those reported in literature for mixes containing MSF cured underethe sa
conditions.

The MC10 B9 model for strain hardening materials is shown to largely overestimate both the tensile
strength and energy absorptionEBJHPFRG by upto 31 and 76% respectively. A model for predicting

the constitutive tensile - law of EEUHPFRCbased on simple mix parameters (compressive strength,
flexural strength, fracture energy, fibre dosage and RTSF content) is developed. The proposed model

predcts well the flexural capacities BFUHPFRCat all performance levels and it is well suited for design.
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Appendix A
Al: Procedure for Inverse Analysis

A step by step procedure for conducting the inverse analysis is given below

1. Assume, ,, ,- and calculate —

2. Conduct FE modelling and compare{peakd | behaviour with experimentabehaviour

3. Repeat stepl] i (2) until FE pre peak | approximatelymatches with experiment.
4. AssumehCalculate the ultimate tensile stress —

5. Assume a suitableharacteristic lengthy (Q & Q (& (Q most used in this stugly

6. Calculate the ultimate strain , from the relation:

7. Calculate the characteristic length scaling factor —

8. Calculate adjusted ultimate strain for the selected mesh-§ize _ -

9. Carry out FE analysis and compare | with experimental up to deflection of 2tBm. If the
difference between F& 1 behaviour and experimental is more than 5%aBjeist parameters
in step (1) and Repeat step (2110)

10. Check that the ultimate strain in the element at bottom of the notch section is approximately equal

to_- . If the difference is greater than 2@¥tange repeat step) (i (12).

A2: Inverse Analysis solved example
A detailed case study for determining the uniaxial tensile behaviour of sd2é @CC, f 317 FFF and

47 CCCas shown in Table Al.
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Table Al: Inverse analysis case study
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ID Material Input Step (1)1 (3) Step (4) and (5) (6) @) (8) (20)
0 0 6 : T - Q | & - a -0 T
!O ” 0_ ?
(GPa) | (N/mm) | (mn?) | (MPa) (MPa) | (mm/mm) (mm) | (mm/mm)
(mm/mm) (MPa)
f21i CCC| 51.4 8.7 21x21 6.1 0.0001 8.2 0.0023 3 2.7 54 0.0290 2.6 0.0744 | 0.0841
f371 FFF | 51.8 4.7 14x12.6| 4.7 0.0001 6.3 0.0024 2.8 2.2 50 0.0216 3.8 0.0&2 | 0.0938
f471 CCC| 53.6 16.3 =7 115 0.0002 14.6 0.0041 3 4.9 54 0.0301 7.7 0.2322| 0.2461
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Appendix B

B1: Details of section Analysis
|[e—— [N

ot =
Figure B1:Stage I: At cracking

o e

Op &

Figure B2:At peakcapacity

D — O

Figure B3:At ultimate capacity
Table B1: Determining neutral axis depth and moment capacity of UHPC mixes
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Stage

Step 1: Determine compressive strain

and stress point locations

Step 2: Determinee

from force equilibrium

Step 3:

Bending Moment

- (L) I [ o
no- - q - _ : o] Y [ ) Yw
Q <
o 3
- W - W 6 Y Y Y © § YO Yo YO
Il - - - (1,_ ” ‘hk) Nl
Q w - w g
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For easier formulation, the lever arms for the internal forces are represented as:
O -0 -G — © — ® W —;
O - - — 0 = — B = — a4 —h — 4 —
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ABSTRACT
The shear behaviour of Eéfficient UltraHigh Performance Concret&-UHPFRQ has not been

investigated until now and this limits the potential applications for this material that usesdband
sustainable constituent materialsliring Recycled Tyre Steel Fibres (RTSF) and Recycled Tyre Steel
Cords (RTSC).The potentially high shear resistance BfUHPFRC could enablédts use inmore

complex applications such asrew piles, something not easily achievable with conventional dencre

This study presents experimental and numerical work to address this research gap. It provides a detailed
account of the experimental testing ofB-BIHPFRCmixes containing various dosages of recycle steel
fibres. Prismatic pecimens are tested under asymmetric foupoint loading configuration and tine
deformation response is usedrteestigatehesheamperformance of the studied mixes. The shear stress

I strain behaviour as well as shear modulus is determined. The results show that mixesg&it&ai

can develop &igh shear strengtht the level of their flexural strength acdmparable to that obtained

from mixeswith manufactured steel fibres. While mixes containing RTSF overall have lower shear
strengthshigh shear strengitan be achievkby using higher dosages of RTSF or using hybrid mixes

of RTSF and RTSC. Shear strength prediction models based on flexural properties and fibres dosage
are proposed for design purposes.EAHPFRCscrew pile design model developedor screw pile

usein foundatiors of light and medium weight structures. Theoretical and physical modelling Bf the

UHPFRCscrew pile model is carried out and a design guidelipeaposedE-UHPFRCscrew piles
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canoffer variouspracticaladvantages, including rapid installation, immediate load carrying capability,
minimal site disturbance, resistance to wide load applications, i.e. compression and tensile loads, and
will solve the corrosion vulnerability of steel screw piles

Keywords: Shear Strength, Eckfficient UltraHigh Performance Concreteecycle Tyre Steel Cords,

Recycled Tyre Steel FibreScrew Piles, Installation Torque
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4.1 Introduction
Owing to its high strength andxceptionaldurability, Ultra-High PerformanceFibre Reinfoced

Concrete (UHPRC) hassignificantstructuralpotentialand its usean led tothedevelopment of new

and sustainable applications in the construction indi&td}. One such application is a more durable
alternative to steel screw piles, especially for marshygasrosive ground conditions, which are
currently the only possible solution as the shear/torsional resistance of conventional concrete is
relatively low.

Currently, the use of UHFRC in the construction industry is limited due to lack of adequate
understading of the material behaviour and availability of design guidelines, as well as the high initial
cost and high carbon footprint of cement and steel fidsgg. [Recent advancements in the field
howeverhaveled to the development of Edsfficient Ultra-High Performance Concrete{UHPFRQ

[5], which uses lowcost and sustainable constituent materials to enhance the environmental credentials
of UHPFRC and increase its demand as a primary construction makeli#lPFRCuses conveianal

sand, Ground Granulated Blast Furnace Slag (GGBS) to reduce the cement asmieltaskecycled

Tyre Steel Fibres (RTSF) and Recycled Tyre Steel Cords (RTSC) in lieu of conventamatbitured

Steel Fibres (MSFjthe costliestconstituent ofUHPFRC). The authors have demonstrated tBat
UHPFRC provides significant sustainability benefits, while offering similar mechanical properties
(flexural and tensile behaviour) to existing UFRCs, and have developed design guidelines for
flexural E-UHPFRCmembers ). To extend the range of uses of this material, howevernidertant

to assessghe shedtorsionalbehaviour and performance BfUHPFRC

The developmerof high $iearstresses arising from both shear and torsional actions can leattl¢o

and catastrophiailures in concrete elemerj§. In the design o€onventional reinforced concredad

Fibre Reinforced Concrete (FRC) elemestsear igesistedoy providingreinforcement intheform of
stirrups. Howeverjn slender elemnts or sections subjected to high shear stressegprcement
congedbn is a major concern, as it is practically impossiblaccurately install the reinforcing steel
andalsoachieve adequate compaction of conceeteindthereinforcementE-UHPFRC being a sel
flowing concretewith high tensile strengtihas the capacity to eliminate or reduce the amount of steel

reinforcemenneeded in such structural elements or sections.
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Theshear behaviour of UHARC, howeverhas not been widely explored atiis may be partly due

to the lack of auniversally acceptetesting method9-12] and the difficulties in developing p ur e
shearo at the desired cr oss datherattions (@.g. wanding)l].mi ni mal
Severaltest setup configurations have been proposed by various researahersling: four-point
asymmetic test with \fshaped indentationd ()], four-point asymmetricdst with two opposite notches
[11-13], double shear tesi4,15], pushoff compression testlp], axisymméric punch through shear

test [L7] etc. The choice of loadirgrrangementiepends opracticaity and ease of preparation. In this
research, the foypoint asymmetric test (a modifiion of the losipescu setupd) with two gpposite
notcheghatcreates a constant shear force a@arlyzero bending stress in the fracture plaragispted

The few studies on shear behaviour of WRE identify the effect of some key parametdyat more
in-depthinvestigatios areneeded talewelop a betteunderstanding ofhis response. Wu et. al§)]
investigate the influence of micro steel fibre volume and stirrup reinforcement ratio on the shear
transfer behaviour of UHFRC from pushoff testsandfound that shear strength and shear slip increase
with anincrease in fibre volumevhile crack width decreases. dlgt. al R(], investigatel the shear
behaviour of UHFRC prismswith fixed ends and loaded with two point loads along the span with
varying spanto-depth ratioandfound that shear resistance of UHRC also dependsn the sparto-

depth ratio (lower spato-depth ratio yields higher strength).

All structures need foundations, and as population growth drives fast infrastructure development,
exposure tdess suitable soil conditions increases rapitiiyweak soils, especially in marshy soils and
marine environments, piles are often the only foundation solution. As driving piles requires heavy
equipment and can cause undesirable vibrations, sarbelical piles are often use&crewpiles differ

from traditional piles in that thegonsistof helices which are fixedveldedto the shaft at specific
spacing,and a pointy toe to allow faasielinstallation into the groun®[]. Early uses of screw piles
includeanchorages in very soft marine spflsundations fodightweight structures and transmission
towers.Screw pilesare capable of resisting both tensile aothpressive loadsnd heir anchorages
developed by the combined contribution of the helix bearing capacity andsbaftesistanceWith
thedevelopmenbf modern installation equipment and improved practical knowledge and engineering
design, screwife applicationsare on the increase. Presently, scpées are utilized for a wide range
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of uplift, bearing, and/or lateral loading situations, where they are employed to support structures
ranging fromoverheadbridges, budings, machine and wind tuné tower foundationsnd more
recently foundations fosolar panel framed he advantages of screw piles include: rapid installation,
immediate load carrying capability, minimal site disturbance, installation in shallow groundwater and
resigance to widedad applications21].

Despite thénighvulnerability of steeto corrosion, especially in marine environnmeanhd grounds with

high chloride contentsteel screw piles amurrently the only practical solutipdue to thdow shear
strengthof conventional concretélthough designs and patents of precast reinforced concrete screw
piles existed as far back as 19PP-pP6], the use otoncrete screw piles Banotbeen successful in
practice mainly because conventional concrete is inadequagsising the high shear stresses that
develop duringscrew pile ingllation. To resist such high shear stress@mgie amours of steel
reinforcementire needetkading to large sections thete uneconomical and practicailgpossible to

drive. Although UHAFRC can overcome these weaknesses and drawbacks, the lackigf des
guidelines, along with the high cost and poor sustainability credentials of existingR@4Pmakes its
application in screw piles challenging. However, recent advances irRE|Rand the development of
E-UHPFRC that can offer the desired mechanicabperties at a reduced cost, means that the
development of concrete screw piles might be possible. Hrere, isa needto understand the shear
performance oE-UHPFRCand establish the parameters needed for design of shear/torsional structural
elementsgch as screw piles.

This paper examinese shear behaviour &-UHPFRCand proposepredictive designmodels based

on easily obtainable materigroperties The potential of using-UHPFRCfor the development of

more sustainable and durable screw piles is explored, and a design methodology is presented.

4.2 Experimental Program

4.2.1 Materials and Mix Proportions

For this parametric study,? fibre reinforcedE-UHPFRC mixes weretested along witlone plain
referencemix. Fibre dosages of 2, 3 and 4% by voluwere used in these mixes, corresponding to 157,
235.5 and 314 kg/fnrespectivelyFor each fibre dosage, fofitore ratiosof RTSF to total fibre content

were prepared: 0, 1/3, 2/3 andALhomenclature based on fibre dosage and fijgpe conten{RTSC
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= C and RTSF = F) is adopted identify the mixes For example, irf 2 7 CCF, the firstpartf 2
represents thiotal fibre dosage of 2% and CGRows the use &/3 RTSC and 1/3 RTSF, similarly f
47 FFFindicates amix containing 4% total fibre volume and 100% RT3$Re fibre amounts used in
each mix are shown in Tabdel.

Table 41: Mix description and fibre proportions (kg/m3)

Mix |1 D/Fibre O w w w S L w w Q LL L L

c O @) o o 8] O o o O O o o

type content | 5 3) 3) o o 8} 3) ) L 3) 3} o o

o ~ ~ ~ ~ P ) ™ ™ < < < <

RTSC 0 157 | 104.7| 52.3 0 235.5| 157 | 78.5 0 314 | 209.3| 104.7| O
RTSF 0 0 52.3 | 104.7| 157 0 78.5 157 | 235.5 0 104.7| 209.3| 314

The constituent materials per cubic meter were: 657 kg of 52.5N type | OPC, 119 kg of microsilica with
approximate particles size of 0.15em, 418 kg of
of polycarboxylate superplasticizand 1051 kg of natural silica satdST 95 with particle size less

than 500 &m. The RTSC fibres used in this study
tensile strength of approximately 2,500 MB&7]. A combination of 12 and 15 mm long RTSC was

used Figure4.1) in a 50:50 ratio as these fibrangghs were found to result in optimum performance

for UHPFRC [5]. RTSF free from impurities were obtained by cleaning and sorting factory supplied

RTSF. The cleanedbires had lengths ranging from 3 to 30 mm, with an average length of 11.6 mm.

The distribution and statistical properties of the RTSF are showigime4.2 and Tablel.2.
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(a) (b)
Figure 41: (a) Tyre steel cords (b) RTSC (c) RTSF
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Figure 42: Length distribution of RTSF

Table 42: RTSF length distribution statistical properties

<9mm | 97 15mm | >15mm | Mean STDEV | Variance | Kurtosis | Skewness
Property (mm) (mm)
35.7% 47% 17.3% 11.6 5.1 25.8 25 1.1

4.2.2 Mixing, Specimen Casting and Curing

Specimen preparation and curing were carried out in accordance with BS EN2123AD[41]. The
constituent materials were mixed in a pan type concrete mixer until the mix attainetlanseff state
(approximately 12 15 minutes). Steel fibres were then added slowly, and mbamginued for two
additional minutes to ensure that the fibres were well dispersed. Three 100x200 mm cylinders and five
75x75%285 mm prisms were cast for each mix. Immediately after casting, the specimens were covered
with polythene sheets to prevent maie loss. The specimens wererdeulded after 24hrs and placed

inside a curing tank at a water temperature of 20+2°C for an additional 27 days.

4.2.3 Compressive Strength and Modulus of Elasticitylest
The compressive strength and modulus of elasticity of tkesmvere obtained in accordance with BS
EN 123903: 2009 f2] and BS EN 12390L3: 2013 £#3], respectively, from tests on 100 x 200 mm

cylinders in a servo hydraulic universal testing machine. The axial deformation was measured using a
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device consisting of two metal rings, fixed l@tcylinders using spring loaded pins a@faaige length

of 100 mm and equipped with three equally spaced laser displacement seigswest(3).

Figure 43: Measuring device for axial deformation

R

4.2.4 Flexural Strength Test

The flexural behaviour dE-UHPFRCmixes was obtained by conducting thyssnt bending tests on

75 x 75 x 285mm prisms, in accordance to EN 14651: 20054 spedally designed aluminium yoke
equipped with two Linear Variable Differential Transducers (LVDT), one on each side of the specimen,
was used to measure relative midspan deflections. A clip gauge was installed across the notch to
measure the crack mouth open displacement (CMOD). The tests were carried out in an
electromagnetic universal testing machine with a capacity of 300kN and using a CMOD control rate of

0.05mm/min for CMOD from 0 to 0.1mm and 0.2mm/min thereafter.

4.2.5 Shear Test

Theloading configuratia for theasymmetric foupointtest employed in this study is showrFigure

4.4(a). This test can be performed in a single axis universal testing machine, or even a cube crasher. A
beam specimen is loaded with two compression forces and is simply ®appeer two points which

are antisymmetrical to the loading pointBigure4.4(a)). A constant maximum shear action and zero

or minimal bending moment develops at the fracture plaigei(e4.4(b)).
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Figure 44: (a) Load arrangement (b) shear force diagram

To ensurespecimen shear failure at the desired section and avoid compression failures below the
loading plates, 3mm wide and 10mm deep notches were sawn around the fracture cros§iggrgon (

5b). The testig configurations and instrumentation are as showrignre4.5 and4.6. Two Linear
Variable Differential Transducer (LVDTs) for measuring crack slip and crack width were fixed on each

face of the specimen (Fig5a).
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Figure 46: Experimental setip

The direct shear strength of each specioc@mnbecalculated using Eq4( 1) below

T mg“p TP

Wheret is the shear strength in MP&g §) is the applied shear force in N aidis the cross sectional

area of shear plane (notched cross section). The displacement measured in the direction of the shear

force, and parallel to thedoheahiplande ds spéfaer

across (normalte s hear plane is red &érred to as the #dAcr

4.3 Test Results and Discussions
4.3.1 Material propert ies
The compressive strength, modulus of elasticity, flexural and tensile strength of the tested concrete

mixes are shown in Tabke3.
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Table 43: Mechanical properties of the tested concrete mixes

Mix ID nL 1L ..

A

(MPa) (GPa) (MPa)
Plain 158 49.6 6.6
f27 CCC 173 51.4 23.8
f27 CCF 171 515 22.4
f27 CFF 159 50.7 16.0
f27 FFF 158 505 14.0
f37 CCC 173 525 30.0
f37 CCF 169 52.1 24.9
f37 CFF 167 518 22.3
f37 FFF 160 51.0 18.2
f47 CCC 172 536 42.9
f47 CCF 169 532 35.5
f47 CFF 170 534 31.2
f47 FFF 165 52.6 26.0

All of the tested concrete mixes exhibit a compressive stref@lgieater than 150MPa, and as such
can be defined as UHP@Sbre reinforced mixes have slightly high@andO compared to the plain
mix, with fibre dosage playing a marginal rol®lixes containing RTSC (CCC) showigher
compressive strengind modilus of elasticitycompared to mixes containimRjT SF (FFF). This can

be attributed to the noemniform characteristics of RTSF filaments, as well as entrapped air on the
surface of RTSF fibres due to their irregular shapes and remnant rubber particlesdattatheir
surface.

The flexural strength’Q increases as the total fibre volume increasge for the same fibre volume

"Q decreases witanincrease in RTSF contemdlixes containing CCC show similar, and in some cases

higher, "Q compared to mixes containing MSF reported in the literature3§32 for UHFA-FRC
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specimens cured at room temperature. The |6&eexhibited by FFF mixes can be attributedhe

amount of short fibres (35.7%) with low aspect ratio (<45) that donubtaa sufficiently

4.3.2 Shear Stresg Displacement Behaviour

Figure4.7 shows theaveragdoad versus applied displacementrvesfrom three specimens for each

of the studiednixes.
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Figure 47: Loadi Applied displacement relationship BEUHPFRCmixes

The results show an almost linear increase in load with applied displacement up to peak load. After that,
a sudden and rapid loss in load capacity takes place (with no increase in displadériseistjollowed
by a slight recovery in load capacity (due to contribution of fibres that have not been completely pulled

out during the sudden drop phase) followed by a gradual loss in capacity as deflection increases. The
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displacement at which the suddédrop in load occurs increases with increasing fibre dosage, and for
the same fibre dosage, it decreases with increasing RTSF content.
Figure 4.8 shows the average shear strgsssusshear slip and shear stress versus crsickh

displacement curvesom three specimens for eaohthe studiednixes.
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Figure 48: Shear behaviour & UHPFRCmixes: shear stressack slip and shear stressick width

The results show that both shear stiiessack slip ¥ 0 and shar stres§ crack width ¥ 0
relationships are of similar type, but the crack width curve softens faster after initial cracking. All fibre
reinforced mixes show significantly higher maximum shear strerigth Y compared to the plain mix

(up to 2i' 5 times, with the highest for CCC mixes and higher fibre dosage). Theistlisptacement
relationships are linear up to the cracking strdss . After cracking, the fibres are activated and the
response shows @nsiderable strain hardening behaviour. Some softening behaviour is shown after
the peak load with increasing fibre content. However, despite the high fibre dosage in some of the
mixes, all specimens suffer a sudden and catastrophic loss in strengtinditates that fibres may

not be able to completely replace conventional steel reinforcement in critical sections subjected to direct
shear, especially under extreme displacement demand, but can increase the load capacity and
significantly reduce the amat of steel reinforcement needed. The typical behavio&WHPFRC

under direct shear is illustratedfigure4.9. At peak stress specimereachhigherd thano .
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Figure 49: Idealised representation BFUHPFRCshearehaviour

The shear behaviour can be described in four phases. Phase 1 represents the elastic response before
crack development in the shear plane, when the fibre and concrete work in composite fashion. The shear
strength at this phade is similarfor all mixes and can be taken as the shear strength of the plain mix.

The energy absorption up to this stage is completely recoverable and displacements are very small, in
the region of 0.001 0.005mm. Phase 2 is characterised by the development of erémics along the

fracture zone and a prominent decrease in stiffness and increase in displacement. This phase spans the
stage from cracking up to the moment before the sudden load drop and the majority of fibres spanning
the shear plane are thought tofbky anchored. Towards the end of this phase, the paste/matrix in the
proximity of the shear failure plane appears to be degrading and the fibres across the shear plane are
thought to start to pull out. The energy absorption in this phase dependsdargedymatrixfibre bond

strength and the volume of fibres across the shear plane. Phase 3 is characterised by the rapid and sudden
loss in shear strength and a significant increase in displacement. This is attributed to the complete
breakdown of the mattialong the shear plarsnd pull out of fibres across the shear fracture zone.
Finally, Phase 4 is characterised by a slight recovery in shear capacity, possibly due to relaxation of the

loading arrangement. For design purposes only Phase 1 and 2 neembtsioered.
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4.3.3 Effect of Steel Fibre Type and Volumeon Shear Strength
Table4 4 shows the average values of pebk () and residual shear strength () for all the tested
mixes (COV shown in brackets), along with the corresponding avdisiggacements at peak strength.

Table 44: Shear properties of mixes

Mix ID Wi, W MPa Fyat F
MPa (Cov) VM+ N at VM+ o
(Cov)
Plain 8.8(2%) T T T
f21 CCC 23.0 (4%) 4.9(21%) 0.30 0.23
f2i1 CCF 22.1 (4%) 5 (25%) 0.25 0.25
f21 CFF 19.9 (4%) 4.1 (12%) 0.17 0.18
f21 FFF 16.2 (6%) 2.5 (32%) 0.19 0.16
f31 CCC  30.4(5%) 87(6%)  0.17 0.24
f371 CCF  25.7 (4%) 7.6 (13%) 0.28 0.23
f31 CFF 23.0 (7%) 5 (17%) 0.13 0.29
f31 FFF 19.7 (4%) 2.9(14%)  0.11 0.17
f471 CCC  415(22%) 105 (6%) 0.20 0.24
f41 CCF  37.8(9%) 10 (6%) 0.27 0.30
f471 CFF  36.2 (4%) 9 (10%) 0.24 0.29
f41 FFF 30.8(7%) 7.2(18%) 0.25 0.33

Mixes containing CCC show highér andt compared to mixes containing FFF. The residual
strengtht  for all mixes ranges between 1229% of their respectivé (highest in CCC mixes

and lowest in FFF mixes). The COVin between specimens of the same mix is very low42o),

while the COV int s relatively high (between 1232% highest in FFF mixes), as the latter relies
more heavily on the number of fibres still effectively anchored across the shear failure plane. In most
cases, mixes with higher content of RTSC (C@nd CCF in particular) show higher crack slip
compared to mixes containing higher RTSF content (CFF and FFF). However, there is no clear trend

on the effect of fibre type and fibre dosage on crack wibltie. maximum shear strength, , for
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mixes cantaining CCC are higher than  reported by 19 for UHPFRC containing MSF obtained

from push off tests. Despite having a lower fibre dosage and a lower ceomtent (657kg/rhvs
750kg/n?), mix f 27 CCC tested in this study exhibits a higher (23.0 MPa) than that of a mix
containing 2.5% MSF fibres (20.14MPHJ).

Figure4.10 shows a correlation between fibre dosage and RTSF content on the maximum shear strength

T of E-UHPFRCmixes.
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Figure 410: Effect of fibre volume and RTSF content and prediction model.
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The results clearly show thit  increases with an increase in fibre dosage. For the same total amount
of fibre (RTSF to RTSC ratio) a 2232% increase in is recorded when fibre dosage increases

from 2 to 3%. However, for a fibre dosagerigmse from 3 to 4% a 3656% increase irf is
obtained. This nofiinear increase indicates that a higher fibre content may also benefit from a higher
anchorage efficiency than lower fibre dosages. The results also show that for the same filere dosag
T decreases as RTSF content increases and FFF mixes show 30, 35 and 26% lottemn their
corresponding CCC mixes for 2, 3 and 4% fibre dosage respectively. The reduced strength observed in
RTSF mixes can be attributed to the high amadishort fibres thatlo not anchor as effectively across
cracks.Nonetheless, FFF mixes with similair  to CCC mixes can be achieved by using higher

dosage of FFF, or hybrid mixes containing RTSC and RTSF.
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4.3.4 Correlation with other Mechanical Properties

The orrelation betweeri  and a) compressive strengt and b) flexural strengtiQ is shown
in Figure4.11. This information provides a measure of how strong a relationship is betweeand
other mechanical properties and can be used to develop predictive models to determifrem

material properties that are more easily determined.
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Figure 411 Correlation betweeh  and (a)compressive strengt, and (b) flexural strengti®

The results show thdt  does not correlate strongly wit (R-squared value of 0.48). This can be
due to the fact that even at very high shear stress the minimum principal stregsegsire stress
component in the principal direction) is much lower than'thef UHPFRC. As the material fails in
tension, a strong correlation between the two peak strengths &nd™Q) is unlikely. On the other
hand, a strong correlation is obtained between and™Q (R-squared value of 0.95). This is due to
the fact that failure of UHFRC specimens in direct shear is controlled by the maximum principal stress
(tensile stressomponent in principal direction), i.e. the material fails when the maximum principal
stress exceeds its tensile stren@hd direct tensile stress directly proportional t&Q . Eq.(471 2)
provides a simple model for predicting the maximum sk&ass for design purposesof E-UHPFRC

based orQ.
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The factor 1.1 in Eq4(i 2) was determined on the basis of a regression analysis as shown id%able

and Figured.12.

Table 45: Ratio of experimentat

to"Q for the tested mixes
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The strong correlation between the experimentally determined valdes ofandt (Figure4.12 -

R2=0.95),indicates that tis model can accurately predict thhear strength alfie studied mixeand

Figure 412 Correlation betweenh

can be used for design purpases

Eq. @
andt

4.3.5 Evaluation of Existing models

Presently, most of the existing models for predicting were generated from shear strength test data

of FRC (containing MSF). The suitability of such models in predicting

for E-UHPFRCis

evaluated in Tabld.6 using modelproposed by37-39]. The evaluation only awsiders CCC mixes,
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since the models are developed for mixes containing MSF, and RTSC have more in common with MSF
in terms of uniformity in geometry, shape and cleanlinebgch is not the case with RTSF.

Table 46: Evaluation 6 existing FRC models

ID Wt Khanlou et. al 37] Mirsayah & Banthia 38| Boulekbacheet. al B9
MPa
T g| Ol 1 € T Oi i1 ¢ t Oi i1 ¢

f2i CCC | 23.0 17.3 -24% 17.3 -24% 56.4 +145%
f31i CCC | 304 20.6 -32% 215 -29% 62.4 +105%
f47i CCC | 415 23.8 -43% 25.7 -38% 68.2 +64%

(371 4 ™ LvQ T

[38] t T 1¢%0

It T @ oajo

t  Shear strength of plain mix

" fibre volume dosagegi.e.” 2, 3 and 4%or f 2,f 3 andf 4 mixesrespectively)

a fibre length and)  fibre diameter

The results show thahe predictions models proposdyy [37] and B8] underestimatéaV'  of E-

UHPFRC(247 43% and 24 38% respectivelyyvhile the model prposed by 39] show significant
overestimation (64 145%). It should be pointed out that none of the models uses the tensile or flexural

strength as a meansadtermining shear strength.

4.3.6 Proposed Model Based on Fibre Type and Dosage

For E-UHPFRCmixes containing different fibre types, such as the hybrid mixes of RTSC and RTSF in
this study, prediction models based on concepts propod&¥¥89] cannot apply. Two simple models

for predicting thef of the studieds-UHPFRCmixes is poposed, in terms plain mix strength, fibre
dosage and RTSF to total fibre ratio as shown in4Q3], using the flexural strength of the plain mix,

respectively Correlation between experimental and predicted values are sthitgura?.13.

th “O
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Figure 413: Correlation between predicted values and experimental values

The results show reasonable agreement between the predicdpanidhental values with?Rf 0.93
for both correlations inHigure4.13)

4.3.7 Shear StressStrain behaviour
Theshear stresé strain T [ behaviour ofE-UHPFRCmixes is determined from the experimental

shear deformations of the notched cross sections as shdsguie4.14. The shear straifi  values

are calculated for Phase 1 (elastic) and Phase 2 (micro cracking) only.
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Figure 414: Shear deformation at notched cross section
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The shear strain along the shear plane is calculated as the sum of change in angles with respect to the

vertical and horizontal axes due to the horizontal and vertical deformations as showndiin Epto(

(4715)
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Figure 415: Shear stresisstrain behaviour oE-UHPFRCmixes

The results shown an initial linear response up to a shear stress of about 10 MPa (slightly higher than

T of the plain mix) and a shear strajn of about 0.0005 for all mixes followed by a nonlinear
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(hardening) response. Mixes containing f 2,dm@l f 4 show a maximumof 0.13, 0.08 and 0.14 and
a minimunT of 0.07, 0.04 and 0.10, respectivdiiowever, the effect of RTSF to total fibre dosage on

[ cannot be clearly identified.

4.3.8 Shear Modulus

Figure 4.16 shows the relationship between shear modulus (obtained as tangent of thstratress
response) and the shear stress for CCC and FFF mixes. A comparison is also made with the elastic or
theoretical shear moduli§)  (also shown irFigure4.16) alculated based on Edl (6) using the

Modulus of Elasticity O showninTablét3 and a P ol of8.101irolise withahe vatues

of Poi sson6s FHWWA2006[406far gHPERCE which aiemthe range of 0.1840.199.
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Figure 416: Relationship between shear modulus and shear strdsd ldPFRCmixes

The results show that for CCC mixes the experimental shearmé@ulus si ng t he Poi sson¢
0.19 in the elastic phase approximately 13, 8 and 15%ower than the theoretical shear modulus

O for f 2, f 3 and f 4 mixes respectively. While for FFF miX@s is 13, 13 and.6% lower than

O . This may indicate that the Poissldondés ratio
For the same fibre volume, CCC mixes were found to have slightly highecompared to FFF mixes.

A significant drop in shear modulus is observed after cracking of the specimen and this usually happens
between 7 9 MPa, which is the shear strengif the plain mix specimens.

The post cracking® was found to increase with an increase in fibre dosage, with f 4 mixes showing

the highest post crackiri@ and f 2 mixes showing the led&t . Likewise, for the same fibre dosage

FFF mixes show lower post crackin® compared to its corresponding CCC mix. This can be
attributed to the lower anchorage capacity of FFF, as explained earlier.

The difference between the elastic and™O can be related to the effect of thettsetup, which

can result in varying values of PodesisEndDl2) r ati o.
was obtained from compression testq4§] based on ASTM C46p41]. However, results from this

study did not give a clear valdieor t he Poi sEUHREREmixes An egampld is givdne
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inFigure417, which shows t

shear stress/strain for f 4 mixes.
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4.4 Design of Screw Piles

approach zero.

The design of screw piles is based mlentifying the material strength and geometrical properties

needed to resishe torsionaktresse®n the shafarising during installation anithe bending stresses

along thehelix due toaxial loading. The determination of the installation torque needed to install a

screw pile isacrucial part of the desigtunderestimating the torque requitent oroverestimating the

torsional strength of the pile can result in incomplete pile installation, failure pflénender torsion
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or inability to reach the desired dept¥hich will reduce the pile load carrying capacity. For installation

of screw jes in cohesionless soils, the most comprehensive models are drasbé approach
developed byshaly andHanng42], who detailed a methodology for predicting thetallation torques

of screw anchors and screw pilesisTapproach has been experimentally validated for steeloasich

and steel screw piles b¢2-44].

The cylindrical shear method develop®gd [45] for estimating the axldoad capacity of steel screw
piles in cohesionless soils is used in this study. Various experimental and numerical studes on th
capacity of screw pile§46-53] have validatel the suitability ofthe cylindrical shear modelis
predicting the axial capacity of steel anchors and screw piles. These models ecdanoed td=-

UHPFRCscrew pilesprovided that the corregeometrical andnaterial parameteieused.

4.4.1 ProposedE-UHPFRC Screw Pile

Figure4.18 shows the proposdetUHPFRCscrew pile models. Tdse models were dggnedbased on
the APrecast C o g sdesighesl antl pateatedd®¥6]d Tw® inddeél geometries are
considered:a Par ti al | y T h (Figured. I8 (h)) dnd a Felly Thirradé&d)Pike TP) (Figure
4.18(b)). The choice of geometry depeyuh the naturef loading to be resistedsPTP can resist both

compressive and uplift load/hilst FTP caneffectivelyresistonly compressive loads.
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Figure 418 Proposed-UHPFRCscrew pile models

4.4.2 Installation Torque.

In theorythe applied torque during installation of screw itego cohesionless soils is resisted by the
frictional and bearingtressesctingalong the pile shaft and helices. These resistances are influenced
to different degrees by the following design parametdfsctiveunit weightof soil [, soil angle of
friction (%o, diameter of pile shaftQ , diameter of the helixO , pitch  and angle of helix[ ,
general configuration othe screw, angle of friction between pile surface and soil and shape of
cutting edge.

To reduce driving resistance and achieve the desired verticality, a pilot hole is normally made into the
exactposition where the pile is to be installed. Similarlyatmid punching through the soil during
installation, a vertical displacement equal to the pitch of the helix is applied for every revolution of the
screw pile. Equations 81 (22) summarize the fferent resisting moment components during the

installation of a threaded screw pikigure4.19 shows a diagrammatical representation of the torque
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resistances and where they acttdile of torque derivations antbrces acting against rotation or

offering resistance to the installation of a screw gae be found in the work o#-46].

9

Figure 419 Diagrams showing locationghere the various torque components act.

The torques resistangaregiven as follows
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1) Torque resistance due to passive lateral earth pressure exerted on the pile shaft over i@ length
(Figure4.19a). Thigproducesamoment acting on the shaft resigtits rotation’Y (Eq. @1 8)) and
africtional moment acting on th@" helix Y (Eq. @71 9)).

Y PO RTT@ ® O ’Q:)'Qc TZY

vop 0 "0 VETW VAT 1 2¢ QdQ TZW

Cr S

Where 0 modified coefficient of passive earth pressuvéth 0 ™0 as expamentally
established by42] & [47], 0  coefficient of passive earth pressute  coefficient of friction
between pile and surrounding soil O A Tfor shaft friction andd AT [ for helix friction),
'O depthof helix (¢ is the reference positigtartingfrom thetop), and’O  depthof top helix.
2) Torque resistancé’ (Figure4.19b) acting on helixue totheforce of cylindrical column of sand
overlaying the helixas aresult of local compaction of sand layer caused by the halikng
installation isshown in Eq.471 10).
Y P O O 20BN VAT [ 0°0 50 . Tzp T
WhereO  Diameter of helix
3) Active and passive earfhressure exerted on the upgEigure4.19c) and lower surfacéFigure
4.19d)of helix, respectivelyresulting from the downward advancement of the helix. This produces
frictional resistance8Y (Eq. @tz p p) and”Y (Eq. (T Z p §), respectively acting against the

installation torque

For the topmost and bottommost helixsE@ i 11a) and @1 12a) will apply respectively, i.e. formula
for single helix screw will apply.
Y P rO® I 05 @ VAT 1 0° ; T7p
Y P 0% 305 @ DAT 1 20 120 §
WhereO ;; diameter of bottom helix an@;  diameter of top helix
For intermediaryhelices(i.e. excluding top and bottoimeliceg, the torque acting on the upper and
lower surfacerespectivelyis given by Eq. (47 11b) and 41 12b).

Y P 0 0 ® IO @ DAT [ 0° c 17p B
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Y P 0 0 ®I0 @ VAT [ 0° . 12p ©

Where 0 coefficient of active earth pressung, coefficient of passive earth pressute,

diameter of shaft at positiohhand’O is the diameter othe gyration of the helix¢ where

concentrated forces act up@n OéTgéﬁ AR OQRMOT & @E £Qe 52:

4) Torque resistancé’ (Eq. @i 13)), due to force resulting from the passive lateral earth pressure
acting on the surface area of the screw pitch due to its inclination in the third dimg@figioe
4.19e)

Y pcr"OC)ﬁCD oﬁo’o ¢ 1Zp O

5) Torgue resistancey (Eq. @1 14)) due topassive earth pressure exerted on the outer perimeter of
the screw blade or hel{¥igure4.19f).

Y 0D DAT 00 2° ’ T7p 1

Whereo j;  outer thickness of helix

6) Moment of resistnce”Y (Eq. @7 15)) due tocutting edge of helix penetrating into the gfigure

4.19g).
. i~ OR Q0
Y T 0 Of D TZPp L
Where 0 P C Orp O is the average cross sectional thickness of héli  Inner
thickness of helband  'Q OATlt v - [46]is the soil bearing capacity factor.

Therefore, the required installation torque value is given by the following exprebsiom in Eq.4 1
16).

Y 'Y Y %Y Y Y Y Y Y TZPp @
Where(s thenumber ofhelices.

0 0 ) )
Q ———— p €066 QMG QwQi

4.4.3 Axial Capacity
The cylindrical shear prediction modelee based on the assumption that a cylindrical shear surface

connectinghe top and the bottom helicdgvelopsas shown irFigure4.20. The total axial capacity in
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compression and tension (or uplift) is assumed tindeontribution of the bearing resistanfrom the
helicestheshear resistance along the cylindrical shear surface and the resistance due to friction between
the shaft and the soil. In this study, thiginal models proposed by will be used with slight
modifications due the small geometrical differenbetween steel screw piles (basgdwhich these

models where developed) and the propdsé¢HPFRCscrew piles. Figurd.20 shows the resistance

involved in the cylindrical shear approach for the patitireaded and fullghreaded HJHPFRC

models.

Compressive Load Tensile Load Compressive Load

) v
) b |
| ! Ii )
Shaft Friction e 4 I
o> | Shaft Friction | |
) l fi T
N l 1 )
) 7 1 r
\ l 1 Soil Shearing
p Uplift bearing Y 1 Resistance
| Resistance ’ I
—-»1 1]
| I N
) |V /M
| i
] : I
| Soil Shearing | !l 1
‘ Resistance | L ] |
'1[ J‘ l Soil Shearing i I
ﬂ I ] Resistance i !
\i - 1 1 «
Compression W | i )
bearing i Compression M
Resistance bearing 1
— Resistance 3 ]

Figure 420: Cylindrical shear approach for determining axial capacity of screw piles

The axial cpacity of a screw pile or threaded anchors in cohesieslasis expressed by Edti( 17).

v U V] 0 TZp X
0 Soil shearing resistance mobilised alahg cylindrical failure surface

0 Bearing capacity of the bottohelix (in compressionor top helix (n uplift)

0 Shaft resistance developed alongpiie shaft
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The axial capacity components for partigtyeadedeE-UHPFRC piles under compressiorigure

4.20a) canbe expressed as shown in E4i (18)to (41 20)

0 pcr O 0 D g DAk TP Y
0 r 0F . 0 Q 0 Q 0 TZp W
0 pcr"O:f)Cl') 0 A%, TZC T

Wherer effective unit weight of sand) g “O gis the perimeter of soil cylinder envelope,

0 g P C Op Oy is the diameter soil cylinder envelog®,;  diameter of bottom helix,

0y diameter of bottom helix,0 “ Qs the perimeter ofthe pile shaff and( is the earing
capacity factor for cohesionless sasigiven by [46] and as suggested by (E4.i(21))

%0

0 Q OMbt v < T2¢ P

Therefore, the axial capacity partially-threadedE-UHPFRCpiles in compressior)( is given by

Eq. @i 22)
06 P 0 OO0 B VM Pre 0O 0O Q 0 Q
Pcr 0D
20 A% 12C C

Fortheinitial sizingof screw pilesEq. @1 23) can be used, but the actual compressive capacity should
be recalculate using EqQ4(i 22).

0 P 'O O "0 g DM P rOI 0506 POT @

20 A%, 12¢ 0
Similarly, the axial capacity & partiallythreadede-UHPFRCpiles under tension (uplift) is given by
Eq. @1 24).

0 pcr O 0 “0 g DA prr 0 0y QO pcr 03 0Q
2 O A% T2¢ T
Where'Q is thebreakout factor for casionless soils as shownkigure4.21 and agecommende by

[43].
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To calculate the diameters of intermediary helices (between top and bottom helix) and the shaft along

the threaded portion (tapered portion), Egi. 5) and 47 26) can be used.

Q Q
— O0AT & 4
o ©°
Q Q ¢ Q pnOAL TZGQ U
0r Q U 126 @

Where— tapering angle an@® is the helix number counted frapottonty}  pitch of helix
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Figure 421: Variation of breakout factor witl® . [45]
On

The fully-threaded screw pile is only suitable for resisting compression loadiitg,capacity against
uplift load is very low due to the tapered nature of the entire cross sectibe@ndets thread extends

up to near the ground leyéhusdoesnot possessiuchuplift bearing resistance. Also the axial capacity

in compression will have no contribution from shaft frictioa.( T as shown in Eq4(i 27).
0 0 0
0 Pcr 000 g DAk P r 0T O D T2C¢ X
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4.4.4 Design Assumptions

(1) The minimum vidth of shaft at any point shtd be at least three times the fibre lengthE-
UHPFRC

(2) The height of the threaded portior80% of the pile heightor partially threaded screw piles.

(3) For geometrical computations, the helix can be assumed to be a plate.

4.4.5 Design Procedure

(1) Calculate design axial load in compression "@B¥ 0 and uplit 0 "B 0 . Where
F.S. = factor of safety)  applied compressive load add applied uplift load

(2) Select soil propertig's and%.and calculate soil parametérsd ,0 ,0 and0 .

(3) Select steel fibre lengtih (average fibre length to be used in the case of RTSF, or blend of different
fibre lengths) and define the tapered profile of the threaded portion by calctifetiigmeter at
shaft lowerend) (Q ¢ &) and diameter of uppereifddl ¢ Q.

(4) Calculatediameters fothe topand bottom helice®© ;; & Qf 1 Qi 1 QO pWOErédg o

CRQ: 0 h ;0p Q ¢0 ;0 is the helix flange width (Fig.18b).

(5) Assume pitch of helixfy and calculate helix inner and outer thicknasg ando  respectively

Of

using the criteridQ 1 'Q; op n ando j T

G

(6) Estimate the installation dept® required to resisthe design compressiviorce by assuminga
single helix pile using Eq4(i 23) (an appropriate estimate is that which the calculated about
757 85% of the actuad (Eq.(41 22)).

(7) CalculatéO m@iOand Ofrom Figure4.21and check if these parameters are adequate to achieve
the design uplift capacity using Eq. 41 24). If the calculated) is less than the design

increaseéOuntil the calculated i s O U .eNwte that for piles resisting only compsae

loads a fully threaded pile should be us&l 1.
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(8) Calculate the number of helices requir€@;, —— p. Calculate the actual compressive

capacity of the pile including the contribution of all helices using(#¢.22). If the capacity des
not satisfy the required desigapacity, then go back to step (6) or go back to step (3).

(9) Calculate the sum of torque resistance actinghe bottom helixB Yy and the total torque
resistance acting on the entire pi¥édue to contribution shaftnd all helices).

(10) Calculate shear stresses at ¢éoypl of shaftt (where machine grips the pilehdatlower end
T of shaft (around the bottom helixdue to"Y(total torque)andB "Y},  respectively; wherd

Y p andt BV 0 Whered -Q is the polar moment of circular solid shaft. Check

ift @t 1t ;if YES goto step (12) and if NO go to step (3).

(11) Calculate shear stress at bottom hélghaftinterface due to compressive load and top helix

shaft inteface due to uplift load (assuming the helix is a plate) g BU o %0
R

BU o *Q Check ift g 1t ; if YES end design and if NO go to step (5) and
A

recalculatad, by changing).
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4.4.6 Design example:
Design anE-UHPFRCscrew pile to resist a compressive and uplift loads of 5S0kN and 35kN respectively for installation in loose, dense taalddesisea

sandwith properties shown in Tablke7. The E-UHPFRCusedhas a shear strength of 30MPA factor of safety F.S. = B usedfor both load and torque

resistance.
Table 47: Input design data
Soil Properties Input Step (2)Calculated Soil Properties
Soil Type Unit Effective Angle of internal
weight 5 | Unit weight; 5 friction; ~ H L L IL ]| IL

(kN/m?) (kN/m?) (°) = = ¥ ‘ i 14

Loose sand (L.S.) 17.75 17.75 31 0.36 3.12 1.56 0.32 20.63 0.38 20

Dense Saturated Sand (D.S.y 19.03 9.22 42 0.49 5.04 2.52 0.20 85.37 0.53 63

Dense Sand (D.S.) 19.03 19.03 42 0.49 5.04 2.52 0.20 85.37 0.53 27

Table 48: Pile design parameters Using f BFF mechanical properties

Step (3)i (4) Step (5) Step (7)1 (9) Step (10) Step (11) Step
(12)
Soil Type | & Q Q O O n Ok O 0 0 0 0 Y Yh t T T s
(mm) | (mm)| (mm) | (mm) | (mm) | (MM)| (mm) | (mm) (kN) (kN) | (mm) | (mm) ‘Q | (kNm) [ (kNm) | (MPa) | (MPa) | (MPa)
L.S. 11.6 75 150 187 262 100 | 50 125 103 98 3514 | 2812 8 7.18 0.81 21.69 | 19.60 | 8.76
D.S.S. 11.6 70 140 175 245 100 | 50 125 101 79 2489 | 1991 6 491 0.96 18.24 | 28,59 | 9.18
D.S. 11.6 90 180 225 315 100 | 50 12.5 151 70 1464 | 1171 4 6.95 2.00 12.13 | 27.93 | 10.63

140




Chapter 4 Shear behaviour of EeBfficient UHPC and Design of Screw Piles

To further understanthe behaviour oE-UHPFRC screw piles, relationshipsetweenthe various
design parameters are explored as showkigare4.22 and4.23. These relationships are established
based on similar soil data and geometrical details-0HPFRCpile designed for installation in DSS
in the design example shown in TakdeB | £ @ QOY, 0 ¢ v MmO ¢ n@@Q

p TaARQ i p 1A  x @ ahoy ¢ Tt@wahoy p xwalm p natd .

6 120
EST 100 +
Z
X =
-4t £80t
S < /
—_ T > T
S 3 = 60 J |
= ]
c o
82 8 40+
S 3
@17 © 20 1 —6—Qc
= —8—Qu
0 & f f 0 f f
1 2 3 0 1 2 3
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Figure 422 (a) Relationship between installation depth and installation torque; (b) installation depth
and load capacity; (c) load capacity and installation torque.

Figure 22(a) shows the relationship between required installation torque (or total torque resigtance)

and installation deptfQ It can be seen that a rather exponential relationship exists bétviaalio
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where“Yincreases much faster than the increas@irmhe relationship between load capacity (in
compressiond and uplift O ) shown in Figh.22(b) indicates only a slightly nonlinear relationship
betweend and ‘Chwhere the first meter of installation depth offers less resistance than subsequent
lengths. A nonlinear relationship is also observed betweand"Y As expected, the torquecreases

faster than the installed load capacity of the piles.

The effect of installation depton individual torque resistances and on individual helices are shown

in Figure4.23.
2.5 4
—T1 T2 Shaft
T3 T4 Helix 1 (Top)
g201 > T £, | —Helx2
< Z Helix 3
= 4
Q > ——Helix 4
= 15T % Helix 5
?, % 2 T —Helix 6 (Bot.)
) 0
X10+ &
S 2
S o1
° S}
= —
0 i i
1 2 3 0 1 2 3
Installation Depth, H (m) Installation Depth, H (m)
@ (b)

Figure 423: Effect ofinstallation depth on (a) individual torque resistances and (b) on torque
resistance of individual helices

It can be observed th&D affects the individual torque resistances to various degreestF)).

Initially, "Y (resistance due to cutting egjgshows the highest increase in Torque resistance (increase
linearly) up to a depth of about 1.5m, and is then overtakéW fesistance dueylindrical column of

the sand overlayinthe helix). This resistanc€Y then increases exponentially with ecrease ifQ

Torque resistances acting on lower and upper surface of hefieesl"Y, respectively, show the least
increase with depth. The remaining torque resistances show intermediate levels of resistance. When
there is a need to reduce theuwegd installation torque, it is recommended to optimise the resistance

of 'Y, "Y and”Y (shaft resistance). The effect’@on resistance of individual heliceBigure4.23(b))
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shows that the bottom helix attracts the highest initial torque resistaade the fact that it houses the
cutting edge of the screw pile that exerts a high torque resistance due to bearing on ‘tie. il
about'© p&d& the top helix shows the highest torque resistance and that continues to increase
exponentiallywith depth. This is due to the fact that the top helix (Helix 1) bears against a large
cylindrical column of sand with height equivalent@(height of shaft) and as such the resistance on
helix 1 increases due to the lafyeacting on it. The pile shaft shows a relatively high torque resistance,
and this resistance increases exponentially Wt his is mainly due to the skin friction between the

pile shaft and the surrounding soil. Such resistance from the shaft canilmésetdrby surface treating

the shatft to reduce the coefficient of friction betwedHPFRCand the soil. The remaining parts of

the pile (mainly the intermediary helices; Helices 2,3,4 and 5) offer little resistance to the installation
torque.

Figure4.24 shows the effect of sand density on installation torque (or torque resistaBegHHFRC

screw piles having the same geometrical properties as the one discussed earlier. Comparisons between
the torque resistances that develop during installation ofesactew pile in various soil types are given

in (Figure4.24).
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Installation Torque (kNm)
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Figure 424: Effect of sand type on installation torque
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As expected, the installation torque increases as the vafednofeases. FAE-UHPFRCscrew piles

to be installed in dense sand even at shallow depth&-théPFRCmix must be of very high shear
strength (in this study f 4 mixes in particular) to be able to resist the shear and tensile stresses that
developed during installation. Averag&rength mixes (mixes containing FFF and mixes with lower

dosage of CCC) can be used to design screw piles for installation in medium and loose sands.

4.5 Conclusiors

This two-part study initially investigates experimentallthe shearproperties ofE-UHPFRC mixes
containing two types of recyalesteefibres(RTSC and RTSFusedseparatelandin hybridssolutions

Other mechanical properties including compressive strength, modulus of elasticity and flexural strength
are also presented. The second part efstiudy presents the development of design guidelinds-for
UHPFRCscrew pilesBased on the experimental findings E-UHPFRCmixes and the theoretical
modelling ofE-UHPFRCscrew pileghe following conclusionsan be drawn:

1 The asymmetric foupoint loading arrangement (modified losipescu test) can be used to
determine the shear respons@&J6fPFRCprism specimens.

I Mixes containing RTSC offer superb shear performance that is comparable to mixes containing
manufactured steel fibres reported in the litemat For the same fibre dosage, mixes containing
RTSF show lower shear strength (about 641% the strength of mixes containing RTSC)

1 Nonetheless, ires containing RTSF care designed tachieve strengtdcomparable to mixes
containing RTSC and manufaced fibres by using higher dosagg RTSF or by using hybrid
mixes of RTSF and RTSC.

1 RTSF and RTSC offer a sustainable alternative to manufactured steel fibres HROHRhile
achieving good shear performance.

1 Thepost peakesponsef E-UHPFRCspecimens under direct shear is very britience only
the prepeak responsis recommendetbr design purpose

1 Analytical modelling of the proposdetUHPFRCscrew piles carried out using existing verified

models #2-53] confirms the viability ofE-UHPFRCscrew piles in cohesionless soils.
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1 The installation torque ndedfor E-UHPFRCscrew piles depends the geomatal properties of
the screw pile and the soil properties. The installation torque required to install a given screw pile
increases with increase in installation depth and with density of sand.

1 Thedominantfactors affecting the magnitude of the required installation depth are the frictional
resistance exerted on the pile shaft, the locally compacted column of sand overlaying the,top helix

and the bearing resistance exerted by the cutting edge (located on the bottom helix).
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Chapter 5: Conclusions and Recommendations for Future Work

This chapter presents the main conclusions of this thesis and recommendations for future work.

151



Chapter 5 Conclusion and recommendations

5.1 Conclusions
The aim of this researcliasto investigate the feasibility of developing an Eefficient Ultra-High

Performance Fibre Reinforced ConcreteUHPFRC) by utilising recycled steel fibres (RTSC and
sorted RTSF) for use in screwgsland other structural applications. An extensive erpental work
compkmented by numerical and analytical anatysvas carried oufThe fresh antiardenegbroperties

of different EUHPFRC mixes were examineidgcluding their flexural and sheaproperties Finally,

the performancef screw piles made witthe newly develope&-UHPFRC wasexamined in detail,
and a design methodology was propoddtemain findings and conclusions drawn from this study are

summarised below.

5.1.1 Mechanical performance of affordable and eceefficient ultra-high performance
fibre reinforced concrete E-UHPFRC) containing recycled tyre steel fibres
(Chapter 2)

1 Mixes containing RTSC offer comparable performance to that of mixes containing manufactured
steel fibres (MSF) reported in the literat(4é (for similar fibre dosages and curing regimes). This
can be related to the fact that RTSC share similar properties with MSF in terms of cleanliness
geometry and mechanical strength.

1 The performance of mixes containing RTSC is affected by fibre length. Owing to the better
anchorage provided by longer fibres, mixes containing RTSC with length of 12 and 15mm show
superior strength (11 and 19% more tiaikes containing 9 and 6mm long RTSC, respectively)
and post cracking stiffness.

9 Sustainable UHPRC mixes can be effectively developed with RTSF fibres, provided the fibres are
clean, with little or no impurities. However

a) Very short fibres can fail to delop high strength due to insufficient anchorage length,
while longer fibres affect workability making the mix susceptible to balling.

b) Improved flexural performance can be achiesrly when 50% or more of the fibres have
lengths within the range ofB5mm.

1 For the same fibre dosage, the use of RTSF:
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a) Reduces the workability of mixes (3% decrease in flow diameter depending on fibre
dosage)

b) Slightly reduces fresh density,

¢) Reduces compressive strength and modulus of elasticity.

1 For the same fibre dosaghkeflexural strengttof mixes containingnly RTSF (FFF)s about 40%
lower thanthat ofmixes containingnly RTSC (CCC). To achieve similar strength values, hybrid
fibresor ahigher dosage of RTSF need to be used.

1 The use ohew design parameters{falues) is proposed for the designEstUHPFRCflexural
members at serviceability and ultimate limit states, and analytical predictive models are proposed
for these parameters.

1 T h ei CMOD modes$ proposed by BS EN 1465{3p]] and RILEM TC 162 TDF [6] are not
suitable for strain hardening materials lEdJHPFRC A new model is proposed to predict the
hinge length based on fibre types and dosage.

1 The use of RTSF in UHARC offers significant cost and environmental benefithe total
efficiency of mixing containing only RTSF (FFF) is alwaysgher than that of mixes with

RTSC/MSF andaries from 69 195%, depending on fibre dosage.

5.1.2 Determination of Tensile Characteristics and Design of Ec&fficient UHPFRC
(Chapter 3)

1 Experimental results show thatrapared to RTSC (CCC) mixes, the inclusion of RTSF causes a
reductionin flexural strength, energy absorption and fracture energy. Nevertheless, similar
mechanical properties to RTSghly mixes can be achieved by using higher RTSF dosages or
hybrid RTSCRTSF mixes.

1 Inverse analysis is shown to be an effective tool to estimate the tensile characteristics of UHPFRC.
The mesh dependency of crack models encountered when modelling the softening part of UHPFRC
is solved by adopting an adaptive fracture energyagmgh. The approach uses fracture energy,

characteristic length and mesh size as input parameters.
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1 The determined tensile properties of RTSC mixes are similar, and in some caseshagihbpse
reported in literature for mixes containing MSF cured uride same condition3{65).

1 The MC10 B9 model for strain hardening materials is shown to largely overestimate both the
tensile strength and energy absorption of UHPFRC by up to 3168adé&spectively.

1 A model for predicting the constitutive tensjle - law of EUHPFRC based on simple mix
parameters (compressive strength, flexural strength, fracture energy, fibre dosage and RTSF
content) is developed. The proposed model predictstivelilexural capacities of-BHPFRC at

all performance levels and it is well suited for design.

5.1.3 Direct shear Behaviour of E-UHPFRC Containing Recycle Steel Fibres ande-
UHPFRC Screw Piles(Chapter 4)

1 RTSF and RTSC offer a sustainable alternativexamufactured steel fibres in UHRC, while
achieving good shear performance.

1 Mixes containing RTSC offer superb shear performance that is comparable to mixes containing
manufactured steel fibres reported in the literafrd. For the same fibre dosage, mixes
containing RTSF show lower shear strength (about 84% the strength of mixes containing
RTSC)

1 Mixes containing RTSF cabe designed tachieve shearstrergths comparable to mixes
containing RTSC and manufactured fibres by using higher des&dg€l SF or by using hybrid
mixes of RTSF and RTSC.

1 The post peakesponsef E-UHPFRCspecimens under direct shear is very brittience the
design ofE-UHPFRCelemants should be baseuhly onthe prepeakshearesponse

1 Analytical modelling of the proposdetUHPFRCscrew piles carried out using existing verified
models L3-21] confirms the viability ofE-UHPFRCscrew piles in cohesionless soils.

1 The installation torque needed EB#{UHPFRCscrew piles depends on the geometrical properties
of the screw pile and the soil properties. The installation torque required to install a given screw

pile increases with increase in installation depth and with density of sand.
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1 The dominant factors affang the magnitude of the required installation depth are the frictional
resistance exerted on the pile shaft, the locally compacted column of sand overlaying the top helix,

and the bearing resistance exerted by the cutting edge (located on the botthm helix

5.1.4 Final Remarks

Thiswork provides compelling evidence that an-eéficient UHPFRC (EJHPFRC) that is both cost
effective and environmentally friendly can be achieved by utilising processed waste products such as
GGBS, RTSF and RTSC, and that such migtean meet the workability and strength requirements of
conventional UHPFRC. The newly developetdHPFRC, along with the proposed design models and

its proven efficiency in application such as screw piles, provides the construction industry with an all
round efficient material (both in terms of mechanical efficiency and sustainability) that can be used for

novel applications.

5.2 Recommendations for Future Use

This researchliocused on developing andvestigating the mechanical propertiefsE-UHPFRC,as
well asproposing design models forlBHPFRC screw p#sand other structural applicatiarBue to
time limitation (PhD funding duration) and the restrictions imposed at the onset of the @VID
pandemic, various other important aspects were not inagstigand are thus recommended for future

studies as described below.

5.2.1 Improvement in Cleaning and Optimising the Length Distribution of RTSF
1 The approach employed in this study to clean and sort RTSF involves the use of sieves and

sieve shaker. However,ishmethod is not very efficient (a lot fibres of desired length are
lostresulting in a low yieland requiregxcessivenanual labour. Also the approach does not
guarantee that the desiréitire distributioncan be achieved under a specified number of
cleaning steps. Thus, thereaigeed to devise a standardized technique for sorting Ri&F
canyield the desired fibre lengttistributionwith little wastageirrespective of the nature of

the original RTSF. Maeover, an alternative and more efficient method should be developed

e.g. using robotic systems coupled withchine vision andrtificial intelligencealgorithms
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1 RTSF was mainly characterised basedibre length distribution, the filament diametersreve
not actually taken into account. Future research work should therefore considéethef
aspect ratios (length to diameter ratio). This will helaccounting for the effect @imbedment
areas of filaments analytical/mechanistic computatignghich canleadto the development
of more accurate design models.
5.2.2 Improvement in Evaluating the Market value and Actual Environmental
Credentials of Cleaned and Sorted RTSF and of RTSC
Thedata used to carry out the mix efficiency study where gatheredyfrastl the literature, suppliers,
and relevant databases of global warming potentaWP. However, obtaining the market price and
GWP of RTSF and RTSC was challenging because these materials have not been commercialised and
are yet to be widely used ihd construction industry (currently they are mostly supplied to laboratories
for research studies). As such, data regarding these two materials used in the analysis are completely
supplier dependant and will vary from supplier to supplier. Since reseastitutions use these
materials in relatively small quantities, the price of RTSF and RTSC will be different if they are
produced in large scale and are supplied for large construction project. Thudegmhinnvestigation
on fair market price and a moaecurate estimate of the GWP of processing RTSF and RTSC, should

be carried out.

5.2.3 Mix Design Optimisation

To allow for a broader optimisation on the efficiency eJHPFRC, there islso aneed to optimise

the mix proportion of the past€he mix adoptedni this study is based on the low cement mix design

by [28]. However, the adopted mix can be further optimised to reduce its cost and environmental
credentials, whilemaintaining appropriate mechanical and durability characteristics. Future studies
should focus on optimising the paste component through adjusting: the water to cement ratio; type,
grading and quantity of fine aggregate; quantity of cement; quantity @blaoic materials (Silica

fume and GGBS) and the use of any required admixture.
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5.2.4 Future Experimental Work

9 Microstructure study on E-UHPFRC mixes

Although examining the UHPFRC microstructure was outsides¢bpe of this researghroject,it is

crucial that future workfocuses onthe microstructure properties of-BHPFRC using modern
techniquessuch as Xray computed tmography and C3Scan to obtain useful information about the
distribution and orientation of RTSF in UHPC mortar, natdifeomd between the fibre typasd steel
rebarsand UHPC pastas well porosity and internal structure of the design&tHPFRC mixes. Such
information can help relate the observed variation between the mechanical properties of mixes
containing RTSF andbse containing RTSC/MSF.

9 Durability , shrinkage, fatigue and chemical resistance

An in-depth understanding of the durability and ldagn performance of the proposedJEHPFRC is

crucial to encourage the widespread use of tiast and environmentally effent material. Future
studies need to examine the performance €dHPFRC against shrinkage, creep, fatigue, high
temperature and freezaw cycles as well as resistance to chemical attacks such as carbonation,
sulphate attack, alkasiilica reaction etcThe results from these studies can be utilised to carry out more
detailed and accurate Life Cycle Cost Analyses (LCCA) and Performance AssessmedtsRiFEC

structures.

9 Torsion Test

Due to time limitations and the delays arising from the lockdown dube COVID19 pandemic,
torsion tests on ®JHPFRC specimens (which were part of the original work plan) could not be
performed. The torsion tests would provide the information required to further strengthen the analysis
and design of JHPFRC screw piless well as provide valuable data to support the usd 4 iEFRC

in other structural applications, such as bridges.

1 E-UHPRC Screw piles tesng

The development of HHPFRC screw piles presented in this work is mainly based on analytical

modelling To further validate the suitability and effectiveness of this novel development, there is a
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need to producB-UHPFRC screw pil@rototypes and carry out experimental and field testing. Results

from the experimental testing can be used to optimise thgdacess as well as the development of

more efficient installation techniquaédoreover, there is need to conduct comparative analysis in terms

of cost, environmental credentials and durability performance betwéHAFERC screw piles and

conventional el screw piles.

5.2.5 Life Cycle Cost analysis (LCCA) and Performance Assessment of-BHPRC
structures

A LCCA and performance assessment eUHPFRC elements could not be carried out without

additional experimental data, particularity on ldegn performancelt is recommended that when

sufficient information is available, LCCA and performance assessments are cardedsidéringiot

only production, design, and constructmrE-UHPFRC elemenidut also operation, maintenance, as

well as demolitionand pasible reuse. It is believed that such studies will confirm the unparallel

performance of BEJHPFRC and provide further evidence to encourage a more widespread use of this

novel material.

5.2.6 Validation and Calibration of Design Models

The proposed predicticend design models in this study were developed from data generated strictly
based on the studied mixes. The suitabiihd accuracy of this models fpredicting mechanical
properties ofother UHPFRC mixes have not been studieés recommended that thmiitability of

these models be checked against various other UHPFRC mixes and whebk pessilibratehe

modelsto achieve wider coverage application
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Appendix A: Data and Experimental Results for Chapter2

Mechanical performance of affordable and ecefficient ultra-high performance

fibre reinforced concrete (UHA-RC) containing recycled tyre steel fibres

This appendix presents additional information, details and photos on the fresh and mechanical

performance of the BHPFRC described in Chapter 2.
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A.1 Additional Information
A.1.1 Mix Design.

The choice of fibre dosages was made based on recommendations from literature and preliminary test
results. Two percent (2%) minimum dosage was basedammendation by researcher2?] that
fibre dosage O 1.5% is mostly required (dependi
strength of 5MPa (whicis a requirement for been defined as UHPFRC). While the choice of maximum
fibre dosage of 4% was made because preliminary study shows that mixes containing 4% fibre dosage
RTSF tend to ball (fibres lump together), thus adversely affecting the workahiityraformity of the

mix.

Similarly, selection of RTSC minimum fibre length of 9mm and maximum length of 15mm was based
on scientific and practical reasons. The preliminary test results shows that the flexural performance of
mixes containing 9mm fibres whmsver compared to mixes containing fibre of length 12mm and 15mm.
Meanwhile, for mixes made with fibres of more than 15 mm length (18mm and 20mm) the workability

of such mixes was found to be adversely affected particularly for 4% fibre dosage, thalitoress

signs of balling (lumping), as such fibre lengths were not considered in the studies.

A.1.2 Limitations of Proposed Prediction Models

The following limitations applies to th@rediction models proposed in this this study:
- The models were calibratedl predict tensile characteristics of mixes containing fibre dosages
of 21 3% only. Their suitability when applied to mixes containing fibre dosages outside this
range have not be ascertained.
- The models were deloped based on flexural resporafeE-UHPFRC containing recycled tyre
steel fibres. Its accuracy when applied on mixes containing other types of steel fibres have not

been studied.
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A.2 E-UHPFRC Mix Constituent Characteristics

A.2.1 Fine Aggregate Properties Summary Data She¢CH30)

MINERALS M ARKETING

PO Box 282, Nantwich,
Cheshire, CW5 9DH

Email: enquiries@mineralsmarketing com
Phone: +44 (0) 1270 625573
Fax: +44 (0) 8709 127479

Source
Geology
Description

Chemical Analysis:

Lower Withington, Cheshire
Glacial Deposit of the Pleistocene Period

Washed and Graded High Silica Sand

Minerals Marketing CHSP30 Product Information

Typical % Limit %
Si0g 98.49 97.5 Min
FegOg 0.09 0.14 Max
AloOq 0.70
K20 034
LOI 0.22 0.40 Max
Physical Analysis:
Microns Typical %  |Limit% Typical % | Limit % Typical %  |Limit %
Retained Cumulative Cumulative
Each Sieve Retained Passing
1180 0.1 0.3 Max 0.1 99.9
1000 0.1 0.2 99.8 99.0 Min
710 0.8 1.0 8.0 Max 99.0 95.0 Min
600 2.1 3.1 96.9
500 22.0 25.1 74.9
425 3.7 62.8 37.2
355 26.6 BO.4 10.8
300 78 97.3 2.7
250 16 98.9 90.0 Min 1.1
180 0.7 99.6 0.4
125 0.4 100.0 0.0
125 0.0
Typical Range / Limit
Hydraulic Conductivity 2196 mm'hour
Average Grain Size 458 Microns
Grain Shape Rounded
Loose Bulk Density kg/m3 1550
Clay Content % 0.1 0.3 Max

The information contained in this sheet does not constitute a specification, but is issued in good faith.
A specification can be issued if required.
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MINERALS M ARKETING

PO Box 282, Nantwich,
Cheshire, CW35 9DH

Email: enquiriesi@mineralsmarketing com
Phone: +44 (0) 1270 625 573
Fax: +44 (0) 8709 127 479

Source
Geology
Description

Chemical Analysis:

Congleton, Cheshire
Glacial Deposit of the Pleistocene Period

Washed, Surface Treated, and Graded Silica Sand

Minerals Marketing CNHST95 Product Information

Typical % Limit %

5i0p 94.68 93.00 Min

FeoO3 0.28 0.35 Max

AlaO3 2.52

KzO 1.47

LOI 0.34 0.55 Max

Physical Analysis:
Microns Typical % | Limit % Typical % | Limit % Typical % |Limit %
Retained Cumulative Cumulative
Each Sieve Retained Passing
1000 0.0 0.0 100.0
710 0.0 0.0 100.0
500 0.0 0.0 0.4 Max 100.0 99.6 Min
355 01 01 89.9
250 0.8 0.7 99.3
212 1.9 2.6 97.4
180 13.4 16.0 84.0
150 23.2 39.2 60.8
125 25.4 64.6 35.4
90 32.3 96.9 31
63 3.0 88.9 99.5 Min 0.1 0.5 Max
63 02 0.5 Max
Typical Range / Limit

AFS Number ad 90-103
Acid Demand 34 7.0 Max
(Mo. of mis N[0 HCl to pH3)
Average Grain Size 148 Microns
Grain Shape Sub Rounded
Loose Bulk Density kg/m3 1420

The information contained in this sheet does not constitute a specification, but is issued in good faith.
A specification can be issued if required.
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A.2.2 CementProperties Summary Data SheefHST95)

Hanson Packed Cement Hanson

High Strength 52,5N HEIDELBERGCEMENT Group
Technical Data Sheet

Hanson High Strength 52,5MN (HS52), is a quality assured Portland cement is manufactured to comply
with the requirements of EN 197-1 CEM I strength class 52 5N. Hanson HS52 is produced using
carefully selected raw materials and strict quality control throughout each stage of the manufacturing
process to ensure a consistent final product is achieved.

APPLICATIONS

Hanson HS52 is a commonly used cement for a wide range of applications. These applications cover
but are not limited to, general Ready-Mixed concrete, High Strength Pre-Cast and Pre- Stressed
Concretes, Sprayed Concrete, Concrete Block Paving (CBP), Grout, Mortar, Render and Screeds.

QUALITY

Hanson HS52 is CE Marked in accordance with Constructions Products Regulation 3052011/EU. In
addition to applying a system of factory production control, based on 1SO 9001 and defined in BS EN
197-2, independent sampling and testing of the Hanson HS52, known as Assessment and Verification
of Constancy of Performance (AVCP) System 1+, also confirms conformity with all the requirements
of BS EM 197-1. A Declaration of Performance (DoP) and CE mark are available online at
www.hanson.co.uk

COMPATIBILITY

Hanson HS52 is suitable for use with a wide range of additives and admixtures to extend the
properties and uses of concretes, mortars, renders and screeds. It is recommended that trial mixes
are carried out to determine optimum proportions.

DATA AND CERTIFICATION

Hanson Technical provides current data and routine certification of tests for all essential
characteristics including compressive strengths of mortar prisms, fineness, setting times, soundness
and chemical composition including alkali levels. These are available on a weekly basis and can be
accessed from www.hanson.co.uk

MIX DESIGN

Concrete mix designs need to be adapted to suit individual circumstances. Itis strongly recommended
that trial mixes are carried out prior to commencement of work to ensure that the mix design and
material combinations meet the requirements of the specification and method of use.

HEXAVALENT CHROMIUM (V1)

In accordance with the Regulation EC 1907/2006 (REACH), the soluble chromium (V1) content is
limited to a maximum of 2ppm. The chromium (V1) content is determined in accordance with EN
196-10. The maximum shelf life of packed cement is stated on the bag.
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Hanson Portland Cement CEM | 52,5N — Technical Data Sheet

AVAILABILITY

Hanson HS52 cement is supplied in 25 kg bags throughout the UK.

PRODUCT DECLARATION

Parameter Units Max Limit
Declared Mean Alkali (Na:0eq)’ Y 20,75
Chloride?® % =0.07
Sulfate Yo 24.00

1 Dedlared Mean Alkali (DMA) = Certified Average Alkall (Mean of last 25 results) + (1xS0)
? Mean of last 25 results.

MANAGEMENT SYSTEMS

Hanson Cement are approved to the following management systems;

IS0 9001 — Quality management
150 14001 - Enwironmental management

OHSAS 18001 — Occupational Health and Safety Management
BES 6001 — Responsible Sourcing of Construction Products

1S0 50001 — Energy Management

STORAGE

Bags should be stored unopened clear of the ground in cool dry conditions and protected from

[

xcessive draft and all sources of moisture. The maximum shelf life of packed cement is stated on

the bag.

CONDITIONS OF USE

-

Methods to prevent loss of moisture from exposed surfaces of concrete, known as curing, should be employed for at
least the first 7 days after casting

As a general rule, concrete should be placed within the range of 10°C to 30°C.

In cold weather, freshly poured concrete should be protected from low temperatures to avold frost damage.

In hot weather and mass concrete pours, there is increased risk of loss of water by evaporation and cracking caused
by thermal stresses which could reduce ultimate strength.

Hanson Cement cannot be held responsible for poor workmanship.

Due to the nature of raw materials used in the production of HS52, slight variations in colour may occur,

Hanson HS52 produced at different manufacturing works may also have variation in colour.

TECHNICAL SUPPORT

For further advice please contact Hanson Cement’s Technical Helpline on 0330 123 2441,

HEALTH AND SAFETY
Please refer to Material Safety Data Sheet for full information.

For furthe

r information contact: Customer Services:

Tel: 0330 123 4525
Fax: 01780 727 008
Email: cement@hanson.com

Hanson.co.uk
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A.2.3 Ground Granulated Blast Furnace SlagSummary Data Shee{GGBS)

Updated January 2019

Hanspn Purfleet REGEN GGBS “““Hanson
Technical Data Sheet HEIDELBERGCEMENT Group

1. STANDARDS AND CERTIFICATES

Certificate Certificate Number

Ground Granulated

Blastfurnace Slag CE BS EN 151671 1333-CPR-00133

Certificate issued by CPC, 1 Mount Mews, High Street, Hampton, Middlesex, TW12 25H

2. DECLARED COMPOSITION

Average Values
Granulated
Blastfurnace Slag % 100 - -
(GBS)*

1Granulated blastfurnace slag is sourced/imported from various locations and blended to create a consistent feed.

3. CHEMICAL CHARACTERISTICS

The chemical characteristics are determined in accordance with BS EN 196-2

. Requirement
Units Average Values - :
Minimum Maximum
MgO % 8 - 18
82- % 0.8 - 2.0
80, % 03 - 2.5
LOI % 09 - 3.0
ck % 0.02 - 0.10
Maisture® % 0.1 - 1.0

"Moisture content is determined in accordance with Annex A of BS EN 15167-1.

168



Appendix A

169






























































































































