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Abstract In the present scenario, increased construction demands have escalated
the need for materials with better performances and strength properties. With the
substantial increase in attainable properties, mixture proportioning has become more
complex over recent years with the inclusion of very fine powders and fibers. Mix
design problems involved more dimensions and variables which forbade researchers
to restrict themselves to most commonly considered design aspects. Recent devel-
opment in high performance concrete, namely, Ultra-High Performance Fiber Rein-
forced Concrete (UHPFRC) is a promising alternative to meet all such stipulations.
UHPFRC comprises several mineral additives and fibers with superplasticizer aided
very low water-cement ratio, exhibiting superior strength and durability characteris-
tics at hardened stage. Strength of this cement-based composite mainly depends on its
particle packing, pore structure, aggregate quality as well as aggregate-matrix-fiber
interfaces. However, inadequate design specifications and standards have limited its
widespread usage. Most often in literature, UHPFRC mixtures are given without any
theoretical background or detailed explanations, though the performance of concrete
is very much influenced by the degree and type of packing of its constituents. This
paper outlines various multi-component particle packing techniques employed for
the mixture design of UHPFRC. These methods aid in achieving a densely compacted
matrix with improved microstructure and strength properties. Following part of the
paper reviews various mix optimizations done in view of sustainability as well as
high packing density.
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1 Introduction

Beginning with the history of Roman roads, the development of modern concrete
took place in the nineteenth century. Since then, it has been extensively used in all
fields of construction till date. The advancement in construction industry necessitated
materials with outstanding properties and diverse applications. The introduction of
superplasticizers in the 1980’s favored the usage of low water-to-binder ratios up to
0.3. The application of fine particles with optimal distribution of their grain sizes,
high performance materials with compressive strengths up to 280 MPa was achieved.
Steel fibers in the late 1980’s helped in improving the ductility of matrix. Two exam-
ples of this type include the Compact Reinforced Concrete (CRC) and Slurry Infil-
trated Fiber Concrete (SIFCON). Following the development of Reactive Powder
Concrete (RPC) by Richard et al. in 1993, the term Ultra-High Performance Concrete
(UHPC) was introduced by De Larrard in the year 1994 [1, 2]. This novel cement-
based composite, namely, the Ultra-High Performance Fiber Reinforced Concrete
(UHPFRC) has allured many engineers and researchers in the mid-1990s owing to
its excellent performance characteristics with respect to durability as well as strength
properties [3, 4]. UHPFRC is a blend of high performance concrete matrix composed
of high cement content, fine powders (GGBS, silica fume, fly ash, etc.) and fine
aggregates along with ductile fibers [S]. The main components of UHPFRC matrix
are shown in Fig. 1. Lower water/cement ratio (<0.25) aided with high range water
reducers and a very dense microstructure resulted in achieving a high compres-
sive strength (>150 MPa), tensile capacity (in the range of 8 MPa), toughness and
decreased porosity compared to conventional concrete (Fig. 2) [1, 3, 6, 7].
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Fig. 2 a Conventional concrete and b UHPFRC matrices

The enhanced behavior of this novel composite enables the construction of slender
sections compared to conventional concrete [8]. UHPC is well suited for bridge decks,
girders, piers, blast protection elements, precast components and repair and strength-
ening solutions [9-14]. Worldwide UHPC applications have been reported in several
countries including United States, New Zealand, Australia, etc. [15]. The first engi-
neering application of UHPC was seen at Sherbrooke in Quebec, Canada (Fig. 3)
employing the construction of a precast, prestressed pedestrian bridge in 1997 [1,
16]. The very first UHPC road bridge was built in France in 2001 employing -
shaped UHPFRC beams with in situ joints. Curved UHPFRC panel system was
applied to a building in Victoria, Canada (Fig. 4) utilizing its ability to form radi-
ally curved skeleton. This novel composite was also used in constructing highway
bridges, facade systems, perforated panels, etc. [3]. Some of the commercially avail-
able UHPFRC mixes are Ductal marketed by Lafarge Inc. and Bouygues, Dura by

Fig. 3 Sherbrooke footbridge, Canada. https://structurae.net/
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Fig. 4 The Atrium, Canada. https://precast.org/

the Dura Technology Sdn. Bhd., Malaysia, Beton Special Industrial (BSI) developed
by Swiss company Sika Corporation and French Contractor Eiffage Group in 1996,
Cemtec, etc. [17, 18].

Regardless of the vast and varied advantages, the design procedures are still
lacking to fully exploit the potential of UHPC. It is worthwhile to achieve an optimum
performance out of the UHPFRC mix design, in unison with higher compressive
strength, tensile strain hardening and low permeability [6]. Inclusion of multi-
components makes the mixture design more complicated making it essential to
consider a whole lot of factors such as the packing density, particle size distribu-
tions, filling and loosening effects, sufficient workability, and so on [19, 20]. In fact,
high packing density can be deemed as the key to obtain ultra-high performance
cementitious materials [4]. In literature, most of the UHPC mixtures are provided
without much theoretical explanation. Several nations have developed their own
standards like the French interim recommendations, Japanese recommendations by
JSCE, Emerging Technology Report (ETR) by ACI 239-C, to name a few [21-24].
However, a widely employed design norm for UHPC is still lacking, hindering its
widespread usance.

This paper highlights some of the notable factors to be considered for the mixture
design of UHPFRC, mixture design techniques, along with a key emphasis on bring
about sustainability in use of raw materials through mix optimization studies in
literature.

2 Design Principles Involved in the Production of UHPFRC
Mix

(i) Particle packing of material components

The matrix of UHPFRC should consist of a wide range of material classes,
thereby every void gets filled in subsequently [25]. The raw materials should
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(ii)

(iii)

@iv)

be sufficiently closed packed in order to achieve maximum packing density.
This helps in reducing the entrapped air which is one of the main factors
in attaining sufficient workability for a given water-cement ratio in concrete
[26]. Compressive strength-porosity relationships for cement-based materials
include [1]:

Ryshkevitch’sequation : o =0 - exp(—BP) (1)
. . Py
Schiller’sequation: ¢ = D In 7 2)

where o is the compressive strength at porosity P; oy is the compressive
strength at porosity equals 0; Py is the porosity when strength equals 0; B and
D are experimental constants. Equations (1) and (2) are suitable for low and
high porosity systems correspondingly. It is evident that lower the porosity,
higher will be the strength. A densely packed structure requires lower binder
content [27]. The employment of adequate particle packing models or ideal
curves help in obtaining a close packing of raw materials which will be dealt
in the later sections [25].
Water/binder ratio

A reduction in water/cement ratio (w/c) will sufficiently lower the capillary
porosity and thereby increase the strength of hardened concrete [26, 28]. A
lower ratio (<0.25) assures a rational balance between fresh and hardened
properties in concrete [27]. In case of UHPFRC, high range water reducers
specifically carboxylate-based superplasticizers will serve the purpose of
lowering the water/binder ratio (w/b) as much as 0.20 or below for a given
workability. Usually w/b for a typical UHPFRC mix ranges between 0.15-0.23
[10].

Matrix homogeneity

Homogeneity is established by the elimination of coarse aggregates from
the UHPC matrix [29]. The mean size of particle is generally below 2 mm.
However, literature has reported higher size inclusions on account of economic
efficiency [10, 30, 31]. Larger aggregates can contribute to the micro cracks
as a result of internal stresses developed in the interfacial transition zone
due to the mismatch of mechanical and thermal properties between paste and
aggregates [1]. Aggregate size is proportional to the size of cracks. Fine fillers
can therefore be utilized to improve homogeneity apart from limiting micro
cracks.

Ductility

Toughness of a material is its ability to withstand fracture. Energy absorption
capacity of brittle concrete matrix can be improved with addition of ductile
fibers. Upon loading, the transfer of load takes place through the fiber-matrix
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interface. The fibers effectively bridge across cracks and controls their prop-
agation. In addition to toughness, they help in imparting impact resistance to
the UHPC matrix [1, 32]. Most commonly used fibers are steel and carbon
fibers. Apart from steel, polypropylene, glass, basalt fibers, etc. were also
employed either wholly or in combination with other types of fibers [33, 34].

3 Design Approaches for the Production of UHPC Mix

UHPC mixture composes of several material components that hydrates to a highly
complex material in its hardened state. The presence of multiple constituents, on top
of many viable combinations and relative proportioning makes it difficult to predict
the behavior of this category of concrete [35]. Hence, it is crucial to determine a
reasonable balance between the fraction of raw materials and mechanical properties
of UHPFRC. As previously mentioned, a good and durable concrete is produced as
aresult of proper particle selection and optimum packing of its constituents. Most of
the mixture proportioning methods make use of an ideal gradation curve or particle
packing models to serve this purpose [36].

®

Particle packing models

These are analytical models wherein the geometry of the particle constituents,
their packing density and particle size distribution, gives the theoretical
packing density of the mixture [37]. The particle interactions are determined
from mathematical equations. These models can be discrete or continuous. In
case of UHPC, multi-component discrete mixture models as well as contin-
uous models are utilized, the latter being widely employed. Mixture optimiza-
tion follows a trial procedure in which different packing density combinations
are worked out until a maximum packing density is attained [37].

One of the earliest models was proposed by Larrard et al. known as the
Linear Packing Density Model (LPDM) which was further developed into the
Solid Suspension Model (SSM) in 1994 [2]. SSM included the concept of
virtual packing density that overcame the linear character of LPDM. Virtual
packing density is the highest possible density when each particle with its
original shape is placed one after the other in succession. Further improve-
ments lead to the Compressible Packing Model (CPM) [20] which included the
compaction effort represented in terms of a compaction index. The compaction
index takes into account the deviation between actual and virtual packing
densities. One such work that applies CPM to produce UHPFRC (compressive
strength > 150 MPa) was reported by Arora et al. [10]. The relation between
packing density of the mixture ¢ and compaction index K is expressed in
Eq. (3). For well packed dense mixtures value of K equals 9.

oy b .
i=1

@ Vi
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(ii)

where y; gives the individual aggregate volume fraction for dominant class
i, B; is the residual packing density pertaining to the aggregate class i, is the
virtual packing density when the class is isolated and completely packed and
determined using the dry rodded unit weight test, y; is the virtual packing
density calculated from the following equation;

Bi

Yi= i n
1 - Zj:ll[l —Bi +bijﬂi(1 - 1/:Bj)]yj - Zj:i+1[1 - aijﬂi/ﬂj]yj
“4)

where g;; and b;; accounts for the loosening effect exerted by fine grains
and wall effects exerted by coarser particles, respectively. Residual packing
density is the virtual packing density when the class is isolated and completely
packed. Nevertheless, all the aforementioned models are related to packing
fraction of individual constituents and their combined fractions. This makes
it difficult to incorporate very fine particles or their packing fractions [38].
Optimization curves

Optimization curves used are based on continuously graded mixes which
offer an integral particle size distribution facilitating the inclusion of very
fine components at a relatively less effort. Continuous approach assumes the
presence of all possible particle sizes without the absence of any class of
materials [36]. Fuller curve proposed by Fuller and Thompson in 1907 is still
practiced for design calculations [39]. A simple equation (Eq. 5) was used to
describe the Fuller’s ideal curve;

P(D) = <%> 100 (5)

where P(D) = fraction of total solids smaller than size d, d is the particle
size, D is the maximum particle size and n = 0.5. It was pointed out that
continuous grading improves the hardened properties of concrete. This curve
was further refined by Andreasen and Andersen in 1930 for ideal packing [36,
38]. Tiniest particle size was considered to be infinitesimally in this model.
Funk and Dinger [40] modified this ideology considering a finite size for the
smallest particle referred to as the modified A&A model. Colloidal particles
(< 0.1 wm) contribute to the flowability or rheology of concrete mixes which
necessitates the minimum particle size [41]. Equations (6) and (7) represents
the Andreasen model and modified A&A model, respectively.

d q
P(D) = <5> 100 ©)
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(d—dy\*
P(D)=|—=] 100 7
) <(D — do)) @

where d, is the minimum particle size of the distribution, ¢ is the distribution
modulus that gives the proportion of fine and coarse particles in the mixture.
Coarse mixtures have g values > 0.5. Whereas, lower values of g < 0.5 repre-
sents a fine mixture. Optimal packing can be accomplished with a ¢ value in the
range of 0—0.28 [42]. Optimization algorithm based on Least Square Method
(LSM) as presented in Eq. (8), is used to obtain an optimum fit between the
composed and target mixtures by adjusting individual material proportions.
The best mix composition is the one in which the sum of squares of residuals
(RSSs), i.e., the deviation between the composed and target mix curves, at
defined particle sizes is minimum. Several reported works have successfully
produced high strength UHPFRC mixes employing the modified A&A model
[8, 30, 38, 4345].

RSS =Y [Pyix(Di) — Prar(D;)* — min )

i=1

Fixed optimization curves are comparatively simple as it requires only a
smaller number of parameters. Commercial computer programs, for example,
EMMA provided by Elkem, are easily available, but the particle characteristics
like shape are not accounted for. On the other hand, a single distribution
modulus is used to characterize the entire particle size distribution which
can result in variations in grain sizes, as in practice, the theoretically densest
packings might not often lead to the densest mixes [41].

(iii)  Statistical methods based on wet packing density

Besides empirical methods, efforts focused on packing density in wet conditions
were also conducted to develop UHPC mixture [35, 46, 47]. Lubrication and floc-
culation effect from the addition of water and dispersion caused by HRWRs pose
significant effects in the case of packing of fine particles (<100 wm). D-optimal design
is used to establish the relation between the proportion of raw materials and their
packing density making use of the ideal packing curves. D-optimal design converts
the mixture design into a mathematical model in which the response is taken as
the packing density and the individual material dosages as variables. Thereafter, the
maximum packing density serves as an index to assess the packing model, wherein
the optimal content of each component is determined. Statistical design software
such as Design-Expert can be made use of for this purpose. Analysis of Variance
(ANOVA) test can be then used to verify the adequacy of the developed model.
Studies showed that UHPC with compressive strengths > 150 MPa, comprising of
cement content around 650 kg/m?® and slump flow above 195 mm could be made
possible with numerical optimization [35]. An attempt combining Artificial Neural
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Network (ANN) and D-optimal design study was also performed to achieve high
packing density under wet condition [48].

4 Sustainable UHPFRC

Globally, 4.1 billion metric tons of cement is produced annually [49]. Every ton emits
up to 622 kg of carbon dioxide which comes around 7% of worldwide emissions
[50]. Sustainability accomplished by means of optimizations, cement replacement
with industrial by-products, etc. can be considered as a solution to reduce such
environmental impacts to a great extent.

Despite the numerous advantages of UHPFRC, the normal mixes demand higher
content of cement (650—1100 kg/m?). Commercial mixes are about 20 times more
expensive compared to conventional concrete. Owing to lower w/c, a considerable
portion of cement is left unhydrated that could be replaced by cost efficient or even
recycled materials [S1]. Inactive fillers such as limestone powder could be used to
replace 69% by weight of cement to produce UHPC with ultra-low cement content
(280 kg/m?) without much reduction in its properties. Hardened mix exhibited a
compressive strength of 104 MPa due to the irregular morphological characteristics
and water absorption of the used filler, reduced autogenous shrinkage stabilized after
0.3 day as well as cracking risk [52]. Moreover, it has been found that the particle
packing of the mixture skeleton will be lightly affected, as the size distributions of
fly ash, Ground Granulated Blast furnace Slag (GGBS) and limestone powder are
comparable to that of cement particles. Past studies have reported comparatively
superior mechanical properties for GGBS incorporated UHPC [53]. About 40% of
cement by volume could be profitably replaced with GGBS, a by-product from iron
industry, with elevated curing and 20% by volume with standard water curing. This
variation is due to the improved hydration reaction and bond strength between matrix
and fiber in case of temperature curing. The increase in energy absorption further
increases the fracture energy up to 60% compared to normal UHPC mixes. Besides,
high volume of GGBS in mixes imparts denser microstructure due to the additional
CSH gel formation [43]. Apart from conventional fine aggregates, coarse aggregates
up to maximum nominal size of 6.25 mm were successfully incorporated to produce
economical UHPFRC. Compressive strengths in excess of 150 MPa was achieved
with a packing density of 0.696 comprising of 60% coarse aggregates, fresh state
slump flow > 350 mm. Mixtures were thus produced with 40% cost reduction on an
average compared to proprietary UHPC mixtures [10]. Recycled materials like red
mud or rock dust were used as replacements for cement and quartz sand, respectively
[54, 55]. Besides, efficient fiber application can also be considered to produce a
sustainable UHPFRC mixture. Studies show maximum wet packing density up to a
fiber content of 2% by volume in order to attain a dense matrix structure [56].
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5 Conclusions

Ultra-High Performance Fiber Reinforced Concrete belongs to an advanced class
of materials with superior mechanical as well as durability characteristics. From
concrete repair to slender infrastructures, it has a wide range of applications. Key
factors responsible for the production of UHPFRC include the optimum packing
of its individual components, elimination of mixture heterogeneity, lower water-to-
binder ratio and fiber enhanced ductility. Several methods such as multi-component
particle packing models, ideal curves, are employed for the production of these
mixes. Optimization curves are preferred to packing models in regard of their suit-
ability in incorporating very fine particle sizes in the mixture. The modified A&A
model is extensively used to make optimum UHPFRC mixes till date. An integra-
tion of the concept of wet packing density to this model can significantly yield
higher quality mixes. However, UHPC mixtures demand proper selection of its raw
materials, quality and construction procedures. Nonetheless, sustainability should
be of interest as it is one of the pressing issues dealt by the construction sector. The
production of UHPC could be made efficient by switching to cement or aggregate
replacements, low energy mixing and curing, etc. It is to be noted that the careful
selection of mineral admixtures and aggregates as cement and sand replacements
allows the development of an eco-friendly concrete with relatively smaller environ-
mental impact. Enhanced properties augmented with viable manufacturing solutions
can make UHPFRC a powerful construction material.
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