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This paper addresses themix design and properties assessment of Ultra-High Performance Fibre Reinforced Con-
crete (UHPFRC). The design of the concrete mixtures is based on the aim to achieve a densely compacted
cementitious matrix, employing the modified Andreasen & Andersen particle packing model. One simple and
efficientmethod for producing the UHPFRC is utilised in this study. Theworkability, air content, porosity, flexural
and compressive strengths of the designed UHPFRC are measured and analyzed. The results show that by
utilizing the improved packing model, it is possible to design UHPFRC with a relatively low binder amount. Ad-
ditionally, the cement hydration degree of UHPFRC is calculated. The results show that, after 28 day of curing,
there is still a large amount of unhydrated cement in the UHPFRC matrix, which could be further replaced by
fillers to improve the workability and cost efficiency of UHPFRC.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a
combination of high strength concrete and fibres. In particular, it is a
super plasticised concrete, reinforced with fibres, with an improved ho-
mogeneity because traditional coarse aggregates are replaced with fine
sand [1]. According to Richard and Cheyrezy [1], UHPFRC represents the
highest development of High Performance Concrete (HPC) and its ulti-
mate compressive strength depends on the curing conditions (either
standard, steam or autoclave curing), possible thermal treatments as
well as on the adopted manufacturing technique, and its value could
rise up to 800 MPa in the case of compressive molding. For the produc-
tion of UHPC or UHPFRC a large amount of cement is normally used. For
instance, Rossi [2] presented an experimental study of the mechanical
behaviour of anUHPFRCwith 1050 kg/m3 cement. Park [3] investigated
the effects of hybrid fibres on the tensile behaviour of Ultra-High Perfor-
mance Hybrid Fibre Reinforced Concrete, in which about 1000 kg/m3 of
binderwas used. Considering that the high cost of UHPFRC is a disadvan-
tage that restricts its wider usage, some industrial by-products such as
ground granulated blast-furnace slag (GGBS) and silica fume (SF), have
been used as partial cement replacements. For example, El-Dieb [4] pro-
ducedUHPFRCwith about 900 kg/m3 cement and 135 kg/m3 silica fume.
Tayeh [5] utilised about 770 kg/m3 cement and 200 kg/m3 silica fume to
produce UHPFRC as a repair material. Hassan [6] show somemechanical
investigation on UHPFRC with around 650 kg/m3 cement, 420 kg/m3

GGBS and 120 kg/m3 silica fume. Additionally, some wastes materials
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are also included in the UHPC or UHPFRC production to reduce its
cost. Tuan [7,8] investigated the possibility of using rice husk ash
(RHA) to replace silica fume (SF) in producing UHPC. The experi-
mental result shows that the compressive strength of UHPC incorpo-
rating RHA reaches more than 150 MPa. Yang [9] utilised recycled
glass cullet and two types of local natural sand to replace the more
expensive silica sand in UHPFRC. Nevertheless, the experimental re-
sults show that the use of recycled glass cullet (RGC) gives approxi-
mately 15% lowers performance, i.e. flexural strength, compressive
strength and fracture energy.

As commonly known, the sector of building materials is the third-
largest CO2 emitting industrial sector world-wide, as well as in the
European Union. The cement production is said to represent 7% of the
total anthropogenic CO2 emissions [10–12]. Hence, one of the key
sustainability challenges for the next decades is to design and produce
concrete with less clinker and inducing lower CO2 emissions than tradi-
tional one, while providing the same reliability and better durability
[13,14]. Considering the successful achievement on application of
UHPFRC for rehabilitation of bridges since 1999 [15], the UHPFRC
seems to be one of the candidates to reduce the global warming im-
pact of construction materials. However, as shown before, when
producing UHPC or UHPCRC, the cement or binder content is al-
ways relatively high (normally more than 1000 kg/m3). Although
some investigation show that it is possible to replace significant
amounts of cement in UHPC mixes by limestone powder or fine
quartz sand, while keeping the amount water added constant,
without significantly decreasing the compressive strength [13,16],
how to find a reasonable balance between the binder amount and
the mechanical properties of UHPC or UHPFRC remains still an
open question.
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As already been accepted, anoptimumpacking of the granular ingre-
dients of concrete is the key for a good and durable concrete (Brouwers
[17], Hüsken [18] and Hunger [19]). Nevertheless, from the available lit-
erature, it can be found that the investigation of design or production of
UHPFRC with an optimised particle packing is not sufficient [20–23]. In
most cases, the recipes of UHPC or UHPFRC are given directly, without
any detailed explanation or theoretical support. Hence, it can be predict-
ed that a large amount of binders or other particles are not well utilised
in UHPFRC.

Consequently, the objective of this study is to effectively design and
produce UHPFRC with low cement amount. The design of the concrete
mixtures is based on the aim to achieve a densely compacted cementi-
tious matrix, employing the modified Andreasen & Andersen particle
packing model. Fillers (limestone and quartz powder) are used to re-
place cement in the concrete. The focus of this study is also directed to-
wards the properties evaluation of this designed concrete, including the
fresh and hardened state behaviour. Additionally, the TG/DSC was fur-
ther employed to evaluate the hydration degree of cement in UHPC
paste.

2. Materials and methods

2.1. Materials

The cement used in this study is Ordinary Portland Cement (OPC)
CEM I 52.5 R, provided by ENCI (the Netherlands). A polycarboxylic
ether based superplasticiser (BASF) is used to adjust the workability of
concrete. Limestone and quartz powder are used as fillers to replace ce-
ment. Two types of sand are used, one is normal sandwith the fractions
of 0–2 mmand the other one is a micro-sandwith the fraction 0–1 mm
(Graniet-Import Benelux, the Netherlands). One type of commercial
micro-silica (powder) is selected as pozzolanic material. Short straight
steel fibres (length of 13 mm and diameter of 0.2 mm) are employed
to produce UHPFRC. The detailed information of used materials is
summarised in Table 1 and Fig. 1.

2.2. Experimental methodology

2.2.1. Mix design of UHPFRC
For the design of mortars and concretes, severalmix design tools are

in use. Based on the properties of multimodal, discretely sized particles,
De Larrard and Sedran [21,22] postulated different approaches to design
concrete: the Linear Packing Density Model (LPDM), Solid Suspension
Model (SSM) and Compressive Packing Model (CPM). Based on the
model for multimodal suspensions, De Larrard and Sedran [21] devel-
oped the Linear Packing Density Model, composingmultimodal particle
mixtures. The functions of the LPDM are describing the interaction be-
tween size classes of the materials used. Due to the linear character of
the LPDM, the model was improved by De Larrard and Sedran [21] by
introducing the concept of virtual packing density. The virtual packing
density is the maximum packing density which is only attainable if
the particles are placed one by one. The improvements of the LPDM
Table 1
Information of materials used.

Materials Type Specific density (kg/m3)

Cement CEM I 52.5 R 3150
Filler-1 Limestone 2710
Filler-2 Quartz 2660
Fine sand Microsand 2720
Coarse sand Sand 0–2 2640
Silica fume Micro-silica 2200
Superplasticiser Polycarboxylate ether 1050
Fibre Steel fibre 7800
resulted in the Solid Suspension Model (SSM). In the further develop-
ment of their model, De Larrard and Sedran [22], introduced the com-
paction index to the so-called Compressive Packing Model (CPM). The
compaction index considers the difference between actual packing den-
sity and virtual packing density and characterises therefore the placing
process. However, also the CPM still uses the packing ofmonosized clas-
ses to predict the packing of the composedmixturemade up of different
size classes. Fennis et al. [24] have developed a concrete mix design
method based on the concepts of De Larrard and Sedran [21,22]. How-
ever, all these designmethods are based on the packing fraction of indi-
vidual components (cement, sand etc.) and their combinations, and
therefore it is complicated to include very fine particles in thesemix de-
sign tools, as it is difficult to determine the packing fraction of such very
fine materials or their combinations. Another possibility for mix design
is offered by an integral particle size distribution approach of continu-
ously graded mixes, in which the extremely fine particles can be inte-
grated with relatively lower effort, as detailed in the following.

First attempts describing an aimed composition of concrete
mixtures, which generally consists of continuously graded ingredients,
can be traced already back to 100 years ago. The fundamental work of
Fuller and Thomsen [25] showed that the packing of concrete aggre-
gates is affecting the properties of the produced concrete. They conclud-
ed that a geometric continuous grading of the aggregates in the
composed concrete mixture can help to improve the concrete proper-
ties. Based on the investigation of Fuller and Thompson [25] and
Andreasen and Andersen [26], a minimal porosity can be theoretically
achieved by an optimal particle size distribution (PSD) of all the applied
particle materials in the mix, as shown in Eq. (1).

P Dð Þ ¼ D
Dmax

� �q

ð1Þ

where P(D) is a fraction of the total solids being smaller than size D, D is
the particle size (μm), Dmax is the maximum particle size (μm) and q is
the distribution modulus.

However, in Eq. (1), the minimum particle size is not incorporated,
while in reality there must be a finite lower size limit. Hence, Funk
and Dinger [27] proposed a modified model based on the Andreasen
and Andersen Equation. In this study, all the concrete mixtures are
designed based on this so-called modified Andreasen and Andersen
model, which is shown as follows [27]:

P Dð Þ ¼ Dq−Dq
min

Dq
max−Dq

min

ð2Þ

where Dmin is the minimum particle size (μm).
The modified Andreasen and Andersen packing model has already

been successfully employed in optimisation algorithms for the design
of normal density concrete [18–19] and lightweight concrete [28,29].
Different types of concrete can be designed using Eq. (2) by applying
different value of the distribution modulus q, as it determines the pro-
portion between the fine and coarse particles in the mixture. Higher
values of the distribution modulus (q N 0.5) lead to coarse mixture,
while lower values (q b 0.25) result in concrete mixes which are rich
in fine particles [30]. Brouwers [17,31] demonstrated that theoretically
a q value range of 0–0.28 would result in an optimal packing. Hunger
[19] recommended using q in the range of 0.22–0.25 in the design of
SCC. Hence, in this study, considering that a large amount of fine parti-
cles are utilised to produce the UHPFRC, the value of q is fixed at 0.23.

In this research, the modified Andreasen and Andersen model
(Eq. (2)) acts as a target function for the optimisation of the composition
of mixture of granular materials. The proportions of each individual
material in the mix are adjusted until an optimum fit between the
composed mix and the target curve is reached, using an optimisation
algorithm based on the Least Squares Method (LSM), as presented in
Eq. (3).When the deviation between the target curve and the composed
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Fig. 1. Particle size distribution of the used materials.
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mix, expressed by the sum of the squares of the residuals (RSS) at
defined particle sizes, is minimised, the composition of the concrete is
treated as the best one [18].

RSS ¼
Xn

i¼1
Pmix Diþ1

i

� �
−Ptar Diþ1

i

� �� �2 ð3Þ

where Pmix is the composedmix, and the Ptar is the target grading calcu-
lated from Eq. (2).

Based on the optimised particle packingmodel, the developed UHPC
mixtures are listed in Table 2. In total, three different types of UHPC
composite are designed. The reference concrete mixture (UHPC1) has
high cement content (about 875 kg/m3). In UHPC2 and UHPC3, around
30% and 20% of cement is replaced by limestone and quartz powder,
respectively. Although the raw material contents are different in each
mixture, the particle packing of the UHPC1, UHPC2 and UHPC3 are
very similar, which follows from the target curves and the resulting
integral grading curves (Fig. 2). Hence, following the comparison of
the properties of UHPC1, UHPC2 and UHPC3, it is possible to evaluate
the efficiency of binders in UHPFRC and produce a dense UHPC matrix
with a low binder content.

Additionally, for a normal fibre reinforced concrete, thefibre content
is about 1–2% by volume of concrete [32]. However, in UHPFRC, this
value increases to more than 2%, and sometime reaches even 5% [3].
Hence, in this study, to investigate the effect of fibres on the properties
of UHPFRC, the steel fibres are added into the each UHPC mixes in the
amount of 0.5%, 1.0%, 1.5%, 2.0% and 2.5% (by the volume of concrete),
respectively. Due to the high complexity and the geometry of fibres,
the effect of inclusion of steel fibres on the packing of concrete matrix
is not considered in this study and will be investigated in the future.
Table 2
Recipes of developed UHPC.

Materials UHPC1
(kg/m3)

UHPC2
(kg/m3)

UHPC3
(kg/m3)

CEM I 52.5 R 874.9 612.4 699.9
Limestone 0 262.5 0
Quartz 0 0 175.0
Microsand 218.7 218.7 218.7
Sand 0–2 1054.7 1054.7 1054.7
Micro-silica 43.7 43.7 43.7
Water 202.1 202.1 202.1
Superplasticiser 45.9 45.9 45.9
Water/cement ratio 0.23 0.33 0.29
2.2.2. Employed mixing procedures
In this study, a simple and fastmethod is utilised tomix the UHPFRC.

The detailed information of themixing procedures is shown in Fig. 3. In
total, 7 min and 30 s is required to finish the production of the UHPFRC,
which is much shorter compared to some mixing procedures for
UHPFRC [9,33]. Moreover, mixing is always executed under laboratory
conditions with dried and tempered aggregates and powder materials.
The room temperature while mixing, testing and concreting is constant
at around 21 °C.

2.2.3. Workability of UHPFRC
To evaluate the workability of UHPFRC, the flow table tests are

performed following EN 1015-3 [34]. From the test, two diameters per-
pendicular to each other (d1 (mm) and d2 (mm)) can be determined.
Their mean is deployed to compute the relative slump (ξp) via:

ξp ¼ d1 þ d2
2d0

� �2
−1 ð4Þ

where d0 represents the base diameter of the used cone (mm), 100 mm
in case of the Hägermann cone. The relative slump ξp is a measure for
the deformability of the mixture, which is originally introduced by
Okamura and Ozawa [35] as the relative flow area R.

2.2.4. Air content in fresh UHPFRC
An alternative measure for the air content of UHPFRC is experimen-

tally determined following the subsequent procedure. The fresh mixes
are filled in cylindrical container of a known volume and vibrated for
30 s. The exact volume of the containers is determined beforehand
using demineralised water at 20 °C. In order to avoid the generation of
menisci at the water surface, the completely filled contained is covered
with a glass plate, whose mass is determined before. Hence, based on
the assumption that the fresh concrete is a homogeneous system, a
possibility for determining the air content of concrete can be derived
from the following equation:

φair ¼
Vcontainer−Vsolid−Vliquid

Vcontainer
ð5Þ

where φair is the air content (%, V/V) of UHPFRC, Vcontainer is the volume
of the cylindrical container that mentioned before, Vsolid and Vliquid are
the volumes of solid particles and liquid in the container (cm3).

As the composition of each mixture is known, the mass percentage
of each ingredient can be computed. Because it is easy to measure the
total mass of concrete in the container, the individual masses of all

image of Fig.�1
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materials in the container can be obtained. Applying the density of the
respective ingredients, the volume percentages of eachmix constituent
can be computed. Hence,

Vsolid ¼
X
i

Mi

ρi
ð6Þ
and

Vliquid ¼
X
j

M j

ρ j
ð7Þ

whereMi and ρi are themass (g) and density(g/cm3) of the fraction i in
solid materials, Mj and ρj are the mass(g) and density(g/cm3) of the

image of Fig.�2
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fraction j in liquid materials, respectively. The schematic diagram for
calculating the air content in concrete is shown in Fig. 4.

2.2.5. Mechanical properties of UHPFRC
After preforming the workability test, the UHPFRC is cast in molds

with the size of 40 mm × 40 mm × 160 mm and compacted on a
vibrating table. The prisms are demolded approximately 24 h after
casting and then cured in water at about 21 °C. After curing for 7 and
28 days, the flexural and compressive strengths of the specimens
are tested according to the EN 196-1 [36]. At least three specimens are
tested at each age to compute the average strength.

2.2.6. Porosity of UHPFRC
The porosity of the designed UHPFRC is measured applying the

vacuum-saturation technique, which is referred to as the most efficient
saturation method [37]. The saturation is carried out on at least 3
samples (100 mm × 100 mm × 20 mm) for each mix, following the
description given in NT Build 492 [38] and ASTM C1202 [39].

The water permeable porosity is calculated from the following
equation:

ϕv;water ¼
ms−md

ms−mw
� 100 ð8Þ

where ϕv,water is the water permeable porosity (%),ms is themass of the
saturated sample in surface-dry conditionmeasured in air (g),mw is the
mass of water-saturated sample in water (g) andmd is themass of oven
dried sample (g).

2.2.7. Thermal test and analysis of UHPFRC
ANetzsch simultaneous analyzer, model STA 449 C, is used to obtain

the Thermo-gravimetric (TG) and Differential Scanning Calorimetry
(DSC) curves of UHPFRC paste. According to the recipes shown in
Table 2, the pastes are producedwithout using any aggregates. Analyses
were conducted at the heating rate of 10 °C/min from 20 °C to 1000 °C
under flowing nitrogen.

Based on the TG test results, the hydration degree of the cement in
each UHPFRC paste is calculated. Here, the loss-on-ignition (LOI) mea-
surements of non-evaporable water content for hydrated UHPFRC
paste are employed to estimate the hydration degree of cement [40].
Fig. 4. Scheme of the method to estimate the air content in fresh UHPFRC.
Assuming that the UHPFRC paste is a homogeneous system, the non-
evaporable water content is determined according to the following
equation:

M
0

Water
¼ M105−M1000−MCaCO3

ð9Þ

where the M
0

Water
is the mass of non-evaporable water (g), M105 is the

mass of UHPC paste after heat treatment under 105 °C for 2 h (g),
M1000 is the mass of UHPC paste after heat treatment under 1000 °C
for 2 h (g), MCaCO3

is the mass change of UHPC paste caused by the
decomposition of CaCO3 during the heating process (g). Then, the
hydration degree of the cement in UHPFRC paste is calculated as:

βt ¼
M

0

Water

MWater−Full
ð10Þ

where βt is the cement hydration degree at hydration time t (%) and
MWater−Full is the water required for the full hydration of cement (g).
According to the investigation shown in [41], the maximum amount
of non-evaporable water is 0.228 (g H2O/g OPC) for a pure OPC
system and 0.256 (g H2O/g blended cement) for 90% OPC + 10% SF
system. In this study, the cement is mixed with about 10% addition
of micro-silica, hence the latter value is used in this study for the
maximum ultimate bound water.

3. Experimental results and discussion

3.1. Relative slump flow ability of UHPFRC

The relative slump flow of fresh UHPFRC mixes, as described in Eq.
(4), versus the volumetric content of steel fibres is depicted in Fig. 5.
The data illustrates the direct relation between the additional steel fi-
bres content and the workability of the fresh UHPFRC. It is important
to notice that with the addition of steel fibres, the relative slump flow
ability of all the UHPFRC linearly decreases. Especially the group of
UHPC2, whose relative slump value sharply drops from 4.29 to 1.10,
when the steel fibre content grows form 0.5% to 2.5% by volume of con-
crete.Moreover,with the same content of steelfibres, the relative slump
of UHPC2 is always the largest, which is followed by UHPC3 andUHPC1,
respectively. This difference between them is quite obvious at a low
fibre amount and then gradually declines, when additional fibres are
added. Furthermore, based on the linear equations (shown in Fig. 5), it
can be noticed that the slope of the line for the UHPC2 is the largest,
which means the addition of fibres can cause more notable workability
loss of UHPC2.

As commonly known, the effect of steel fibres on the workability of
concrete is mainly due to three following reasons [32]: 1) The shape
of the fibres is much more elongated compared with aggregates and
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the surface area at the same volume is higher, which can increase the
cohesive forces between the fibres and matrix; 2) Stiff fibres change
the structure of the granular skeleton, and stiff fibres push apart parti-
cles that are relatively large compared with the fibre length; 3) Steel fi-
bres often are deformed (e.g. have hooked ends or are wave-shaped) to
improve the anchorage between fibre and the surrounding matrix. The
friction between hooked-end steel fibres and aggregates is higher com-
pared with straight steel fibres. In this study, only short and straight
steel fibres are used, which means the workability loss of concrete
with the addition of fibres should be attributed to the increase in the in-
ternal surface area that produces higher cohesive forces between the fi-
bres and concrete matrix. As presented by Edgington [42], with an
increase of the fibre content, the workability of the normal concrete
decreases sharply. Hence, it can be concluded that when more fibres
are added, the cohesive forces are higher, and the relative slump flow
of the UHPFRC will decrease. Furthermore, the difference of cement
content in each UHPFRC should also be considered. The cement content
of UHPC1, UHPC2 and UHPC3 is 875 kg/m3, 612 kg/m3 and 699 kg/m3,
respectively. Hence, with the same water and superplasticiser amount,
utilizing fillers to replace cement can significantly improve the work-
ability of concrete, similarly to the results shown in [43–45].

To summarise, due to the high cohesive forces between the fibres
and concrete matrix, the addition of steel fibres will decrease the work-
ability of UHPFRC. The linear decrease of the relative slump of UHPFRC
with the increase of steel fibre content can be observed in this research.
However, similarly to normal concrete, appropriate utilization of fillers
to replace the cement could also be treated as an effectivemethod to im-
prove the workability of UHPFRC.
3.2. Air content and porosity analysis of UHPFRC

The determined air content of UHPFRC in fresh state and theporosity
of UHPFRC in hardened state are presented in Figs. 6 and 7. As can be
seen in Fig. 6, all the curves are very similar, which implies that the par-
ticle packing and void fraction of the designed UHPFRC are close to each
other. Especially when the content of steel fibres increases to 2.5%, the
difference in the air content between them is difficult to distinguish.
Moreover, with an increase of the content of steel fibres, the air content
of each UHPFRC parabolically increases, which means the more steel fi-
bres are added, the more air will be entrained into the UHPFRC.

The influence of additional steel fibres on the air content of UHPFRC
could be explained by the effect of fibres on the particle packing of con-
crete ingredients. As shown byGrünewald [32], due to the internal force
between the fibres and aggregate (and/or fibres themselves), the pack-
ing density of concrete will significantly decrease with the addition of
steel fibres. Hence, in this study, with the increase of the fibre content,
a clear increase of air content in UHPFRC can be observed.
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Fig. 6. Variation of the air content in fresh UHPFRC with different cement content as func-
tion of steel fibre content.
In Fig. 7, it can be noticed that the effect of steel fibres on porosity of
concrete is similar to the effect of the steel fibres on the air content in
fresh concrete (as shown in Fig. 6). With an increase of the content of
steel fibres, the porosity of each developed UHPFRC parabolically
grows. Moreover, the porosity values obtained in this study are smaller
compared to conventional concrete. For instance, Safiuddin and
Hearn [37] reported a porosity of 20.5% for concrete produced with
a water/cement ratio of 0.60, employing the same measurement
method (vacuum-saturation technique). Furthermore, with the
same content of steel fibres, the porosity of UHPC2 is the smallest,
while that the difference between UHPC1 and UHPC3 is small.

Here, assuming that the porosity of the UHPFRC is composed of the
air voids (in fresh state concrete) and the paste porosity (generating
during the hydration of cement). Hence, based on the results shown
in Figs. 6 and 7, the paste porosity of UHPCmixes versus the volumetric
steel fibres content is revealed in Fig. 8. It is apparent that with an
increase of steel fibre content, the paste porosity remains relatively
constant. For instance, in UHPC2, the paste porosity is in the range of
6.7–6.8%, while it increases to 6.8–6.9% and 6.9–7.0% for UHPC3 and
UHPC1, respectively. According to the investigation of Tazawa [46],
with the same water content, the more cement there is, the larger of
the chemical shrinkage porosity of the hardened cement matrix will
generate. Hence, the small difference of paste porosity between UHPC
should also be owed to the different cement content.

To sum up, as supported by the experimental results, due to the
optimised particle packing of concrete mixtures and low water/
binder ratio, the designed UHPFRC has a low porosity and dense internal
structure.
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3.3. Mechanical properties analysis of UHPFRC

The flexural and compressive strengths of UHPFRC at 7 days and
28 days versus the volumetric steel fibres contents are shown in
Figs. 9 and 10. It is important to notice that with the addition of steel fi-
bres, the flexural and compressive strengths of UHPFRC can be signifi-
cantly enhanced, similar as the results shown in [47–49]. Taking
UHPC3 as an example, with the addition of steel fibres, the flexural
strength at 28 days increases from 16.7 MPa to 32.7 MPa, and the com-
pressive strength increases form 94.2 MPa and 148.6 MPa. Moreover,
with the same fibre content and curing time, the flexural and compres-
sive strengths of UHPC1 are always larger than those of UHPC2 and
UHPC3. For instance, with the addition of 2.5% (by volume of concrete)
steel fibres, the flexural and compressive strength of UHPC1 at 28 days
are 33.5 MPa and 156 MPa, while that of UHPC2 are 27.0 MPa and
141.5 MPa, respectively. Additionally, the comparison of the binder
amount and compressive strength (28 days) between the optimised
and the non-optimised UHPFRC is shown in Table 3. It is clear that
with lower binder amount, the compressive strength of the optimised
UHPFRC is still comparable to the non-optimised UHPFRC (which have
a large amount of binder). For instance, as the results shown by Hassan
[6], about 1200 kg/m3 of binder is utilised in producing UHPFRC, and its
compressive strength at 28 days is about 150 MPa. However, in this
study, there is only about 650 kg/m3 of binders in UHPC2, but its
compressive strength can also reach around 142 MPa. Hence, it can be
concluded that, based on the modified Andreasen & Andersen particle
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packing model, it is possible to produce a UHPFRC with low binder
amount.

Due to the addition of fibres, the fibres can bridge cracks and retard
their propagation, which directly cause that the strength (especially the
flexural strength) of concrete significantly increase. Additionally, the ce-
ment content also has a close relationship with the strength of concrete.
As the investigation of Sun [50] show, with an increase of water/cement
ratio, the interface between the matrix and aggregates or matrix and fi-
bres will become denser. Hence, in this study, the UHPC1 (the one with
the highest cement content) has the largest flexural and compressive
strength, compared to that of UHPC2 and UHPC3. However, it should
also be noticed that the strength difference between UHPC1 and
UHPC3 is not so obvious anymore after 28 days, though that there is a
175 kg/m3 difference in the content of cement between them. Conse-
quently, the influence of steel fibres and cement content on the strength
of UHPFRC should be considered separately.

To clarify the efficiency of the additional steel fibres on the flexural
and compressive strengths of UHPFRC, the strength improvement
ratio is utilised and shown as follows [51]:

Kt ¼
Si−S0
S0

i ¼ 0:5;1:0;1:5;2:0 2:5ð Þ ð11Þ

where Kt (%) is the strength improvement ratio, Si (MPa) is the strength
of concretewithfibres, imeans the addition offibres (by volume) and S0
(MPa) is the strength of concrete without fibres.
PC2-7d

PC3-28d

1.5 2.0 2.5

tent (Vol. %)

RC after curing for 7 and 28 days.
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Table 3
Comparison of the binder amount and compressive strength (28 days) of optimised and
non-optimised UHPFRC.

References Binders (kg/m3) Water/
binder
ratio

Steel fibre
amount
(vol.%)

Compressive
strength
at 28 days
(MPa)

Cement GGBS Silica fume

Yang [6] 950 0 238 0.2 2 190
Kang [9] 860 0 215 0.2 2 198
Hassan [15] 657 418 119 0.17 2 150
Yang [18] 657 430 119 0.15 2 120
Toledo Filho [26] 1011 0 58 0.15 2 160
Corinaldesi [57] 960 0 240 0.16 2.5 155
Habel [58] 1050 0 275 0.14 6 160
UHPC1 875 0 44 0.19 2.5 156
UHPC2 612 0 44 0.19 2.5 142
UHPC3 700 0 44 0.19 2.5 149
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Fig. 12. Compressive strength improvement ratios of UHPFRC at 7 and 28 days as function
of steel fibre content.
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The flexural and compressive strength improvement ratios of the
UHPC mixes versus the volumetric steel fibres content are illustrated
in Figs. 11 and 12, respectively. As indicated in Fig. 11, with an increase
of the steel fibres content, a parabolic increase tendency of the flexural
strength improvement ratio can be observed. The more fibres are
added, the faster the flexural strength improvement ratio grows,
which also implies that the addition of steel fibres is more significantly
enhancing the flexural strength. Moreover, the difference in the flexural
strength improvement ratio between the UHPFRC is small when only
0.5% of steel fibres are added. Nevertheless, with an increase of the
steel fibre content, the growth rate of UHPC2 is faster than that of
UHPC3 and UHPC1. For instance, with only 0.5% of steel fibres, the flex-
ural strength improvement ratios of UHPC1, UHPC2 and UHPC3 at
28 days are 8.24%, 4.42% and 3.84, which then increase to 84.01%,
129.34% and 96.34, respectively, when 2.5% of steel fibres are included.
As can be seen in Fig. 12, with an increase of the steel fibres content,
there is a linear increase tendency of the compressive strength improve-
ment ratio in each mixture. Similarly to the results shown in Fig. 11, the
difference of compressive strength improvement ratio between the
UHPC is not obvious when small amount of steel fibres (around 0.5%)
are added. When more steel fibres are included (more than 2%), the in-
crease rate of such value of UHPC2 is much higher than that of UHPC3
and UHPC1.

Hence, it can be summarised that the inclusion of steel fibres can
bring considerable enhancement to the strengths of UHPC, especially
to the flexural strength. Additionally, the efficiency of additional fibres
in UHPC2 is higher and more notable compared to the other groups.
This may be due to the low cement content and the inclusion of large
quantity of filler materials in UHPC2.

However, it can be noticed that the porosities and the compres-
sive strengths of the designed UHPCs follow the same order:
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Fig. 11. Flexural strength improvement ratios of UHPFRC at 7 and 28 days as function of
steel fibre content.
UHPC1 N UHPC3 N UHPC2, which is not in line with the theory that
a larger porosity corresponds to a lower compressive strength. Here,
this phenomenonmay be attributed to the variation of the cement con-
tent in each designed UHPCs. It can be noticed that, based on the mod-
ified Andreasen and Andersen packing model, the porosities of all the
designed UHPCs are low and similar to each other (as shown in Fig. 7
and 8). Furthermore, the cement amount in UHPC1 is obviously larger
than that in UHPC2 and UHPC3, which may cause that more cement
particles can hydrate. However, to clearly explain this question and ac-
curately calculate the hydrated cement amount in the designed UHPCs,
the cement hydration degree of each sample should be firstly calculat-
ed, which will be shown in the following part.

Consequently, it can be concluded that based on the modified
Andreasen & Andersen particle packing model, it is possible to produce
a UHPFRC with a low binder amount. When utilizing quartz powder to
replace about 20% cement, the decrease of flexural and compressive
strengths is not obvious. On the other hand, using limestone powder
to replace around 30% cement in preparing UHPFRC, the strengths will
decrease about 10%, but the efficiency of steel fibres and cement can
be significantly enhanced.

3.4. Thermal properties analysis of UHPFRC

The DSC and TG curves of the UHPC pastes after hydrating for 7 and
28 days are presented in Fig. 13 and 14. From theDSC curves, it is appar-
ent that there main peaks exist in the vicinity of 120 °C, 450 °C and
820 °C for all the samples, which should be attributed to the evapora-
tion of free water, decomposition of Ca(OH)2 and decomposition of
CaCO3, respectively [52–56]. Normally, there is also a peak at about
576 °C, which is due to the conversion of quartz (SiO2) present in the
sand from α-SiO2 to β-SiO2. However, in this study, this peak has not
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been found, whichmay be attributed to the absence of aggregates in the
tested sample and the low content of quartz powder.

Based on the test results shown in Fig. 13, the samples for TG analysis
were subjected to isothermal treatment during the test, which was set
at 105 °C, 450 °C, 570 °C and 800 °C for 2 h. As can be seen in Fig. 14,
the TG curves of all the UHPC pastes show a similar tendency of losing
their mass. However, their weight loss rate at each temperature range
is different, which means that the amount of the reacted substances in
each treatment stage is different. Taking the UHPC2 paste as an exam-
ple, there is an obvious weight loss at 800 °C, which is caused by the de-
composition of CaCO3. In addition, with an increase of the curing time,
the weight loss at 800 °C simultaneously increases, which means the
hydration of cement is still ongoing, and more Ca(OH)2 is generated
and carbonated. Hence, to calculate the cement hydration degree in
UHPC paste, the decomposition of CaCO3 (both from limestone powder
and from carbonation of Ca(OH)2) must not be ignored.
Here, the hydration degree of the cement in UHPFRC paste after
hydrating for 1, 3, 7 and 28 days is computed based on the TG results
and Eq. (10). As indicated in Fig. 15, the shapes of the three curves are
similar to each other. The shape of these curves can be characterised
with a sharp increase before 3 days, followed by a gradual slowing
down between 3 and 7 days and a region of a very low increase later.
This indicates that the hydration speed of cement in UHPC paste is fast
during the first 3 days, then gradually becomes slower and very slow
after 7 days. For instance, after curing for 7 days, the hydration degree
of cement in UHPC1 is 50.3%, which increases only to 52.4% at
28 days. Furthermore, the cement hydration degree in UHPC2 paste is
always the highest, which is followed by UHPC3 andUHPC1, respective-
ly. This phenomenon can be explained by the following two reasons: on
one hand, the water/cement ratios of UHPC1, UHPC2 and UHPC3 are
0.23, 0.33 and 0.29, respectively. Hence, after the same curing time, a
larger water/cement ratio corresponds to a larger degree of the cement
hydration. On the other hand, due to the addition of limestone and
quartz powder, the nucleation effect coming from the fine particles
may also promote the hydration of cement. Additionally, as shown in
Fig. 15, the cement hydration degrees of UHPC1, UHPC2 and UHPC3 at
28 days are 52.4%, 67.6% and 61.1%, respectively. Based on the cement
amount in each mixes (in Table 2), it can be calculated that the reacted
cement amount (after 28 days) of the designed UHPCs are 458.5 kg/m3,
413.8 kg/m3 and 427.9 kg/m3, respectively. Hence, it is clear that more
cement hydrated in UHPC1, compared to the UHPC2 and UHPC3. This
can also explain the phenomenon that the compressive strengths of
the designed UHPCs follow the same order: UHPC1 N UHPC3 N UHPC2.

In summary, in themix design and production of UHPFRC, appropri-
ate utilizing filler materials (such as limestone powder and quartz
powder in this study) to replace the cement can significantly enhance
the cement hydration degree and its service efficiency.

4. Conclusions

This paper presents themix design and properties assessment for an
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC). The
design of the concretemixtures is based on the aim to achieve a densely
compacted cementitious matrix, employing the modified Andreasen &
Andersen particle packing model. From the presented results the fol-
lowing conclusions are drawn:

• Using theAndreasen&Andersenparticle packingmodel, it is possible to
produce a dense and homogeneous skeleton of UHPC using a relatively
low binder amount (about 650 kg/m3). In this study, the maximum
compressive and flexural strengths at 28 days of the obtained
UHPFRC (with steel fibre 2.5 vol.%) are about 150 MPa and 30 MPa,
respectively.

• Due to the low water/binder ratio and relatively large cement content,
the degree of hydration is small. Hence, it is reasonable to replace the
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unreacted cementwith some cheaperfillermaterials (such as limestone
and quartz powder) to enhance the efficiency of the used cement.

• Using fillers (such as limestone and quartz powder) as a cement re-
placement to produce UHPFRC can significantly improve its workability
and enhance the efficiency of steel fibres and binder. Additionally, the
utilisation of fillers can also reduce the required amount of micro silica,
which is significant for UHPFRC both in economic and environmental
aspects.

• The addition of steel fibres can decrease the relative slump flow of
UHPFRC and increase its air content in the fresh state and porosity in
the hardened state. Nevertheless, an appropriate particle packing and
low cement content should be treated as the effective methods to
reduce the negative influence of the additional steel fibres.
5. List of symbols
Dmax
 Maximum particle size
 μm

Dmin
 Minimum particle size
 μm

q
 Distribution modulus

RSS
 Sum of the squares of the residuals

Pmix
 Composed mix

Ptar
 Target curve

ξp
 Relative slump flow of fresh concrete

φair
 Air content of UHPFRC
 %

Vcontainer
 Volume of the container
 cm3
Vsolid
 Volume of solid particles in the container
 cm3
Vliquid
 Volume of liquid in the container
 cm3
Mi
 Mass of the fraction i in solid materials
 g

ρi
 Density of the fraction i in solid materials
 g/cm3
Mj
 Mass of the fraction j in liquid materials
 g

ρj
 Density of the fraction j in liquid materials
 g/cm3
ϕv,water
 Water-permeable porosity
 %

ms
 Surface dried mass of water saturated sample in air
 g

mw
 Mass of water-saturated sample in water
 g

md

0

Mass of oven-dry sample
 g
M
Water
Mass of non-evaporable water
 g

M105
 Mass of UHPC paste after heat treatment under 105 °C for 2 h
 g

M1000
 Mass of UHPC paste after heat treatment under 1000 °C for 2 h
 g

MCaCO3
 Mass change of UHPC paste caused by the decomposition of

CaCO3
g

βt
 Degree of cement hydration at hydration time t (days)
 %

MWater−

Full
Water requirement of full hydration cement
 g
Kt
 Strength improvement ratio
 %

Si
 Strength of UHPC with fibres (i means the fibres content)
 N/

mm2
S0
 Strength of UHPC without fibres
 N/
mm2
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