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1 FOREWORD AND ACKNOWLEDGEMENTS

This report is the first of a series covering all aspects necessary to the implementation of
UHPFRC (Ultra High Performance Fibre Reinforced Concretes) for the rehabilitation of rein-
forced concrete structures, within the framework of work package (WP) 14 "HPFRCC for re-
habilitation" of project SAMARIS. The other reports are:

e D18 - Report on tests of UHPFRC in the laboratory
e D22 - Report on tests of UHPFRC in the field
e D26 - Modelling of UHPFRC in composite structures

e D25 - Specifications for the use of corrosion inhibitors and UHPFRC for rehabilitation
of highway structures

e D31 - Guidelines on selection of innovative materials for the rehabilitation of highway
structures.

Contributors to WP 14 are: MCS-EPFL (contractor and WP leader), LCPC — Dr. P. Rossi
(contractor), and TRL — Dr. R. Woodward (contractor).

This report only presents a condensed view of all works realized in the context of the
preliminary study of WP 14. More details and results can be found in [HabelO4a and b] and
[Charron04].

The original concept of application of UHPFRC for the rehabilitation of reinforced concrete
structures was proposed at MCS, by Prof. Dr. E. Brihwiler, in 1999.
The researchers who contributed to these works at MCS-EPFL under the lead of Dr. E. De-
nari¢ (WP 14 leader) and Prof. Dr. E. Brithwiler (Director of MCS-EPFL) are:
e Dr. Katrin Habel (formerly doctoral student at MCS-EPFL, and postdoctoral student at
MCS-EPFL from august 2004 on).

¢ Dr. Jean-Philipe Charron (formerly postdoctoral student at MCS-EPFL, professor at the
Polytechnical school of Montréal, Canada from august 2004 on).

e John Wuest (civil Engineer EPFL, doctoral student at MCS-EPFL).
e Aicha Kamen (civil engineer, doctoral student at MCS-EPFL).

Sections 3.3 and 3.4 of the state of the art report on HPFRCC were taken from the doctoral
thesis of Katrin Habel, [Habel04b].

Contributions by university of Cardiff (Prof. B. Barr, Dr. B. Lark, Dr. M.K. Lee) under guid-
ance of TRL (R. Woodward) to the state of the art report on the use of HPFRCC (review of
works and § 3.1 and 3.2 of the report), are gratefully acknowledged.

A major part of the experimental works described in § 4 was performed by John Wuest and
Aicha Kamen.

Finally, Dr. Pierre Rossi of LCPC-France, inventor of CEMTECmultiSCMe,@ and worldwide
known expert of Fibre Reinforced Concretes, proposed the original UHPFRC recipes used in
this study and the concepts for their tailoring to the specific applications of rehabilitation.

Lausanne, 31 august 2004 Dr. Emmanuel Denarié







SAM-14-DE13/Final

2 INTRODUCTION

To address the problems of rapidly deteriorating civil infrastructures, new high performance
construction materials have been developed. Popular methods of repair and strengthening in-
clude the use of steel plates and fibre reinforced polymers (FRP). The use of fibre reinforced
cementitious (FRC) materials is also increasing. More recently, however, due to the advance-
ments in material science, an exciting alternative has appeared in the form of high perform-
ance fibre reinforced cementitious composites (HPFRCC), such as Slurry infiltrated materials
(SIFOC, SIMCON), Engineered cementitious Composites (ECC) or Ultra High Performance
Fibre Reinforced Concretes (UHPFRC). All these materials exhibit a significant tensile strain
hardening behaviour and as a consequence an extremely high deformability. Among those,
however, only UHPFRC with an ultra compact matrix have at the same time an extremely low
permeability, a strain hardening behaviour in tension and in some cases are self compacting at
fresh state.

Currently, more attention has been placed upon the strength and deformability related per-
formance parameters of HPFRCC. The durability characteristics of these materials have not
been investigated as thoroughly so far and will be one of the major topics of the recently cre-
ated RILEM TC "HFC" High Performance Fibre Concretes (Chair Prof. V. Li). This issue
needs to be addressed to fulfil the full potential of the material in terms of its protective and
load carrying function, in applications for the rehabilitation of reinforced concrete structures.

The extremely low permeability of UHPFRC associated to their outstanding mechanical prop-
erties make them especially suitable to locally "harden" reinforced concrete structures in criti-
cal zones subjected to an aggressive environment and to significant mechanical stresses.
Composite UHPFRC-concrete structures promise a long-term durability which helps avoid
multiple interventions on structures during their service life. UHPFRC materials can be ap-
plied on new structures, or on existing ones for rehabilitation, as thin watertight overlays in
replacement of waterproofing membranes, as repair layers, as reinforcement layers combined
with reinforcement bars, or as prefabricated elements such as curbs, as shown on Figure 2-1.
However, the cost of these materials imposes to use them where they are worth it and to take
the maximum benefit of their outstanding mechanical properties with an optimum level of
loading at service state.

Project SAMARIS dedicates a major effort to demonstrate the applicability of UHPFRC for
the rehabilitation and improvement of structures. In this context an extensive research and de-
velopment program is conducted to: (1) study the relevant fundamental properties of
UHPFRC, (2) make a first step towards the optimization of these materials for various appli-
cations of rehabilitation in composite structures, (3) provide guidelines for their use and their
further optimization (conceptual design, numerical simulation tools, test methods, limit state
criteria for design, compliance criteria), and (4) demonstrate their applicability by means of
full-scale pilot tests of application on sites.
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Figure 2-1: Conceptual approach for the application of ultra compact HPFRCC
(UHPFRC) for the rehabilitation of reinforced concrete structures, [Brih-
wiler04b]
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The aims of the preliminary study reported in this document were twofold. Firstly, within the
context of the application of UHPFRC for the rehabilitation of reinforced concrete structures,
to identify the phenomena that require further study with respect to the risk of delamination,
transverse cracking and overall performance of the new layer and of the composite structural
elements with UHPFRC. Secondly, on the basis of a state of the art, of experimental tests and
numerical simulations, to select the UHPFRC materials that will be used in the main test se-
ries on the basis of their performance with respect to the processing (mixing, casting) as well
as in the hardened state, for protection or reinforcement.
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3 STATE OF THE ART REPORT ON USE OF HPFRCC

3.1 Introduction

It is important to differentiate between the terms repair, strengthening and retrofit, which are
often used interchangeably, within the context of rehabilitation. Repairing a structure means
to overcome a structural deficiency in order to restore it to its original performance level. On
the other hand, the strengthening of structures actually enhances the existing design perform-
ance level. The term retrofit, however, is specifically used for the seismic upgrade of struc-
tures.

Considering the mechanical properties of fibre reinforced cementitious composites, these
composites may be categorised into two classes: quasi-brittle and pseudo strain-hardening.
Conventional FRC fall into the first category whereas HPFRCC fall into the latter. The devel-
opment of HPFRCC has been made possible due to various factors [Guerrini2000] such as:
e The introduction of new reinforcement systems
e Advances in the study of fibre-matrix interfacial properties
e Development of high performance cementitious matrices with significantly improved
microstructural properties in terms of strength and durability. The manufacture of
HPFRCC mixes invariably involves the use of superplasticisers and micro-fillers such
as silica fume.
e Innovation in processing techniques which allows the manufacture of materials with
high toughness and low porosity.

Quasi-brittle materials, such as plain concrete and conventional FRC, usually fail due to the
formation of a single macro-crack whereas pseudo strain-hardening cementitious materials
such as HPFRCC undergo multiple cracking [Kabele97]. For conventional FRC, the typical
upper limit for fibre volume fraction is 3%. For such a relatively low fibre content, the fibres
mainly enhance the crack arresting ability, post cracking ductility, fatigue and impact resis-
tance. The stress at first crack, maximum stress and the corresponding strain are not signifi-
cantly improved compared to plain concrete [Krstulovic-Opara95].

On the other hand, HPFRCC display a large improvement in both strength and toughness
compared with the plain matrix [Shah99]. The main feature of these materials is the optimum
combination of strength and toughness which approaches the structural properties of steel.
HPFRCC have been shown to provide not only markedly improved mechanical properties in
comparison to plain concretes and conventional FRC, but also substantially higher durability
[Krstulovic-Opara95].

HPFRCC is a generic term encompassing many different materials ranging from those that
employ ultra-compact matrices and those that do not. However, the common point of all
HPFRCC materials is their Hardening Tensile behaviour that helps control cracking to a much
better extent than usual FRC (Fibre Reinforced Concretes). A clear distinction can be made
between on one hand ECC (Engineered Cementitious Composites) and Slurry infiltrated ma-
terials (SIFCON, SIMCON) with a more permeable matrix, and on another hand UHPFRC
(Ultra High Performance Fibre Reinforced Composites) which exhibit at the same time a sig-
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nificant tensile hardening behaviour and an extremely low permeability and which present the
most interesting properties for the applications foreseen in WP 14.

Although the theoretical background, mix proportions and method of fabrication of various
HPFRCC can be found in the literature, it has to be appreciated that material characteristics
vary across different parts of the world. With this in mind, methods of obtaining matrices and
composites of certain characteristics with locally available components are needed. This,
combined with knowledge in the mechanical behaviour of UHPFRC will enable the re-
searcher or engineer to come up with a preliminary mix design using locally available mate-
rials, which is especially relevant for Central European Countries.

3.2 Potential advantages of HPFRCC in repair systems

Previous studies on composite members such as concrete overlaid beams have revealed two
major causes for the delamination of the overlay. The first is the cycling of traffic loads,
which potentially causes fatigue failure and the cycling of temperature, which causes cyclic
thermal stresses arising from the difference in coefficients of thermal expansion between the
overlay material and substrate concrete [Wheat93]. It has been shown, by using FRC as an
overlay material on concrete beams that overlaid beams can survive up to 100000 cycles
(maximum load at 45% of ultimate static strength) without any delamination and without sig-
nificant loss in stiffness [Ong97]. This finding bodes well for fibre reinforced cementitious
composites, as it shows that the material may enhance the mechanical performance of the
concrete substrate without any detrimental effects due to delamination.

Lim and Li [Lim98] demonstrated that the interface between substrate and repair material had
the most important role in the system for durable repair. They surmised that interface fracture
toughness is capable of predicting repair system performance associated with interface crack
extension. Experimental measurements of the interface fracture toughness were carried out on
three potential repair materials — plain concrete, steel fibre reinforced concrete and ECC. Fur-
thermore, they introduced the concept of interface crack trapping mechanism the con-
crete/ECC system whereby the presence of this trapping mechanism was confirmed in ex-
perimental investigations. It was concluded that, the overlay system with trapping mechanism
could prevent the most common failures in rehabilitated infrastructures such as spalling and
delamination of the repair, and impart them with superior energy dissipation capacity.

The use of UHPFRC in any repair work would be expected to enhance the durability of the
concrete substrate due to its extremely low permeability. The dense microstructure especially
of UHPFRC employing ultra compact matrices discourages the ingress of deleterious sub-
stances. Furthermore, the presence of fibres capable of knitting cracks can limit the crack
width thus further improving the protective function of the material. UHPFRC also has en-
hanced performance in terms of fatigue resistance and resistance to freeze-thaw cycles. Ma-
tsumoto and Mihashi summarised in [Matsumoto00] and [Mihashi03] the advantages and ap-
plication concepts of HPFRCC in terms of crack geometry and material response.
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3.3 Ultra-High Performance Fibre-Reinforced Concretes (UHPFRC)

This section deals with UHPFRC. It concentrates on the principles and on the material properties of
UHPFRC. Typical constituents of UHPFRC and a short historical overview are also discussed.

3.3.1 General

Definition. UHPFRC are advanced cementitious materials (ACM) with specifically tailored proper-
ties. They are characterized by an ultra-compact matrix with very low permeability and by tensile
strain-hardening. They are part of the group of HPFRCC as described in Figure 3-1.

e R
- ~ )

UHPFRC - Ultra-High Performance
Fibre Reinforced Concretes
(e.g. RPC, CEMTEC,, iscai®)

HPFRCC - High Performance Fibre Reinforced
\Cement Composites (e.g. ECC, SIFCON) /

FRC - Fibre Reinforced Concretes
Qa.g. SFRC - steel fibre reinforced concrete) /

Cementitious materials
\(concrete. mortar, hardened cement paste) J

Figure 3-1: Classification of UHPFRC and HPFRCC among other cementitious materi-
als

Historical overview. UHPFRC development found its origin in the studies of Odler, Brunauer and
Yudenfreund in the beginning of the 1970s [Yudenfreund72,72a,72b, Odler72,72a, Brunauer73,73a].
They investigated high strength pastes with low w/c-ratios (w/c = 0.2 to 0.3) whose main characteristic
was the low porosity leading to high compressive strengths (up to 200 MPa) and to low dimensional
changes. Strength enhancement by hot pressing techniques was first applied by Roy [Roy72, 73] and
resulted in very high strength cement pastes with compressive strengths up to 680 MPa.

With the development of superplasticizers and pozzolanic admixtures such as silica fume, two kinds of
materials emerged in the 1980s: Birchall et al. developed polymer modified cementitious materials
called Macro-Defect-Free (MDF) cements. The pores are filled by polymerization leading to a com-
pact matrix. However, these concretes are susceptible to water and have high creep [Kendall83, Al-
ford85]. Bache developed the DSP (Densified Small Particles) which use the interaction of superplas-
ticizers and silica fume to decrease the porosity of the material and to increase the strengths. That way,
he prepared the ground for modern UHPFRC development [Bache87]. The compacity of the matrix of
these mixes was theoretically investigated and optimized e.g. by de Larrard and Sedran [DeLarrard94,
Sedran94].

However, theses high strength cement pastes and mortars are very brittle. Consequently, the addition
of fibres is necessary to enhance ductility (increase of Gg). Three tendencies are distinguished by
Rossi [Rossi02]:
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e DSP with an addition of 5 to 10% short steel fibres (Ir= 6 mm), commercialized under the
name CRC [Bache87, Aarup04],

e the so-called Reactive Powder Concrete (RPC) with 2.5% of short slender steel fibres (lf
=13mm), developed by Bouygues, Lafarge and Rhodia and commercialized under the name
Ductal® [Richard95, Orange00],

e and the Multi-Scale Cement Composite (MSCC) using a mixture of short and long steel fibres.
MSCC are developed at the LCPC in France and are known under the name CEMTEC muttiscale
[Rossi97, Rossi02].

The development of UHPFRC and the tailoring of their specifically properties is still not entirely
known and presents a research topic at several universities.

3.3.2 Principles of UHPFRC
The main principles for UHPFRC design are [Richard95]:

e Homogeneity enhancement: The homogeneity of the material is improved by eliminating
coarse aggregates,

e Compacity enhancement: The density of the matrix is increased by optimizing the packing
density. The different particle size classes are silica fume (mean size: 0.1 to 0.2 pm), cement
(mean size: 15 um) and fine sand (mean size: 0.2 mm). The optimum packing density can be
determined with granular packing models by calculating the optimum ratio of the different ag-
gregate classes [Sedran94, Delarrard99, Jones02].

e Ductility by fibres: As the matrix of DSP is very brittle, steel or organic (e.g. carbon or glass)
fibres have to be added to obtain strain-hardening behaviour in tension.

UHPFRC may be subjected to heat and / or pressure treatment. Pressure treatment of the fresh material
increases the density by reducing the entrapped air, by removing excess water and by accelerating
chemical shrinkage. Post-set heat treatment of 90 °C accelerates the pozzolanic reaction and modifies
the microstructure of the hydrates.

These two treatments are difficult to apply in case of composite “UHPFRC-concrete” elements and in-
situ applications and would present major drawbacks. UHPFRC without heat and pressure treatment
are proposed and used in the present study.

3.3.3 Constituents of UHPFRC

UHPFRC consists of cement, silica fume, sand, fibres, water and superplasticizer. Typical water/ ce-
ment-ratios are 0.15 to 0.20 with 20 to 30% of silica fume.

Cement. The cement content (> 700 kg/m’) is more than two times higher than for normal strength
concrete. There is general agreement that the cement should have a low alkali content, low to medium
fineness and a low C;A-content, thus, reducing water need, ettringite formation and heat of hydration.
In most cases, CEM 1 52.5 is used, however, there are also promising tentatives with other cement
types such as CEM III/B. [Richard95, Siebel03]

Silica fume. Silica fume fulfils three functions in UHPFRC: it fills voids between cement grains, it
enhances the rheological characteristics and it forms hydration products by pozzolanic activity. Thus,

10
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the mechanical strengths are increased and microstructure and compacity of the UHPFRC are en-
hanced. Best results are reported for silica fume from the zirconium industry, having few impurities
and a Blaine fineness of 14 m*/g. The optimum filling performance of silica fume in cement is reached
for silica fume-contents of 25% of cement content. [Richard95, Parant03].

Sand. UHPFRC aggregates are sand. Quartz sand is proposed, since it has a high hardness and pro-
vides good paste-aggregate interfaces. The mean particle size is often smaller than 1 mm, but also
UHPFRC with maximum particle sizes of 8 to 16 mm are produced. [Holschemacher03, Richard95] It
must be noted that the grain size distributions of cement, silica fume and sand have to be optimized in
order to achieve high compacity and thus, a dense matrix with very low permeability.

Superplasticizer. Superplasticizers are essential for the processing (workability) of UHPFRC due to
the low water-content. In general, superplasticizers of the 3rd generation - polycarboxylates and poly-
carboxylatethers - are used, as they are highly efficient and have no efficiency threshold for low w/c-
ratios [Holschemacher03].

Fibres. Steel and organic fibres are used in UHPFRC. Naaman defined the demands on fibres as
“short, stiff and strong” [Naaman02]. Thus, steel fibres seem to be the most adapted. Steel fibres are
generally pulled out; therefore, fibre ductility is less important than their strength. Naaman developed
limit curves for hardening under bending and uniaxial tension as a function of the fibre properties
[Naaman02]. Rossi developed UHPFRC on the basis of the multiscale concept with several kinds of
steel fibres - going from steel wool (If = 1 mm) to small steel fibres (5 to 15 mm) to long ones (> 15
mm). The different fibres work on the material scale to increase the tensile strength and on the struc-
tural scale to increase resistance and deformation capacity. [Rossi87, Rossi02] Typically, UHPFRC
have fibre contents of more than 2 Vol.-%. The maximum fibre content in function of the aspect ratio
of the fibres is limited by processing factors such as workability.

3.3.4 Material properties

3.3.4.1 Hydration

The low water-content of UHPFRC hinders full hydration, e.g. an UHPFRC with a w/c-ratio of 0.18
and with 26% of SF has a final degree of hydration of approximately 31%. The hydration rate of
UHPFRC at early age is shown in Figure 3-2. It is characterized by a long dormant period (typically
24 hours or longer) which can be explained by the high amount of superplasticizer in the material, de-
laying setting of the material [Morin01]. Then, a strong hydration reaction starts which can be ob-
served on heat release and the material starts to harden. The degree of hydration shows a high rate be-
tween 30 and 57 hours for the UHPFRC used by Morin et al., attaining a degree of hydration of 18%
at 70 hours [Morin02].

11
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Figure 3-2: Heat release due to hydration and evolution of the degree of hydration of
RPC [Morin02]

3.3.4.2 Mechanical properties

Compression. UHPFRC are characterized by high compressive strengths - typical values are 150 to
250 MPa at 28 days for UHPFRC without heat treatment. The secant modulus is also increased, but
not to the same extent as the compressive strengths: E = 45 to 65 GPa at 28 days. The Poisson’s ratio
for RPC was determined to be 0.22 to 0.24 [Dugat96] and for CEMTEC uiscale” to be 0.21 [Parant03]
at 28 days.

Tension. One of the two main characteristics of UHPFRC is tensile strain-hardening. The comparison
between strain hardening HPFRCC such as UHPFRC and conventional fibre reinforced concrete
(FRC) is shown in Figure 3-3.

e Domain I: In the first part of the curves until point A, the stress rise is quasi linear-elastic un-
til the cracking strength o..

e Domain Il: It is followed by strain-hardening until point B with a post-cracking strength o,
for UHPFRC. The post-cracking strength of UHPFRC is higher than the cracking strength.
Multiple cracks form during the strain-hardening, however, the macroscopic deformation is
still uniform! and can be expressed by the strain .2

e Domain IlI: At point B, crack localization occurs and softening behaviour is observed (do-
main III), expressed by a 6-w-curve.

Domain II barely exists for conventional FRC. Typical maximum strengths of UHPFRC are 6 to 20
MPa with fracture energies of G = 10 to 40 kJ/m”, mainly dependent on the compacity of the matrix
and fibre composition [Dugat96, Parant03]. Real cracks form (i.e. the stress becomes zero) for a crack
width of approximately half the fibre length (%% 1).

1 Macroscopic with respect to structural elements

2 The extent of the tensile hardening domain will be often referred in what follows as "magnitude of hardening"

12
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Figure 3-3: Comparison of typical stress-strain response of HPFRCC and FRC,
adapted after [Naaman02]

Determination of tensile properties. Uniaxial tensile test for UHPFRC demand a stiff test set-up in
order to avoid bending effects and an appropriate testing machine. An uniaxial tensile test was devel-
oped by Boulay [Boulay03]. The execution of uniaxial tensile tests is time intensive. So, the tensile
behaviour of UHPFRC is often determined by bending tests (see e.g. [Parant03]). However, bending
test results have to be carefully interpreted: the bending strength is often expressed by the modulus of
rupture (MOR), which is the flexural strength calculated for a linear-elastic stress distribution. UHP-
FRC do not have linear-elastic stress distribution under bending beyond point A in Figure 3-3.

Tensile properties depend significantly on the fibre distribution. This distribution is influenced by the
way of casting and the specimen geometry as for FRC. Furthermore, fibre segregation may occur lead-
ing to an inhomogeneous distribution of the tensile properties over the depth of the element.

3.3.4.3 Time-dependent deformations

Influence of stress rate. The effect of the stress rate on the resistance of UHPFRC specimens in bend-
ing was investigated by Parant for rates from 0.1 MPa/s to 100 GPa/s (Figure 3-4). Two domains are
distinguished: domain I for quasi-static loading, where the increase of resistance (expressed by the
MOR) is small, and domain II for dynamic loading where the stress rate increases significantly the re-
sistance. The increase of resistance is reported to be more important for UHPFRC than for conven-
tional FRC which is attributed to the high fibre content of UHPFRC [Parant03].

13
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Figure 3-4: Influence of stress rate on the apparent MOR for the UHPFRC CEMTEC
muttiscale ", adapted from [Parant03]

Shrinkage. Shrinkage on UHPFRC was measured for CRC, RPC and CEMTEC putiscate - The meas-
urements started after setting of the material, i.e. the early age deformations were not considered. The
shrinkage of heat-treated UHPFRC is zero after the application of the treatment, as all the shrinkage
occurs during the heat treatment.

Autogenous and drying shrinkage was measured for CRC and RPC on cylindrical specimens ( & 9
cm, 1 = 60 cm), starting 24 hours after water addition. The autogenous shrinkage after 160 days was
approximately 450 pm/m after 8 days. The evolution of autogenous shrinkage is shown for RPC in
Figure 3-5. The high autogenous shrinkage is mainly explained by the high self-desiccation of UHP-
FRC. Drying shrinkage evolution was strong during the first 10 days and stabilized at a value of 180
um/m at higher ages. Furthermore, the results showed that autogenous and drying shrinkage decreased
for decreasing w/b-ratio for RPC having w/b-ratio between 0.09 and 0.20, which is explained by the
low hydration rate of UHPFRC. Additional weight loss measurements showed that microcracking oc-
curred in the RPC during the first 10 days. The addition of steel fibres reduced shrinkage deformations
by 10 to 20% [Loukili96, Cheyrezy01]. Acker explained that the major part of shrinkage is due to vis-
cous response of CSH to hygral stresses provoked by capillary tension in the pores and disjoining
pressure, since CSH is the only viscous component in UHPFRC. He determined the saturated pore size
to be 3 nm at a relative humidity of 75% [AckerO1].

Schachinger et al. conducted linear autogenous shrinkage measurements on ultra-high performance
concretes without fibres. The measurements started before setting of the UHPFRC. He confirmed that
the major part of autogenous shrinkage occurs during 5 to 10 hours after setting. Then, the evolution
slows down, but, it does not stabilize until the end of measurements at 56 days [Schachinger(03].
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Figure 3-5: Autogenous and drying shrinkage of RPC (adapted from [Loukili96])

Autogenous shrinkage was also measured for CEMTEC uiscale” at the LCPC. The tests started 3 days
after casting. The autogenous shrinkage was 500 um/m after 325 days. [Parant03]

The results of shrinkage measurements show that the critical phase for these material is during the
first 10 days after water addition. Therefore, good curing is essential during early age to prevent mi-
cro-cracking on the surface. Autogenous shrinkage deformations are high at very early age. Conse-
quently, it is necessary to quantify the deformations from the setting point on.

Creep. Compressive creep of RPC at several loading ages is shown in Figure 2.15. The creep coeffi-
cient (creep = €e1* Ker) decreases from K, = 2.5 to 0.6 with increasing age and stabilizes after 100 to 150
days (load level of 20%). RPC shows fast creep kinetics: 35% of the deformation occurs during the
first 24 hours. The creep coefficient is smaller for lower w/b-ratios. Steel fibres reduce the creep com-
pliance by 20 to 25%. [Cheyrezy01 Loukili9] The creep deformations are mainly attributed to visco-
plastic CSH behaviour. The small creep compliance is explained by the fact that internal creep is high
at early age due to the hygral stresses in the microstructure which arise with ongoing self-desiccation.
Thus, the major part of creep is already finished when the UHPFRC is externally loaded. [Acker01]

The creep compliance was determined for CEMTEC pnuiscale . at the LCPC. The specimens were loaded
at 28 days to 45% of their compressive strength. The creep coefficient was K., = 1.0, and the creep
compliance 45 pnm/m/MPa, considering the elastic deformation. [Parant03]

No studies have been conducted for tensile creep of UHPFRC yet. Thus, it is difficult to estimate if
tensile creep is of the same magnitude as compressive creep. It is known that tensile creep of normal
strength concrete increases with decreasing cement content. i.e. with increasing interfaces between
aggregates and cement. UHPFRC have only small aggregates, however, the steel fibres may have the
same effect as aggregates, and a major part of tensile creep may have its origin at the interfaces be-
tween fibres and matrix.
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Figure 3-6: Creep deformation of RPC at different loading ages [Cheyrezy01]

3.3.4.4 Other physical properties

Porosity. The cumulative porosity of UHPFRC was measured with mercury intrusion porosimetry
(MIP) by Roux et al. for RPC subjected to different curing treatments (Figure 3-7). Pores with sizes
from 6 nm to 100 um can be measured with this test method. The cumulative porosity of RPC was less
than 9% for RPC without heat treatment and pressing and less than 0.5% for RPC subjected to differ-
ent curing methods. In comparison, normal strength concrete has a cumulative porosity between 10
and 15%. A threshold value was observed, below which the porosity increased rapidly. This porosity
is called microporosity. Capillary porosity is very small or even absent in UHPFRC [Cheyrezy95,
Roux96].
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Figure 3-7: Cumulative porosity of UHPFRC, from [Cheyrezy95]

Permeability. Roux et al. also measured the air permeability on heat-treated sound RPC specimens.
The permeability coefficient k = 2.5-10™"* m* was 50 to 500 times lower than the one of normal
strength concrete. The measured values were near the sensitivity threshold of the used test method.
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Permeability measurements were conducted at the MCS on damaged and undamaged UHPFRC
specimens [Charron04]. The investigated UHPFRC, CEMTECmuhisca]e®, was identical to the one used
in the experimental campaign of the present study. The damage, expressed by cumulated crack open-
ings, was induced with the uniaxial tensile test described in [HabelO4a]. The displacement Al refers to
the deformation over 10 cm that was reached during the uniaxial tensile test just before unloading
(Figure 3-8a), i.e. the reversible part of the deformation during unloading is included in the given val-
ues.
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Figure 3-8: Permeability of CEMTECnutiscale: @) Water permeability coefficients, b)
proposed classes for structural application, after [Charron04]

The evolution of the water permeability for increasing tensile deformation Al is shown in Figure 3-8a.
In the hardening domain of the UHPFRC (see Figure 3-3), multiple cracking with small widths occurs,
and the permeability remains small. Here, the permeability coefficient K, refers to the deformation in
the specimen €. When the UHPFRC is in the softening domain, a strong increase in crack width in a
localized crack and consequently in the permeability coefficient were observed. The permeability co-
efficient K, is referred to the deformation Al measured during the uniaxial tensile test.

On the basis of the test results, durability and serviceability criteria for structural applications were de-
fined by Charron (Figure 3-8b). If severe conditions such as water tightness are required, the defor-
mation ¢ is limited to 0.15%, a value that lies approximately in the middle of the hardening domain of
the UHPFRC (see Section 3.2.4). In case of high requirements on permeability, e.g. structural ele-
ments in humid environment with carbonation and/or chlorides, the deformation is limited to the de-
formation at the end of the hardening domain €y m.x, corresponding to 0.25% for the tested material. If
the protection function of UHPFRC is of secondary importance, higher crack widths may be admitted.

Water adsorption. The water adsorption of RPC was measured by Roux et al. It was more than 15
times smaller with 0.2 kg/m” than for normal strength concrete after 20 days. This can be explained by
the small porosity and the absence of capillary pores [Roux96].

Chloride ions diffusion and migration, corrosion. The chloride ingress into heat-treated, pressed
RPC was measured with a steady-state chloride flow through potential differences. It was very low
with an effective diffusion coefficient Do;=0.02-10" mz/s, which was more than 30 times lower than
for normal strength concrete [Roux96]. Roux measured also the corrosion rate of RPC. RPC has a very
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high ohmic resistance in comparison to normal strength concrete, which reduces the electrical current
and the corrosion rate. The corrosion rate was not exactly determined, since the measurements attained
the sensitivity threshold of the test method [Roux96].

The deterioration of damaged UHPFRC (CEMTECmumseale®) was investigated by Parant. Microcracks
were created in plates under bending that were exposed to wetting-drying cycles (in NaCl-solution) in
their loaded stage. The results showed that the effect of self-healing was more important than the ef-
fect of chloride ingress. The cracks were closed by new hydrates that could form due the water supply
of the NaCl solution. No significant corrosion was observed on the steel fibres in the UHPFRC.
[Parant03]

Carbonation. Roux et al. determined the resistance of RPC to the penetration of carbon dioxide by
one natural and two accelerated carbonation tests. The carbonation was monitored by a phenolphthal-
ein colour indicator. No carbonation was detected for the RPC, compared to a carbonation coefficient
of 50 mm/year”’ for normal strength concrete in the accelerated test [Roux96].

Freeze-thaw cycles. Bonneau et al. investigated the resistance of RPC to freeze-thaw cycles according
to ASTM C 666 [Bonneau97]. The durability was evaluated after 300 freezing and thawing cycles in
form of the ratio of the moduli before and after the cycles. No reduction of the moduli was observed.

The measurements of permeability and transport properties showed that the ingress of substances in
the UHPFRC is significantly reduced when compared to normal strength concrete. Consequently,
UHPFRC seem to be appropriate materials in case of high requirements on protection.

3.3.5 Applications

UHPFRC were originally developed for the precast industry. The typical way to use UHPFRC is to
produce precast elements that are assembled on the building site. The high strengths and the low per-
meability suggest an use of UHPFRC for zones subjected to detrimental substances or where high me-
chanical loads have to be introduced or transferred. UHPFRC have been applied for example for foot-
bridges, beams in nuclear power plants, staircases and offshore structures [Cheyrezy97, Bekaert99,
Behloul03, Aarup04]. They have not been cast in-situ yet. Moreover, the concept of UHPFRC was ei-
ther to use them without additional reinforcement or in prestressed elements. To the author’s knowl-
edge, they have not been used in combination with rebars yet.

UHPFRC material properties make them ideal materials for rehabilitation and in new composite
“UHPFRC-concrete” elements. However, it has to be demonstrated that the outstanding properties of
UHPFRC can be exploited in composite element with and without rebars in the UHPFRC layer.

Experimental campaigns have been conducted on some types of UHPFRC, however, there is still few
knowledge of their material properties, in particular with regard to early age effects, viscoelasticity,
tensile behaviour and the evolution of the material properties in time.
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3.4 Composite structural elements of reinforced cementitious
materials

The behaviour of composite elements consisting of reinforced cementitious materials is described
in this section. First, the degree of restraint is discussed. Then, composite reinforced concrete (RC)
elements are presented in brief with a focus on the aspects of time-dependent behaviour that are im-
portant for composite “UHPFRC-concrete” members and on failure modes. Finally, an overview of
composite “ACM-concrete” elements is given concentrating on composite “UHPFRC-concrete” ele-
ments.

3.4.1 Degree of restraint

In composite elements, the stress state in the new layer due to shrinkage can be estimated by the de-
gree of restraint p. Shrinkage deformations of the new layer induce residual stresses in the structural
element (Figure 3-9). The maximum tensile stresses build up in the new layer at the interface. They
can be calculated by using the degree of restraint p (EQ. 2.3).The degree of restraint for composite
slabs, consisting of two rectangles with an identical width, is calculated by [Silfwerbrand97], it is ex-
tended to more general cross-sections by [Bernard00] as developed in the following.

=ukE

new, 2 i new Sfree

(EQ 2.3)

with G,ewo [MPa]: tensile stress in the new layer at the interface, p [-]: degree of restraint, E,,
[MPa]: modulus of elasticity of the new layer, g [-]: mean shrinkage strain in the new layer.
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Figure 3-9: a) residual stress state in a composite element after [Haardt91] and b) asso-

ciated failure modes (from [Bernard00])
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The degree of restraint is calculated with EQ. 2.4 under the following hypotheses:

e linear-elastic material behaviour,

e Poisson’s ratio v =0,

e the cross-section of the new layer is a rectangle, the cross-section of the substrate can be of
any shape,

e plane sections remain plain (hypothesis of Bernoulli) and

e perfect adherence between new layer and substrate.

T o Orect T On T 0Opp 2
w= new.2 _ “rest N Y l+.u}1+|“ll\fi (EQ 2.4)

Cl-i"E 5t CI-I'E 5t

The principle of the analysis consists in determining the tensile force N, that is necessary to compen-
sate the unrestrained shrinkage deformation &g, in the new layer (Figure 3-10). The tensile force is
balanced in the composite member by a compressive force N, and a bending moment M, acting in the
centre of gravity (cg). The stress state in the composite element is determined by the superposition of
N;, and N, and M...
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Figure 3-10: Axial stresses in a statically determinate composite beam (elastic stress-
strain relation), after [Bernard00]

Statically determinate systems. The degree of restraint pu can be subdivided into the part of the axial
force py and the part of the bending moment ;. The equations for statically determinate beams (SD)
are given in EQ. 2.5 and EQ. 2.6, the equation for the centre of gravity in EQ. 2.7. They apply to rec-
tangular cross-sections of the new layer and cross-sections of any shape of the substrate.
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The degree of restraint in a statically determinate system pgp is shown in Figure 3-11a for beams or
slabs consisting of two rectangles with the same width in function of the ratio of the thicknesses n and
the ratio of the moduli of elasticity m. The degree of restraint is the highest for low ratios m, i.e. when
the modulus of elasticity of the new layer is small, corresponding to the early age of the composite ele-
ment. For for composite “UHPFRC-concrete”, the final ratio m members lies between m = 1.2 and 2.0
(for higher ages). The degree of restraint has the highest values for a ratio of the thicknesses n < 0.3 to
0.5 (depending on m). This indicates that tensile stresses and cracking risk are maximal for thin layers.
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Figure 3-11:a) degree of restraint of a statically determinate beam, b) relative stress dif-
ference at the interface between new layer and substrate

Figure 3-11b indicates the relative stress difference between old and new layer for statically determi-
nate systems according to EQ. 2.8. At free ends, this stress difference induces stresses perpendicular to
the interface (oy) which are determinant for debonding due to shrinkage of the new layer (case 1 in
Figure 1.5b). Consequently it can be used to determine the debonding risk. The latter is highest for
low values of m, i.e. at early age of the composite member and decreases with increasing m and age
respectively.
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Statically indeterminate systems. In statically indeterminate systems, the internal stresses due to re-
strained shrinkage are partially redistributed. The degree of restrained shrinkage is significantly in-
creased. Yuan determined an increase of 30% in an example [Yuan94]. The effect of statically inde-
terminate systems is considered by factors Oy and 0y for axial and bending restraint respectively (EQ.
2.9, EQ. 2.10). These factors are the ratio between the statically indeterminate part of the reaction
(Nsip, Mgip) and the reaction in case of total restraint (N, M,). They are 0 for statically determinate
systems and 1 in completely restrained systems.

Hgrp = 17 (1 =Bty ger T (1 = Opp)lag ger (EQ 2.9)
Neoip Msip
ith 6. = and O, — (EQ 2.10)
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The degree of restraint as it is presented here does not consider viscoelasticity and non-linear stress-
strain distributions which would be the case in composite “UHPFRC-concrete” members. However, it
is a simple tool for the estimation of the stress state in composite elements.

3.4.2 Composite RC elements

3.4.2.1 Processing

The durability of composite elements depends essentially on correct processing and has been exten-
sively studied (e.g. by [Emmons00, Pigeon92, Schrader92]). The preparation of the contact surface is
essential to guarantee monolithic behaviour under actions. Sandblasting and hydrojetting are the most
adapted methods with regard to damage and roughness (e.g. [Courard99, Silfwerbrand90, Warner98,
Zhu91]). The contact surface of the substrate should be humid, but not wet. In general, bonding agents
and mechanical connectors are not necessary, if a surface preparation method is applied that creates
sufficient roughness and if the design of the structural member is adapted in zones of force introduc-
tion [Bissonnette00, Bernard00]. A new concrete should be chosen whose properties are close to the
substrate and good curing (minimum of 5 days) should be performed. A comprehensive overview of
correct processing can be found in [Bernard00].

3.4.2.2 Time-dependent behaviour

The determinant time-dependent phenomena for composite RC members are deformations due to
hydration effects, i.e. thermal deformations due to the heat release and autogenous shrinkage as shown
by [Bernard00], and drying shrinkage in the long term.
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Thermal effects due to heat of hydration. During hydration, heat is released in the new layer, first
leading to a temperature rise and when the hydration reaction slows down to cooling of the element.
The temperature increase is high in the new layer and relatively low in the substrate leading to a tem-
perature gradient in the element. The evolution of maximum and minimum temperature in a composite
element is schematically shown in Figure 3-12a. Due to the restraint, temperature rise induces com-
pressive stresses in the new layer until time t,e. (Figure 3-12b). During cooling, tensile stresses build
up in the new layer and may lead to cracking. The determinant parameter for residual thermal stresses
is the maximum temperature difference between old and new layer AT,.,pecax [Bernard00]. Bernard
proposed a simplified approach to estimate the cracking risk due to early age thermal deformations and
found a threshold value of AT,,peac < 12 °C to avoid cracking for average properties of normal
strength concrete [Bernard00]. The temperature difference in composite elements becomes important
for massive members such as curbs [Brithwiler00].
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Figure 3-12: Early-age behaviour of composite elements : a) temperature evolution, b)
stress evolution in the new layer, considering only thermal stresses, autoge-
nous shrinkage and viscoelasticity (adapted from [Bernard00])

The cracking risk is small for slender composite beams with a thickness ratio of new to old layer be-
tween hpeyw/hog = 0.45 and 1.1 under constant ambient temperature of 20 °C [Bernard02]. However,
ambient temperature and its variation may significantly increase the stresses due to thermal effects
[Brithwiler00]. The cracking risk due to thermal stresses can be limited by adapting the temperature of
the fresh concrete, by using an adapted low-heat concrete mix design, by heating the existing struc-
tural element during heat rise and by adapted curing. Further details about adequate methods can be
found in [Bernard00, Bernard01, Briihwiler00].

Autogenous Shrinkage. Autogenous shrinkage is an important phenomenon that induces curvature
and tensile stress at early age, even for normal strength concrete with w/c = 0.5. It is mainly important
during the first two days after casting of the new layer. Autogenous shrinkage reduces the compressive
strength 6. .. and increases the tensile stresses in the new layer, i.e. the curve of stress evolution due
to thermal effects is shifted towards tension (e.g. upwards in Figure 2.23b). The tensile stresses may
lead to transverse crack formation in the composite element [Bernard02].

Viscoelasticity. The stresses in the composite element are partially relaxed by concrete viscoelasticity.
Viscoelasticity is significant for early age concrete and decreases gradually. Ducret measured residual
stresses in composite “reinforced concrete - steel” beams even at a concrete age of 28 days [Ducret97].
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Viscoelasticity is higher in the new concrete layer and leads mainly to stress relaxation in the new
layer of 50 to 70% after one year. [Bernard0O] The importance of viscoelasticity on the reduction of
the cracking risk in new layers is demonstrated by Silfwerbrand, Bissonnette and Bernard [Silfwer-
brand87, Bissonnette00]. In consequence, Bissonnette proposes the concept of global deformation to
evaluate stress state and cracking in composite elements.

Drying Shrinkage. Drying shrinkage is the most important phenomenon in composite members con-
sisting of two layers of normal strength concrete. Various studies show its importance for thin repair
layers and thicker structural layers (e.g. [Bernard00, GranjuO1, MartinolaO1l, Sadouki97, Silfwer-
brand97]). Drying shrinkage induces a moisture gradient in the new layer, leading to increased tensile
stresses at the surface. Bernard determined the conditions under which transverse cracks are induced.
Structural parameters such as geometry and static system and material parameters decide upon the
cracking risk due to drying shrinkage. A comprehensive overview of drying and its influence on com-
posite concrete elements can be found in [Bernard00].

Since drying shrinkage does not seem to play a major role in composite “UHPFRC-concrete” mem-
bers, it is not discussed any further in this section and reference is made to the extensive literature.
However, thermal effects and self-desiccation shrinkage are important in UHPFRC and may govern
the behaviour of composite “UHPFRC-concrete” elements.

Role of reinforcement. Rebars in the new layer induce additional local restraint thus increasing the
cracking risk. In parallel, the deformations of the composite elements are reduced. This is demon-
strated for drying shrinkage by Bernard [Bernard03].

Steel fibres in the new layer reduce crack widths and spacing and debonding. For thin SFRC overlays,
Chausson identified as most important factor the ratio post-cracking strength to tensile strength, since
this ratio is determinant for the control of cracking. [Chausson97] The effect of materials with strain-
hardening is discussed in Section 2.6.3.1.

Modelling. The time-dependent behaviour of composite concrete elements is either evaluated by ana-
lytical models or by FE-programs.

The analytical models are mainly developed to determine the residual stresses in the new layer and at
the interface. In general, they consider uniform shrinkage and in some cases also creep [Silfwer-
brand97, Yuan94].

FE-programs give the possibility to take into account thermal, hygral, chemical effects and the result-
ing deformations and crack formation either by the fictitious crack model or the crack band model.
The options of the programs and their degree of couplings between the phenomena vary from program
to program. Such models were developed and extended for example by [Bernard00, Emborg89, Fem-
masse04, Martinola01, Kranz99]. A detailed description of the models can be found in [Bernard00].

3.4.2.3 Failure modes

Composite elements consisting of normal strength reinforced concrete are designed in the same way as
reinforced concrete structures, if monolithic behaviour is guaranteed. Residual stresses do not play a
role in design, since they are small in the substrate in compression and tensile stresses of concrete are
neglected at the ultimate limit state (ULS). This is demonstrated in [Silfwerbrand97]. Thus, nearly all
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investigations of the fracture behaviour of composite members focus on the evaluation of debonding.

Debonding. The properties of the interface zone depend on the design and processing. The influence
of material parameters and surface preparation methods, partially in combination with connectors, on
the debonding resistance has been extensively studied (e.g. by [Courard99, Randl00, Silfwerbrand90,
TrauschO1, Vaysburd01, Warner98]). By using adequate surface preparation methods (i.e. hydrojetting
or sandblasting), the tensile strength in the interface zone amounts to approximately 60 to 70% of the
concrete strength of the substrate or the new concrete [Bernard0Oa, Warner98]. Moreover, the
modulus of elasticity of the new layer should be close to the one of the old layer (E = £10 GPa) in or-
der to minimize the debonding risk [Emberson96].

Brenni conducted structural beam tests in order to determine the interface resistance by using different
surface preparation methods and type of connectors. He concluded that best results are obtained by
combining a high interface roughness with connectors. He proposed to design the composite members
by exclusively considering the connectors and by neglecting the adherence between the two layers
[Brenni95].

This approach is rather conservatory, since it has been shown that composite concrete elements may
behave in a monolithic way without connectors [Bernard00, Silfwerbrand87]. Bernard showed that
structural (geometry, static system) and material parameters influence the debonding risk and defined
limit conditions to avoid debonding. His debonding criterion is conservatory - debonding already oc-
curs when an interface crack starts to form. However, small interface cracks do not alter the structural
response of the composite member. A design method is proposed for the determination of the thick-
ness of and the reinforcement ratio in the new layer by respecting the design moment and by prevent-
ing debonding [Bernard00, Habel00].

3.4.3 Composite “ACM-concrete” elements

3.4.3.1 Composite “HPFRCC-concrete” beams

Composite “ACM-concrete” elements have been investigated using the HPFRCC ECC and SIF-
CON/SIMCON. The HPFRCC are used as thin overlays with thicknesses from 1 to 5 cm for deterio-
rated structures such as cracked pavements or bridge decks. Their tensile strain-hardening improves
deformation and energy adsorption capacity.

Thus, they are able to bridge cracks in the existing concrete substrate. The cracks in HPFRCC remain
small (between 30 and 50 um) and are densely distributed [Krstulovic96].

Promising results have been obtained in field studies with SIFCON. No damage and no debonding
were observed in an thin pavement overlay (thickness: 2.5 cm) after 9 years of service life [Schnei-
der92].

It is argued that the small crack widths diminish considerably the penetration of detrimental substances
and thus, the deterioration of reinforcement in the composite element. [Li00, Krstulovic97, Krstu-
lovic96].

Studies on chloride penetration into SIFCON showed that the corrosion rate is reduced compared to
SFRC, but, corrosion also occurs in non-damaged SIFCON elements [Kosa91]. This can be attributed
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to the porosity of the non-optimized SIFCON matrix and on possible shrinkage cracking at early age
[Lemberg96]. The diffusion coefficient of sound ECC is similar to the one of concrete (with w/c =
0.35) for RH < 65%; for RH > 65%, the diffusion coefficient of ECC is higher than for concrete
[Weimann03] and attempts are made to modify the ECC composition with internal water repellent
agents in order to guarantee durability [Martinola02]. Consequently, HPFRCC are subjected to dete-
rioration processes in time and should not significantly improve the durability of a structural element
in the long term when compared to normal strength concrete.

Existing research results show that tensile strain-hardening of HPFRCC is beneficial in composite
elements with regard to crack widths. However, the relatively high permeability of ECC and SIFCON
may reduce the protection function of the HPFRCC layer in the long term.

3.4.3.2 Composite “UHPFRC-concrete” beams

Composite “UHPFRC-concrete” beams were tested at the MCS in 3-point-bending in order to inves-
tigate the structural response and cracking (Figure 2.24) [Denarie01, Denarie03]. The used UHPFRC
was a type of DUCTAL® with short steel fibres (Iy= 13 mm) [Orange00]. No rebars were placed in the
UHPFRC layer. Reference beams in RC with a reinforcement ratio p = 0.8% were also tested.

The results show that the maximum force of the beams was comparable for the RC beams and the
composite beams (Figure 3-13).The stiffness of the composite beams was increased until the maxi-
mum force was reached. This is explained by the improved tensile properties of UHPFRC, in particu-
lar by the high tensile strength and by strain hardening increasing the deformation capacity of the
UHPFRC before the formation of a localized macrocrack. However, the force decreased strongly after
its maximum for the composite beams, while the RC beams showed hardening behaviour. Moreover,
the measured crack openings increased less quickly for the beams than for the composite beams.

This was due to the relatively small length of the steel fibres in the UHPFRC that were pulled out and
could not transfer force through cracks with large widths.

imposed displacement
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Figure 3-13: Structural response of composite ""UHPFRC-concrete™ beams in compari-
son to reinforced concrete beams (after [Denarié03])
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The UHPFRC “CARDIFRC” is used as bonded strips in the tension chord for rehabilitation and im-
provement of existing concrete beams [Alaee03]. Reinforcement bars are incorporated in the existing
concrete in the tension chord. The UHPFRC is cast separately and bonded to the concrete member
with an epoxy adhesive. The tension side and in some cases also the sides of the beams are strength-
ened. The composite beams show monolithic behaviour under 4-point-bending until fracture. The
maximum force of the composite beams is equal or higher than of the existing concrete member; how-
ever, the force-deflection curves show softening behaviour after the maximum force is reached.

The method of the use of UHPFRC as bonded strips is promising, however, the epoxy adhesive used to
bond the UHPFRC to the concrete may cause problems in terms of sufficient durability and the advan-
tage of the good bond by casting the UHPFRC directly on the substrate cannot be exploited.

The results show that UHPFRC is a promising material for the rehabilitation of concrete beams. The
advantage of UHPFRC when compared to HPFRCC is their low permeability that prevents the ingress
of detrimental substances. This should significantly increase the durability of composite “UHPFRC-
concrete” members. However, the penetration of water to the interface zone of composite “UHPFRC-
concrete” members has to be prevented by adequate design in order to prevent interface cracking as a
consequence of water pressure.
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4 COMPARATIVE STUDY OF UHPFRC RECIPES

4.1 Introduction

This section presents the results from a series of exploratory tests on 4 different recipes of the
UHPFRC CEMTEChuiiscale®, in view of applications for the rehabilitation of highway struc-
tures.

Three aspects were more specifically investigated in order to select appropriate materials for
the main test series:

e Effect of the composition (fibre mix) of UHPFRC on their workability. The properties
in the fresh state (rheological e.g. workability) served as a basis to define the range of
possible applications for specific mixes. As far as possible, self-compacting materials
were sought.

e Effect of the geometry of the element to be cast (wall or plate) on the mechanical prop-
erties (tensile and flexural behaviour).

e Effect of the composition of the fibrous mix on the mechanical properties (tensile and
flexural behaviour on plates).

The tests performed on fresh UHPFRC mixes were: visual inspection of the material in
the drum of the mixer, spread test (slump flow with Abram's cone), and sensitivity to a slope
of the substrate (inclined box).

Two different tests were performed on the hardened UHPFRC: uniaxial tensile tests with
measurement of the overall pre and post-peak response, with notched specimens, and 4 point
bending tests on plates with measurement of the overall pre and post-peak response. Follow-
ing parameters were considered: effect of thickness on the flexural response, eftect of the ori-
entation of the specimen with respect to the direction of casting on the flexural behaviour, ef-
fect of the mode of casting (horizontal as a plate or vertical as a wall) on the response in uni-
axial tension and 4 PT bending. For every mix the range of thicknesses of the specimens were
selected in view of the specific application: thin protective layers or thicker layers for repair
or reinforcement.

In parallel, for the sake of comparison, for each batch, characterization tests were performed
on standard 4/4/16 cm specimens to determine the MOR (Modulus of Rupture) and compres-
sive strength on the two remaining haves of the specimens after completion of the flexural
tests.

Finally, preliminary permeability tests on small scale specimens as well as on composite
structural members with UHPFRC helped confirm the outstanding transport properties of
these materials.
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4.2 Composition

Four different recipes of UHPFRC were tested, with different fibrous reinforcements (length,
aspect ratio and volume percentage of fibres), for three different applications:

Mix CMO with only one type of macrofibres (=10 mm) is a first approach to a multi-
purpose UHPFRC for the rehabilitation of concrete structures. It was extensively tested
and characterized by [Habel0O4a and b] and [Charron04]. It is self-compacting and ex-
hibits a significant tensile hardening behaviour (up to 0.2 %) and a tensile strength of 8
to 10 MPa. It served as a reference point for the comparative study.

Mix CMI1 with only one type of short fibres (=5 mm) is dedicated to thin protective
layers. According to [Naaman03], with 10 % fibres such a mix is just at the limit to ex-
hibit a strain hardening behaviour.

Mix CM2 with two types of fibres (microfibres — steel wool, and macrofibres of 10 mm
length) is foreseen for intermediate layer thickness, for repair or reinforcement pur-
poses, with or without reinforcement bars.

Mix CM3 with three types of fibres (microfibres — steel wool, mesofibres of 5 mm
length, and macrofibres of 20 mm length) is foreseen to provide the best possible me-
chanical response.

The composition of each mix is summarized in Table 4.1 and given in details in Table 7.1 to
Table 7.4, in appendix 1.

CM1 CM2 CM3 CMO
Cement [kg/m?] 1125.1 1300 1415.2 1051.1
SF/C [---] 0.26 0.26 0.26 0.26
Admixture3 ! ! ! !
/Cement [%]
Steel fibers types Steel wool + Steel wool +
Ii/d [mm] S/0.15 10/0.2 5/0.15420/0.25 10/0.2
Total vol. fibers
[%6] 10 9 11 6
WI/C [-] 0.17 0.18 0.17 0.18
W/(C+SF) [] 0.135 0.143 0.135 0.143

Table 4.1: Summary of the compositions of the CEMTEC nuitiscale® recipes tested

The individual characteristics of the components are listed in Table 7.5, in appendix 1.

The behaviour of UHPFRC at fresh state and the texture of the hardened material on a frac-
ture surface are shown on Figure 4-1.

3 dry extract
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Figure 4-1: a) UHPFRC at fresh state (mix CM1) and b) texture of the hardened mate-
rial CM2 shown on a fracture surface.

4.3 Performance at fresh state

4.3.1 Test methods

A visual inspection was realized in the mixer's drum, at the end of the mixing sequence. The
results of this visual inspection are classified in Table 4.2. Three indications were recorded:

o Spontaneous release of entrapped air, which is characteristic of a self-compacting ma-
terial, and as much pronounced as the self compacting character is strong. The three
mixes exhibited spontaneous release of air bubbles.

o Homogeneity of the mix — segregation of fibres: the best mixes do not show any segre-
gation and one easily distinguishes fibres swimming close to the free surface of the
fresh mix. None of the three recipes showed a noticeable segregation in the mixer.

o Self levelling ability of the mix in the mixer's drum: This property is associated to self
compacting concretes. Only mix CM3 did not exhibit this behaviour.
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CM1 CM2 CM3 CMO

Spontaneous air release +++ ++ +- +++
Segregation of fibres

Self levellingness 4+ ++ o+

Table 4.2: Visual inspection of the fresh mixes, in the drum of the mixer at the end of
the batching sequence

Two supplementary tests were performed to characterize the processing willingness of the
fresh UHPFRC, just before casting. First of all, a slump flow test, now classical for self com-
pacting concretes, realized with an Abram's cone, and secondly, the test of the sensitivity to a
slope of the concreting surface. It is commonly accepted that a final diameter of over 600 mm
from the slump flow test indicates a self compacting concrete.

4.3.2 Results and analysis

Material CM1 was clearly self-compacting whereas material CM2 was very close to it
but not fully self compacting according to the slump flow test. It must be emphasized here
that the slump cone has a confining effect on the fibre mixes used, that leads to a structural
consolidation of the very dense fibrous skeleton. This effect of confinement which has to be
avoided in practical applications leads to a bias in the estimation of the self compacting
character by means of the slump flow test. A suitable workability test has still to be designed
for UHPFRC with high amounts of fibres. On another hand, preliminary tests with similar fi-
brous mixes for material CM2 but with a lower dosage of cement demonstrated that the addi-
tion of microfibres (steel wool) requires a significant increase of the amount of cement and
silica fume in order to reach a self compacting behaviour. The last mix tested for material
CM2, according to Table 7.2, had 1300 kg/m® of cement and this dosage was not yet sufficient
to get a final spread over 600 mm.

Mix CM3 has 3 different kinds of steel fibres (micro, meso - 5 mm length and macro —
20 mm length). Despite the full replacement of fine aggregates by cement and silica fume (ce-
ment dosage of 1400 kg/m”), this mix was very difficult to process and cast, and impossible to
test with the slump flow. The processing means available for these batching tests, usual for
concrete, were obviously not adapted for such materials which are even more than material
CM2 sensitive to any confinement prior to casting, which leads to an interweaving of the fi-
brous skeleton impossible to break afterwards. Such materials would have to be processed in
a totally different way, i.e. pour onto a conveyor belt under the mixer and directly pour from
the belt into the form to fill, without any confinement between the mixer and the form to fill.

The set-up for the test of sensitivity to a slope is shown on Figure 4-2. It is formed of an
inclinable box of 1 m length and 30 cm width. The height of the box is variable from 50 mm
to 100 mm at the lower point, nearby the pivot, to accommodate an accumulation of material
at the lower point when the box is inclined. Two steel meshes of 100/100 mm, diameter 3 mm
are superimposed and shifted of 50 mm, at the bottom of the box, to simulate the rough sur-
face of a concrete after hydro jetting. A piece of wood placed under the box, opposite to the
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pivot, enables one to select various slopes (5, 10, and 15 %). The principle of the test is the
following:

- The box is set horizontal. It is then filled with the fresh material up to until a thickness
which corresponds to the foreseen application and to the used material. The box is then pro-
gressively inclined and the behaviour of the fresh material in the box is observed: movements
towards the lower point, formation of an accumulation at the lower point, etc.

Figure 4-2: Test set-up for the sensitivity to a slope

The results of this test are summarized in Table 4.3. Material CMO starts to move for small in-
clinations of the box and clearly does not tolerate to be applied on inclined surfaces. Surpris-
ingly, material CM2 starts to move for a smaller inclination of the set-up than material CM1.
This can be explained by the fact that for material CM1, the box was only half filled (thick-
ness of 25 mm) prior to inclination, instead that with material CM2, the box was filled up to
50 mm. In the latter case the reinforcement bars that were at the same position in the box for
the two materials, have a smaller retaining effect. This test is impossible to perform with ma-
terial CM3 and presents no interest.

CM1 CM2 CM3 CMO
i 600 to
Average spread diameter 630 430 na.
(slump flow) [mm)] 700
5% - -+ n.a. ++
Sensitivity to slope 10% —+ ++ n.a. +++
15% ++ +++ n.a. +++
Legend:
no movement
—+ initiation of a movement on surface of fresh mix
++ movement and slight accumulation of material at bottom of box
+++ movement and marked accumulation of material at bottom of box

Table 4.3: Results of slump flow and sensitivity to a slope tests
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4.3.3 Synthesis and conclusions

The properties in the fresh state (rheological e.g. workability and susceptibility to a slope of
the casting surface) served as a basis to define the range of possible applications for specific
mixes. As far as possible, self-compacting materials were sought. Four different recipes of
CEMTECmumscale® have been tested with various types of matrices in order to optimize their
workability:

e The matrices of CM1 and CM2 could be fine tuned to obtain a self-compacting behav-
iour. Both mixes are robust and tolerate slopes till 5 %. CM3 was difficult to process
and requires further investigations to be used.

e Further works will concentrate on CM1 and CM2.

The mobility of the fresh UHPFRC on a slope appears to be a major issue to be solved. Fur-
ther, one should keep in mind that there is a scale effect on the fresh properties of cementi-
tious materials, when the size of the mixer increases. For larger batches and mixers, the sur-
face/volume ratio of the fresh material in the mixer diminishes and the workability increase,
1.e. the mix tends to be more fluid for an equivalent composition in a larger mixer for larger
batch size. This aspect has to be taken into consideration for the design of suitable recipes for
on site applications using large mixers.

4.4 Mechanical performance

4.4.1 Introduction

24 Tensile and 60 flexural tests were performed at an age of 28 days, on specimens with vari-
ous thicknesses and orientations with respect to casting. Both tests were instrumented and de-
signed in order to obtain the full pre and post peak response of the materials. The tensile tests
(on notched and unnotched plates of 20 cm width, 5 cm thickness) deliver a direct comparison
of the intrinsic mechanical performance for various mixes and conditions of casting. The main
results of the test are the full stress displacement curve with the limits of the hardening and
softening domains which are the most reliable mechanical performance indices. However, due
to the high requirements for this test, only a limited number of specimens could be tested. The
flexural tests were performed as 4 PT bending on plates of 20 cm width, 42 cm span. Thick-
ness of 10, 30, 50 and 100 mm were used to cover the range of practical applications. The re-
sult of this test is the full force-deflection curve. The interpretation of this test is less straight-
forward than that of the tensile test, owing to the non-linear behaviour of the UHPFRC in
bending. It is however easier to perform than the tensile test and less time consuming. It
helped investigate the scatter on the mechanical properties in bending and test various con-
figurations with respect to the direction of casting and specimen thickness, to detect eventual
anisotropy effects. Both tests showed a reasonable scatter of results, smaller for the tensile
test.

4.4.2 Test methods

The tensile tests were realized on a universal SCHENCK testing machine with a maximum
capacity of 1000 kN. The specimens were notched plates of 500 mm length, 200 mm width
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and 50 mm thickness, with symmetrical notches of 20 mm applied in their middle part. Four
displacement transducers were used. Two on the sides of the specimen, centred on the notch,
were averaged and used to control the tests. Two on the back face of the specimen were re-
corded independently in order to reveal possible rotations of the specimen during the test.
Figure 4-3 shows the geometry of the specimen and the position of the displacement trans-
ducers controlling the test. The measurement basis is 100 mm centred on the notches. The test
is controlled in close loop by the average value of the two displacement transducers with a
speed of 0.02 mm/minute up to 0.5 mm (hardening domain) and 0.2 mm until the end of the
test (softening domain).The specimen is fixed in a rigid way in the testing machine by a sys-
tem of gluing-shaping without bonding, shown on Figure 4-3, after [HabelO4a]. There is no
bonding between the glue and the steel parts attached to the testing machine. Both notched
and unnotched specimens were used in order to distinguish prevent premature failure of the
specimen outside the measurement zone, nearby the supports.

A B

Figure 4-3: Tensile test set-up and principle, after [Habel04], A: a) metallic pieces of
support, b) base plate connected to testing machine, c) specimen, d)LVDT,
e), testing machine: B: a) metallic supports, b) base plate connected to test-
ing machine, c) specimen, d) glue

The flexural tests were performed on a universal Walter & Bai testing machine with a capac-
ity of 200 kN. The specimens are unnotched plates of 500 mm length, 200 mm width, with
variable thickness (10, 30, 50, 100 mm), tested in 4 Point bending with a span of 420 mm.
The supports allow a free displacement of the specimen along its longitudinal axis. The test is
controlled by the stroke with a displacement speed of 0.3 mm/minute. The deflection is meas-
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ured with 2 transducers attached on a measuring frame fixed on the specimen at the location
of the supports, according to Figure 4-4. The displacement of the tensile chord of the speci-
men in the constant moment zone is recorded by means of two LVDTs attached to the bottom
face of the specimen, one on each side of the specimen, with a measurement basis of 140 mm.

The characterization tests are performed on standard 4/4/16 cm specimens, in 3 PT bending,
with a span of 108 mm, and compression on the remaining halves of the specimens after the
flexural test.

Figure 4-4: Test set-up for the 4 PT bending tests on plates, a) support of the displace-
ment transducers, b) application of imposed displacements, c¢) displacement
transducers

Figure 4-5: Test set-up for the 4 PT bending tests on plates of 10 and 100 mm thickness
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4.4.3 Results and analysis

Table 4.4 presents the average values obtained for the tensile tests. The average curves
for each set of parameters were calculated by means of the method proposed by [Briih-
wiler88]. Each individual curve is firstly normalized with respect to the peak force for the Y-
axis, and to the displacement for the peak force, for the X-axis. The average normalized curve
is then obtained by averaging the displacement for all the curves for a given force. This pro-
cedure is firstly applied pre-peak and then post peak. Finally, the so averaged "normalized
curve" is multiplied for the X-axis by the average of the displacements at peak force, and for
the Y axis by the average of the peak forces. The important feature of this procedure is that it
preserves the specific fracture energy, i.e.: the area under the average curve is equal to the av-
erage of the areas under the individual curves.

The average curves for all the tests are shown on Figure 4-6. Material CM3 had the
largest tensile strength, slightly higher than material CM2. Specimens with materials CM2
cast vertically and CM1 show a rather short hardening domain (<= 0.1 %). Mix CM2 cast ver-
tically presents almost no hardening domain and a rather sudden drop of the stress after the
peak. This effect is likely to be due to the unfavourable orientation of the fibres with respect
to principal tensile stresses. Material CM2 cast horizontally presents the largest hardening
domain. Its average magnitude of hardening is 0.39 % which is almost twice that of material
CM3.

f, First crack Strain at peak
[MPa] stress [MPa] stress [%0]

Average 10.81 6.12 0.08

CM1
Std. dev. 0.55 1.52 0.04
Average 12.27 5.57 0.39

CM2
Std. dev. 0.59 0.96 0.12
CM2 Average 8.70 4.37 0.03
vert. casting Std. dev. 1.02 0.73 0.00
Average 12.91 5.60 0.13

CM3
Std. dev. 1.46 0.73 0.06

Table 4.4: Results from Uniaxial tensile tests, average and standard deviation
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Figure 4-6: Uniaxial tensile tests, effect of material and casting conditions on a) the pre-
peak response, b) the post-peak response, average curves

Figure 4-7 and Table 4.5 show the results of the flexural tests for 50 mm thick plates. Material
CM 3 presents the largest peak force. For material CM2, the anisotropy effect associated to
the vertical casting procedure largely diminishes the value of the peak force with respect to

the material CM2 cast horizontally.. When the top casting layer is put under tension, the resis-
tance of the specimen is smaller than when it is put under compression. The highest MOR
(modulus of rupture) is reached for material CM1 with however the largest standard devia-
tion. This effect is explained by the resistance of one plate which was significantly higher

than all the others.
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Figure 4-7: 4 PT bending test on plates (50 mm thickness), effect of material and casting

conditions, average curves
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Maximum MOR First crack Deflection at Strain at peak
force [kN] [MPa] stress [MPa] | peak force [mm] force [%0]
CM2 Average 29.32 26.51 13.51 1.62 0.49
TCT Std. dev. 3.33 3.71 0.83 0.44 0.11
CM2 Average 34.77 28.26 11.76 1.74 0.65
TCT Std. dev. 6.46 3.14 4.81 0.38 0.19
Average 20.22 17.54 8.11 0.92 0.28
CM2VvC
Std. dev. 2.71 2.41 1.31 0.28 0.10
CMs3 Average 37.02 33.13 14.61 2.19 0.66
BCT Std. dev. 8.93 4.38 3.42 0.61 0.21

Table 4.5: 4 PT bending tests on 50 mm thick plates (BCT : bottom casting face in

tension, TCT : top casting face in tension, CV: vertical casting as a wall).

The effect of thickness on the structural response of the plates is shown on Table 4.6:

Maximum MOR First crack Deflection at peak | Strain at peak
force [kN] [MPa] stress [MPa] force [mm] force [%0]
CM1 Average 1.93 38.25 7.96 7.03 0.81
10 mm Std. dev. 0.49 8.16 2.40 0.91 0.19
CM1 Average 0.97 20.33 5.45 6.58 0.94
Ccv
10 mm Std. dev. 0.08 1.73 1.20 0.80 0.12
CM2 Average 15.40 29.90 14.20 2.71 0.60
30 mm Std. dev. 4.56 4.42 2.88 0.87 0.15
CM2 Average 121.26 27.20 10.67 1.07 0.80
100 mm Std. dev. 8.80 2.18 1.30 0.29 0.11
CM3 Average 143.99 29.83 14.44 1.02 0.62
100 mm Std. dev. 30.15 5.81 1.98 0.10 0.02

Table 4.6: 4 PT bending tests on plates, effect of thickness and direction of casting, aver-

age curves
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- first of all, as expected, the deflection at peak load varies with the thickness: the
thicker the plate, the smaller the deflection at peak load;

- Secondly, the thickness of the plates has only a non systematic minor influence on the
MOR of the plates, in the range tested (30 to 100 mm). This effect was tested for
mixes CM2 and CM3.

The results of the characterization tests on 4/4/16 cm prisms are shown on Table 4.7. The
compressive and flexural strength follow the same trends as observed in the uniaxial tensile
tests and flexural tests on plates. Material CM2 performs the best for the flexural strength
(MOR). The extremely high values of the compressive strength measured for materials CM2
and CM3 can be partly attributed to the confining effect of the fibrous skeleton. Especially in
material CM3, the largest fibres are 20 mm long, i.e. half the size of the compressive speci-
men (40 x 40 mm x = 40 mm). As a consequence, these tests results should be considered
only as a confirmation of the good quality of the matrix of the UHPFRC tested. However, the
quantitative values are obviously exaggerated, especially in compression, with respect to what
would be obtained on larger specimens (for example cylinders of 11 cm diameter and 22 cm
height).

) Compression
3PT bending [MPa]
[MPa]
CM1 47.7+34 2273+43
CM2 80.3 £ 8.0 283.3+14.4
CM3 52.1+7.2 302.6 £ 13.0

Table 4.7: Characterization tests on 4/4/16 cm prisms, average and standard deviation

The overall performance of material CM3 in uniaxial tension does not correspond to what
was expected regarding the maximum tensile stress, the magnitude of the hardening domain
and the response in bending. Those bad results can however be explained by the major diffi-
culties encountered to process the material at fresh state and cast the specimens. The tensile
and flexural strength of material CM3 are rather low compared to the literature for a material
with a very similar fibrous mix and matrix: 20 MPa in uniaxial tension and magnitude of
hardening of 0.2 % after [Boulay03]; and MOR=50 MPa according to [Rossi02]. These dis-
crepancies might be explained by several factors:

e No thermal treatment at early age for the specimens tested at MCS- EPFL. A thermal
treatment increases the overall mechanical performances of UHPFRC in tension, bend-
ing and compression of around 30 %.

e Pure cement paste matrix with no ultra fine aggregates. Those aggregates might con-
tribute to the bond of fibres and to the multiscale reinforcement effect of the fibres.

¢ Inadequate workability and difficulties of casting

e Type of macrofibres. At MCS-EPFL, only straight fibres were used instead that hooked
fibres were used by Rossi et al. at LCPC, [Rossi03] and [Parant03].

39



Comparative study of UHPFRC recipes

Material CM2 with a bimodal fibrous reinforcement shows a resistance slightly higher than
material CMO used by [HabelO4a]. The main difference between these two materials is the
addition of microfibres (steel wool) which plays a major role on the control of microcracking.
The magnitude of hardening of CM2 is almost twice as big as that of reference material CMO0.
This indicates that the addition of microfibres has a very beneficial effect on the synergy be-
tween the micro and macrofibres, and on magnitude of the hardening domain.

Material CM1 has an excellent workability. However, the magnitude of its hardening do-
main is small (up to 0.08 % instead of 0.4 % for CM2). This effect can be explained by the
low aspect ratio of the fibres used (l¢d=33) despite their high dosage of 10 % vol. After
[Namman2003], in a first approximation, such a dosage is just sufficient to get a hardening
behaviour with such an aspect ratio. Moreover, after [Parant2003], straight fibres of 5 mm,
l¢/d=33 which are the only reinforcement of material CM1 are not efficient enough to control
cracking induced by fatigue loading. On another hand, the tensile tests on material CM1 were
realized with plates of 50 mm which are 5 time thicker than the typical layer foreseen for the
application of material CM1. The 3D orientation of the fibres in this case might have caused a
negative effect on the apparent tensile behaviour, which might not be representative of the
real performance for a thin layer of 10 to 15 mm. This effect will have to be taken into con-
sideration in further studies on this material for the application of UHPFRC in thin layers. The
principal advantage and justification of the fibres used in CMI is their short length, well
adapted for the casting of thin UHPFRC layers, especially if cast vertically as a wall

4.4.4 Synthesis and conclusions

e The peak stresses in tension and modulus of rupture in flexure corresponded to what
was expected for all materials, except CM3 which was weaker.

e The extent of the tensile hardening domains could be determined for all materials and
corresponded to the expectations.

e A strong effect of the direction of the major principal stresses with respect to the direc-
tion of casting (horizontal, as a plate or vertical as a wall) was detected. This effect will
have to be considered for the design and application. It is not significant for applications
on slabs. It plays a significant role for application of repair layers on walls and can be
mitigated to a large extent by appropriate technological procedures for casting.

e The MOR of materials CM2 and CM3, dedicated to structural reinforcements is not sig-
nificantly influenced by the thickness, in the range tested (30 to 100 mm). This can be
explained by the fact that in this range, for these materials, the softening domain in ten-
sion is not yet reached at the peak force in bending.

4.5 Protective function

Comparative air and water permeability tests were performed between CEMTECmultiscale® and
concrete, on tensile specimens and on hybrid structural elements. The outstanding protective
properties of the UHPFRC CEMTECmultiscale®, without any thermal treatment, towards ingress
of aggressive substances were confirmed by air permeability tests, as shown on Figure 4-8.
Water permeability tests by Charron et al. [Charron04] confirmed this trend and revealed the
acute hydrophilic behaviour of CEMTECmuItiscale:@.
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Figure 4-8: Air permeability tests (Torrent method). A) Comparative tests between con-
crete and UHPFRC, on composite beams, after [Habel04a], b) test setup.

41



Comparative study of UHPFRC recipes

5 CONCLUSIONS OF THE PRELIMINARY STUDIES

Milestone M4 On the basis of the literature study, experimental tests and numerical simula-
tions [Habel04b], [Charron04], following phenomena were identified as most significant:

In fresh state: effect of the fibrous mix on the workability, effect of a slope of the casting sur-
face, effect of curing. Further, the effect of the size of the batch and of the mixer on the appar-
ent workability has to be considered when planning full scale tests.

In hardened state: effect of the direction of casting (vertically as a wall or horizontally, as a
plate) and of the layer thickness on the mechanical and physical properties; at early age: effect
of viscoelasticity (relaxation) and of thermo-mechanical phenomena and autogenous shrink-
age linked to hydration of binders; at long term: effect of viscoelastic behaviour (relaxation
and creep), effect of sustained loading or fatigue loading, effect of damage on the permeabil-
ity of UHPFRC. The acute hydrophilic behaviour of UHPFRC, due to its extremely low wa-
ter/binder ratio, and high quantity of unhydrated cement grains plays a very significant role in
the water transport in permeability tests. Permeability tests with liquids inert towards cement
hydration have to be performed to have a sound overview of the transport properties of
UHPFRC in damaged state. Due to the very low permeability of the UHPFRC, the drying
shrinkage should not be a significant cause of deformations at long term.

Milestone M12 Selection of materials for main tests series (subtask 14.1.2).

On the basis of the literature study and experimental works, it was decided to focus the study
of WP 14 on a special class of HPFRCC, that are the only ones to offer at the same time a
very low permeability and a significant tensile strain hardening behaviour. These materials are
called UHPFRC (Ultra High Performance Fibre reinforced Concretes). This terminology will
be used in all what follows during the project, to describe the Advanced Cementitious Materi-
als set forward in WP 14. Three different types of UHPFRC will be used for the main test se-
ries:

1. For the application of UHPFRC as thin protective layers on horizontal surfaces, on bridge
decks, under cyclic loading due to traffic, materials CM0O or CM2 with a larger "magni-

tude of hardening"4 might be preferred to material CM1.

2. For the application of UHPFRC as thin protective layers on vertical surfaces, on tunnels or
galleries, without cyclic loading due to traffic, material CM1 with short fibres of 5 mm
might be the most appropriate.

3. For medium layers with protective and eventual structural function (with or without rein-
forcement bars), material with short steel fibres of 10 mm can be used, with steel wool (
recipe CM2), and without (recipe CMO) .

4. For prefabricated elements, CM2, or if very high mechanical performance required, further
investigations on CM3 needed.

4 Definition: see footnote 2, page 12
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7 APPENDIX 1 - UHPFRC RECIPES

Component VoI_. Percent P I\/Iass;g Volur3ne
of fibres [%0] [kg/m?] [kg/m?] [1/m?]
Powders 1922.2
Cement 3140 1125.1 358.3
Silica Fume 2200 292.5 133.0
(FE‘S ;32;1 ¥ 2680 504.6 188.3
Added water 1000 165.3 165.3
Steel wool 7850
Fibres 5 mm 7850
Fibres 10 mm 7850
Fibres 20 mm 7850
Admixture 1055 35.2
D rysgﬁi)ract 1.1
Hauld part 26.0 26.0
Total water 1000 191.3 191.3
Air 20.0
Total 10 2909.6 1000.0

Table 7.1: Composition of material CM1
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Component Vol_. Percent P Massg Volurane
of fibres [%0] [kg/m?] [kg/m?] [1/m?]
Powders 1846.2
Cement 3.140 1300.0 414.0
Silica Fume 2.200 338.0 153.6
(Fi(;‘lf asf‘tg;j ¥ 2.680 208.2 77.7
Added water 1.000 204.0 204.0
Steel wool 7.850
Fibres 5 mm 7.850
Fibres 10 mm 7.850
Fibres 20 mm 7.850
Admixture 1.055 42.9 40.7
Drygg&ract 12.9
Hiauld part 30.0 30.0
Total water 1.000 234.0 234.0
Air 20.0
Total 9 2799.5 1000.0

Table 7.2:

Composition of material CM2

62




SAM-14-DE13/Final

Component VoI_. Percent P I\/Iass;g Volur3ne
of fibres [%0] [kg/m?] [kg/m?] [1/m?]
Powders 1783.1
Cement 3.140 1415.2 450.7
Silica Fume 2.200 368.0 167.3
(F'CTS ;ﬁrz‘;j ¥ 2.680 0.0
Added water 1.000 207.9 207.9
Steel wool 7.850
Fibres 5 mm 7.850
Fibres 10 mm 7.850
Fibres 20 mm 7.850
Admixture 1.055 46.7 443
Drysgﬁz)ract 14.0
Hauld part 32.7 32.7
Total water 1.000 240.6 240.6
Air 20.0
Total 11 2901.2 1000.1

Table 7.3: Composition of material CM3
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Component Vol_. Percent P Massé Volur3ne
of fibres [%0] [kg/m?] [kg/m?] [1/m?]
Powders 1846.2
Cement 3.140 1051.1 334.7
Silica Fume 2.200 273.3 124.2
(Fine sand + 2.680 732.5 2733
quartz)
Added water 1.000 164.6 164.6
Steel wool 7.850
Fibres 5 mm 7.850
Fibres 10 mm 7.850 468 59.6
Fibres 20 mm 7.850
Admixture 1.055 35.1 333
Dry3<(a)>(()/toract 10.5
L|qL7J(|)((j)/(t:)art 246
Total water 1.000 189.2
Air 10.2
Total 6 2724.7 1000.0

Table 7.4:

Composition of material CMO
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Component Type

Cement CEM 1 52.5 N CE PM-ES-CP 2,
Lafarge, Le Teil

Silica fume SEPR (average diameter 0.5 um)
Specific surface 12 m?*/g, Si02 > 93.5 %

Fine sand + quartz SIFRACO (510,>5%), Diax < 0.5 mm

Steel fibres Steel wool (micro fibres) from Gervois

Straight, 1=5 mm, d=0.15 mm
Straight ;=10 mm, d;=0.2 mm
Straight 1;=20 mm, d=0.25 mm
Superplasticizer Chrysofluid OPTIMA 175

Table 7.5:  Description of the individual components of the UHPFRC
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