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Preface

This study has been carried out within COIN - Concrete Innovation Centre - one of presently
14 Centres for Research based Innovation (CRI), which is an initiative by the Research
Council of Norway. The main objective for the CRIs is to enhance the capability of the busi-
ness sector to innovate by focusing on long-term research based on forging close alliances
between research-intensive enterprises and prominent research groups.

The vision of COIN is creation of more attractive concrete buildings and constructions.
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor cli-
mate, industrialized construction, improved work environment, and cost efficiency during
the whole service life. The primary goal is to fulfil this vision by bringing the development a
major leap forward by more fundamental understanding of the mechanisms in order to de-
velop advanced materials, efficient construction techniques and new design concepts com-
bined with more environmentally friendly material production.

The corporate partners are leading multinational companies in the cement and building in-
dustry and the aim of COIN is to increase their value creation and strengthen their research
activities in Norway. Our over-all ambition is to establish COIN as the display window for
concrete innovation in Europe.

About 25 researchers from SINTEF (host), the Norwegian University of Science and
Technology - NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10
MSc-students every year and a number of international guest researchers, work on presently
eight projects in three focus areas:

. Environmentally friendly concrete
. Economically competitive construction
. Aesthetic and technical performance

COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by
the Research Council of Norway (approx. 40 %), industrial partners (approx. 45 %) and by
SINTEF Building and Infrastructure and NTNU (in all approx. 15 %).

For more information, see www.coinweb.no

Tor Arne Hammer
Centre Manager
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Summary

No precise definition of UHPFRC has been found in the reviewed literature, but there seems
to be a common understanding that this is a concrete with a compressive strength exceeding
150 MPa. The following characteristics are also prevalent in the literature:

e Direct tensile strength higher than 7-8 MPa

e  W/B ratio lower than 0.25, and typically between 0.16 and 0.20

e High content of binder, which leads to the absence of capillary porosity
e Fibres to ensure a ductile behaviour

The difference between UHPFRC and conventional concrete mix design lies in particular in
the amount of binder, the size of the aggregate and the presence of fibres. Compared to a
conventional concrete, the matrix of the UHPFRC is much denser. In order to produce this
type of concrete, it is important to achieve the maximum possible packing density of all
granular constituents. Use of a quite large amount of super-plasticizers in order to obtain an
acceptable workability is also a characteristic of the UHPFRC.

Sometimes UHPFRCs are subjected to a thermal treatment during curing. The heat treatment
initiates the formation of more hydrates, which give the raise to the improved characteristics.
The typical compressive strength of UHPC is in the range of 150 — 220 MPa, but higher
strengths can be obtained. Still, high compressive strength is not always the most important
feature of an UHPFRC; the tensile and flexural strength are often of higher importance.

Without fibres, UHPC can exhibit a direct tensile strength in the range of 7 — 10 MPa. The
tensile strength may be doubled when fibres are added to the mix. The increase depends on
the amount, type and orientation of the fibres. The flexural strength of UHPFRC is usually
much higher than the direct tensile strength. Generally, UHPFRC shows improved
characteristics in permeability, heat resistance and impact strength.
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1 Introduction

1.1 What is Ultra-High-Performance Fibre-Reinforced Concrete?

Ultra-high-performance fibre-reinforced concretes are a result of a quest that began in the
1930s. The goal of this quest was to find a way to produce concretes with an improved
compressive strength. [1]

No precise definition of UHPFRC has been found in the reviewed literature, but there seems
to be a common understanding that this is a concrete with a compressive strength exceeding
150 MPa. It is not sufficient to have an ultra-high compressive strength alone, as these
concretes are very brittle - the performance of the concrete must also be ultra-high. The
following characteristics are also prevalent in the literature:

e Direct tensile strength higher than 7-8 MPa

e W/B ratio lower than 0.25, and typically between 0.16 and 0.20

e High content of binder, which leads to the absence of capillary porosity
e Fibres to ensure a ductile behaviour

[2-4]

Ultra-High-Performance Fibre-Reinforced Concrete (UHPFRC) is in other words a
composite material which differs from an ordinary concrete in many ways. Mechanical
properties like compressive and tensile strengths are much higher compared to a
conventional concrete. This makes it possible to make slender constructions because now a
smaller cross section can transfer the same force as a larger cross section. Due to the very
dense matrix UHPFRC has outstanding durability properties. It is shown that the concrete is
very resistant to chloride and other chemical attacks and has a high abrasion and fire
resistance. The enhanced performance in strength and durability make the concrete suitable
for many applications.

1.2 Objectives

This State of The Art Report aims to give an overview on the topic of Ultra-High
Performance Fibre-Reinforced Concrete. The topic itself is very large, and this overview
seeks to touch the different subtopics essential for UHPFRC without the possibility to treat
them all in large detail. This report will focus mainly on the material — mix design and the
most relevant mechanical properties — with focus on recent advances.

The report is a part of the work within COIN FA 2.2 High Tensile Strength All-Round
Concrete and COIN FA 3.3 Structural Performance, and it will be the basis for further
material development within these focus areas. The report is especially relevant for the
development of fibre reinforced concrete in general, fibre reinforced lightweight aggregate
concrete and a recently established sub-project: ductility of LWAC. Furthermore the report
can also serve as basis for new structural concepts proposed within COIN.
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2 Development of UHPFRC

2.1 Development of UHPFRC

During the 1930s Eugéne Freyssinet demonstrated that pressing concrete during setting
could increase its strength, and in the 1960s compressive strengths up to 650 MPa were
achieved in small concrete and mortar specimens by simultaneously pressing and heating in
a water saturated atmosphere (steam).[1]

The development of what we now characterise as UHPFRC started in the 1970s by
Brunauer, Odler and Yudenfreund. They investigated high strength cement pastes with
water-cement ratios as low as 0.2-0.3. These low w/c-ratios gave concretes with low
porosities leading to compressive strengths up to 200 MPa and low dimensional changes.[5]

The use of super-plasticizers and pozzolanic admixtures is essential in UHPFRC and in the
1980s two new approaches to UHPFRC emerged as a result of the development of the super-
plasticisers and pozzolanic admixtures:

e The first approach is called Densified Small Particles (DSP). It is a granular matrix
and the compressive strength varies between 150 and 400 MPa. In DSP concrete the
used aggregate is extremely hard, like for example calcined bauxite or granite.
Further, the concrete has a very high super-plasticizer and silica fume content. This
decreases the porosity which increases material strength.

e The second approach is called Macro Defect Free (MDF) concrete. This is a polymer
modified cementious material, where polymerization fills the pores in the concrete
leading to extremely strong and compact matrices. However, MDFs have very
demanding manufacturing conditions, are water-susceptible and suffer from
excessive creep.

[1,5]

2.2 Main types of UHPFRC

Both MDF and DPS are too brittle for use as a construction material, and adding fibres is
required to improve ductility. Because adding fibre to the highly viscous MDF-concrete
matrix would cause enormous placing problems, researchers and manufactures have
concentrated on adding fibres to DSP matrix. The result is today’s UHPFRC[1]. In the last
years, the development of UHPFRC has followed three main approaches. Based on these,
UHPFRC:s are divided into three major types by Pierre Rossi[6]:

Type 1: UHPFRCs with high proportions of short fibres

In 1987 Aalborg Portland (Denmark) developed a concrete with metal fibre content between
5to 10 % by volume, where the fibre length do not exceed 6 mm. The diameter is 0.15 mm
which gives an aspect ratio 1/d < 40. The concrete has been marketed as Compact Reinforced
Composites (CRC®). This type UHPFRC is used in structures with a high percentage of
traditional reinforcement. The short fibres enhance the tensile strength of the concrete, but
have little effect on the ductility. A combination with traditional reinforcement is required to
prevent brittle failure.
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Type 2: UHPFRCs with intermediate proportions of long fibres

Bouygues (France) developed a concrete which has been marketed as Reactive Powder
Concrete (RPC). Examples of commercialised products based on this concept are
DUCTAL® and CERACEM®, which were introduced in the late 1990s. The fibre content
for this UHPFRC range between 2 and 3 % by volume, and the length of the fibres are
between 13 and 20 mm. Since these fibres enhance both the tensile strength and ductility, the
fibres are intended to replace all or part of the reinforcing bars that normally are used in
prestressed or reinforced concrete elements.

Type 3: UHPFRCs with a very high proportions of fibres of various lengths

Finally, Laboratoire Central des Ponts et Chaussées (LCPC, France) developed a concrete
with a mixture of short and long metal fibres which is known as Multi Scale Fiber
Reinforced Concrete (MSFRC). An example of this product is CEMTECMultiscale®, which
was introduced in France in 2000. The fibre content of this type UHPFRC can be up to 11 %
by volume and the fibres can range from shorter than 1 mm and up to 20 mm. The fibres in
type 3 concretes increase both the tensile strength and the ductility, and can replace all
traditional reinforcing bars in a structural element.

2.3 SIFCON and ECC

Two other types of fibre reinforced concretes are also of interest when talking about
UHPFRC, despite the fact that they do not have the ultra-compact matrix with ultra-high
strength. The reason they are of interest is they are ductile and show a strain-hardening
behaviour, meaning that they undergo multi-cracking under tension.

SIFCON

Slurry-infiltrated-fibered (SIFCON) concrete was presented by Lankard in 1984 as a concept
of how one could increase the fibre content to as high as 15-20 %[7]. This results in a very
high tensile and flexural strength, impact resistance and crack control. A concrete with such
an amount of fibres is not workable, and the technique is developed as to avoid problems
with placing. SIFCON is produced by pre-packing the formwork with steel fibres, and then
injecting a fine-grained cement-based slurry. This slurry must be very liquid with a w/c-ratio
considerably higher than what is normal for fibre-reinforced concretes[1]. Lankard reported
compressive strengths between 80 and 200 MPa, and flexural strength up to 75 MPa[7].

Fibres with a high specific surface area must be used, due to the low direct tensile strength of
the matrix. The fibre orientation in the placing process can cause the material to be highly
anisotropic, and SIFCON therefore has different properties in the different loading
directions. A beam can have very high flexural strength, but at the same time perform poorly
when it comes to shearing or localised forces. The low strength matrix containing a high
percentage of long fibre, leading to multi-cracking of the material, is what results in the very
ductile behaviour. [1]

ECC
Engineered cementious composites (ECC) contain small synthetic fibres with a length of 20
mm and a diameter of 0.05 mm. ECC do not show very high compressive strength (approx.
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70 MPa) or tensile strength, but in direct tension these composite materials show strain-
hardening behaviour and multi-cracking. They are therefore ductile.[1]

The synthetic fibres have a low density (lower than 1.5) and high elastic modulus (higher
than 40 GPa). Because of the low density and a high surface area of the fibres, a maximum
of 2% can be added before leading to workability problems. The very high length-diameter
ratio of the fibres make fresh ECC very viscous, and is therefore not easily placed using
conventional techniques.[1]

2.4 Summary

In March 2012 the 3rd International Symposium on Ultra-High Performance Concrete and
Nanotechnology for High Performance Construction Materials was held in Kassel, Germany.
In their conference article [8], Naaman and Wille sums of both the Advances in matrix and
fibres since the 1960's (Figure 1) and the developments in high-strength high-performance
cement composites from the 1970's in the USA and Europe (Figure 2).

Decade Cementitious Matrix and Concrete Fiber

+« Better understanding of hydration reactions; gel = Smooth steel fibers;
structure; normal strength
1a70's * DBetter understanding shrinkage, creep, porasity, .. » Glass fibers
+ High strength concrete to 50 MPa in practice +* Some synthetic fibers

+ Development of water reducers
» Advances in concrete treatments and curing conditions

+ |ncreased development of chemical additives: HWRA, * Deformed steel fibers:
etc... normal and high strength
+ Increased utilization of fly ash and silica fume, and other » Low-modulus synthetic
mineral additives, etc. .. fibers (PP, nylon, etc_.)
, * Increased flowability (flowable concrete) * Increased use of glass
1980°s Reduction in W/C ratio; fibers
+ High-Strength-Concrete terminology: up to 60 MPa; » Micro fibers
special high strength: up to 80 MPa; exotic high strength = High performance
(special aggregate and curing): up to 120 MPa polymer fibers (carbon,
+ High-Performance-Concrete terminology: high-strength- Spectra, Kevlar, etc..)
concrete with improved durability properties.
+ |ncreased development in chemical additives: * New steel fibers with a
superplasticizers; viscosity agents: etc.... twist (untwist during pull-
+ |ncreased use of supplementary cementitious materials out)
1990's as cement replacement +» PVA fibers with chemical
+« UHPC: application of concept of high packing density; bond to concrete
addition of fine particles; low porosity; lower water to * Improved availability of
cementitious ratio; synthetic fibers
+ Self consolidating concrete; self compacting concrete;
* Increased developments of proprietary and non- + Ultra high strength steel
proprietary UHPC/UHP-FRC fibers: smooth or
» UHPC: improved understanding of high packing density; deformed with diameters
2000's application of nanotechnology concepts as low as 0.12 mm and
strengths up to 3400
MPa
+ (Carbon nano-tubes;
carbon nano-fibers
2010's e Increased understanding of the cementitious matrix at = Carbon nano-fibers,
the nano-scale graphene, ...
. 77 . 777

Figure 1 Chronological Advances in the matrix and fibres since the 1960's [8]
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Year P [MPa] Sourceirel Name Special Conditions
1972 230 Yudenfeund, Skalny, Paste, vacuum mixing: bow ponosity.
&t al, small Specimens.,
072 T10 Foy et al, Faste; high pressure and high heal,
Us) small specimens.
1951 200 irchall &t al MOF (Micro-Defect-Free]  Faste; agdibon of polymer. bending
(K] strength up to 150 MPa
1981- 120 to 250 Bache; Hporth CEMZIT, COMPRESSIT  Mortar and concrede; normal curing;
1983 Denrmark) u ricrosilic
1980° 120 ko Bache, Young: DEP (Densified Small Improved particle packing: use of
all 250 Jennings; Aitcin Particles) microsilica; use of superplasticizers;
Denmark: US;
Canada)
1880°s Upw 120 Many researchers High Strengih Concrete; Concrete with special additives and
worldwide High Perfarmance aggregates for structural
(Shah; Ziac Russel; Concrete applications; use of
Swarmy; Malier; (HSC; HPC) superplasticizers; normal curing:
Konig; Aitein; better durability
Malhotra)
1880°s Upwo 210 Lankard; Maaman SIFCON (Slurry Infilrated  Fine sand mortar with high valume
all {LS) Fiber Concrete) fractions of steel fibers (8% w 15%
by wolume|
1887 Up o 140 Bache CRC (Compact Reinfarced Concrete with high valume of steel
|Denmark) Concrete) fibers used with reinforcing bars
1887 Open range  Maaman HPFRCC Martar and concrete with fibers
{LIS) {High Performance Fiber leading to strain-hardening response
Reinforced Cement in tension
Composies)
1881 Open range  Reinhardt and HPFRCC Toward reducing the fiber content.
Maaman (First Intemational
{Gemany, US) Workshop)
1822 Openrange  Liand Wu ECC (Engneered Maostly martar with synthete fibers;
{LIS) Cementitious Composites)  stram-hardening behawvior in tensson
1824 In excess of De Larrard Uitra-High Performance Optimized matenal with dense
150 {France} Concrete particle packing and ultra fine
(UHPC particles
1825 Up to 800 Richard & Cheyrezy RPC (Reactive Powder Paste and concrete; heat and
Caoncrete) pressure curing, particle packing
1825 Up o 200 Lafarge; (Chanwviliard; DUCTAL B0°C heat curing for 2 days: steel
and Rigaud; Behloul) fibers up to 8%
later France [commerzially available)
2000 Up to 200 Rossi et al. CEMTEC; Up to 8% fibers; hybrd combinations
and LCPC CEMTEC-multi-scale
later {France}
Early Up fo Many ressarchers UHPC and UHP-FRC Many formulations based on
2000 200 worldwide DUCTAL
{m, Graybeal,
Rossi)
2005 Up o 140 Karihaloo CARDIFRC Optimized particle packing and
{LIE) mixing procedure
2005 Up b 200 Jungwirth CERACEM Formulation similar to DUCTAL,
[Switzedand) larger fibers, larger apgregates
2004 Openrange Fehling & Schmidt First International Many formulations similar o
=150 [Gemany) Symposium on UHPC DUCTAL with and without heat
curning; with and without fibers.
2005 Dpen Schmidt et al. Sustainable Bulding with Geman DFG funded broader
[Gemany) UHPC initiative (2005-2012)
2008 Openrange  Fehling & Schmidt Second International Many formulations similar io
>150 [Gemany) Symposium on UHPC DUCTAL with and without heat
curing; with and without fibers.
2011 =150 Accorsi & Meyer (US)  UHPC Workshop First US Workshop
2011 Up to 290 Wille & Maaman UHP-FRC Mo heat curing; optimized packing;
(I5-Gemany) record direct tensile sirength
2011 ACI UHPC Commitiee 238 First meeting: Oct. 2011
Also: PCl working group
2012 Openrange  Fehling & Schmidt Third Intemational
>150 [Gemany] Symposium on UHPC

Figure 2 Developments in high-strength high-performance cement composites from the 1970's to
date (in the US and Europe) [8]
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3 Mix design

3.1 General

UHPFRC is composed of aggregates, cement, water, additives, admixtures and fibres. The
difference between UHPFRC and conventional concretes mix design lies in particular in the
amount of binder, the size of the aggregate and the presence of fibres. Use of quite a large
amount of super-plasticizers in order to obtain an acceptable workability is also a
characteristic of the UHPFRC. Compared to a conventional concrete, the matrix of the
UHPFRC is much denser. In order to produce this concrete, it is important to achieve the
maximum possible packing density of all granular constituents [9]. This gives both improved
mechanical and durability properties. The dense matrix is achieved by optimizing the
packing density of all granular raw material , i.e. cement, ultra-thin addition (typically silica
fume) and aggregate [2].

UHP-FRC :}g‘,ﬁ fj‘t} NC
Sl [ S—
Paste
; nt phase
Paste | [Silice Fumg 0% | 24%
10% =)
UHP-FRC phase slass g);\viiax -

J - ; 8 NC
w/e =0.19 o0 . : . 82%1%1 wfe = 0.45
290 MPa 2l 30 MPa
(42 ksi) 2 (4 ksi)

SPL
_/l% Particle
e Fibers phase
| 0 ~60
Particle Sand 2 3% Aggregate 76%
phase 9% 54%
¢
34% Sand 1
22%

Figure 3 Example of mix proportions by volume comparing UHPFRC with normal concrete [8]

3.2 Matrix

The matrix phase in concrete is defined to consist of free water, additives and all solid
particles smaller than 0,125 mm. This includes cement, pozzolanic materials and the filler
fraction of the aggregates[10]. The matrix consist therefore of both chemically reactive and
inert materials[11]. Some materials function as both chemically reactive and packing density
enhancing materials.

Particle packing

Many different materials benefit from densely packed systems, and particle packing is
fundamental for concrete. A more densely packed concrete system requires less binder. The
main challenge concerning packing and concrete is that the concrete also must obtain an
acceptable flow and compatibility in the fresh state. This can be solved by introducing large
amounts of fine particles with the same size as cement or below.[7]

1"
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The packing density is one of the most important properties of a particle system, and is
defined as the volume percentage of solids for each volume unit. If there are smaller sized
particles present to fill the voids between the larger sized particles in a system, the packing
density will increase. Thus, if we increase the number of size classes available in the system,
the achievable packing density increases. Considering the fact that fresh concrete to a certain
degree has to flow during placing, a completely dense packing is not suitable. [7] The use of
water-reducing agents can help flowing in densely packed systems.

porosity ——»

Figure 4 - Packing mix design [12]

The reason we want to achieve a dense particle packing in concrete, is related to what we
call the interfacial transition zone (ITZ) around the aggregates. The ITZ is a porous and
weak layer of cement paste, which has an increased amount of ettringite and large portlandite
(CH) crystals present. The cement particles cannot be packed sufficiently around the
aggregates, which results in a layer of cement particles with lower packing density and the
presence of micro-bleeding. The more porous structure of the ITZ reduces the tensile and
compressive strengths of the concrete. The porous structure also allows enhanced water
transport through the ITZ, and deteriorating processes such as alkali-silica reaction, sulphate
attack and ingress of chlorides can be increased.[7]

The thickness of the ITZ is influenced by five factors according to Lagerblad and Kjellsen
[13]:

Packing of particles at the interface
Stability of the paste

Volume stability of the concrete

Cement composition and grinding

Chemical reactions at the aggregate surfaces

MEE S

Adding fillers to the packing system may therefore influence the particle packing and
stability of the paste in a positive manner. This is especially true for filler finer than
cement.[7]

In addition, a more densely packed system will affect the bond strength between matrix and
fibres in fibre-reinforced concrete considerably. More contacts points between matrix and
fibre, caused by the finer particles present, will enhance friction during fibre pull-out tests.
[14]

12
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In Norway Elkem has been involved in the development of UHPFRC for decades, and has
developed a particle packing programme called EMMA (Elkem Materials Mix
Analyser).[15]

Water/binder-ratio

The term binder refers to the chemically reactive materials in the matrix, meaning cement
and ultra-thin addition, such as silica fume and other pozzolanic materials. A crucial
parameter to ensure optimal properties of the mix is the water to binder (w/b) ratio. A w/b-
ratio below 0.25 ensures a reasonable balance between the flow properties of the concrete
and the strength of the hardened concrete. The w/b ratio for an UHPFRC typically lies
between 0.16 and 0.2. [2, 16] In Figure 5 the compressive strength as a function of w/b ratio
is given for some typical concretes. As the figure shows, an UHPFRC has a considerable
lower w/b ratio than a conventional concrete, for which w/b lies between 0.4 and 0.7.
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Figure 5 Strength as a function of w/b ratios for different types of concrete [16]

Cement

UHPFRCs make use of approximately twice the amount of cement as a conventional
concrete. The cement content normally lies between 600 to 1000 kg/m®. The fineness of the
cement should be between 3000 and 4500 cm’/kg. Regarding type of cement, Portland
cements with a low C;A content can be recommended because of their low water demand.
This is preferable due to the fact that UHPFRC has a very low water/ binder ratio. Further,
this is also advantageous regarding the risk of secondary ettringite formation in case of
curing at high temperatures [16]. Due to low water/binder-ratios, not all of the cement
particles can react. The remaining cement will act inertly and contribute to the particle
packing.

Silica fume
SF is a by-product of the smelting process used to produce silicon metal and ferrosilicon
alloys containing more than 75 % silicon. SF generally has the following main
characteristics [11] :

e SiO, content 85-98 %,

13



State of the art — Ultra High Performance Fibre Reinforced Concrete (UHPFRC)

e spherical shape with a mean particle size in the range 0.1 to 0.2 pm and
e an amorphous structure

SF is an essential part of UHPFRC and this principally due to the followings:

e SF reacts with calcium hydroxide (CH), which is a reaction product of the Portland
cement hydration, and produces more of the CSH binder. When CH is replaced by
CSH, which has a much higher strength, the porosity decreases in the bulk and in
particular in the ITZ, which results in a significant increase in strength. [11]

e In order to produce UHPFRC, it is important to achieve the maximum possible
packing density of all granular constituents [16].

For a high strength concrete, in particular, it is very useful to regard SF as a water
replacement in terms of workability and water demand: In a pure cement paste binder, a
certain amount of water is necessary to fill the void space and make flow possible. Addition
of water-reducing agents disperses the cement flocks and lowers the void space volume and
hence the water demand. Even further water reduction is possible with SF, since it can
replace the water in the void space and, at the same time, increase the workability when
super-plasticisers are used. It is possible that there exists a “ball-bearing effect “ of the
spherical SF-particles that improves the mobility of the irregular cement particles[11].

SF consists of particles which are far smaller than the cement particles (about 1/100). The
small size makes SF a very efficient filler [11] and following increases the packing density
[16]. To fill the voids between the cement particles, a large quantity of silica fume,
amounting about 10-30 % of the cement mass, is required [16]. For comparison a normal
structural concrete SF amounts up to 10 % of the total binder contents. [11]

Fly ash

Fly ash (FA) for use in concrete is a by-product from furnaces fired with pulverised coal,
often power-plants. The fly ash can be either an aluminosilicate or a calcium silicate, and
because of the reactive silicon dioxide (SiO,) both types contain, fly ash has pozzolanic
properties. [17]

Figure 6: Fly ash [18]
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Figure 7 SEM image of fly ash particles[19]

An overview over FAs effects on concrete properties is given by Malhotra and Mehta in
[20]:

- Replacing cement with FA will increase setting time and decrease hardening rates in
early ages. In a longer perspective, mechanical properties can be improved compared
to concretes with only ordinary Portland cement.

- The majority of FA particles have a spherical shape, with a "ball-bearing-effect"
enhancing flowability of fresh concrete. FA therefore has a water-reducing effect.

- Concretes with FA has shown a decreased permeability, lower alkali-silica-reaction
and reduced sulphate attacks.

Ground Granulated Blast-furnace Slag

Ground Granulated Blast-furnace Slag (GGBS) is made from molten iron slag from a blast
furnace, a by-product from the iron and steel industry. The slag is composed of lime, silica
and alumina, with small amounts of alkali and iron oxides as well as magnesia. The molten
iron slag is first quenched in water or steam, which results in a glassy granular product. This
product is then dried and milled into a fine powder, which can be used in concrete with
ordinary Portland cement, and in combination with other pozzolanic materials. GGBS
enhances the durability of concrete structures, by reducing the risk of damage caused by
alkali-silica reactions and giving higher resistance to chloride penetration and to attacks by
sulphate and other aggressives. [21]

A study by Malagavelli [21] on the effect of GGBS in normal concrete, shows that up to
50% of the cement can be replaced by GGBS without it affecting the compressive strength
negatively. Yazici [22] shows in his studies that GGBS replacement has positive effects on
the flexural behaviour of reactive powder concrete (RPC).The reason for this is an
improvement in the binder phase, which in turn improves both the compressive strength and
bond strength between the matrix and fibres. SEM investigations in these studies revealed
the dense microstructure.

Rice Husk Ash

Rice husk is the hard covering protecting the rice grains, and is an agricultural waste from
milling rice paddy. The rice husk is used as a fuel in the milling industry or as a fuel for
power generation. When the rice husk is burnt in boilers, rice husk ash is produced. The ash
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is about 25 weight-% of the rice husk, and it’s estimated that 70 million tonnes are produced
every year, worldwide. [23]

Figure 8 a) Rice husk, b) Burnt RHA and ¢) RHA after grinding [24]

Rice husk ash (RHA) is similar to silica fume in that way that it has a large specific surface
area, and has a high content of amorphous silica. Compared to silica fume, which has
spherical particles, RHA has angular and porous particles, see Figure 9. The average size can
vary from 5 — 95 um, and it has a BET surface area higher than 250 m*/g. RHA can replace
SF successfully with respect of durability of the concrete and compressive strength. [25, 26]

3 . R N
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30.0Kv 55 1000x SE 10.0 1 Burnt rice husk

Figure 9 SEM for RHA particle [24]

In a study performed by Van Tuan et al [27] it was shown that RHA has good properties in
reducing the autogenous shrinkage of UHPC. RHA has a very special porous structure, and
affects both the rate and extent of hydration when added to cement. In addition to the
shrinkage reducing effects, RHA also shows good pozzolanic properties like SF, because of
its high silica content. Van Tuan's study shows that shrinkage is decreased with higher added
amounts of RHA, whereas shrinkage increase with increased amounts of SF added.

In another study by Van Tuan et al. [28] it is shown that the addition of RHA in UHPC does
not significantly decrease the compressive strength compared to that of SF. The RHA also
has a fineness with a more favourable effect on compressive strength than SF.
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The mean particle size of the RHA can be of importance regarding material properties in a
concrete mix, as demonstrated by Van et al [29]. They found that a mean particle size of 7.41
um (compared to sizes of 9.65, 6.22, 5.78 and 5.34) was the most suitable for producing an
economical UHPC, where all silica fume was replaced by RHA. In the same study, the
optimum content of replacing cement with RHA was considered to be 22.5 vol-%. [29]

Also Givi et al [26] have performed a study on how the particle size of RHA affect the
concrete properties. The results showed that cement could be replaced by RHA up to a
maximum limit of 15 % and 20 % with an average particle size of 95 and 5 pum, respectively.
However, the optimal level of cement replaced by RHA for these two sizes was found to be
10 %. Similar results were found by Hebeeb and Mahmud [24].

Nanosilicas

Nanosilicas can contribute to denser packing of the matrix, because they are small enough to
fill the voids between cement and SF particles. The denser matrix will have a higher content
of C-S-H, which improves both the mechanical properties and the concretes durability [30].
Qing et al [31] performed tests to compare nano-SiO2 addition's properties on hardened
cement paste with those of SF. Their investigations showed that the pozzolanic activity of
nanosilicas is much greater than that of SF. It makes the cement paste thicker and speeds up
the hydration process of the cement. The bond strength between cement paste and aggregates
was higher for mixes that contained nanosilicas than to mixes containing SF or the control
mix with cement as the only binder.

In recent years two kinds of synthetic amorphous nanosilicas have attracted large research
effort [32]. The two types of nanosilicas are:

1) Pyrogenic nanosilicas, whose particles can fuse together to form aggregates during
the production process. These aggregates can also bind together and form
agglomerates. Pyrogenic nanosilicas are commercially available as an effective
filling agent.

2) Nanosilica sols, manufactured through polymerisation of silisic acid. They are
almost monodispersed particles and do not form aggregates and agglomerates.

The two kinds of nanosilicas have similar specific surface area, but their different state with
respect to agglomeration can influence their performance. By comparing the properties of
one of each kind, Madani [32] found that pyrogenic nanosilica had faster pozzolanic
reactivity as well as showing a higher hydration degree in cement pastes.

[32, 33]

Special cements and the effects of combining binders

In literature, examples of special cements have been found, where ordinary cement is
combined with different pozzolans. The aim seems to be to make a ready-mixed cement,
with a smooth grain distribution and following a high packing density. This is important for
UHPFRC because due to the very low w/c-ratio, the binder components cannot hydrate
completely and have to work as fillers. However, using SF to fill the voids between the
cement particles, large amounts of SF is necessary, typically between 10-30 % of the cement
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mass. This is due to the size difference between cement and SF, see Figure 10. By using
pozzolans with different sizes, the packing density can be optimized.

The following examples on special cements are collected from the article Special cements for
ultra-high performance concrete [34].

CEMI525R Silica fume  «

35 pm +— microfine fillers —_— 1-0.1 pm

Figure 10 To fill the voids between the cement particles, a larger amount of silica fume is needed
[34]

1) Premium cements with Mikrodur technology

It is possible to design high performance concretes with modified cement and without silica
fume. Dyckerhoff produces Mikrodur, which is a micro-fine cement made from Portland
cement and blast furnace slag being milled and separated individually. The product has a
constant grain distribution, see Figure 11.The micro-fine particles accelerate the hydratation
process whereas microfine particles of blast furnace slag leads to higher strength in the end
and extend the concretes durability.

There are three different types currently available: F, U and X. By mixing F, U or X with
OPC, specific properties can be precisely created.

CEMI525R Mikrodur synthetic silica
F u X
. . . * °
35 16 95 & 12 - 0.2 um

Figure 11 Particles to achieve a nearly continuous grain size distribution [34]

2) New cement with nanoscale synthetic pozzolans - Nanodur

The particle distribution is not continuously graded when using ordinary cement and silica
fume. A nearly continuous grain size distribution can be achieved using OPC, microfine
cements and industrially produced nanoscale synthetic silicas, see Figure 12.
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aggregate

Synthetic silicas (0.2 - 12 um)

Mikrodur 6 -20pm) ——

CEMI525R (30-35pm) ——

Figure 12 Dense packing of reactive binder components [34]

The synthetic SiO, particles runs much faster compared to silica fume [34].Cements
mixtures containing microfine clinker particles in combination with nanoscale synthetic
silicas can therefore accelerate the hydration process. Microfine grains of blast furnace slag
together with nanoscale synthetic silicas extend the durability of concrete.

Combining GGBS and FA have positive effects on compressive strengths compared to
replacing cement with FA alone. Also, ternary blends of SF, FA and GGBS may be preferred
over binary blends of SF and FA. This means that SF content can be reduced without losing
the mechanical performance of the concrete. Reducing the amount of SF has been shown to
reduce the amount of SP needed, resulting in an important environmental benefit. Using a
ternary blend and thereby reducing the amount of cement will also decrease the heat of
hydration and shrinkage as well as production costs. [22, 35]

Combining RHA and FA can improve both compressive strength and self-compactability of
Self-compacting High performance Concrete[25]. The combination of SF and RHA makes it
possible to replace the amount of cement with 40 % in UHPCs [28].

When RHA was combined with GGBS in a ternary binder composed of 65 vol% cement, 15
vol% RHA and 20 vol% of GGBS, a compressive strength of 165.2 MPa at 28 days was
obtained. This was considered to be the optimum mixture proportions for the highest
compressive strength.[29]

Several advantages could be achieved by making a premixed cement consisting of an OPC
comprising microfine portland cement clinker, blast furnace slag grains and different
synthetic silicas. First, it would ensure easy handling, dosage and homogeneity even with
short mixing times. Second, a really dense packing of reactive binder components would be
achieved. It seems likely that this would make the UHPFRC production, perhaps also in
ready mix plants, much easier.
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3.3 Aggregates

Aggregate size

It is important that the aggregates used in UHPFRC have a total grain size distribution which
arrange a high packing density [16]. The largest fractions of the aggregate have traditionally
been removed. The mean particle size is often below 1 mm, but aggregates up to 8 or 16 mm
have also been used to produce UHPFRC [5]. If the maximum aggregate size is
approximately 0,5 mm, one may use the term reactive powder concrete (RPC)[16]. It is
essential that the aggregate has a high mechanical strength to prevent the aggregate to
become the weak part of the concrete [2]. Examples of aggregate with very high strength can
be calcined bauxite or granite.

When adding coarse aggregates to a mortar, the cement content is reduced, and therefore
also the autogenous shrinkage and the price of the material are reduced. The use of coarse
aggregates in UHPFRC:s is scarce, but possible if the thickness of the constructional element
is much larger than the aggregates[36]. Yang et al shows in [37] that UHPFRC used with
coarse limestone aggregate can reach flexural strengths of 10 MPa. The concrete also
showed good durability properties in terms of permeability and shrinkage.

Often, expensive silica sands are used in UHPFRs. However, silica sand can normally be
replaced by natural sand, while still maintaining good mechanical performance and ductile
behaviour. The use of natural sand does not necessarily influence the strength of UHPFRC
significantly.[38]

It has been shown by Yang et al [38] that using recycled glass cullet for fine aggregates in
UHPFRC gave promising mechanical properties compared to normal concrete, although it
does not produce as high properties as natural sands. A possible explanation for this may be
the lower bulk density achieved, resulting from grading of the material or particle shape.
This can be resolved by modifying the grading in the recycled crushing process which would
increase energy costs. Still, one also should consider the environmental and cost effects in
producing a better UHPFRC using a recycled product, which most likely will be
significantly attractive.

Recently more investigations are conducted on how to produce good UHPFRCs with
commercially available materials. This is treated in chapter 3.7
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3.4 Super-plasticizers

Due to the low w/b ratio, the use of superplastizisers is crucial to achieve a concrete which
has a sufficient workability. A large quantity, which means up to 5 mass-% of the cement, is
required [16].The development of UHPFRC could not have happened without a development
of SP additives. Only the third generation of plasticizers (polycarboxylate ethers, PCE) allow
to save a sufficient amount of water to make the concrete workable[9].

3.5 Fibres

How fibres work

Ultra-high performance concretes are highly brittle, and the "performance" part of its name
relies in fact on the addition of fibres. Fibres are therefore added to UHPCs to enhance the
ductility of the material, in both tension and compression. The fibres increase the tensile and
flexural strength of the concrete, while the fibres’ contribution to the compressive strength is
rather modest.

Rossi [1] thoroughly explains the role of the fibres in light of the cracking process. He
divides between material and structural properties when looking at fibres in UHPFRC. The
cracking process is described as following:

e Micro-crack: A crack with a length considered to be very small compared to the size
of the specimen (structure).

e Macro-crack: A crack that must be considered not very small compared to the
specimen or structure.

e Active crack: a crack that is having a normal or tangential displacement.

e C(ritical active crack: A crack that leads to a concentration of stresses and a
localisation of strains, inside the specimen.

This means that cracking starts as behaviour of the material, and develops into behaviour of
the structure.

When workability is not of importance long fibres can work on both micro-cracks and
macro-cracks, or rather, at both the scale of the material and the structure. This applies to for
example dry roller-compacted fibre-reinforced concretes.[1] From experiments, it is known
that there is an upper limit for the amount of long fibres that can be added to the concrete
without affecting workability excessively. However, dependent on concrete type and
application, the fibre content can vary significantly. When the workability is of importance,
the fibres added to the concrete are normally a mix of a larger amount of short fibres and a
smaller amount of long fibres. This is the case of poured, pumped or sprayed concretes. [1]

When speaking of "long" or "short" fibres, and the amounts needed of each type, one must
consider the effect of scale. The geometry of the structure and the type of stress will have an
impact on the crack opening. The given size of fibres that is effective on the crack opening
for this structure may not be effective for a larger structure. Also the largest diameter of the
aggregate particles is of importance, as well as the mechanical characteristics of the matrix.
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In a highly compact matrix that bonds well with the fibre, even a fibre considered to be short
can function on a structural level. [1]

Choosing the fibres

The amount of fibres added to a concrete mix is measured as a percentage of the total
volume of the composite (concrete and fibres) termed volume fraction (Vy).The fibres
slenderness or aspect ratio (1/d) is calculated by dividing fibre length (1) by its diameter (d).
Another way to characterize and compare the properties of different fibre reinforced
concretes, is by using the so called “fibre factor”.[39]

Fibre factor = V¢ - aspect ratio = V¢ - 1/d [39]

The commonly use of steel fibre would probably be due to the many favourable properties of
this fibre type: High modulus of elasticity, high strength, high ductility and a very good
durability in the alkaline environment of the concrete. Failure will normally be characterized
by a bond failure between the fibre and the surrounding matrix, due to their limited aspect
ratio. [16]

modulus alkali max.
unit tensile of strain at resis- tempera-
weight strength | elasticity | fracture tance fure diameter
type of fibre | [kg/dm?] | [MPa] [GPa] [#5e] [-] [*C] [m]
S00- .
steel 7.8 3600 200 5-35 high 1000 100-500
alkali-
2000-
resistant 2.6 i T8 20-35 sk 00 12-20
4000 Loy
glass
1.75- 2000- ;
- -15
carbon 191 4000 200-450 4-1° high 3000 15
polypro- 450- 3 o :
pylene 0.98 100 7.5-12 60-90 _ _IEh_ 150 | 30
polyvinyl - B00- A ' . i
sl 1.3 900 26-30 50-75 high 240 13-300
polyester 1.4 Tll-'f[:[-l 10-19 B-20 med. 240 10-30
2 T00-
e 2
aramide 1.42 1600 T0-130 21-40 med. 600 12

Figure 13 Physical and mechanical properties of selected fibres for use in the production of
fibre-reinforced concrete [16]

Inside the concrete, the steel fibres are protected against corrosion by the alkaline
environment. Closer to the surface where the concrete may be carbonated, steel fibres may
corrode in the presence of moisture. Then again, experiences have shown that the corrosion
product around the fibres is not sufficient to build up enough bursting pressure to cause
spalling of the concrete. This is due to the slenderness of the fibres. Even though the
corrosion does not cause any significant damage from a safety perspective, the surface may
be discoloured from the rust which from an esthetical point of view could be a problem.[16]

In ordinary fibre reinforced concretes, the length of the steel fibres varies in general from
12.7 mm to 63.5 mm, while the aspect ratio lies between 20 and 100. The most common
diameters are in the range of 0.45 to 1 mm [40]. The usual amount of steel fibres lies
between 0.25 vol-% (20kg/m3) to 2 vol-% (157 kg/m3) [40]. In UHPFRCs on the other
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hand, the fibres can be smaller than 12 mm, and the total content can be as high as 11 % by
volume [6]. However, according to [16] it has been proven that approximately 2.5 vol% of
steel fibres at an aspect ratio 1/d between 40 to 60 leads to the best results, both in view of
fresh and hardened concrete properties.

To ensure a low porosity, it should be noted that the fibres length should be adjusted to the
maximum aggregate diameter. This is illustrated in Figure 14. For RPC, where the maximum
grain size is approximately 0.5 mm, the fibre length should at least be equal to ten times the
maximum aggregate diameter [16].

Maximum grain size dg max
5mm 10 mm
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|_. 40 mm __1\
Fibre length

Figure 14 Influence of dy,, on fibre distribution [41]

3.6 Production methods

Workability

Based on experience with conventional fibre reinforced concrete, one might expect
challenges related to the UHPFRCs workability. However, this seems not to be a common
problem according to the literature review. On the other hand, UHPFRC is not workable
without the addition of large quantities of high performance plasticizers, i.e up to 5 mass% of
the cement [16].In some of the reviewed articles, use of air-entraining agent is stated [42]. It
is known that this type of addition may result in improved workability, in addition to
increased frost resistance [16]

Addition of fibres increases the amount of water required for the concrete mix[16]. Also,
problems due to formation of “fibre nests” can occur [42]. The fibre aspect ratio 1/d has a
critical influence when it comes to the ability of the fibres to be mixed into the concrete, and
the concretes workability. In general, the workability decreases as the aspect ratio increases.

Mixing

The production of UHPC (and also SCC) can require long mixing times, which again cause
capacity reduction on production plant, as well as increases of cost significantly [43].
Investigating how mixing times of UHPC can be reduced [43], the following measures were
found effective:

- Increase speed of mixing

- Optimize particle size distribution by replacing cement and quartz flour with SF, and
thereby increasing the relative solid concentration

- Match the type of superplastizer with the cement used.
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The mixing sequence and type of mixer are also factors that can affect the concrete, in
addition to mixing time. Chang and Peng [44] found that for HPCs the following was true:

- Under high binder content (N > 1.8) the mixing sequence and type of mixer have
less impact on the uniformity of the concrete, given sufficient mixing time.

- Under low binder content (N > 1.6) the effect of mixing sequence and type of mixer
on mixing efficiency is more notable.

Curing conditions
Sometimes UHPFRCs are subjected to a thermal treatment. The reason for subjecting the
concrete element to this treatment are the following benefits, outlined in [4]:

- The concrete strengthens faster (compressive and tensile strengths)
- The concrete experiences a reduction in delayed shrinkage and creep effects
- The durability of the concrete is substantially improved

The heat treatment initiates the formation of more hydrates, which give the raise to the
improved characteristics [45].

Simon [45] identifies two types of heat treatment:

1) Autoclaving at a moderate temperature normally limited to 65°C because higher
temperatures alters the risk of delayed ettringite formation, and with high humidity.
This procedure mainly reduces the early setting time.

2) Concrete that has been removed from its form hours before is put in an enclosure
where the temperature is gradually raised to approx. 85-90°C. The concrete is kept at
that temperature and a relative humidity close to 100% for one or two days. Because
this treatment is applied after the concrete has set it is essential to have knowledge
about the concretes setting time [4]. This kind of treatment will affect the concretes
material properties due to the formation of more hydrates in the concrete. The
concrete will have improved certain aspects of durability, better long-term
mechanical performance and reduced shrinkage and creep after the treatment.

[2,4]

Heinz et al [46] show in their experiments that the exact conditions for heat treatment should
be optimised for every particular UHPC. Concrete containing GGBS and OPC required a
longer initial storing period before treatment or a longer heat treatment to gain higher
strength, compared to concrete containing only OPC or OPC and FA.

Ipek et al have done studies on the effect of applying pre-setting pressure on RPC during the
setting phase. In [47] different pressures were applied, and the specimens were subjected to
thermal treatment during the curing phase. A pressure of 25 MPa doubled the compressive
strength of the specimens, and it was seen that this pressure was sufficient to reduce large air
spaces and free water in the samples considerably. In [48] it is shown that a pre-setting
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pressure of 5 MPa is the most effective with regards to improving the flexural strength. An
increase of 34 % was obtained.

Even though heat-curing is an effective way to enhance material properties of UHPFRC, it is
costly and energy-consuming. It limits the production of UHPFRC to the precast-industry,
and hence also restricts the use of the material. [38]
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3.7 UHPCs with commonly available materials and/or technology

A factor challenging the wide scale use of UHPC is the availability of raw materials. The
majority of reference projects where UHPC is used are based on prebagged (commercially
available) materials, which comes with cost and logistics issues. To widen the use and make
the use of the material more attractive, the use of local available materials can be the
solution. Developing UHPFRCs without heat or pressure treatment would also encourage
utilisation of the material, but has been quite challenging for a long while due to all the
influencing parameters. [15, 49]

Using local materials from the south of Norway, and the packing programme EMMA,
UHPFRCs with compressive strengths between 160-190 MPa (heat cured), and flexural
strengths above 20 MPa (with 2 vol% fibres) have been made. The UHPCs also showed
excellent chloride resistance. [15, 50]

Wang et al [51] concludes in their study that UHPC can in fact be produced with common
technology and without removing the coarse aggregate. They used extremely low W/b ratio,
high binder content including multi-addition of SF, GGBS and limestone powder, and a high
standard super-plastiziser. They achieved high compressive strengths even when curing at
room temperature, and can also conclude that pumpable UHPC can be produced with the
help of super-plastiziser and retarder in combination.

Camacho et al performed a study [36], seeking to develop VHPFRC-UHPFRCs suitable for
production in precast companies without the need to adapt special mixing/curing processes,
and by using local materials that are normally used to produce normal concretes (in this case
limestone coarse aggregates). Their results are shown in Figure 15.

Type Cement Addition W/B Agg?rzrgse?te Long Fibers Mixer stre?%%pgfplgzte d
Level Kg;’m3 %o0.c.w. Ratio Kg;’m3 Tensile strengh Type MPa-MPa equiv.
Basic 522 10% 0,27 600 >1200 Low Energy 120-15
Medium 850-635 10% 0.21 0-600 2000 LE-Intensive 135-28
High 1000 15% 0.175 0 2000 Intensive 160-35

Figure 15 Dosage of three different performance VHPFRC-UHPFRC:s [36]

Wille et al [49] describes a research where UHPC with compressive strength up to 190 MPa
without fibres and exceeding 200 MPa with fibres was obtained. For the mix design only
materials commercially available in the US was used.
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3.8 Examples of UHPFRCs mix design

Common commercially available UHPFRCs

Most UHPC-UHPFRCs experiences have been developed in France, Germany, Denmark,
Japan and USA. Camacho et al [36] sums up the mix design for some of the commercially
available products.

Ductal® BSI® CRC® CEMTEC uniscate® BCV®
Type kaim® |Type kag/m®| Type kg/m® Type kgm®’ | Type kg/m®
Cement Portl. 746 - 1114 cem 1525 1050 T
Silica fume - 242 - 169 |Binder 930 - 275 2115
Quartz flour - 224 - - - - premix
Sand (mm) |0,1-0,6 1066 | 0-6 1072 ] 0-5 1325 <0,5 730 2-3 o
Water W/C 0,19 |W/C 0,19 | W/B 0,16 WIC 0,181| wiC 0,25
Admixture |Chryso 9 SIKA 40 - - Chryso 35 - 215
Fiber 13/0.2 161 p0/0.3 234 ]12/0.4 150-300] 10/0.2 470 P0531343 156
SlumpFlow(mm) 700 640 - - 750
o126 (MPa) 8 8.8 - - 8
fem7 (Mpa) 20° 101 20° 165 - 20° - 20° 98
femze (Mpa) J20°/90° 124/198] 20° 199 ]20°/90° 150/400 20° 168 | 20°/90° 130-150

Figure 16 Dosages and properties of the most common commercial UHPFRCs [36]

Examples of some UHPFRCs from literature

UHPC UHP-FRC

Type A B ¢ D A B c D  SIFCON
Cement 100 100 100 100 100 100 _ 100 100 1.00
Silica Fume 025 025 025 025 025 025 025 025 025
Glass Powder 025 025 025 025 025 025 025 025 025
Water 0220 0195 0190 0180 0212 0200 0.185-0.195 0.18-0.20 0.207
Superplasticizer® 0.0054 0.0108 0.0108 0.0114 0.0054 0.0108 00108 00108 0.0108
Sand A° 028 030 031 105 027 028 029 002 076
Sand B° 110 071 072 000 105 064 067 000  0.00
raio Sand A/B  20/80 30/70 30/70 100/0 20/80 30/70  30/70 100/0  100/0
Fiber 000 000 000 000 015025 022 0.18-027 022-0.31 0.71
Fiber Vol.% 0 0 0 0 1525 25 2030 2535 5%

. leube.28d] MPa 194 207 220-240 232-246 207/213 219 227-261 251-291 270%292

Hlrension] MPA ¢ 1.7 49 6.9.7.8%: 7.4-8.5%; 8.2-9.0° 8.2/14.2 15 16-20 20-30 37°
*solid content; ® max. grain size 0.2 mm (1/128 in.):  max. grain size 0.8 mm (1/32 in.);
4 non vibrated, non surface cut; ©twisted (T) fiber: "straight (S) fiber: ® at first cracking followed by immediate
failure

Figure 17 Examples of mixtures developed for UHPC and UHPFRC [8]
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Material Amount (kg/m"‘ (lb!yda)) Percent by Weight
Portland Cement 712 (1.,200) 28.5
Fine Sand 1020 (1.720) 40.8
Silica Fume 231 (390) 93
Ground Quartz 211 (355) 8.4
Superplasticizer 30.7 (51.8) 1.2
Accelerator 30.0 (50.5) 1.2
Steel Fibers 156 (263) 6.2
Water 109 (184) 44

1 kg.--’mi =1.686 lb.-’yd3
RDM = relative dynamic modulus (see p. 134)

Figure 18 Typical UHPC Composition from Graybeal [52]

}rps UHRC UHP-FRC SIFEGN
Cemeni 1.00 1.00 1.00

Sliica fume 0.25 0.25 0.26
Glass powder 025 - 0.25 0.25
Water - 0,180 018¥60.20 | 0.207
: m&nﬁw 0oti4 00108 7 | 00108
Sand At 105 092 0.83
Fiber 0.00 0.22 fo 0.3 049
Fiber, vol. % 0 2.5103.5 55
fe'. MPg* 23210246 | 2511029 270
fi, MPa 821090 | 201030 a7
“Solid content
tMaximum grain size 0.2 mm

28-day tests using 50 mm cubes
§At first cracking, followed by immediate failure
1 MPa = 145 psi; 1 mm = 0.04 in.

Figure 19 Mix proportions by weight, from Wille, Naaman and El-Tawil
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4  Material properties

4.1 Mechanical properties

Compressive strength

As the name indicates, UHPFRCs have compressive strength much higher than ordinary
concretes. The typical compressive strength of UHPC is in the range of 150 — 220 MPa, but
higher strengths can be obtained. Adding fibres would in general have a low influence on the
compressive strength, but it would considerably affect the stress-strain behaviour. Up to 70 -
80 % of compressive failure load, the concrete exhibit an elastic behaviour. This is illustrated
in Figure 20. [53]

Stress-Strain-Diagram of UHPC without fibres

~0,70 -
D807,

= 4555 GPa

Compressive stress

1

1

1

[

'

[

i
-

Concrete strain

Figure 20 Stress-strain diagram of UHPC [53]

UHPC with and without fibre reinforcement behaves very differently when exposed to
compressive strength. While UHPC without fibre reinforcement exhibit a very dramatic and
brittle failure, which can be described as an explosion, UHPFRC exhibit a very ductile
failure, see Figure 21. This is due to the restraining and confining effects of the fibres[54].

The slope of the descending branch depends on [53]:
e fibre content
e fibre geometry (length, diameter)
e fibre length in relation to maximum aggregate size
e fibre stiffness (in case of fibre cocktails)
e fibre orientation
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UHPC with fibres, 1,0 Vol.% - 2,5 Vol.%
] stess-strain diagram
Tl R s Range of possible descending
depending on fibre amount
and fibre orientation

Compressive stress

E =45-55GPa

1 H

]
:

B Ee .
Concrete strain

Figure 21 Stress-strain diagram of UHPFRC [53]

Further, the mechanical strength is influenced by several parameters described throughout
this report, especially the packing density, curing conditions and aggregate. Tests on one
type of UHPFRC, CRC, showed a compressive strength at around 150 MPa when using
quartz sand and curing at ambient temperature. To achieve a higher strength, special
aggregate like bauxite was necessary. When combining this with heat curing, the
compressive strength could be as high as 400 MPa.[55]

Experiments [54] show that the set time of UHPC is clearly delayed compared to normal
concrete. The final set may not occur until 12-24 hours after casting, and this time could also
be longer, depending on the admixtures in the concrete mix. When set finally occur, UHPC
gains its compressive strength rapidly.

According to AFGCs recommendations compressive strength should be determined on
cylinders with dimensions F7x14 cm or F11x22cm. It is also possible to measure the
compressive strength on cubes, according to Eurocode 2 [EC2], provided the coefficient for
switching from cylinders to cubes during design or suitability testing has been validated [45].
Further details on test methods can be found in Annex 1, or in [4].
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Tensile and flexural strength
High compressive strength is not always the most important feature of an UHPFRC; the
flexural strength is often of higher importance[36].

Similar to other fibre reinforced concretes (FRC) UHPFRC can be classified as either
“strain-softening” or “strain-hardening” in tension. Strain softening means that the maximum
tensile capacity decreases after the crack opening. This is illustrated in Figure 22 and means
that the fibres do not contribute to hold the cracks together. However, the fibres may increase
the tensile strength beyond the matrix strength (i.e a larger force is required before the
concrete cracks). Without fibres, UHPC can exhibit a direct tensile strength in the range of 7
— 10 MPa. According to [16], the tensile strength may be doubled when fibres are added to
the mix. The increase depends on the amount, type and orientation of the fibres. If the tensile
capacity increases after cracking, the concrete exhibit a hardening behaviour. This is
illustrated Figure 23. In this case, the fibres stitch the concrete together when it cracks. Only
a few materials are hardening in pure tension knowing that this requires a very high fibre
content [56]. Some CEMTEC mixes which have fibre contents of around 11 % by volume
(type 3, chapter 2.2 ), exhibit hardening behaviour [56].
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Figure 23 Strain-hardening behaviour [45]

The flexural strength of UHPFRC is usually much higher than the direct tensile strength. In
[42] facade elements made of BCV (Composite Concrete Vicat), which is a type UHPFRC,
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the flexural strength from 3 points bending test on notched specimens, was determined to be
16.4 MPa when the mix contained 1 % short fibres. For another mix with 2 % steel fibres by
volume where 1/3 of the fibres where short and the rest long, the flexural strength was
measured to be 23.1 MPa. A softening response was observed.

It should be pointed out, that even if an UHPFRC exhibit strain hardening behaviour in
bending, it does not necessary mean that it exhibits strain hardening in direct tensile. Also,
the fibre orientation and size of the test specimens influence greatly on the behaviour.
Therefore, softening or hardening behaviour cannot be considered to be a material
characteristic, but rather a structural constructional characteristic.

Based on recent research, the interim recommendations from AFCG identify three types of
UHPFRC as determined by their direct tensile behaviour [45]:

1) Softening materials that have softening average law in direct tension

2) UHPFRC with a hardening average constitutive law in direct tension, but with a
softening characteristic law

3) UHPFRC with a hardening characteristic constitutive law in direct tension

This means that if one, for example, have three test specimens which are tested, and two of
them exhibit strain-hardening behaviour while the last specimen exhibits strain softening
behaviour, the average behaviour in tensile could be hardening. However, when calculating
the characteristic value, the uncertainty related to the tensile strength after the concrete
cracks, is much larger than before it cracks. As a result, the characteristic behaviour in
tensile may be softening.

Category 1 contains UHPFRCs with a low fibre content which generally does not respect the
non-brittleness criterion required for structural concrete. Category 2 is the case most
commonly encountered currently with UHPFRCs like Ductal, BSI etc., while pure strain
hardening behaviour requires UHPFRCs with a very high content of fibres. An example can
be certain CEMTEC mixes which have fibre contents of around 11 % by volume [45].

The literature seems to be a bit inconclusive on how to test the flexural, and especially the
direct tensile, strength of UHPFRC. This includes a lack of design codes and analytical tool,
especially in the U.S.[57]. Association Frangaise de Génie Civil (AFGC) and Service
d'études techniques des routes et autoroutes (Setra) published their interim recommendations
on UHPFRC in January 2002[4], and an updated version in to be published in 2012. In
addition, the U.S Federal Highway Administration and the French IFSTTAR has established
a joint research that according to [58] has succeeded in advancing the field of flexure testing.
They also have developed a new and more practical direct tension test method.

Further details on test methods can be found in Annex 2 and 3, or in [4] and [58].

The mechanical properties of air-cured UHPFRC at early ages has be studied [59], and also a
model to predict them has been proposed based on the test results by Hong et al. The flexural
strength was tested with unnotched specimens in a three-point bending test. The study
concludes that the flexural strength manifested itself rapidly up to the age of 3 days, and the
strength at 7 day was almost the same as the strength at day 28. The study also included a
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comparison of flexural strength with heat-cured specimens. The results showed only a
difference of 11 %, and conclude that heat-curing has only a very small effect on flexural
strength.

Fibre orientation has been shown by Kang [60-62] to be important for the flexural behaviour
of UHPFRC. From bending tests it was found a linear increase between flexural tensile
strength and fibre volume ratio. The initial cracking seems to be little affected by both
orientation and distribution of the fibres. The flexural strength on the other hand, is highly
influenced by the fibre orientation. The fibre orientation is determined by the placing
direction of the concrete, and concretes placed parallel to the longitudinal direction of the
specimen showed considerably higher flexural strength.

Impact strength

When concrete is subjected to an impact it experiences high rates of localised strain. High
rates of strain cause an increased compressive and tensile strength. UHPFRC has, like most
fibre-reinforced concretes a high energy dissipation capacity. Also, because of its large
tensile strength, the cracking and structural integrity can be controlled. This holds true even
for quite strong impacts. [4]

Investigations on an UHPFRC with at least 50 % of the OPC replaced by FA, slag and SF,
and natural sand as fine aggregates was done to see how single and multiple dynamic
impacts will affect the concrete [63]. The experiments were done with different volume
fractions of steel fibres. The results showed that addition of steel fibres will enhance that
concrete's resistance against repeated dynamic impacts; the dynamic strength, deformation
and energy absorption are largely influenced. The investigations conclude with the
following:

- The number of impacts the concrete can withstand increases sharply with increased
volume fraction of steel fibres

- The energy absorption increases linearly with addition of steel fibres

- Adding steel fibres to the concrete can prevent disruption and hence maintain the
integrity of the specimen.

According to Leonhardt [64] a higher ductility of the UHPFRC improves the impact
resistance, and therefore knowledge of optimum fibre content and fibre orientation is crucial.
Results have shown that the impact resistance was increased with the amount of micro steel
fibres (d=0.16 mm). Higher horizontal fibre alignment increased the impact resistance. When
1.0 % of the micro fibres were replaced with crimped fibres with a larger diameter, impact
resistance was reduced. This was due to a reduction in number of fibres in the mix, and
hence a smaller deformation energy of the concrete.
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4.2 Properties dependent on time and/or temperature

Shrinkage

UHPFRC experiences very low drying shrinkage and the reason may be the low porosity.
Studies on shrinkage have shown that no drying shrinkage was found if the UHPFRC
produced without coarse aggregates[16]. Due to the large amount of cement in UHPFRCs,
the autogenous shrinkage is large, and may reach values higher than 0.0012 (1.2 pm/mm).
This is as expected, and most of the autogenous shrinkage takes place at the age 8 to 24
hours.[16]

Creep in compression

UHPFRCs show larger creep than one would expect when considering the strength of the
material. For normal strength concretes, the creep coefficient will decrease as material
strength increases. For UHPFRC:s, final creep coefficients between 2 and 3 can be observed
for loading at early age (tp = 3 days and t, = 1 day, respectively). The reason for this
behaviour is the large amounts of paste in these concretes.[16]

Heat treatment will reduce creep significantly, and a heat treated UHPFRC will not
experience any more shrinkage[4]. A study performed by Flietstra et al [65] shows that the
effects of thermal treatment performed under a compressive load "locks in" the creep strains
in the concrete, independent of when during the early age (28 days) the treatment is
performed. A study by Graybeal [52] showed that heat and steam treatment caused a
decrease in creep coefficient. Also Garas [66] show that compressive creep is significantly
decreased by thermal treatment.

Tensile creep

Often when we talk about creep we actually refer only to creep in compression. Creep also
occurs in tension, and results [66] show that creep in UHPC is quite different in tension and
compression. It is put emphasis that further study of tensile creep is needed for UHPC. This
is especially true for applications where a high long-term tensile performance is important.
Garas et al [66] investigated the effect of thermal treatment on tensile creep, and provided
some interesting findings:

- Tensile creep of UHPC seems to be more susceptible to thermal treatment than
tensile strength.

- Microcracking and porosity is proposed to significantly affect tensile creep of
UHPFRC. It is however pointed out that further research is needed to more
thoroughly describe the factors influencing the tensile creep behaviour.
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4.3 Durability

Permeability

The durability of a concrete is largely linked to permeability of the material. Because of the
high rate of autogenous shrinkage in UHPFRC, micro-cracks will form and the result is a
concrete with reduced resistance against penetrating aggressives. Micro-cracks can also be a
result from thermal treatment. Scheydt and Miiller [67] shows that the interfacial transition
zone (ITZ) that forms between the cement paste and coarse aggregates or steel fibres can
decrease the concretes durability.

Still regarding the risk of microcracks reducing the durability, studies show that UHPFRC
has good durability properties. Graybeal [52] confirms through a large study that the
durability properties of UHPC are significantly better than those of normal concrete. Also
Toledo Filho et al [68] show this in their study. They used probabilistic analysis and found
that the cover thickness of their UHPFRC could be a factor of 10 less than for ordinary
concrete, and still maintain the same level of protection of the reinforcement bars. They
conclude that UHPFRC is a suitable material for surface protection and/or impermeable
situations, especially under extreme conditions. Area of application can be in roads, marine
structures or nuclear power plants.

Elevated temperature/fire

A rapid increase of temperature can lead to the risk of spalling in concretes. This holds
especially true for high-strength concretes and the spalling can be explosive. Such concretes
have low porosity and the vapour pressure that builds up inside the concrete cannot easily be
released. Concrete's resistance to fire is a widely investigated topic, and Pimienta et al [69]
tries to sum up results from fire tests performed on some commercially available UHPFRCs,
see Figure 24. [70]

Specimen UHPFRC Thermal Fire curve Applied load Observation

geometry treatment
Yes *** .
Slabs Ductal®-AF Noi No spalling
ISO 834 Unloaded
400; 400 x 25 Ductal®-FM * Yas nloade -
mm Spalling
Ductal®-FO **  Yes
Columns Ductal®-AF Yes No spalling
uctal®- S _—
900 x 200 x 200 No Minor spalling
mm3 ISO 834 Unloaded I EEEEE—
700x300x300  Ductal®-FO ** Yes Severe
mm3 spalling
Yes Loaded Minor spalling
|shapebeam ) @-AF T Iso 834 @points
Span=6,15m No bending) No spalling
Cubes 10(31 x 100 Yes ****
x 100 mm
B-fi in i
Cylinders @ 110 BSI®-fire No HCine Unloaded No spalling
mm x h 220 mm
U shape sample CERIB UHPC Severe
1500 mm [11 | et !I without  No ISO 834 Unloaded spalling
pp fibres
U shape sample CERIB UHPC
1500 mm [11] ;n::sjl withpp  No ISO 834 Unloaded No spalling

(*) No pp fibres; (**) no pp fibres, with organic fibres; (***) 48 hours at 90°C; (****) 48 hours at 80°C, in sat. vapour.

Figure 24 Details of the tests in fire performed on Ductal®, BSI and CERIB-UHPC [69]
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From their literature review some conclusions are drawn, even though the UHPFRCs
examined show large variations in parameters such as compressive strength, elastic modulus
and thermal strain:

- The compressive strength is a (highly) nonlinear decreasing function of temperature

- The elastic modulus also decreases with temperature, but in a more regular manner.

- Polypropylene fibres have shown good effects in limiting or preventing spalling
behaviour.

The behaviour of UHPFRCs at high temperatures is highly complex, and the updated version
of the French AFG-SETRA guidelines (to be published in 2012) considers the information
gathered so far. [69]
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Appendix 1

AFGC-SETRA, Ultra-High Performance Fibre-Reinforced Concrete, interim
recommendations: Compressive strength [4]

1.3. Resistance a la compression

Le comportement en compression est deéfini par
la résistance caractéristique en compression et le
module d'élasticité.

Pour les caleuls réglementaires en flexion 4 TELU,
on adopte une loi de comportement conventionnelle
linéaire avec un palier plastique.

Le début du palier plastique correspond & une
contrainte maximale égale a 0.85 fooz/ 8%,

Un exemple de courbe de comportement en
compression est donné en annexe 1.

Essai :

L'éprouvette est un cylindre de @7 x 14 cm ou
de @11 x 22 em. L'essal de compression est
pilote en force. La valeur caracteristique frzz de
la reésistance a la compression est obtenue
selon la méme méthode que celle des bétons
ordinaires telle que decrite dans le fascicule
60A Un surfagage lapidaire est indispensable
pour effectuer les essais, et celui-ci doit faire
l'objet d'un soin particulier.

1.3. Compressive strength

Compressive behaviour is defined by the
characteristic compressive strength and the
modulus of elasticity.

For the regulatory calculations regarding ULS
bending, a conventional linear constitutive law
with a yield plateau will be used.

The start of the yield plateau will correspond
to a maximum stress of 0.85 fix / 0 T,

An example of a compressive behaviour test
curve is given in annex 1.

Test :

The test specimen shallbea @ Tx Idemor & 11
x 22 em cylinder. The compressive-strength test
load shall be force-controlled. The characteristic
value [ of compressive strength shall be obtained
using the same method as that used for ordingry
coneretes, as deseribed in fascicule 634 (General
Technical Specifications - Construction of
Reinforced or Post-Tensioned Prestressed Concrete
Civil Engineering Structures).

AFGC Groupe de travail BFUP

S'il est nécessaire de faire une étude non-
linéaire de stabilité de forme, un pilotage
en déplacement est mnécessaire afin
d'obtenir le comportement post-pic.

Interim recommendations 17

The surface must be carefully polished prior to
testing.

If non-linear buckling caleulations are needed, a
displacement-controlled test shall be used in
order to determine post-peak behaviour.
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Appendix 2

AFGC-SETRA, Ultra-High Performance Fibre-Reinforced Concrete, interim
recommendations: Tensile behaviour [4]

1.4. Comportement a la
traction

Déformation Ouverture
Alastiqua de fissure
/ Elagtic sircin / Crack opening

1.4. Tensile behaviour

|
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I
|
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|
]
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Figure 1.2: Exzemple de loi de comportement en traction d'un BFUP
(cas dun matériau écrouissant)
Figure 1.2: Example of tensile consiituiive law of a UHPFRC

{case of a strain-nardening maierial)

Le comportement en traction du matériau est
CAractérisé par :
= Un domame de défformation Elastique
limitée par la résistance en traction de a
matrice cimentaive f5 ,
+ Un domaine post-fissuration caractérisé par
la résmstance en traction du maténau fibré
obtenue aprés fissuration de la matrice.

Si un temys de malaxage suffisant et des condidons
de miss en ceuvre asser tradinicnmelles permettent
de zarantir une faible disparsion da la résistance en
traction de la matrice dmentaire §, la résistance en
trartion apportée par les fiores est on revonche trés
sensiblz aux conditionsde réalisation |

The tensile behaviour
charactertzed Dy

of UHPFRC is

s« an elastic siage [mited by the tensile
strength of the cement mairix, fi,

= o post-cracking stage characterized by the
tensile stremgih of the composite material
ayfier the matriz has cracked.,

Although sufficient mixing time and quite
tradiffonal placing conditions ensure low
seatter of the tensile strength of the cement
matrix, fi, fibre tensile strength depends very
muech on the mixing and plocement process:
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s Tout écoulsment sventuel lors de la nuse en
cenvre tend A onenter les fibres dans le sens
de I'écoulement,

coffrages. Ce phénoméne nintervient gque
sur une profondeur inférieurs ou égale a la
longueur des fibres, 1 a aing dautant plas
dinfluence sur la résistance en traction
effective des piéces que lépaisseur des
structure est proche de la dimension des
fikwes,

¢ Une onentation privilégiée des fibres dans le
zens de la gravité peut parfois se produire,
Liée au comportement naturel des fbres
danz la phace ligquide visqueuse gque
constinue e béton avant la prize.

Les meéthodes développées dans les présentes
recommandations permettent d'mtégrer
l'ensemble de ces phénoménes qui sont dissociés
en deux approches.

A partir dessans de caractensaton qu dépendent
du type de structure etudie (plagues minces,
plagues épaisses, poutres ou cogues), ef qui
peuvent étre de deux types (frachon directe ou
tractiom par fleoon), les recommandabons
donment les coefficents permettant de passer des
résultats des escaic 4 une lo de comportement en
trachion « Infrinséque », A savolr gqui ne dépend
pas de la taille des eprouvettes et du type dessai
réahzé. Danc ce chapitre, et pour chague
protocole descaiz proposé, les recommandations
donnent lec coefficients correcteurs a appliquer
pour aboutir aux loiz de comportement
intrinségues.

Une foiz la lom de comportement en traction
donnent les élémeniz permettanti dmtegrer
I'influence des méthodes de mize en ceuvre sur
les valeurs de récistance reelle 3 prendre en
compte dans lez calculs. Cette correction a
apporter aux courbes de résictances intrinséques
consiste & appliquer un coefficdent correcteur 1K
gqui est le coefficent de passage entre la lmi
intrinsegque et celle issue dessais sur éprouvettes
prélevees dans la structure réelle.
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o Any flow during concrete placng tends to
align fibres in the direction of flow,

s Fibres close to formuwerk walls are naturally
aligned perallel to them, This phenamenon
ceases bevend a distemee from the formuverk
in excess of the fibre length The closer
compenent thicknesses are to the length of
fibres, the greater is the effect on the effective
tensile strength of the perts,

e  Preferential gravitational orienfation of
fibres cam sometimes occur, due fo  the
natural behaviour of fibres in the viscous-
hgquid phease of concrete before it sets,

The methods outlined in these Recommendations
take account of all these phenomena which are
dizsociated in hiwo approaches.

Using characterizafion fests depending on the
tvpe of structure studied (thin slabs, thick
slabs, beams, shells), and which can be of two
tvpes (direct tenstle fest or flexural tensile test),
these Recommendations give the transfer
factors to go from test results fo an “intrinsic”
curve for temsile behaviour which does nof
depend on test specimen size or on the fype of
test used. This chapler gives the corrective
factors fo be applied with each proposed test
procedure to get intrinsic constitutive laws.

The Recommendations also sive insfructions
for taking account of the effect plocement
methods have on the real strength values to be
considered in calculations {once the intrinsic
curve for tension has been determined) This
correction of the intrinsic sirength curves
congists in applving a reduction coefficient
1/K representing the differemnce between the
intrinsic curve and what would have been
obtained on specimens faken from an actual
structural element.
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Pour déterminer ce coefficient K. plusisurs
alternatives sont possibles :

¢ a0t lez méthodes de mise en ceuvre prévuss
ont deja eéte validéss sur des ouvrages
similaives réaliséz de fagon analogue A la
structure projetés. Dans ce cas le projeteur
utilize les coefficents de passage de la
reference commue,

¢ zoit 1 est préva ultéreurement de justfier
les méthodes de nuses en ceuvre sur la base
dépreuves de convenance réalizéss sur un
modéle représentatf de la structure réells.
Dans ce cas, le projeteur peut utlizer en
premiére approche les valeurs de K obtenues
sur des ouvrages sinilaires connus, Dans le
chapitre 2 et dans les annexes du présent
document, sont ainsl mdigueées, a e
dexemple, lez valews et la meéthodologie
dobtenton du coefficent K dans le cas des
ounrages  experimentaux  de  Bourglés-
WValence.

1.4.1 Resistance a la traction
par traction directe

Protocole d'ezsal

Le protocole de réalization de I'essal de traction
directe est défimi dans les Recommandations de
TAF R EM (référence [1.1]).

Sur la base de ces recommandations &t a
partir des résultats d'essais des chantiers de
Chinon et Cattenom avec le BPR et le BSI 1l
est apparu que le processus de traction directe
sur éprouvette entaillée était trés pénalizant
et pas forcément représentatif  du
compartement du matériau dans la structure.

En effet le prélévement est trés local et de plus la
taille du Lgament du corps d'éprouverte est telle
que la dispersion est grande.
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There are fwo possible alfernatives for
defermining this K factor:

¢  Either the concrete placement methods have
already been validated on similar waorks
butlt in o manner similar to that proposed
for the project, in which case the desiemer
uses the K factors for the known reference,

¢« Or 1t 1z proposed to substombiaote the
placement methods af a later date, on the
basis of suitabilify tests conducfed on a
repressntative model of the actual structure.
In this cose, the desiomer com approxmeate
using the K values obtained on simular
works. The K values obtmned on the
innovative Bourg-lés-Valence works, and the
weay  they were obtmmed, are given as
examples in Chapter 2 and in the annexss,

1.4.1 Direct tensile strength

Test procedurs

The direct tensile-strength fest procedure is
defined n the AFREM recommendations

(reference [1.1]).

From these recommendations and the results
of testing of BPR and BSI concretes at the
Chinon and Cattenom nuclear power plants,
it was seen that the direct tensile test using
notched specimens s extremely unfavourable
and mnot necessarily representative of the
behaviour of the material in a structure.

This is because sampling 15 very localized, and
because the size of the necked section induces
broad scatter of results,
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Dans [1.3], vingt ezcais de traction directe ont été
réalicés sur du Ductal®. Les éprouveties sont des
prismes 777258 cm usinés en partie centrale
(zection centrale 775 cm).
Lez rézultats obtenus étalent les suivants :
« DMovenne des résistances en trachon divecte
(effort masomal dmisfe par la sectom):
10,27 WPa,
¢ FEcarttype : 1,190 Pa,
# Valeur caractérishigue récllement obtenue :
52MPa

Valeur caractéristigue de calcul : 8 MPa.

Les resultats de ces essals viemnent corroborer
les valeurs déduites des essais de flexton.

In [1.3], hweniy anial tensile-strength rfests
were carried out on Ductal®. The specimens
were 7*7*28 cm prisms machined at the

cenire (ceniral sechion measuring 735 cm).
Results obtained:

o Meom direct tensile strength (maamum jforce
diveded by sechonal arealr 1027 MPa

s  Standard deviation: 1.19 MPa
& Charodensiic volue ocually obimned:

&2 MFPa
Design value - § MPa.

The resulis of these fests corroborate the
values deduced from flexural tests.

1.4.2 Resistance a la traction par flexion
Protocole d'essan

Le protocole de réalisation de leszan de
traction par flexion est défimi en annexe 2.

1.4.2 Flexural tensile strength
Test re

The flexural tensile-sirength test procedure is
given in annex 2.

Lors du chantier Cattenom, lez eszaizs de
flexion de contrale sur 196 éprouvettes 4*4*16
tectées en flexion 3 ponts ont condmt aux
récultats suivants :

+ Reézistance movenne : 41 8MPa
+ Ecarttype:460Pa

¢+ Valeur caractéristique réellement obtenue -
33,9Mpa

L ]
La reésistance a la trachon est dedwte de cetie
valeur en utilhizant une modehzation [1.3).
On obtient alors £ =33.9/42=58.1Mpa

d'on1 la valeur caractéristigue de 8 LM[Pa pour f=.

Flexural tensile-strength checks carmied ouf
during the works af the Catfenom nuclear power
plant on 196 specimens measuning $5416 cm
fested on a cenire-point bending press gave the
following results:

s Mean strength- 41.8 MPo

* Standard deviafion - 46 MPa

s Charaderistic value oclually obioined
F3.9MPa

The tensile sirength is deduced from this value
by means of modelling [1.3].

Thisgives; =339/ 42=81MPa

whence the desion value of 8 MPa for f.
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1.4.3 Plagues minces
gm; d‘ﬂ rEuvE

Les plagues minces sont des éléments dont
l'épaisseur e est telle que :

ez3Ly avec L:=longueur de la fibre
et
%zan avec L=portée dela structure

Pour ce genre de plague, le mode caractéristique
de travail étant la flexaon, le comportement en
traction est caractérisé par un essal de flexion 4
points  suwr  des  bandes  prismatigues
rectangulaires dépaisseur égale a celle de la
structure, de longueur 20 fois l'épaizseur e ot de
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1.4.8 Thin slabs

Specimen

Thin slabs are elements whose thickness ¢ iz
such that

¢ = 3 Ly where Ly = length of individual fibres
and

% z 50 where L =szpanof slab

Since this kind of slab characteristically
works in bending, the fensile strength is
characterized by a third-point flexural fest
using rectangular prismatic specimens., The
specimens are the same thickness as the
structure; their length iz 20 times thickness e,

largeur au moins égale 4 8 Lg and their width is greater than SLs.
_h___h_"“—————-____
<>
o —_
,Z__ T > 8Ly

—
o
‘—ﬂmh\//“*-r

Figure 1.3 : Plagues minces : définition du prisme d'essal
Fligure 1.3 : Thin slabs : definition of the test prism

Protocole d'ezsai

L'ezszan de flexgon est pilote en déplacement. Le
résultar de lessal (courbe effort — fléche au
centre) est analysé de maniére INVErse avec une
loi de comportement de type contramte —
deformation, car on peut considérer que pour ce
tvpe de structure, de sollicitation et de matériau,
une multi-fissuration diffuse sera obtenue.

La minceur des plagues et leur mode de coulage
sont susceptiblez d'influencer l'orientation des
fibres. Om peut donc cattendre a des
performances post-fizsuration qui varient selon
la direction considérée dune plague. Les escais
doivent mettre en évidence cette éventuelle

Tast procedure

The flexural tenstle-strength fest 15 displacement-
controlled. The result of the test (force—mid-span
deflection curve) is back-onalyzed usimg a
stress.strain fype constifutive low since if can be
considered that for this kind of structure,
loading, and material, diffuse multiple erackhing

will eccur.

The thinness of the slabs end the way the
concrete 15 placed are hkely fo affect the
orientation of fibres. It can therefore be
expected that post-cracking performance will
vary, depending on the direction fested.
Testing must reveal any such anisotropy.
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Le detail du protocole d'essal recommande est
donné en annexe 3.

Lobjectif principal de la démarche est de nlavor
besomn, a terme, que des résultats dessas sur
bandes pour justiber les performances de structures
de type plaques minces,

Si l'on a besoin de caractéristiques du
comportement au poingonnement il est
recommandé dutiliser l'un des essais
suivants
¢ lessal AFTES (pour béton projeté) ou essad
SNCF.
* lessai de fleion sous charge ponctuelle
centrée d'une dalle arculaire [1.17]

» lessail pour plaques de faux planchers (4
appuis ponctuels) — Norme NF P 67-101
1.4.4 Plagues epaisses
5 d épreuve

Les plagues épaisses sont des éléments dont
I'épaisseur e est telle gue

e=3Ls ol Li=longusur de la fibre
et

L .10  oi L=portée dela dalle

L=

mesure de la fliche au centre et analyze
— puverture de fissure en tracton. Cet essa
act : Qo nali

# Fzzaiz de trachon divecte sur des
. : T . . -

The recommended fest procedure is described
inannex 3.

The main objective of the procedure is to
eventually need only test results on strips to
check the performance of thin-slab type
structures.

If the characteristics of punching behaviour
are required, it is recommended to use one of

the following tests:

o the French Tunnelling Assocation
(AFTES) test or the French Raal (SNCF) test,
both for spraved concrete.

e the flevural test with a point load cenired on
aarcular slab [1.17]

s the rosed-flooning test (d poind bearings) -
French standard NFP 67-101

1.4.4 Thick slabs

Specimen

Thick slabs are elements whose thickness ¢ is
such that:

¢ >3 Ly where Ly=length of individual fibres

and
L . 10where L =span of slab
(=3

Three types of test may be used:
¢ Cenirepoint flevural test using noiched

moasurement of mid-span deflecion and
back analysis fo denve a Shress - oock
opening under fension” curve. This fest is
deemed to ive unfovourable resulis.
s  Dirert tenmle-sirength test on nofched soum
. ; : or cxlindyical :
cored from prisms.
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dobtenir une information fiable que pour de
trés fathles ouvertures de fissures.

Six eprouvettes au mimimum doivent étre
testées. Les dimensions des prismes proposes
sont fonction de la taille des fibres -

¢ Le=15mm:7TxTx28cm

¢ 15=L:<20mm:10x10x40cm

¢ M=L:<25mm:14x14dx56cm,

o 25 =1 : largeur = 5 L. hauteur = 5 Lyou
egale a [epalzseur de la structure = cellen
est conmue, longueur = 4 fois 1a hauteur.

Protocole d'essail par flexmon 3 points

Lesz éprouvettes sont testées face coffrée en
bas. Les éprouvettes utilizées pour les essais
de traction sont prelevees de mamiére a ce
gque la direchhiom de traction directe soit
paralléle a l'axe longitudinal du prisme.

Le prizsme est coulé depuis une =zeule
extremite afin de garantir une répetabilite de
réalization. Les moules sont vibrés sur une
table et arasés a la régle vibrante.

Le detaill du protocole dessal et =on
exploitation sont donnés en annexe 2.

1.4.5 Poutres

Les cas de charge a considérer pour calculer
une poutre sont trés nombreux

»  flenion longitudinale,

o flemion transversale,

s effort tranchant,

¢ torsion

o diffusion de la précontrainte,
o efforts localisés.
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+ IDhrect tensilestrength tests on un-notched
information only for very small crack
widihs.

Test at least six specimens. The dimensions of
the test prisms proposed depend on the size of
fibres:
o Le=I5mm:Tx7TxZ8cm,
o 15<L<0mm:10x 10x 40cm,
o O<lp=Zimm:1dx14x56cm,
o 25 <Jy -undth =35 Iy, height = 5 Lyor equal
to the thickness of the structure, if knoumn,
length =4 times the heyght.

Centre-point flexural test procedure

Test the specimens with the moulded foce
dowmiards. Take the specimens used for tensile-
strength tests such that the direction of moal
tension is parallel to the lonmitudingl axis of the
prism.

Cast the prism from one end only to ensure good
casting repeatability. Vibrafe the moulds on a table
and level the concrete with o nibrating striker.

A description of the test procedure and iis
interpretation method are given in annex 2.

1.4.5 Beams

There are many load cases to be considered for
designing beams:

v longitudinal bending
. .

+ shear strength

s forsion

+ distnbufion of prestress
o localized forces.

10
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24 - Recommandations provisoires

La démarche de caractérisanon adoptée est
ainsl la swmvante :

Reéahsabon dun essal de flesoon sur prisme coulé
entallle a partir duguel une analyse mverse conduni
a4 une lni de trachon post-fissuration conframbe —
ouverture de fissure (5—w).

La 1ol izssue de cet essal est corrigée pour
miegrer les effeis d'echelles et de parms, hes
a la géométrie et au mode de confection des
Eprouvettes.

La lm de comportement obienue est ensuiie
pondérée par un coefficient réducteur /K
représentant 1'écart entre la 1o izsue d'essais
sur pricme coulé et celle quon obtient en
prélevant dez pricme:s danc 'élément de
structure fabrique.

Afin de déterminer un coefficient de passage
E exact pour l'application particuliére
conzidérée, 1l est mécessaire de réalizer des
glements de geomeéirie et de mode de
fabrication reprézentatifc de la structure
réelle, pus de prélever des éprouvettes dans
les directions des conirainies principales.

ILe: dimencions dez prismes oot celles
proposées pour le cas des dalles épaisses =1 la
geomeirie de la pouire n'est pas connue a priorL
Dans le cas coniraire on pourra choisir comme
largeur et hauteur des prismes deux fois le
rayon moyen de la poutre.

Les prismes sont coulés de mamere a hnnter an
maxmnmum une cnentation preferentielle des fibres.

Apres remphzsage. ils sont vibrés 2 nécessaire.

Lez prismes sont tesiés en flexnion en les
ayant tourné d'un gquart de tour par rapport
au sens de coulage afin de hmter les effets de
la paroi inférieure.

Resistance en traction f5

Cette résictance est obtenue a partir d'essaiz
de flexion 4 points sur prismes non entaillés
(dimenzionz définiez en annexe 2). La
rézistance est déterminés par la perte de
lLinéarité du comportement initial, relevée sur
les courbes effort en fonction de la fleche.

The characterization procedure adopted is as
described below.

Cast and nofch a prism. Perform a flexural
test wiath it Conduct back analysis io
determine a posi-cracking stress-crack width
fo — w) law.

Correct the law derived from this test so as to
infegrate scale and faoce effecis associated with
the specimen shape and casting method.

Weight this law with a reduction coefficient
1/K representing the difference between a
flexural test result for a cast prism and what
would have been obtoined on prisms souwn
from an actual structural element.

To determine an evact transfer factor K for the
particular application considered, make
components that are represeniative of the
aciual geomeiry and manufacturing method
used for the structure, and take specimens
along the directions of principal stress.

The dimensions of the prisms are those
proposed for thick slabs if the shape of the
beam iz nof knouwn. Otherwise, the widith and
height of the prism can be twice the mean
radius of the beam.

Cast prisms so0 as fto Iimif preferential
orientation of fibres as much as possible. After
filling, vibrate the prisms if necessary.

For flexural-strength testing, furn the prisms
907 from the casting pasition in order te imit

the effects of the underside.

Tensile strength fy

Tensile strength fy is given by third-poini
flexural tests on  un-nofched prisms

{dimensions defined in annex 2). It is the
strength read at the end of the initial linear
behaviour on force-deflection curves.

1"
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Le détail du protocole d'essai est donne en
annexe 2,

Loi de comportement post-fissuration

Cette partie de la loi de comportement en traction,
&5t déterminds par des essais de flesdion 3 points sur
prismes entaillés, Ces essais correspondent au
protocole défind dans l'annexe 2.

L'entaille, pratiguée en section centrale sur
une hauteur équivalente A 10% de la hauteur
du prisme, localize la fissure,

Au minimum 6 essais sont réalisés et
analysés en termes de moyenne et de courbe
caractéristigue.

La loi earactéristique contrainte — ouverture de
fissure (7 - W) peut étre obtenue soit par analyse
imverse ( [1.11] , [1.12] , [1.13] ) décrite en
annexe 2, soit par caleuls itératifc avec la
cherchant a égaler les surfaces sous les courbes
moment-ouverture de fissure.

maniére & déterminer une lol en traction

“A
Diéformation Oruvertune
#rstique de fizsure
{ Elastic sirain £ Crack opentng

ofl%h)—f

Fibre Reinforced Concrete (UHPFRC)
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Test procedure details are given in annex 2.

Post-cracki utive law

This part of the tensile constitutive law is
given by centre-point flexural texts on nolched
prisms. The procedure for these tests is given
in annex 2,

The nolch is made at mid-span, fo a depth of
10% of the tolal prism height, to induce
cracking at a known location,

Carry out at least 6 tests and analyze their
results (mean value and characteristic curve).

The characteristic siress-crack width (o-w) law
can be derived either by back analysis (f1.11],
[1.127, [1.13]) as described in annex 2, or by
iterative calculation with the direct tensile-
strength method for cracked sections, aiming
to make the areas below the bending moment—
crack width curves the same.

The characteristic law obtained i1s used to

determine a simplified (linearized) tensile-
strength law such as that proposed below:

0 0,3 mm

1% hauteur
prisme

Figure 1.4 : Lol simplifiée en traction
Figure 1.4 : Simplified tensile-strength law

12
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26 - Recommandations provizoires

1.4.6 Cogues

Les cogues ne sont pas considérées comme un
type particulier de structures :
¢ Les cogues épaisses somt traltées comme
des poutres : les éprouvettes somt alors des
prismes,
+ Les cogques minces sont traftées comme des
dalles nunces.

1.4.7 Recapitulatif

L'enzemble des essals de caractérization gui
viennent d'étre évogués peut étre résume de
la fagon suivante

1.4.6 Shells

Shells are not considered to be a separate kind
of structural element:

¢ thick shells are designed in the same way as

¢ thin shells are desioned in the same way as
thin slabs
1.4.7 Summary

All the characterization tests described above
are summed up overleaf-

13
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Appendix 3

AFGC-SETRA, Ultra-High Performance Fibre-Reinforced Concrete, interim
recommendations: Annex 2 — Experimental Procedure for flexural tensile tests
on prisms and analysis method [4]

AFGC Groupe de travail BFUP

ANNEXE 2

Protocole expérimental des
essais de flexion sur prismes
et méthode d'exploitation

Introduction

Cette annexe décmt les  procedures
expérimentales pouvant étre mises en oeuvTe
afin de caractériser les performances en traction
des BFUP par le biais dessais de flexion, Deux
types dessais sont proposés. D'une part des
essais de flexion gquatre points permettant
d'accéder i la résistance en traction suite 4 une
correction de l'effet d'échelle. D'autre part, des
essais de flexion treis points sur prismes
entaillés gqui  permettent daccéder a la
contribution des fibres comme renfort dune
section fissurée aprés application dune méthode
d'exploitation dite méthode inverse,

1. Dimensions des eprouvettes

Les éprouvettes sont des prismes de section
carrée, de coté a et de longueur 4%a, zoit :

a= 7ocm:prisme T*7"28

a=10ecm : prizsme 10%10%40
a=14cm : prisme 14*14%36
a=20cm : prizsme 20*20%80

Le choix de la dimension des éprouvettes est
conditionné par la dimenszion dez fibres et le
tvpe délément de structure i caractérser. Ces
mformations sont dormées directement au 1. 4.4

3, Preparation des eprouvettes

La préparation des éprouvettes (mode de
coulage) ainsi gue le mode dessals (rotation
des eprouvettes dun guart de tour cu non )
sont précises  dams  le texte  des
recommandations en fonction du type de
structhure eRVISage.
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ANNEX 2

Experimental procedure for
flexural tensile tests on prisms
and analvsis method

Introduction

This annex describes the experimental
procedures that can be used to characterize the
tensile performance of UHPFRC by means of
flexural tests, Tweo types of test are proposed.
firstly, third-peint  flexural tests  for
determining the temsile stremgth following
correction for scale effect; secomdly, centre-
point flexural tests using notched prisms, fo
determine the contribution of fibres as
reinforcement of a cracked section, after
application of the so-called back-analvsis’
method,

1, Dimensions of test specimens

The test specimens are square-secfion prisms
of dimensions a by 4*a long:

a= 7Tcm prism 7*7%28

a=10cm: prism 1010740
a=14dcm: prism 14*14*56
a=20ecm: prism 2020+ 80

The choice of specimen size 15 determined by
the dimension of the fibres and the fype of
structural element to be characterized. The
relevant information 1s given tn §1.4.4

2, Preparation of test specimens

The preparation of specimens (casting method)
and the test method (whether specimens are
turned 90° ar not) are specified in the body of
the Recommendations, in accordance with the
tvpe of structure envisaged.

15
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104 - Recommandations provisoires

En accord avec les recommandations en cours de
publicaton de la FRILEM sur Ie
dimensionnement de structure en Béton
Renforcé de Fibres (groupe TC 162-TDF), pour
les prismes entaillés, une entaille est sciée en
gection centrale, du coté de la face tendue lors de
l'essai de flexaon. La profondeur de lentaille est
égale a 10% de la hauteur du pnisme, afin de
permetire une localisation efficace de la fissure
en minimisant les risques d'une fissuration hors
entaille. La largeur de l'entaille doit étre de
lordre de 2mm.

3. Principe de I'essai

Lss éprouvettes sont testées en flexion, trois
points (flexion centrée) pour les prismes
entaillés, guatre points (flexion circulairs)
pour les priil:nu non entaillés, La longueur
entre appuis mﬂemeste:ﬂeamfmsh
hautewr du prisme. Ce principe est, la encore,
conforme aux propositions du groupe RILEM
TC 162.TDF.

4. Materiel urtilise

La machine dessal est une presse de
tractionfcompression de préférence servo-
hydrauligue pouvant éfre  asservie en
déplacement vérin ou de préférence sur un
capleur externe.

Dans le cas des essais de flexion guatre point,
un capteur de type LVDT doit étre fixé par un
dispozitif spécifigue sur léchanfillon afin de
mesurer 1a fleche vraie de l'échantillon au cours
de leseal (figure 1) En effer, sans un tel
dispocitif, la mesure de la fleche est faussée par
les tassements aux pomts dapplication des
forces et aux appuis amsi que par les
déformaton du montage ho-méme.

Dianc le caz des ezzais de flexion trols polnts, un
capteur pontant Ventaille est fiwé sur le prisme.
Ce capteur doit étre fixeé au niveau de la fibre
tendue nferieure du prisme. Il peut s'agir dun
capteur type LVDT ou d'un capteur specifique
de tvpe extensometrigque. Ce capreur et fine par
I'mtermediaire de plots collés de part et dauntre
de lentaille. La colle est une colle rapide type
cyano-acrlate,

In  accordance  with the  RILEM
recommendations on the design of Fibre.
Reinforced Concrete structures (TC 160.TDF)
currently at press, notched prisms are to be
sawn at the centre, on the side under fension
during the flexural test. The depth of the notch
is 10% of the prism height, in order to
effectively determine the location of cracking
and minimize the risk of cracking bevond the
notch area. The notch should be about Zmm
wide.

8 Principle of test

Bend-test nolched specimens with a cenfre-
point machine (angular bending) and un.
notched specimens with a third-point machine
(circular bending). The distance between
bearing peints must be three times the depth
of the priam, this is in accordance with the
recommendations of RILEM TC 162.TDF,

4. Equipment used

The test machine is a tensile /compressive load
frame, preferably hydraulic and controlled by
Jack displacement or, even better, with an
external sensor.

In the case of third-point bending, an LVDT
type sensor must be attached to the specimen
by special means in order fo measure the
actual deflection of the specimen during
testing (Figure 1). Without such a system,
deflection measurement is contaminated by
settlement at the loading points and bearings
and by deformation of the test apparatus
itself.

For centre.poinf bending, fix a sensor fo the
prizm, bridzing the notch. Attach if o the tensile
battom fibre. It com be an LVDT type sensor or a
special bype of extensometric sensor. Attach it by
means of tabs glued on each side of the notch.
Lse o fost-setting cvano-gcryviate tvpe glue, The
distance betwween fubs must be constant from one
fest to the next so that the initial meosurements
can be corrected by subtracting the elasfic

deformation.
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La distance entre les plots doit étre constante dun
essal a Fauire afin de corriger les mesures imitiales
par soustraction de la déformanon elasngue. Cetie
dictance est de Jordre de 4 4 5 on 11 demeure
pozsible en foncton du type de machme dessais
entalllés par un capteur de mesure de la fleche
oomme dans le cas des essais de fleoon quaire
points.

La course des capteurs doit étre dau moms 2 mm
aver une precizion de (.3% pleme echelle.

Interim recommendations 105

The distance between tabs should be around 4
to & cm. Depending on the iype of fest
machine, it may alsa be possihle to
complement the instrumentation of the
notched  specimens with a  deflection
measuring sensor, as for the third-point
flexural tests.

The stroke of the sensors must be at least 2mm,
with accuracy to within 5% af full scale.

Plaque collée | Glued aluminiu

!

en alumininm sheer

Capteur de  / Displacement
déplacement rensor

=

N —EP rounvette

i

/ Specimen

|
I
H
-

1 Il
]
i

o~

4*3

\\Dmpomnf de
mesure de fléche
/ Deflection measuring

s

device

Fizure 1 : Princdpe de mesure de la fleche vwraie dans le cas dun essai de flexion quatre points

Figure 1: Prinaple for measuring actual deflection with third-point flexural test

3. Mode operatoire

deszal de flemon de la presse. Les capteurs sont
fimes sur [eprouvette.

Une précharge est alors apphqués sur [eprounette,
dintensité ans=i fahle que poszble. de Tordre de
oompte dans la sunte de Fessan 11 faut S'assurer que
lors de I'apphcation de cette precharee, les capteurs
de fleche et de mesure de [ouverture de fisoure
TEpondent.

3. Test procedure

Flace the specimen on the bending test device
in the press. Fix the sensors to the specimen.

Freload the specimen fo as small a degree as
possible faround a few EN). Thiz load is to be
taken into account in the subseguent fest
procedure. Check that when this preload is
applied. the deflection sensors and the sensors
for measuring crack width respond.
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L'application de cette précharge peut étre
effectuée de différentes maniére |

« par contrile en déplacement piston (en
commande manuelle ef autematique), dans
le cas ou le systéme de commande de la
presce permet de détecter une limite en force
et de la maintenir,

« par contrile en force : dams ce cas une
approche tréz précise en déplacement
manuel du vérin doit permettre de limiter la
distance enfre 'éprouverte et les points
dapplhication de la charge a4 environ 1
mullimetre. La boucle ouverte créée lors du
pazzage en controle de force me dure pasz
lomeotemps et 1l suffit de detecter la valeur de
la préecharee des que le contact est etabli
boucle dasservizcement fermee) et la valeur
requise atteinte,

Basculer alors lasservissement soit sur le
capteur douverture de fisoure, soit zur le
capteur de fleche (en mode automatigue, aprés
détection de la précharge, certaines presses
poursmvent directement leszal en basculant
I'azzervissement sur le capteur cholzsi).

Il est préferable, dams la mesure du poszible,
d'aszervir I'essal directement sur un capteur fixé
sur l'éprouvette (cuverture de fissure cu fleche).
Cependant, dans le caz dez presses gqui ne
supportent pas uUn AsServissement Sur un
capteur externe, 1 demeure poszible de piloter
I'ezszan sur le deplacement du verin. Les risques
dinstabilite zont plus grands lors de la
fizzsuration mais l'enregistrement de la fleche et
de l'ouverture de la fissure sont exploitables.
Selon le capteur retemu pour le pilotage de
I'esza1, la witesse de chargement dmt etre
adaptés afin dobtenir une bonne description du
comportement tout en restant dans des hmites
raizonnables pour la duree de leszal

A titre dordre de grandeur, en pilotage verin, une
vitesse de lordre de 025 mmimn comaent, en
pilotage sur la flache, la vitesse est de 0.1 mmimmn
et en pilotage sur le capteur pontant la fissure, elle
ect de [ordre de 0025 mmmn. L'ezzan est poursumi
jusqua une fleche mesurée directement sur
lechantillon de 0015%a en mm. ce qui  permet
diobtenir une dureée deszal ralzonnable.

The preload can be applied in different wayvs:

» by piston-digplacement control (manually or
automatically) if the press control syvetem can
detect a force imit emd maindain i,

» by force control: in this case very precise
manual control of the jack must limit the
distance between the specimen and the
loading points to about I millimetre. The
transient when changing fo force confral
does not last long, and 1t suffices to detect
the value of preloading as soon as confact
1z made (coniral loop closed) and the
required value is reached.

Then suitch control of loading fo the crack
sensor, or fo the deflection sensor (in
automatic mode, after detection of the prelood,
some presses continue the fest immediately by
switching confrol fo the selected sensor).

In so far as possible, it 15 preferable to control
the test directly from a sensor affached to the
specimen (crack width or deflection). However,
in the case of presses which do not allow for
conirol from an external semsor, if 15 possible
to confrol the fest by jock displacement. The
risks of instabilify are greater when cracking
occurs, buf the recorded deflecfion and crack
width can be used nonetheless.

Depending on the tvpe of sensor chosen for
controlling the fest, the loading rate must be
adapfed to obimn a good descripfion of the
behaviour while remaoining consistent wnth
reasonable fest durations. For guidance, with
jack control a pace rafe of about
025 mmsmin. 15 suitable; unth deflection
confrol, the pace rafe iz 0.1 mm/min.; and
with contrel from a sensor brideing the crack,
it 15 about 0.025 mm/min. The test continues
unfil the deflecion measured directly on the
specimen reaches 0.015%a (in mm), which
amounts to a reasonable test duration. The
following table muves the deflection fo be
attained (when the test can be stopped) for
different specimen sizes.
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Ams=i en fornction de la talle des prismes, le tablean
suivant donme la fliche a  atteindre pour
mterrompre Vessan ;
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Prizme Fléche maximale Nombre de données
Prizsm Morimum deflection Amount of data
{mm) {mm) (fréquence 5Hz)

T0*T0"280 2 1200
100*100*400 25 1800
1407140560 3 2520
200200800 3.9 3600

6. Acguisition des donnees

Lenremstrement des donmees an cours de Tessm
doit eire effecine aver une fréquence de D heriz. afim
diobtemir une courbe compléte comportant wn
mmnmum de 1200 pantz. Dans le caz des
échanfilloms de prandes dimensions, 11 est pozzihle
de rédure la frequence dacquizioon fout en
oconservant un nombre de données sufficantes. Tes
SICNAWK A ENTETISreT SOnt -

le tempsz,

l'ouverture de la fizzure,

la fleche.

la force,

eventuellement le déeplacement du piston.

7. Mise en forme des resultats

d’nbtemrunerepunnem:ymnesmnshqumt
sigmificative. La mise en forme des resultats
geffectue de la fagon suivante :

7.1, Estimation de la résistance en traction.
flezaon 4 points, prismes non entaillés

A deéfaut dessais de traction directe pour évaluer
lez performances du matériau. il est possible
d'approcher cette caracténistique sur la basze des
essais de flexaon 4 points. I suffit dextraire des
escaic de flexion la valeur de leffort (Ffiss)
correspondant a la perte de linéarnté du
identifiable sur les courbes effort en fonction de
la fleche vraie. Par suite, la résistance obtenue a
la fizssuration en flexion peut étre calculée par la
formule suivante :

6. Data acquisition

During the test, record data af a frequency of 8
hertz in order to provide a full curve with at
least 12000 points. In the case of large
specimens, the frequency of acguisifion can be
reduced vet still mve enough data. The signals
fo be recorded are:

time,

crack width,

deflection,

force,

ram displacement {possiblv).

i. Conflation of results

At least sivx tests are required to gef a

statistically significant mean response. Kesults
are conflated as follows:

7.1 Assessment of tensile strength, third-point
bending, un-notched specimens

In the absence of direct tensile-strength testing fo
determine the performance of UHFPFRC, the
tensile strength can be approximated from third-
point flexural lesting by extracling from the
flexural test results the value of the force (Fis)
corresponding to the loss of hinearily of elastic
behaviour. This point is easily identified on
force/actual-deflection curves. The strength (Bfl)
attained at the moment of flexural cracking can
then be casily calaulaled using the following
formula:
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Ra=3_ Fee/a®
aves Fas; en N et a en mm. Rg est en MPa

Pour chtenir une estmation de la resistance en
traction, i faut corriger cette résistance a la
fissuration de l'effet déchelle ou effet de gradient).
Lapproche retenue est issue des travaux de
recherche sur cet aspect et a celle
reterue dans le cadve du code de caleuls des
structures CEB-FIP, soit
2.0 (]
ko |

R:-Rﬂ
1+20™ lll
u.l

Pour appliquer une telle formule, il faut adopter
powr b, 1a hauteur du prizme, soit a en mm.

7.2, Correction de l'ouverture de la fissure,
flexion J points, prismes entailles

Pour tenir compte de la deformation élastigue
zur la base de mesure, 1 est neécezcaire de
corriger la mesure directe de louverture de
uniguement avant localizatiom de la fissure,
apreés, la décharge créee par la propagaton de la
flzzure conduit & une deformation élastigue
négligeable zur la baze de mesure.

La methode la plus zimple pour effectuer cette
correction comsiste A4 repérer la fin du domame
elastique mitial (perte de inéariie) et de noter les
valeurz de fleche o) e douverture de fissure
correspondante (wo). Louverture de fissure qu
nous Inferesse sobtent alors directement en
soustrayant la valeur wo aux valeurs mesurées de
Touverture de fissure. Cette operabmm effeciue
simplement un chanoement de repére et place la
nouvelle origine de nos courbes a I'mstant suppose
de la localization de la fizsure.

Remarque : La deformaton elastiqgue sur la
base de mesure de 50 mm est estimée a environ
10 ym. Cette valeur domne l'ordre de grandeur
de la valeur wo gqui dmt étre obtenue. Par
ailleurs, cette valeur demeurant tréz fahble,

State of the art — Ultra High Performance Fibre Reinforced Concrete (UHPFRC)

Re=3. Fan /0

where Fay; is in newtons, a in millimeters, and
Rs in megapascals.

To estimale the lensile strength, the cracking
strength must be corrected for scale effects (or
gradient effect). The approach adopted is
derived from research inte this point and
corresponds o that adopted for the CEB-FIP
structural design code:

avec by = 100 mm

To apply such a formula, take as h the depth
of the prism, t.e. a in millimetres,

7.2 Correction for crack width, centre-point
bending, notched specimens

To take acoount of elastic deformation of the
measurement base, if 15 necessary fo correct the
diredd measurement of crack widih. This
correchion can be carmied out only before
mmtiafion of the crack; subsequently, the stress
relense caused by propagation of the crack results
in neghigible elastic deformation of the measunng
base.

The simplest way fo make this correction 13 fo
ideniify the end of the initial elastic range
(loss of linearity) and fo note the deflection
values (fo) and corresponding crack widihs
{wae). The crack widih of inferest is then
obtained direcily be subiraching wo from the
values measured when cracking starfed. This
simply changes the co-ordinate system and
puts the new origin of the curves af the fime
the crack is assumed to initiate.

Remark: The elastic deformation on a 50 mm
measuremeni base 15 estimated fo be about
10 um. This gives the order of magnitude of
the value wo to be obiained. Moreover, becauise
this value remains very low, it is valid to
PP~ S S |
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IThypothese dun =zimple changement dorigine

pour definir I'axe des ouvertures de fizsure est

valide, lez deformations elastiques residuelles

sur la base de mesure devenant trés rapidement

néghgeables.

7.3, Corrélation entre 'ourerture de la fizsure et 1a
flache, flerion 3 pomts, prismes entalles

Danz la cas dun ezsal ou louverture de la
flzsure n'est pas enregistrée, i faut lestimer a
partir de la mesure de la fleche vraie. Bien que
cette relation ne soit pas directe et déepende de la
hauteur de la fissure, une bonne estimation
peut étre obtenue de la fagom suivante.

Connaissant la fleche fo qui correspond a la
fin du domaine elastigue (voir paragraphe
7.2), Towverture de la fizsure (w) est alors
estimee par la relatiom swivante :

w = 4/3*0.9%(f-fo)
ou f représente la fleche vrale mesurée.

Cette expression est issue de lhypothese dun
mecanisme de rotule parfaite au droit de la
fissure, affectée dun coeffident correcteur qu
prend en compte le fait que 1a fissure ne traverse
pas totalement la section. Elle nest donc pas
valide en période initiale de propagation de la
fissure. Cependant, cette pérode  est
relativement courte et la hauteur de la fissure se
stahilise rapidement entre 50 et 00% de la
hauteur de la section.

Femarque : cette approche ne doit etre mise en
ceuTe quen tout demiére issue comipte tenu de la
diversité des réponses dun matériag a lautre.

7.4. Filtrage des données, flexion 3 points,
prismes entaillés

Cette opération a pour but de réduire le bruit des
dornées expérimentales afin de faciliter la mise en
ceunvre de la méthode inverse. I va de soi que plus
la gqualité des essais est bonne, phas cette opération
de filtrage est aisée. Dans tous les cas, lorsqu'un
résultat dessais présente des sauts brusgues, soit
en effort, soit en déplacement (flache ou cuverture
de fissure), qui correspondent manifestement A des
roevhlames d'azecermnzzament lrve Az Tezent anam
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simply move the origin fo redefine the crack-
width scale. since the residual elashic
deformation of the measuring base very
guickly becomes negligible.

7.3 Correlation between crack width and

In the case of tests where the crack width is
not recorded, it must be estimalted from
measurement of the actual deflechion.
Although the relationship 15 not direct, and

depends on the depth of cracking, a good
estimate can be obtained as follows.

If the deflection fo af the end of the elastic range
15 known (see paragraph 7.2), the crack width (w)
can be estimated using the followang equation:

w = 4/3*0 9%(f-fo)
twhere fis the actual deflection as measured.

This expression iz derived jfrom the
assumption of a perfect hinge mechanism at
the crack, modified by a correchion factor
taking account of the fact that the crack does
not go right through the section. It is therefore
nat wvalid in the initial phase of crack
propagation. However, this phase is relatively
short and the depth of the crack quickly
stabilizes between 80% and 90% of the depth
af the section.

Remark: This approach must be used only as
a last resort, given the diversity of responses
fram one concrete to another.

7.4. Filtering of data, centre-point bending,
nalched specimens

The purpose of data filtering iz lo reduce the
noise of test data in order lo facilitate back
analysis. Naturally, the better the quality of
the tests, the easier the fillering operation is.
Whenever o test result has sudden jumps in
either force or displacement (deflection or
erack width), obviously resulting from control
problems during the test, no fillering should
be carried out in an attempt to give a physical
meaning to  the recorded behaviour.
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problemes d'asserviccement lore de Fessan, auoun
domner un sens physique a un tel comportement.
Par zugte un tel récultat deccais doit  tout
simplement &tre rejete pour une analyse ulténeure.
Une desmiption suffisante du comportement
peut étre obtenue avec echantillomnage des
résultats sur un pas d ouverture de fissure de 20
micrometres. Une méthode simple consiste alors
a effectuer la moyenne des efforts enremstres
sur un intervalle de 40 micrometres et a affecter
cette valeur au point central de I'mtervalle
Compte tenu de la frequence dechantillonnage
retenue (5 Hz) et de la wvitesse de pilotage
adopteée, cette technique de moyenne mobile est
facile a mettre en ceuvTe et revient a moyenner
un nombre de données assezr important sur

Remarque : au niveau de lonigine des courbes,
le premier point est le point expénmental qui
défini la fin du domaine élastique. I1 ne fait
l‘uh,wt daucune moyenne. Dés le dewxiéme
point, la moyenne mobile peut étre mise en
ceunre  en  agrandissant  progressivement
lintervalle sur leguel est calculée la moyenne.

£.  Extraction de la loi de traction par
methode inverse

Cette partie a pour chjectif de donmner le principe
de la méthode inverse qui permet dobtenir une
relation contrainte de traction en fonction de
l'ouverture de la fissure a partr des résultats
expérimentaux moment résistant en fonction de
l'ouverture de la fizcure, obtenus dans le cadre
des eszais de flexion 3 points sur prismes
entaillés. La méthode de calcul présenté doit
étre appliquée sur les domnées filrées afin
d'obtenir une convergence numeérique stable.

£.1. Equilibre mécanique de la section fissurée

La fisure swvante illustre une section
fizzuree d'un prisme en flexon. Deux parties
sont distinguées, celle nom fissurée ou la
distribution des contramtes correspond a un
comportement elastigue linéaire, et celle
ficzurée ol la distribution des contraintes
dépend directement de Iefficacité des fibres.

meaming fo the recorded  behaviour.
Consequently such test resulfs must simply be
rejected for subsequent analysis.

An adequate description of behaviour can be
obtained by sampling results at crack-undth
steps of 20 micrometres. A simple method af
achieving this is to average the forces recorded
over a 40 micrometre interval and attribute
that mean value to the centre of the interval
Given the frequency of sampling (5 Hz) and
loading rate adopted, this moving-aguerage
techmigue 15 easy fo use, and inuolves
averaging quite a large amount of data for
each interval

Remark: At the origin of the curves, the first
point is the test point defining the end of the
elastic range. It is not averaged. The moving
average can be used for the second peint and
bevond, gradually increasing the averaging
interval

& Extraction of the tensile-strength

law using back analvsis

The purpose of this section is to outline the
principle of back analvsis which will produce
a tensile stress/crack width relationship from
resisfance moment/orack width test resulis
obfained with centre-point flevural tests on
notched prisms. The ecalculafion method
presented must be applied to filtered data in
order to obtain stable numerical convergence,

& 1. Mechanical equilibritim of the cracked section

The fizure below shows a cracked section of o
bent prism. Two different parts are
distinguished: the uncracked part where the
stress distribution corresponds to linear elastic
behaviour, and the cracked part where stress
distribution depends directly on  the
effectiveness of the fibres. It is the latter
distribution which 15 of interest here, and
whirh con be defermuned hv hock annlvais
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C'est cette dermuére distribution gue l'on

recherche et qui résulte de Vexploitation par
la méthode nversze [1.11] . [1.12], [1.13].
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which can be determimed by back analysis
f111f, f1.12), [1.13]

[

poneracked pard
(CurviurE ) - —

sirain

L'egquilibre mécanigque de la section comdut
AUX eguations suivantes, en notant b la
contribution de la partie non fissurée et £

celle de la partie fissuree :
. Ex kb
Ny =—2
Rk "D
¥
ok b
M; = oh N - — A
¥
Ezp bk’
Mh =
3
soit © moment resistant ; M= Mb + M

effort normal : N=Nb+Nf=0

avec

et la hauteur relative de la fissure (voir figure)

e la hauteur relative de I'axe neutre donnee
par: o, = E.;[,m.h_(-:q. - “u-l

ym la courbure de la partie non fissurée
Tt la rézistance en traction de la matrice
E le module élastique

b. h la largeur et la hauteur de la section

Pour relier louverture de la fizcure a la
courbure de la partie non fissurée, une relation
onematigue ezt utilizée de la forme suivante :

ozh]"!

Xo_ _ _ _ _J5.
netral axis
ah G,
siresEs

i

The mechanical equilibrium of the section
results in the following eguations, where b is
the contribufion of the uncracked part and [
the contribution of the cracked part:

|:':]. _ F- (ox — un]i]

gat wiw

! 3 = )
[ll—an | —[-D: —ey 1 ]+h_+:=.n_1‘\h

resistance mement: A =Ab + Mf
normal force: N=Nb + Nf =0

1.2

it relative depth of the crack (see fizure)
relafive height of the neufral fibre, given
by o = E.;i;m.'h_l:u. -y |

¥m  curvature of the uncracked part
T tensile strength of the matrix

E modulus of elasticity

b’

h breadth and height of the secfion

To bink crack undth to the curvature of the
uncracked part, a kinematic relationship of
the follounng tvpe 15 used:
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2 (ob )
3

2 fok)?
3

wg = [x., - 2-]‘.-9]

wy = []'-m. + 2.1!]

avec : ¢ la courbure élastique équivalente. where: X. is the equivalent elastic curvature,
donnée par : ¥, = M/EI et I linertie de la  given by X. = M/EI and I is the inertia of the
semnnrectangulm rectangular section.

8.2. Processus itératif 8.2 Iterative process

Danc la mesure ou la relation contrainte de  Since the tensile stress/crack width
traction en fonction de I'ouverture de la fissure  relationship is complex, couples of points
n'a pas une forme simple, nous recherchons des  (w;, o4) defining it discretely are sought.
couples de points (Wi =), qui la définissent de ™ Considering that the discretization of the
facon discréte. Considérant alors que la  horizontal scale ferack width) is sufficiently
discrétization de I'abscisse qui correspond aux  fine, the integral of the stresses can be
ouvertures de fissure est suffisamment fine, expressed by a trapezoidal appreximation
nous pouvons exprmer lintégrale des  such as:

contramntes par une approxamation trapeze, soit

par exemple :

i+1““i-|

LT LT G +C
Iclrf dw = r"i Aw *[—f!'—quﬂ-}#
0 | i
Par suite, les expressions precedentes de  Subsequently, the previous expressions of the
l'effort normal et du moment de la partie normal force and moment of the cracked part
fissurée peuvent étre exprimées de fagon  can be expressed incrementally:

incrémentales :
: . Ty + Ty )
hfl hti_“l."l ’ wl. +“i‘1.hl{ I.l Il."l [1_ #1 i
+1 o Wi.g | 2 LIPe .I
M[l 2&[&! ¥ |} s g0 ‘Il‘ = x_{ui_llll'.'hll_ w; \-_q
5 & Wia ,! fia1 wis1 ) 2 i %is1 ] fH.l

Ainm considérant que la relation contrainte  Thus, considering that the stress/crack width
ouverture de fissure est connue jusqua  relationship is known to iteration i, the two
I'itération i mous obtenons les deux inconnues  unknowns—stress and relative depth of the
contrainte et hauteur relative de la fissure a  crack at iteration i+1—can be calculated with
litération 1+l en mettant en ceuvre les  the equations of the previous model so as to
équations du modéle précédent. de fagon &  obtain zero normal force and a resistance
satisfaire la nullité de l'effort normal et un  moment of the section equal to the test
moment resistant de la section égale au moment moment.

= 1
e e R 8.3, Initialization of the process and
8.3 I]:mahsahun&uprmedeetmabﬂmamnde stabiliation of conue

Al il i e T — 1':0 .s_!urr rh:e im‘r:emmlglrprlufss.lrah ?s
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suffit de prendre pour valeurs 1mtiales le point
definl comme moment de fizsuration (fin du
domaine elastique), avec une ouverture de
fizzure nulle :

~bh7 oy
&
0 -0 1]
aved Mf =ﬂ3h =D.Ni =0

li]
My =M, =

Dans la mezure ou la dezcription desz résultats
experimentaus est discrete, la méthode mverse
mettant en ceuvre une sorte de dérmvée de la
courbe des moments. une oscillation de la
relation contrainte en fonction de I'ouverture de
la fizsure est fréequente. Afin de stabiliser ce
phenomens, nous avons pu verifier quil suffit de
corriger  litération 1 aprées  avoir  calouls
Iiteration 1+1.

En pratigue, i suffit de repositionmer la
contrainte de Iitération 1 en effectuant une
movenne mobile du type suivant ;

O = (2% + )3

Dans la mesure ou la contrainte ne varie pas
brusquement, et c'est le caz en pratique, cette
correction n'affecte pas la réponse de la
methode et conduit a des resultatz beaucoup
plus realistes. Notons gque cette operation de
stabilization doit étre effectuce a la fin de
chague itération afin d'étre prise en compte
lors du calcul des itérations suivantes,

8.4. Correction de l'effet dachelle

Il a ete decide de retenir dans certains cas l'essm
de flexion 3 peints sur prisme entaillé. En fait,
l'objectif de l'entaille a simplement pour but de
localiser la fissure dans une section précise et en
aucun cas de se placer dans les hypothéses de la
meécanique de la rupture qui considérent un
rayon de courbure nul en fond d'entaille. Par
suite, la fizsuration qui correzpond a la perte de
linéarité de la courbe des moments est affectée
dun effet d'échelle, tout comme dans le cas des
essais de flexion sur prismes non entaillés,

Il est done nécessaire de commger cet effet afin
d'abtenir une valeur réaliste de la contrainte de

fizruration T anorache vetenue szt sirmlaire A
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starting values the point defined as the
cracking point (end of the elastic range), with
a crack width of zera:

20
My =My =——

- L i) 1]

Since the description of the fest results is
discrete, the back-analysis method using a sort
af derivative of the moment curve, oscillation
af the stress/crack width relationship often
accurs. It has been shoun thof if can be
stabilized by correcling iteration 1 after
calculating iteration 1+1.

In practice, it is sufficient fo reposition the
stress of iteration 1 by determining a mouving
average of the following tyvpe:

g =(2%ag +ge1)/ 3

If the stress does not vary suddenly—uvhich is the
case in practice—this correction does not affect
the response of the method and leads to much
mare realistic results. It should be observed that
this stabilization operation must be carred ouf at
the end of each iteration in order fo be taken info
account 1n the calculation of the following
iferations.

&4 Correction of scale effect

In some cases if was decided to adept the
centre-point flexural fest with notched prisms.
The purpose of the notch is simply to initiate
the crack in a specific section, and has nothing
ta do with the assumptions of [fracture
mechanics considering a zero radius of
curvature at the bottom of the neich.
Accordingly, the cracking which corresponds
ta loss of linecarity of the moement curve is
affected by scale effect, as in the case of
flexural tests on un-nofched prisms,

It 15 therefore necessary lo correct the scale
effect to obtain a realistic value for the
cracking stress. The appreach adopled is
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fizsuration. L'approche retenue est similaire &
celle exposée au paragraphe 7.1

1+20" i

b, |
Pour appliguer une telle formule, il faut
adopter pour h, la hauteur réduite de la
zection, cest a dire la hauteur résiduelle
apres entaille, zoit 0,9a. En zoi, cette valeur a
un caractére purement numeérigus et en
aucun cas elle ne peut étre considérée comme
représentative de la vrale résistance en
traction du matériau.

Par contre, leffet de lentaille dizparait
rapidement lorsque la fizsure ze propage et
nous avons pu verifier que dans la cadre de la
mize en ceuvre de la méthode mmverse, 1l est
preferable de considerer le prisme comme non
entaillé, c'est & dire ayvant une hauteur non
reduite. Sans qu'il soit possible de justifier
rationnellement cette chzervation, nous
pouvons simplement constater gque dans tous
les casz, une telle position tend a redwre les
contraintes dans la fizzure et donc nous place
du coté de la sécurité.
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cracking stress. The approach adopted s
similar to that outlined in paragraph 7.1;

avec by = 100 mm

To apply a formula such as this, h must be
taken as the reduced depth of the section, Le.
the residual thickness affer notching, r.e. 0 Sa.
In ttself thiz value s of a purely numerical
nature and under no circumstances can be
considered fo be representafive of the actual
tensile siremgth of the concrefa.

Om the other hand, the effect of the notch
guickly disappears as the crack propagates,
and it has been demensirafed thaf when the
back-analvsis method 15 used, it 15 preferable
to consider the prism as un-notched, 1.e. nof
with the reduced depth. Although it is nof
passible fo  rationally substanfiate this
observation, 1f can simply be ohserved that in
all cases this approach tends to reduce the
stresses in the crack and therefore puts things
on the safe side.
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