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Preface
When I was writing the preface of this thesis, a series of classical prefaces from my
friends’ or colleagues’ Ph.D. thesis came to my mind. Mostly, they announced that the
Ph.D. study is a really challenging work, full of difficulties, frustrations and unhappiness.
However, they still treat the Ph.D. research as one of the most unforgettable and fantastic
periods of their lives. To be honest, before I started my Ph.D. research at Eindhoven
University of Technology, I completely could not understand my friends’ or colleagues’
opinions mentioned above, since I really enjoy the feeling of challenge and I believe a
Ph.D. study should be interesting and fascinating. Already when I was in the second year
of my master’s study, I decided to pursue a Ph.D. degree in a foreign country. Now, I still
clearly remember the date (Oct. 10th 2011), the first exciting day when I arrived in the
Netherlands. How time flies! After almost four years, I am already close to the end of this
study. When looking back, I have to admit that all my friends’ and colleagues’ opinions
on the Ph.D. study are definitely correct. During the past four years, I have experienced
many difficulties, disappointments or even doubts about myself. I have never expected
that pursuing a Ph.D. degree is such a time, energy and courage consuming process.
Nevertheless, with the help and support that I received from so many people, I never
thought of giving up. Without the support of my family, colleagues and friends, it would
be impossible for me to complete and successfully finish my Ph.D. study. Consequently,
I want to show my sincere acknowledgement to all of these people.
First of all, I want to express my gratitude to my supervisor and promoter prof.dr.ir.
H.J.H. (Jos) Brouwers, who gave me the chance to join the Building Materials group at
Eindhoven University of Technology for doing my Ph.D. study. I still clearly remember
the first meeting and talk with Jos in 2010 in Wuhan. During the past four years, I
obtained a lot of guidance, suggestions, comments and patience from Jos, and I want to
say thank you very much for all your help and support. In addition, I want to thank my
daily supervisor and co-promoter dr. ir. P. Spiesz for all his help, patience, and
discussions during the development of this Ph.D. project. Przemek, in the past four years,
we have experienced a lot: discussions, arguments or even a tense silence. But, now, I
have to say all of these were beneficial for me in thinking, understanding and creating
during my Ph.D. research. Thank you very much for treating me as I was your younger
brother and teaching me so many interesting things about the Netherlands and Europe at
the beginning of my arrival, particularly the names of various fruits.
I also appreciate the financial support of the Chinese Scholarship Council (CSC) and the
sponsors of Building Materials group (chaired by prof.dr.ir. Jos Brouwers) at Eindhoven
University of Technology.
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Furthermore, my thanks go to Prof. dr. ir. Z.H. Shui (Wuhan University of Technology,
China), Prof. dr. ir. J.C. Walraven (Delft University of Technology), Prof. dr. dr. H.
Pöllmann (Martin-Luther University at Halle-Wittenberg, Germany), Prof. ir. S.N.M.
Wijte (Eindhoven University of Technology) and Prof. dr. ir. A.S.J. Suiker (Eindhoven
University of Technology) for reading and commenting on my thesis and forming my
Ph.D. defence committee. Particularly, to Prof. dr. ir. Z.H. Shui, I want to thank you for
your continuous trust and support during the past almost ten years, and it’s my pleasure to
join your group and work with you in the future.
During the four years’ Ph.D. research, Ing. A.D. Verhagen gave a lot of professional help,
guidance and suggestions. He provided the idea, design and part of the construction for
the “Modified Pendulum Impact Device” (shown in Chapter 7). Beside scientific support,
Ing. A.D. Verhagen also taught me an optimistic attitude to face difficulties in daily life.
Hence, I want to show my great appreciation to Ing. A.D. Verhagen and wish him always
good health. Thanks also go to Capt. L. Kaim (Dutch Army), Ing. J.P. Zeeman (Dutch
Army) and Ing. D. Krabbenborg (Netherlands Defence Academy) for supporting the
shooting experiments and many valuable suggestions.
Additionally, I want to thank G.A.H. Maas (Eindhoven University of Technology) for his
patient and professional experimental support. Geert-Jan, I know that there are many
Ph.D. students waiting for your help, but you always could help me timely and perfectly.
It has been a great pleasure to work with you. I was impressed by your exhaustless
energy and optimistic attitude. Thank you very much for all your help and support.
Thanks also go to P.H. Cappon, Ing. A.C.A. Delsing and ir. H.M. Lamers (all from
Eindhoven University of Technology) for their help in the laboratory.
Part of this thesis could not have been finished without the contribution of some master
students: N. Kanavas, D. van Onna and L.J.P. van Beers. Thank you for your help in
assisting my research. I hope my supervision was helpful for your professional careers in
the future.
After spending almost four years in the Building Materials group at Eindhoven
University of Technology, I have to admit that I really love the working atmosphere and
colleagues here. The time we spent at the sports center, coffee corner, sky bar and
conferences is really a precious memory for me. They are Alberto, Ariën, Azee, Bo,
Chris, George, Guillaume, Katerina, Katrin, Miruna, Pei, Perry, Przemek, Qadeer,
Qingliang, Rubina, Štěpán, Veronika, Xu and Yuri. My appreciations are also expressed
to the BPS secretaries: Renée, Yeliz, Janet, Ginny, Léontine and Moniek. I am hoping to
keep in touch with all of you in the future. Particularly, to Miruna, thank you for reading
my thesis and help me to further improve its quality.
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though you died 10 years ago, your personality and enthusiasm psychologically
supported me on the road of striving after wisdom. This thesis contains all my outcomes
and sweat in the past four years, and I want to dedicate it to you. For my parents, I know
it has been tough for you to have a distance of about 8000 km between you and your only
son for more than four years. Thank you for your continuous support and understanding.
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Introduction
1.1 Scope of this research
Concrete is the most widely used manmade material, since its annual production
exceeded 30 billion tons in 2013 (Amstrong, 2013; Quercia, 2014). Beside application of
concrete in common buildings, it is also applied in sensitive objects which need to be
resistant against incidental events. For example, to guarantee the safe and stable
development of nuclear power, the nuclear power stations have to resist the impact load
caused by incidents or attacks. Pillars of bridges having a large span have to resist the
impact load of land or water vehicles. When impacts happen, if the building materials
could deform and simultaneously absorb a large amount of energy without causing the
structural collapse, then more trapped people could be rescued and less damage would be
inflicted. These are only few examples of important infrastructural buildings that have to
be protected against a possible collapse in the case of a critical incident. Nevertheless, not
only important infrastructural buildings have to be protected against impact loads but also
smaller technical facilities can cause serious damaging events when they fail. For
instance, the protection of tanks used for storing liquefied petroleum gas (LPG) at gas
stations in densely populated areas is an important aspect and demands the application of
suitable materials. Moreover, not only accidental events can result in the collapse of
infrastructural buildings and great loss of life but also intentional events, such as terrorist
attacks, have to be considered nowadays seriously (Luccioni et al., 2004). In the latter
case, the use of explosives is a commonly used practice to inflict damage on important
infrastructural buildings. In this case, the generated pressure wave forms the destructive
force on the concrete. Besides, the use of rockets and other ballistic weapons against civil
or military targets is also increasing in conflict areas and is a serious problem for the
protection of peacekeeping forces in these areas (Booker et al., 2009; Wu et al., 2015).
Military rockets and mortar rounds, e.g. calibre 107 mm, become available for terrorist
groups on the black market and allow them to attack targets over a large distance. The
damaging effect of these projectiles is devastating as the projectile is penetrating
unhindered ordinary concrete or steel and causes spalling of the material at the back side.
The spalling of the concrete creates small pieces of concrete that act as further projectiles
and contribute to the damaging effect of the original projectile. Therefore, it can be
concluded that a strong demand for impact resistant materials exists in both civil and
military fields.
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The investigation of impact generated by hard projectiles started in the middle of the
1700s (Kennedy, 1976), considering the fact that the projectile impact is the most
common impact type compared to other impact categories (high-rate impact, shock, blast
loads and so on). Afterwards, to protect soldiers and important military constructions in
battles, the military showed a great interest in designing high performance protective
barriers and understanding the impact resistance capacity of different materials.
Therefore, since the beginning of the last century, a series of small-scale lab tests and
full-scale prototype tests were executed and used to study the performance of building
materials against the projectile impact loadings (Li et al., 2005). In these tests, due to its
relatively low price and good performance, concrete has attracted a lot of attention, which
leads to various empirical formulae and analytical models to predict the dynamic
performance of concrete under projectile impacts. Nevertheless, with the development of
the concrete industry, a series of advanced concretes (e.g. self-compacting concrete, fibre
reinforced concrete, reactive powder concrete, Ultra-High Performance Fibre Reinforced
Concrete) have been developed nowadays, which have much better properties than the
conventional concretes that were developed in the last century. Moreover, the destructive
power of the modern bullets or missiles is continuously increasing. Hence, the empirical
formulae proposed around 70 years ago are not suitable for predicting the impact
resistance of these advanced concretes. Furthermore, there is also an urgent need to
develop materials that can be used in the construction of protective structures nowadays.

Figure 1.1: Different types of special concretes (Camacho, 2013)

From the available literature (Bindiganavile et al., 2002; Zhang et al., 2007; Parant et al.,
2007; Habel and Gauvreau, 2008; Lai and Sun, 2009), it can be concluded that a strong
concrete matrix and a high contents of steel fibres are beneficial for improving the impact
resistance capacity of concrete, since the damage of the concrete matrix and pullout of
steel fibres can absorb large quantity of energy released during the impact process. With
the development of concrete technology and chemical admixtures, a series of new
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materials (advance superplasticizer, nanosilica etc.) can be utilized to produce concrete
with superior properties. Not only new materials but also new insights in particle packing
and the influence of the particle packing on the mechanical properties allowed the design
of concrete mixes that have higher strength and deformation capacity than normal
strength (NSC). Based on the requirements of a strong concrete matrix and a high content
of steel fibres, the Ultra-High Performance Fibre Reinforced Concrete (UHPFRC),
developed initially in 1990s, can be a good candidate to be utilized in protective
structures.

Figure 1.2: Mechanical properties of conventional concrete and UHPFRC under compressive load
(left) and tensile load (right) (Wu et al., 2009)

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a relatively new
construction material, which is a combination of high performance concrete matrix and
fibre reinforcement (Richard and Cheyrezy, 1995). It can be treated as a combination of
three concrete technologies to a greater extent (as shown in Figure 1.1): self-compacting
concrete (SCC), fibre reinforced concrete (FRC) and high performance concrete (HPC)
(Camacho, 2013). Due to the relatively high binder amount, low water to binder ratio and
high fibre dosage, UHPFRC has superior mechanical properties and energy absorption
capacity (El-Dieb, 2009; Tayeh et al., 2012; Hassan et al., 2012; Rossi, 2013). The stressstrain curves depicted in Figure 1.2 clearly show that the energy adsorbed by UHPFRC in
straining is extensive. The consumed energy is represented by the area under the stressstrain curves. This high potential of energy absorption capacity makes UHPFRC suitable
for applications where high energy release rates exist. This is the case for all the
mechanical impact loads acting on structural members. These impact loads can be caused
by e.g.: 1) vehicle impacts, 2) deflagration of inflammable chemicals, 3) detonation of
explosives, 4) ballistic impacts. The latter two cases become more important nowadays as
terrorist attacks are aiming at the collapse of complete buildings or the destruction of
sensitive infrastructure. Here, UHPFRC can be used for strengthening and protection of
already existing buildings or the design of new structural members. In fact, the use of
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UHPFRC already showed good results in minimizing the damaging effects caused by
intentional events, such as terrorist attacks (Bindiganavile et al., 2002; Parant et al., 2007).
However, the detailed fracture mechanisms of UHPFRC under external impact are still
not clear enough, which causes that the impact resistance capacity of such material also
contains a great potential to be explored.

(a)

(b)

Figure 1.3: Examples of the application of UHPFRC: (a) Mediterranean Culture Museum in
Marseille, France; (b) UHPFRC bridge across the River Fulda in Kassel, Germany (Fehling et al.,
2008; Kanavas, 2014)

As commonly known, the building materials sector is the third-largest CO2 emitting
industrial sector world-wide, as well as in the European Union. The cement production is
said to represent about 7% of the total anthropogenic CO2 emissions (UNSTATS, 2010;
Friedlingstein et al., 2010; Capros et al., 2001). Therefore, to promote a sustainable
development also in the concrete industry, one of the promising approaches is to design
and produce a type of concrete with less clinker, thus inducing lower CO2 emissions than
traditional ones while providing the same reliability, with a much better durability
(Denarié and Brühwiler, 2011; Habert et al., 2013). Considering the successful
application of UHPFRC in practice (e.g. Mediterranean Culture Museum in Marseille in
France and UHPFRC bridge build in Kassel of Germany, as shown in Figure 1.3),
UHPFRC seems to be a suitable candidate to reduce the global warming impact of
construction materials. Due to its superior mechanical properties and durability, a
structure made of UHPFRC can be much more slender compared to a normal concrete
structure. One example is illustrated in Figure 1.4 here, where notable differences
between conventional reinforced concrete and UHPFRC (used for the construction of an
L-shaped wall meeting the same project requirements) can be observed (Voo et al., 2012).
In this application, the UHPFRC solution requires 73% less material than the ordinary
rebar-reinforced wall. Thus it weighs 260 kg/m, much less than the 1200 kg/m of the wall
constructed with conventional reinforced concrete. However, as can be found in available
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literature (El-Dieb, 2009; Park et al., 2012; Tayeh et al., 2012; Hassan et al., 2012; Rossi,
2013), when producing UHPFRC, the binder and fibre contents are always relatively high.
Moreover, in most cases, the UHPFRC compositions are not optimized. Hence, it can be
assumed that binders and fibres are not all efficiently utilized in the UHPFRC production,
which can significantly increase the materials and energy cost. Nowadays, as the
sustainable development is currently a crucial global issue, high material cost, high
energy consumption and embedded CO2 for UHPFRC are the typical disadvantages that
restrict its wider application. Hence, to efficiently develop a sustainable UHPFRC still
needs further investigation.
Based on the premises mentioned above, it can be summarized that the development of
sustainable protective Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is
challenging and important.

Figure 1.4: Difference in sectional dimensions of an L-shaped wall, made of conventional and
UHPFRC (Voo et al., 2012)

1.2 Ultra-High Performance Fibre Reinforced Concrete (UHPFRC)
1.2.1

Development

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is the outcome of a
demand that began in the 1930s to seek for approaches to increase the mechanical
properties of concrete, in particular its compressive strength. At the beginning of the
1950s, Graf produced a type of concrete with strength of 70 MPa (Bache, 1991). This did
not change until 1966, when a special production method allowed the production of
concrete with the strength of 140 MPa. After that, it was demonstrated that the addition
of silica fume and water reducing agents/plasticizers is a simple way to produce a
concrete with high strength and good workability. In this field, a significant innovation
was the development of the material SIFCON (Slurry Infiltrated Fibre Concrete), in
which the ﬁbres are preplaced in the formwork moulds to its full capacity and the

6

Chapter 1

resulting ﬁbre network is inﬁltrated by a cement-based slurry (Naaman and Homrich,
1989). In 1994, a new mix named "Reactive Powder Concrete" was developed, which
continues to exist today as "Ductal" (Richard and Cheyrezy, 1995). With further
developments of the concrete technology, engineers realized that the advanced concrete,
besides the high strength, should also has other excellent properties, which led to the term
“Ultra-High Performance Concrete (UHPC)" and “Ultra-High Performance Fibre
Reinforced Concrete (UHPFRC)" (Acker and Behloil, 2004). Then, the UHPC and
UHPFRC attracted more and more attention (Yang et al., 2009; Tuan et al., 2011a; Tuan
et al., 2011b; Hassan et al., 2012; Tayeh et al., 2012; Park et al., 2012; Rossi, 2013; Wang
et al., 2014; Yu et al., 2014a; Yu et al., 2014c; Yu et al., 2015). In 2002, the first design
rules for UHPFRC were published in France (French Interim Recommendations, 2002).
1.2.2

Available standard and specificity for UHPFRC

So far, there is no systematical standard for design and production of UHPFRC, other
than one French Interim Recommendations (2002). These recommendations constitute a
reference document serving as a basis for an appropriate use of this material in civil
engineering. UHPFRC refers to a material with a cement matrix and a characteristic
compressive strength of about 150 MPa, containing steel fibres in order to achieve ductile
behaviour under tension and, if possible, to dispense of the need for passive (nonprestressed) reinforcement. Due to the use of admixtures such as plasticizers/water
reducers and superplasticizers, UHPFRC mixes generally have a low water-binder ratio.
Special attention should be paid to controlling the quantities of water added to the
concrete by the different ingredients (mixing water, water in aggregate and admixtures).
Generally speaking, the mix design of UHPFRC should obey the following procedure
(Interim Recommendations, 2002):
1) Establish the nominal mix design on the basis of design studies;
2) Confirm the mix design by means of suitability tests;
3) Follow-up manufacture by means of routine checks.
The nominal mix design includes:
1) The designation and weight of each class of aggregates (dry ingredients);
2) Designation and weight of cement (indicating the quantity of silica fume in the
case of a cement with premixed silica fume);
3) Designation and dry weight of each addition (silica fume, filler, fly ash, slag);
4) Total volume of water: volume of mix water and volume of water in each
ingredient (aggregate, any additions, admixtures);
5) Designation and weight of dry extracts of any admixtures.
In the last 25 years, the outcome in concrete technology has allowed the production of
UHPFRC with excellent rheological behaviour (workability, self-placing and self-
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densifying properties), mechanical properties (very high compressive strength and nonbrittle tensile behaviour) and durability performance (Jacques and Cete, 2004). The actual
development of a UHPFRC starts with the design of the granular structure of the
aggregates, for which the selection and characterization of suitable fines for optimum
packing density are of key importance. Currently, to achieve excellent mechanical
behaviour, some special techniques and raw materials must be adopted in the preparation
of UHPFRC, which include (Wang et al., 2012):
1) Coarse aggregate is mostly removed to improve the homogeneity of concrete;
2) Steel fibre is introduced to improve ductility;
3) High quality superplasticizer and large quantities of fine microsilica and quartz
are added, to achieve a low water/binder ratio, to reduce porosity and improve
strength;
4) Pressure may be applied before and during the setting to increase the compactness
of the concrete;
5) High activity microsilica and/or nanosilica may be mixed into cementitious
materials to accelerate the hydration of cement and catalyse a strong pozzolanic
reaction effect;
6) Steam curing may be applied to gain higher strengths.
In short, to gain the desired properties of a UHPFRC, well-chosen raw materials and
sophisticated technical procedures are conventionally required. Several literature
examples of the ingredient composition of UHPFRC mixtures are summarized in Table
1.1.
Table 1.1: Ingredient composition of different UHPFRC mixtures

Materials (kg/m3)
Water
Cement
Slag
Silica fume
Quartz (fine)
Quartz (Coarse)
Silica sand
Basalt (2-8)
Micro-fibres (vol.)
Macro-fibres (vol.)
Superplasticizer

(Bornemann and
Schmidt, 2002)
166
832
135
207
975
2.5%
10.6

(Fröhlich and
Schmidt, 2012)
183
775
164
193
946
2.5%
10.3

(Deeb et al.,
2012)
188
543.5
311.5
214
470
470
2.5%
41.33

(Wang et al.,
2012)
162
810
0
90
616
923
2%
18

From Table 1.1, it can be observed that, compared to normal concrete, a high binder
amount is typically utilized in the production of UHPFRC. In addition, a large dosage of
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superplasticizer (SP) is also added into UHPFRC, which causes the required water
content is low and the workability of UHPFRC is still acceptable. Furthermore, the
coarse aggregate (> 8 mm) amount is normally limited.
In general, it can be noticed that, though UHPFRC has outstanding mechanical properties,
its preparation method requires costly materials and relatively sophisticated technology.
Hence, the limited available resources and the high cost constrain its application in
modern construction industry, especially in the developing countries, which gives a
motivation for a search of alternative materials with similar functions to substitute the
expensive composites in UHPFRC.

1.3 Research objectives and strategies
Research objectives
Due to the strong demand for impact resistant building materials in both civil and military
fields and the specificities of UHPFRC, it is logic to apply UHPFRC in the production of
protective structures. From the available literature, the investigations regarding dynamic
behaviour and energy dissipation capacity of UHPFRC are still insufficient. Moreover, in
most cases, the produced UHPFRC is not sustainable or environmentally friendly, since
the efficiencies of the utilized powders (e.g. cement) and fibres are relatively low (Yu et
al., 2014a, Yu et al., 2014d). Hence, based on these premises, the objectives of this
research can be summarized as:
1) Design and production of a sustainable UHPFRC;
2) Properties (static and dynamic) assessment of the developed UHPFRC;
3) Modeling of the developed sustainable UHPFRC under impact loadings.
Research strategies
To develop a sustainable UHPFRC, four strategies are mainly employed in this research:
1) optimized design of UHPFRC matrix applying particle packing model; 2) efficient
application of the powders in the UHPFRC production; 3) efficient utilization of fibres in
the UHPFRC production; 4) appropriate application of waste/recycled materials in the
UHPFRC production. Here, the design of UHPFRC is based on the aim to achieve a
densely compacted cementitious matrix, employing the modified Andreasen & Andersen
particle packing model. Moreover, industrial by-products (fly ash, ground granulated
blast-furnace slag) and waste/recycled material (waste bottom ash) are appropriately
utilized to replace cement and aggregates, respectively. Additionally, a hybridization
design of utilized fibres is employed to improve the fibre efficiency. For the properties
assessment of the developed UHPFRC, a series of methods are employed to evaluate its
workability, air content, water-permeable porosity, mechanical properties, flexural
toughness, microstructure development, hydration kinetics, thermal properties and impact
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resistance capacity. For the impact resistance capacity, two types of pendulum impact setups and a high velocity projectile launcher are employed. Afterwards, based on the
obtained experimental results, the modeling of dynamic behaviour of the sustainable
UHPFRC under different impact loadings is performed. The modeling can be mainly
divided into two sections: 1) energy absorption of UHPFRC under Charpy impact loading;
2) numerical modeling of UHPFRC under projectile impacts.
This research is performed based on a combination of theoretical and experimental
investigations. A schematic description of the research objectives and strategies is shown
in Figure 1.5.
Flexural
toughness

Fresh
behaviour
Mechanical
properties

Impact
resistance
UHPFRC
assessment

Microstructure
development
Thermal
properties
Optimized
particle packing

Efficient use
of powders

Sustainable design

Efficient use
of fibres

Application of
wastes

Water-permeable
porosity
Hydration
kinetics
Charpy impact
loading

Modeling

Projectile impact
loading

Figure 1.5: Schematic description of the research objectives and strategies

1.4 Outline of the thesis
To obtain a new product that contributes to a better and safer life for human beings, this
research aims at the development of sustainable protective UHPFRC. Firstly, a series of
methods and strategies are utilized to design a sustainable UHPFRC. Then, the properties
of the developed UHPFRC are evaluated. Finally, based on the obtained experimental
results, the modeling of dynamic performance of the developed sustainable UHPFRC
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under different impacts is performed. The research framework of this thesis is shown in
Figure 1.6, and the content of each chapter is explained in the following paragraphs.
Chapter 1: Introduction

Chapter 2: Materials characterization and
experimental methodologies

Chapter 3: Optimized mix design
approach for UHPFRC

Chapter 4: Efficient application of
powders in UHPC

Chapter 5: Efficient application of
steel fibres in UHPFRC

Chapter 6: Development of
UHPFRC with waste bottom ash

Design and properties assessment of the sustainable UHPFRC

Chapter 7: Performance of the
sustainable UHPFRC under impact

Chapter 8: Modeling of concrete
target under projectiles impact

Chapter 9: Application of the sustainable
UHPFRC in protective elements
Impact resistance capacity of the sustainable UHPFRC

Chapter 10: Conclusions and
recommendations
Figure 1.6: Outline of the thesis

Chapter 2 focuses on the materials characterization and experimental methodologies. The
raw materials can be mainly divided into three categories: 1) powders (particles smaller
than 125 μm); 2) aggregates (granular materials except powders); 3) fibres. Then, all the
used materials are characterized according to their physical and chemical properties,
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including particle size distribution, specific density, water demand, chemical composition,
microstructure and so on. Additionally, a series of test methods are employed to assess
the properties (e.g. workability, air content, water-permeable porosity, mechanical
properties, thermal properties and cement hydration kinetics) of the developed
sustainable UHPFRC.
Chapter 3 provides a mix design method for UHPFRC. Due to the fact that normally a
large amount of cement or binders is utilized to produce UHPFRC and the hydration
degree of the cement in UHPFRC is relatively low, fillers such as limestone and quartz
powders are used to partly replace cement, based on the modified Andreasen & Andersen
particle packing model. Then, the properties of the optimized UHPFRC are evaluated and
compared with those of other UHPFRCs. The aim of this chapter is to develop a
UHPFRC with lower binder amount without sacrificing the mechanical properties.
Chapter 4 addresses the investigations regarding an efficient application of powders in
UHPC (matrix of UHPFRC). This chapter can be mainly divided into two parts: 1) effect
of nanosilica on the properties of UHPC; 2) effect of different mineral admixtures (fly
ash, ground granulated blast slag and limestone powder) on the properties of UHPC. All
the concrete mixtures are designed based on the modified A&A model. Then, the fresh
and hardened behaviour, hydration kinetics, thermal properties and microstructures of the
developed UHPC are evaluated. The aim of this chapter is to use all the powder materials
efficiently and produce a sustainable UHPFRC matrix.
Chapter 5 shows the effect of different steel fibres (with various geometries) on the
properties of UHPFRC. This chapter can also be divided into two parts: 1) UHPFRC with
binary fibres; 2) UHPFRC with ternary fibres. The concrete matrix is designed based on
the modified A&A model and fibre hybridization theory. The effect of hybrid fibres on
the workability, mechanical properties and flexural toughness of UHPFRC is presented.
The aim of this chapter is to clarify the contribution of different steel fibres on the
properties of UHPFRC and to efficiently use the steel fibres based on the different
requirements in practice.
In Chapter 6, to further reduce the materials cost and environmental impact of UHPFRC,
waste bottom ash (WBA) originating from municipal solid waste incineration (MSWI) is
included in the UHPFRC production. Due to the fact that the particle size distribution of
the selected fraction of WBA is similar to that of sand (0-2), the WBA is used to partly
replace the sand (0-2). Then, the effect of nanosilica and hybrid fibres on the properties
of the UHPFRC with WBA is assessed, and the intrinsic mechanisms are investigated.
Chapter 7 firstly gives a brief review of the dynamic performance of concrete under
impact loadings and the available methods to improve the impact resistance of concrete.
Then, based on the results obtained in previous chapters, the sustainable UHPFRC is
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produced and its dynamic performance under impact loadings is evaluated, by employing
the “Charpy Impact Device” and “Modified Pendulum Impact Device”. Moreover, the
dominant factors to improve the impact resistance capacity of the sustainable UHPFRC
are analysed. Finally, based on the obtained experimental results, the modeling of energy
absorption capacity of the sustainable UHPFRC under Charpy impact test is performed.
The aim of this chapter is to evaluate the energy dissipation capacity of the sustainable
UHPFRC under pendulum impact loadings and clarify the dominant factors in the
production of protective structures.
Chapter 8 presents numerical modeling results of concrete targets under projectile impact,
since the impact from hard projectile is the most common impact among all the impact
categories (high-rate impact, shock, blast loads and so on). A brief review of classical and
up-to-date investigations is firstly presented. Then, a finite elements model of concrete
under projectile impact loading is created in a commercial hydrocode - LS-DYNA.
Afterwards, the literature experimental results are used to validate the proposed model.
Finally, the energy dissipation capacity of the developed sustainable UHPFRC in
dynamic mode is assessed and predicted by using the validated model in LS-DYNA. The
aim of this chapter is to investigate the energy dissipation capacity of the developed
sustainable UHPFRC under hard projectile impact based on numerical approaches.
Chapter 9 continues the investigation of dynamic performance of the sustainable
UHPFRC under projectile impact loading. In this chapter, the sustainable UHPFRC is
applied in the production of protective elements, and the impact resistance of these
protective elements is evaluated by executing high velocity projectile impact tests (in
cooperation with the Dutch army). Based on the obtained experimental results, the
numerical modeling of the sustainable UHPFRC under high velocity projectile impact is
performed in LS-DYNA. The aim of this chapter is to apply the developed sustainable
UHPFRC in practice (as protective elements), and create a suitable model to represent its
dynamic performance under high velocity projectile impact.
Finally, in Chapter 10, the conclusions of the present thesis are drawn and some
recommendations for further research in continuation of this work are presented.
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2 Materials characterization and experimental methodologies
2.1 Introduction
As commonly known, the properties of concrete are closely related to the compositions
and characteristics of the utilized materials. Hence, to appropriately design and produce a
concrete with superior properties (e.g. Ultra-High Performance Concrete (UHPC) or
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC)), a comprehensive
understanding of the basic characteristics of raw materials is essential. In this research, a
variety of raw materials is applied, which can be mainly divided into three categories: 1)
powders, considered as granular materials with particle size smaller than 125 μm; 2)
aggregates (granular materials with particles > 125 μm); 3) fibres.
Powders can be generally divided into reactive and non-reactive types. Due to its
chemical composition, the reactive powder has reactivity, which means in the presence of
water they form on their own or with the help of accelerators (e.g. cement clinker
crystalline reaction products), and contribute to the strength development (Hunger, 2010).
The reaction mechanisms of different powders can be summarized as (Taylor, 1997): 1)
hydraulic (dominant reaction type for the curing of Portland cement); 2) latent-hydraulic
(in principle react like cement clinker but need calcium hydroxide or sulphate,
respectively both as accelerator for their hydration); 3) pozzolanic (dissolved silicates
coming along with the pozzolan react with calcium hydroxide under formation of C-S-H
phases). In addition, for the non-reactive powder, they can provide a physical filler effect
to concrete mixture, since the fine particles can fill the voids between coarser particles.
The literature in this field shows that the void fraction in concrete can be significantly
minimized by including fine non-reactive powders with appropriate particle sizes, which
can lead to a substantial improvement of workability for the fresh concrete, as well as
improved durability and mechanical properties in hardened state (Hunger and Brouwers,
2009; Hunger, 2010; Quercia et al., 2012; Spiesz, 2013).
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a relatively new
building material, in which the coarse aggregates (> 4 mm) application is limited and a
large amount of powders is normally utilized. From the available literature (El-Dieb,
2009; Park et al., 2012; Tayeh et al., 2012; Hassan et al., 2012; Rossi, 2013), it can be
noticed that reactive powders are the main ingredients in the production of UHPFRC,
since UHPFRC has strict requirements on the mechanical properties. Nevertheless, it is
unclear that whether all of these reactive powders are effectively used, and whether it is
possible to partially replace the reactive powders by cheaper and less energy-intensive
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non-reactive powders. Hence, to clearly understand the efficiency of these powder
materials and their effect on the properties of UHPFRC, their properties such as particle
size distribution, specific density, water demand, chemical composition and
microstructure are firstly evaluated in this study.
The importance of densified granular system is known since the early days of concrete
production (Féret, 1892). However, at that time, only the aggregate fractions were
included in this consideration, which can be attributed to the fact that the volumetric
amount of aggregates (fine and coarse aggregates) in concrete is commonly around 70%.
As described before, the coarse aggregates amount (> 4 mm) is normally limited in the
production of UHPFRC, since the aggregates with relatively large sizes may disturb the
homogeneity of UHPFRC matrix. Hence, in this research, two types of fine aggregates (<
2 mm) are mainly utilized. Moreover, to further reduce the environmental impact of
UHPFRC, one type of waste materials (waste bottom ash - WBA) is utilized to partially
replace the normal aggregates in this study. A detailed comparison of the WBA and
normal aggregates are shown in the following part.
Compared to normal strength concrete (NSC), high strength concrete (HSC) and normal
fibre reinforced concrete (NFRC), UHPFRC has much better mechanical properties,
which should be mainly attributed to the relatively high amount of additional fibres. In
fact, the concept of using fibres to improve the mechanical attributes of construction
materials can be traced back to thousands years ago. For instance, straws were added into
mud bricks; horse hair was utilized to reinforce plaster, and asbestos was used to
reinforce pottery. The modern development of fibre-reinforced concrete (FRC) was
initiated in the early sixties (Wafa, 1990), while a more efficient material (compared to
rebar) was searched to optimize the plasticity of the plain concrete. Nowadays, with the
development of steel and polymer industries, there are a number of different fibres
available (e.g. steel fibres, polymer fibres, natural fibres, glass fibres, carbon fibres and
others) ranging from a few millimetres to several centimetres length. In this research,
three types of steel fibres and one type of polypropylene fibres are utilized in the
UHPFRC production, and their basic characteristics are presented in the following part.
Additionally, some test procedures mainly employed to assess the properties (workability,
air content, water-permeable porosity, mechanical properties and cement hydration
kinetics) of the developed UHPFRC are also explained in this chapter.

2.2 Utilized materials
2.2.1

Powders characterization

In this research, various powders of different types are utilized. These powder materials
can be mainly divided into two categories: 1) reactive materials (cement, microsilica,
nanosilica, fly ash, and ground granulated blast furnace slag); 2) non-reactive materials
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(limestone powder, quartz powder). Due to the fact that the physical and chemical
properties of powder materials have very close relationship with the later developed
concrete, the utilized powder materials are systematically analysed, including their
particle size, specific density, water demand, chemical composition and microstructure.
•

Particle size distribution

The particle size distribution (PSD) of all the solid ingredients is important for the mix
design of concrete, since the fresh state behaviour and hardened properties of concrete
mixtures are influenced by the particle packing of all the utilized granular materials.
There are numerous approaches suitable for determining the PSDs. Besides sieving and
microscopy-techniques, most of the existing methods are based on either sedimentation
of particles in suitable liquids or diffraction of light (Hunger, 2010). In this study,
considering the relatively small particle size of powders (< 125 μm), a laser light
scattering (LLS) technique (Malvern Mastersizer 2000® PSD analyzer) is employed to
determine the PSDs of all the powder materials. This method is using the feature that the
diffraction angle of laser beam on the particle surfaces is inversely proportional to the
particle size. A projection of this diffracted light waves is analysed and the particle size is
computed (Quercia, 2014). In the calculation, the spherical particle shape is assumed, as
explained in (Hunger, 2010). Based on the ISO standard 13320-1 (2009), the powders are
measured in liquid dispersion using the Mie scattering model. Due to the fact that some
reactive materials can react with water, propan-2-ol is utilized as the dispersion liquid.
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Figure 2.1: Cumulative particle size distributions of the used powders (LP: limestone powder, FA: fly
ash, GGBS: ground granulated blast slag, QP: quartz powder, OPC: Ordinary Portland Cement
(CEM I 52.5 R), mS: microsilica; nS: nanosilica)
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The PSDs of all the powders utilized in this study are shown in Figures 2.1 and 2.2. It can
be noticed that the PSD of cement is very similar to that of limestone powder, which
implies that the limestone powder can be utilized to replace cement without significantly
altering the particle packing of concrete skeleton. Moreover, the particles of quartz
powder, fly ash and ground granulated blast slag are coarser than cement, while the
utilized microsilica and nanosilica are much finer. Additionally, compared to microsilica,
nanosilica is richer in small particles distributing in the range of 30 - 100 nm. Due to the
fact that the ultra-fine silica particles are vital for the mechanical properties, the effect of
nanosilica amount on the properties of UHPFRC will be investigated in the pertaining
chapters.
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Figure 2.2: Average sieve fractions by volume of the used powders (LP: limestone powder, FA: fly
ash, GGBS: ground granulated blast slag, QP: quartz powder, OPC: Ordinary Portland Cement
(CEM I 52.5 R), mS: microsilica; nS: nanosilica)

•

Specific density

According to EN 1097-7 (1999), the true volume of the materials can be measured by
using water (for nonreactive materials) or ethanol (for reactive materials) liquid
pycnometer. However, as described in (Yu, 2012), surface tension of the powders and
entrapped gases can affect the filling of very small pores. Hence, in this study, a gas
pycnometer method (AccuPyc 1340 II Pycnometer) is employed to test the true volume
of powders. Compared to the liquid pycnometer, this gas pycnometer method is easier
and faster. Here, the helium gas is utilized as a medium. Due to the fact that the size of a
helium molecule is very small, it can rapidly fill the voids between the particles and tiny
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pores on the surface of the sample. Then, the true volume of the powders can be
computed by comparing the change of gas pressure and gas amount. Then, the specific
density of the material can be calculated by the following equation:

ρspecific =

m
Vtrue

(2.1)

where ρspecific is the specific density (g/cm3), m is the mass of the material (g) and Vtrue is
the true volume of the material (cm3).
Table 2.1: Specific densities of powders measured by AccuPyc 1340 II Pycnometer

Specific density (g/cm3)
Sample 1
Sample 2
Sample 3
Average
OPC
3.154
3.151
3.158
3.154
LP
2.728
2.724
2.722
2.725
FA
2.294
2.295
2.292
2.294
GGBS
2.891
2.895
2.894
2.893
QP
2.665
2.664
2.662
2.664
mS
2.232
2.232
2.235
2.233
nS
2.221
2.219
2.223
2.221
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, FA: fly ash, GGBS:
ground granulated blast furnace slag, QP: quartz powder, mS: microsilica, nS: nanosilica)
Materials

Prior to the true volume determination, all the powders have been dried in oven at
temperature of 105 ˚C for 24 hours. Then, the dry materials are stored in a desiccator for
cooling down to a room temperature. To minimize the errors, the measurement of one
powder is performed at least three times. The obtained specific densities of the powders
are presented in Table 2.1. It can be seen that the specific density of cement is the highest
(3.15 g/cm3), while the specific density of limestone powder, quartz powder and ground
granulated blast slag are similar to each other and fluctuate around 2.7 g/cm3. The density
of fly ash, microsilica and nanosilica fluctuate about 2.2 g/cm3.
Based on the obtained specific densities and particle size distributions of powders, it can
be concluded that limestone powder is suitable to be utilized to partially replace cement
without significantly affecting the particle packing skeleton in concrete.
•

Water demand

The water demand of powders, particularly of the fine particles, is a crucial parameter for
the properties of concrete. The total water demand is strongly influenced by a layer of
adsorbed water molecules around the particles and an additional amount needed to fill the
inter-granular voids of the powder system (Hunger, 2010). Due to the fact that the fine
particles always have a high specific surface area, they can significantly affect the total
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water demand and fresh behaviour of concrete. As commonly known, to achieve superior
mechanical properties, a very limited water amount is normally utilized in the
cementitious system of UHPFRC. Therefore, it is very important to carefully evaluate the
water demand amount of all the utilized powder materials.
In this study, the water demands of cement, limestone powder, fly ash, ground granulated
blast slag are evaluated by employing the Puntke test. As described in (Hunger, 2010),
the water demand from Puntke test shows the water absorption capacity of the tested
powder at the point of saturation, which depicts the transition from a coherent packing to
a suspension. Therefore, a fine, cohesion-free granular skeleton cannot be self-compacted
to a specific packing density until the water content is sufficient for the saturation of the
dense granular structure. The first sign of bleeding is a glimmering surface of the waterpowder mixture, which also is the evaluation target criterion of the addressed test. The
test results are shown in Table 2.2.
Table 2.2: Particle information of Ordinary Portland Cement (OPC), limestone powder (LP), fly ash
(FA) and ground granulated blast slag (GGBS)

Materials
OPC (CEM I 52.5 R)
LP
FA
GGBS

Water demand
(Puntke test)
mw-p (g)
13.2
10.8
11.2
13.2

Computed void
fraction
ψ (%)
45.4
37.0
33.9
43.3

Particle shape factor
ξReschke (-)
(Hunger, 2010)
1.68
1.26
1.20
1.58

Additionally, Puntke test assumes that for the point of saturation, the granular blend
becomes free of air (the void fraction is completely filled with water), which derives a
relation between the void fraction and the involved volumes of water and powder
represented by their masses. Hence, void faction of the saturated powder material can be
computed as follows (Puntke, 2002):

ψ=

Vw
V p + Vw

(2.2)

where ψ is the void faction of the saturated powder material (%), Vw is the volumetric
water demand of the powder material for saturation (cm3), Vp is the volume of the tested
powder material (cm3).
•

Chemical composition

As commonly known, there is a strong connection between the chemical composition of a
powder and its physical and chemical properties. Moreover, the chemical composition of
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reactive powders can significantly influence the properties of concrete. Hence, in this
study, the chemical compositions of all the utilized powders are analysed by using X-ray
Fluorescence (XRF) (PANalytical - Epsilon 3), and the results are presented in Table 2.3.
Table 2.3: Chemical composition of Ordinary Portland Cement (OPC), limestone powder (LP), fly
ash (FA), ground granulated blast slag (GGBS), microsilica (mS) and nanosilica (nS)

Substance
CaO
SiO2
Al2O3
Fe2O3
K2O
Na2O
SO3
MgO
TiO2
Mn3O4
P2O5
Cl-

•

OPC
(mass %)
64.60
20.08
4.98
3.24
0.53
0.27
3.13
1.98
0.30
0.10
0.74
0.05

FA
(mass %)
4.46
55.32
22.45
8.52
2.26
1.65
1.39
1.89
1.17
0.11
0.76
0.02

GGBS
(mass %)
38.89
34.18
13.63
0.51
0.43
0.33
1.41
10.62
-

LP
(mass %)
89.56
4.36
1.00
1.60
0.34
0.21
1.01
0.06
1.605
0.241
-

mS
(mass %)
0.28
97.82
0.29
0.61
0.51
0.02
0.15
0.26
0.06

nS
(mass %)
0.08
98.68
0.37
0.35
0.32
0.01
0.15
0.04

Microstructure

In concrete, the particle shape and surface roughness (texture) of powders can directly
affect its water absorption capacity, flowability, bonding behaviour and so on. Here, to
further clarify the micro-morphology of the utilized powders, the microstructure of the
investigated powders is determined by employing the scanning electron microscopy
(SEM) (Quanta 650 FEG, FEI), and the results are illustrated in Figure 2.3.
As can be seen, a number of spherical particles can be observed in fly ash, while the
particles in the other powders have rather irregular particle shape. Therefore, it can be
predicted that when the spherical fly ash particles are added to replace cement, the
flowability of UHPFRC may be improved. Moreover, the irregular particle shape of
ground granulated blast slag is beneficial for improving the bonding and interlocking
strength between materials in the matrix, which in turn leads to a better mechanical
properties of UHPFRC. Additionally, the SEM picture of microsilica shows that a
number of microsilica particles agglomerate to form some big particle clusters, which can
be attributed to the drying process of the material before the SEM test. In this study, the
utilized nanosilica is a slurry material. Considering that the water evaporation and drying
process may cause serious agglomeration of the nanosilica particles, the microstructure of
nanosilica is not analysed.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.3: Scanning electron microscopy (SEM) pictures of used fly ash (a), ground granulated blast
slag (b), limestone powder (c), microsilica (d), cement (e) and quartz powder (f)
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Aggregates characterization

In this research, two types of normal fine aggregates are mainly utilized: one is normal
sand with the fraction 0-2 mm and the other one is microsand with the fraction 0-1 mm
(Graniet-Import Benelux, the Netherlands). In addition, to further reduce the materials
cost and produce a sustainable UHPFRC, one type of waste bottom ash (WBA) is utilized
to replace sand (0-2) in the UHPFRC production. The WBA used in this study is obtained
from a local municipal solid waste incineration (MSWI) plant (provided by Attero, the
Netherlands), which can be described as heterogeneous particles consisting of glass,
magnetic and paramagnetic metals, minerals, synthetic and natural ceramics, and
unburned matter (Chimenos et al., 1999). According to the European Landfill Directive,
the weathered WBA is considered suitable for land filling or reuse. The most widespread
practice is the reuse of WBA as an aggregate substitute for road base (Izquierdo et al.,
2001, Forteza et al., 2004), which is subject to strict requirements that are defined by
each European country. Another important way of applying WBA is as an aggregate for
concrete (Lee et al., 2010; Kim and Lee, 2011b; Kim et al., 2012). Hence, to successfully
utilize the WBA in the UHPFRC production, its basic characteristics need to be deeply
understood. In this part, the particle size distribution, specific density, chemical
composition, phase composition and morphology of the used aggregates are assessed.
•

Particle size distribution

Differently from the method employed to evaluate the particle size distribution of
powders, the PSDs of the utilized aggregates are measured by sieve analysis based on
EN-933-1 (1997). The aggregates pass through a series of sieves that are arranged in the
order of increasing sieve openings from bottom to top. Then, the mass of materials
retaining on each sieve is weighted and used to calculate the proportion of the total mass.
However, for the microsand used in this study, due to the fact that it contains a large
amount of fine particles, its PSD is determined by a combination of both sieve and laser
diffraction analyses. The obtained PSDs results of all the aggregates are presented in
Figure 2.4. It is noteworthy that the cumulative particle size distributions of the used sand
(0-2) and the WBA are similar to each other. Moreover, compared to the sand (0-2) and
WBA, the utilized microsand has much more smaller particles, which is beneficial for
filling the gaps between powders and aggregates and further improving the properties of
UHPFRC.
•

Specific density

Similarly to the method employed to evaluate the specific density of powders, the helium
pycnometer (AccuPyc 1340 II Pycnometer) is utilized to measure the specific density of
all the used aggregates. The results are shown in Table 2.4. It can be found that the
specific density of all the utilized aggregates fluctuates around 2.7 g/cm3. Hence, based
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on the obtained particle size distribution and specific density results, it can be
summarized that the particle packing of the solid skeleton in concrete would be only
slightly affected when the sand (0-2) is partly replaced by WBA.
Table 2.4: Specific densities of powders measured by AccuPyc 1340 II Pycnometer

Materials

Sample 1
2.721
2.648
2.734

Microsand
Sand (0-2)
WBA

Specific density (g/cm3)
Sample 2
Sample 3
2.726
2.722
2.644
2.639
2.729
2.728

Average
2.723
2.644
2.730

100

30
Sand (0-2)

WBA
20
60

15
40

10

Average size fraction (vol. %)

Cumulative finers (vol. %)

25

Microsand

80

20

5

0

1

10

100

1000

0
10000

Particle size (μm)

Figure 2.4: Particle size distributions of the used aggregates (WBA: waste bottom ash)

•

Chemical composition

To further clarify the difference between the WBA and sand (0-2), their chemical
compositions are evaluated by X-ray Fluorescence (XRF) (PANalytical - Epsilon 3). The
results are presented in Table 2.5. It can be noticed that the sand (0-2) is mainly
composed of SiO2, while the WBA has more complicated composition. The SiO2
(59.11%) is still the main component in WBA, which is followed by CaO (14.06%) and
Fe2O3 (11.64%). Furthermore, it is important to see that the WBA has a higher Al2O3
content than that of sand (0-2). As commonly known (Pera et al., 1997; Müller and
Rübner, 2006), the metallic aluminium particles in WBA can react with alkaline
substances in concrete and release hydrogen, which may seriously affect the
microstructure development of cement hydration products and produce cracks in concrete.
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Hence, to confirm the existence of metallic aluminium, some other test devices or
procedures are needed.
Table 2.5: Chemical composition of sand (0-2) and the WBA

Substance
CaO
SiO2
Al2O3
Fe2O3
K 2O
Na2O
SO3
MgO
P2O5
Cl-

•

Sand (0-2)
(mass %)
0.12
92.61
6.21
0.04
0.54
0.02
0.15
0.26
0.03
0.02

WBA
(mass %)
14.85
59.11
8.13
12.29
0.93
1.96
0.78
1.13
0.78
0.04

Phase compositions

The phase compositions of the WBA are obtained by using X-ray diffraction analysis
(XRD, Cu tube, 40 kV, 30 mA, 10-90˚, 0.02˚/step, 2˚/min). The results are illustrated in
Figure 2.5. The main peaks are marked according to the crystalline diffractogram
speciﬁcation, which are SiO2, CaCO3, CaSO4 and Fe2O3. In addition, the peak
representing SiO2 is very obvious. This is similar to that of normal sand. However, the
peak representing metallic aluminum cannot be clearly observed.

Figure 2.5: XRD analysis of the used waste bottom ash (WBA)
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•

Hydrogen release

To clarify the existence of metallic aluminum in the utilized WBA, the hydrogen release
of WBA is evaluated, following the method shown in (Qiao et al., 2008). As has been
widely reported that metallic aluminum in WBA can react with hydroxyl ions under high
pH conditions to produce hydrogen gas as (Müller and Rübner, 2006; Qiao et al., 2008):
2Al + 2OH - + 2 H2O → 3H2 ↑+ 2AlO2- (aq)

(2.3)

Therefore, in this study, the volume of the gas released from WBA samples during
alkaline solution curing is determined using the experimental setup shown in Figure 2.6.
WBA is mixed with NaOH solution (1 mol/L), and the experiment finishes when no
further gas can be collected. Then, the total released hydrogen amount is recorded. At
least three samples are measured to calculate the average value. Based on the collected
hydrogen amount, the calculated metallic aluminium proportion in the utilized WBA is
around 0.43% by the mass of the WBA.

Figure 2.6: Schematic diagram of the experimental set-up to determine gas released from the utilized
WBA (Qiao et al., 2008)

•

Morphology comparison

In this study, to compare the morphologies difference between the WBA and sand (0-2),
two microscopes are utilized: one is an optical microscope (maximum magnification of
80 ×), while the other one is a scanning electron microscope (SEM) (Quanta 650 FEG,
FEI). The results are presented in Figure 2.7. As can be seen, the appearance of the WBA
and sand (0-2) is relatively similar to each other. Nevertheless, compared to the sand (02), the surface of the WBA is much rougher and contains many fine pores. In addition,
some waste threadlike stuff can be often observed at the WBA particles surface, which
may act as fibres when applied in concrete and improve its flexural strength.
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Based on the analysis shown above, it can be summarized that the utilized WBA has
similar density and particle size distribution as that of sand (0-2). However, due to the
influence of heating treatment (waste burning process), the WBA has a much rougher
surface than the sand (0-2), and the metallic aluminium in WBA may cause negative
effect on the properties of concrete.
Sand (0-2)

Sand (0-2)

WBA

Waste bottom ash

Threadlike stuff

Sand (0-2)

Waste bottom ash

Figure 2.7: Morphology comparison of sand (0-2) (left) and waste bottom ash (WBA) (right)
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2.2.3

Fibres characterization

There are a large amount of fibres available on the market that can be used to reinforce
concrete. They can be roughly divided into three categories: 1) steel fibres; 2) synthetic
fibres; 3) natural fibres. In most cases, the steel fibres can significantly improve the
mechanical properties of concrete, while the natural fibres are relatively weak.
Nevertheless, with the development of chemical industry, some of the synthetic fibres
have even larger tensile strength than the steel fibres and simultaneously can effectively
enhance the mechanical properties of concrete. Moreover, some of the synthetic fibres
can be produced in very small dimensions (μm scale in diameter), which can be utilized
to restrain the growth of micro-cracks in the matrix of concrete.
Due to the fact that the aim of this study is to produce a sustainable UHPFRC with low
environmental impact, the steel fibres are still mainly utilized, since the synthetic fibres
are normally more expensive than the steel fibres. In general, three types of steel fibres
are used in this research. Additionally, as mentioned before, to limit the growth of microcrack, one type of polypropylene fibres is used together with steel fibres in Chapter 6. All
the used fibres are shown in Figure 2.8, and their characteristics are presented in Table
2.6.
Table 2.6: Characteristics of utilized steel fibres

Fibre type
Hook ended steel fibre
Long straight steel fibre
Short straight steel fibre
Polypropylene fibre

Polypropylene
fibres

Length Diameter
(mm)
(mm)
35
0.55
13
0.2
6
0.16
8
0.015

Short straight
steel fibres

Aspect
ratio
64
65
38
533

Density
(g/cm3)
7.8
7.8
7.8
0.91

Long straight
steel fibres

Figure 2.8: Fibres used in this study

Tensile strength
(MPa)
1200
1100
1100
400

Hook ended
steel fibres
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Superplasticizer

In the development of UHPFRC, except the powders, aggregates and fibres (mentioned
above), superplasticizer (SP) is also very important, since very limited amount of water
and relatively high content of SP are normally utilized in the concrete design. From the
available literature (Houst et al., 2008; Plank et al., 2009), it can be concluded that SP can
significantly improves the flow of cement pastes by changing the degree of flocculation
in the system. This can be attributed to that fact that SP polymers are adsorbed at the
solid-liquid interface and alter the degree of flocculation in three different ways (Nelson
and Guillot, 2006; Schmidt, 2014): 1) by increasing the zeta potential of the material; 2)
by increasing the solid-liquid affinity; 3) by steric hindrance as a result of physical
barriers to flocculation. Moreover, the type of SP based on polycarboxylic ether (PCE)
has been demonstrated to be effective in the production of HPC with a high content of
fine particles (Houst et al., 2008; Artelt and Garcia, 2008). Therefore, in this research, the
used SP is an innovative admixture based on modified polycarboxylic ether (PCE)
polymers. This product is primarily developed for the use in the concrete industry where
the highest durability and performance are required. The detailed information on the used
SP is shown in Table 2.7.
Table 2.7: Characteristics of utilized superplasticizer

Appearance
Specific gravity (20 ˚C)
pH-value
Alkali content (%)
Chloride content (%)

Brown liquid
1.095 ± 0.02 g/cm3
7.0 ± 1
≤ 5.0
≤ 0.10

2.3 Experimental methodologies
2.3.1

Workability

In this research, two standards are employed to evaluate the workability of UHPFRC:
EN-1015-3 (2007) and EN-12350-8 (2010). Following the EN-1015-3 (2007), fresh
UHPFRC is filled in a conical mould in the form of a frustum (Hägermann cone), as
shown in Figure 2.9. Then, the cone is lifted straight upwards in order to allow a free
flow for the paste/concrete without any jolting. Eventually, two diameters (d1 and d2,
perpendicular to each other) of the spread flow are measured. Their mean is recorded as
the slump flow value of UHPFRC. As originally introduced by Okamura and Ozawa
(1995), the average spread flow value can be utilized to calculate the relative slump (Γ)
via:
2

 d + d2 
Γ = 1
 −1
 2d0 

(2.4)
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where d0 represents the base diameter of the used cone (mm), 100 mm in case of the
Hägermann cone. The relative slump Γ is a measure for the deformability of the mixture.
Additionally, considering the effect of hook ended long steel fibres, the flowability of
fresh mixtures of UHPFRC with these fibres is tested following EN-12350-8 (2010). The
Abrams cone (as shown in Figure 2.10) with the internal upper/lower diameter equal to
100/200 mm and height equal to 300 mm is utilized without any jolting. Two diameters
(d1 and d2) perpendicular to each other are recorded and their mean is recorded as the
slump flow value of UHPFRC.
70 mm

60 mm
100 mm

d1

d2

Figure 2.9 Geometry of Hägermann cone (left), an example of an executed spread flow test (right)

Figure 2.10 Abrams cone (left), workability test of UHPFRC with hook ended fibres (right)

2.3.2

Air content

The air content in fresh UHPFRC is experimentally determined following the subsequent
procedure. The fresh concrete is filled in cylindrical container of known volume and
vibrated for 30 seconds. The exact volume of the container is determined beforehand
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using demineralized water of at °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, the air content of concrete can be derived from the following
equation:

φair =

Vcontainer − Vsolid − Vliquid
Vcontainer

g 100

(2.5)

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

Vair
Vliquid

ρsolid-i
Msolid

Mass

Eq. 2.5
Vsolid

Volume

Figure 2.11: Scheme of the method to estimate the air content in fresh UHPFRC

As the composition of the tested mixture is known, the mass percentage of each
ingredient can be computed. After measuring the total mass of concrete in the container,
the individual masses of all materials in the container can be obtained. Applying the
density of the respective ingredients, the volume percentages of each mix constituent can
be computed. Hence,

Vsolid = ∑

Mi

i

ρi

(2.6)

and
Vliquid = ∑
j

Mj

ρj

(2.7)
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where Mi and ρi are the mass (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 fraction j in liquid materials,
respectively. The schematic diagram for calculating the air content in concrete is shown
in Figure 2.11.
2.3.3

Water-permeable porosity

The water-permeable porosity of the developed UHPFRC is measured applying the
vacuum-saturation technique, which is referred to as the most efficient saturation method
(Safiuddin and Hearn, 2005). Samples with a format of a square (with a height of 10 - 15
mm, and an edge size of 100 mm) are extracted from the 100 mm cubes for each prepared
UHPFRC composite. The test is carried out on at least 3 samples for each mix, following
the vacuum-saturation description given in NT Build 492 (1999) and ASTM C1202
(2005):
1) Place the samples in a dessicator and apply a pressure of 40 mbar for three hours;
2) Fill in slowly the dessicator with water (with the pump still connected and
running) until approximately 10 mm more than the top surface of the samples;
3) Maintain the pressure for an additional hour, then turn the pump off;
4) Let the samples soak in water for 18 hours;
5) Measure the mass of the surface dry samples in air;
6) Measure the hydrostatic mass of the samples (in water);
7) Dry the sample in an oven at 105 °C until a constant mass is reached, then
measure the mass.
The water-permeable porosity is calculated from the following equation:

ϕ v ,water =

m s − md
⋅100
ms − mw

(2.8)

where φv,water is the water-permeable porosity (%), ms is the mass of the saturated sample
in surface-dry condition measured in air (g), mw is the hydrostatic mass of the watersaturated sample (g) and md is the mass of oven dried sample (g).
2.3.4

Mechanical properties

After preforming the workability test, fresh UHPFRC is cast in moulds with different
sizes (40 mm × 40 mm × 160 mm, 100 mm × 100 mm × 100 mm and 100 mm × 100 mm
× 500 mm). All the samples are demolded approximately 24 h after casting and then
cured in water at about 21 ˚C. Afterwards, the mechanical properties of UHPFRC are
tested based on different standards. For compressive strength, the samples are tested
based on EN-196-1 (2005) and EN-12390-3 (2009), while that the flexural behaviour of
UHPFRC are tested following EN-196-1 (2005) and EN-12390-5 (2009).
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Hydration kinetics

As commonly known, the hydration of Portland cement involves the reaction of
anhydrous calcium silicate (C3S and C2S) and aluminate phases (C3A and C4AF) with
water to form hydrated phases. Both C3S and C2S react with water to produce an
amorphous calcium silicate hydrate known as C–S–H gel which is the main product that
binds the sand and aggregate particles together in cement mortars and concrete (Taylor,
1997). The hydration process of C3S and C2S can be shown as:
C3S + 3.9H → C1.7SH2.6 + 1.3CH + ∆H↑

(2.9)

C2S + 2.9H → C1.7SH2.6 + 0.3CH + ∆H↑

(2.10)

The reactions of C3A and C4AF with water are relatively complex. In general, with the
addition of soluble calcium sulphate, C3A can quickly react with water to form the
C2AH8 and C4AH19 phases, which subsequently convert to C3AH6 (Taylor, 1997). In this
process, normally a large amount of heat is released. The reaction can be shown as:
C3A + 3C𝑆̅ + 32H → C3A·3C𝑆̅·32H + ∆H↑

(2.11)

C3A·3C𝑆̅·32H + 2C3A + 4H → 3[C3A·C𝑆̅·12H] + ∆H↑

(2.12)

Then, when the available sulphate has been consumed, the ettringite will react with C3A
to form mono-sulphate, which can be summarized as (Taylor, 1997):

Nevertheless, due to the fact that the cementitious system of UHPFRC normally has a
large cement (or binder) amount, low water content and high superplasticizer addition,
the cement hydration may be significantly affected and is different from that occurring in
normal strength concrete. Therefore, to efficiently use the cement or binders in UHPFRC
and eventually produce a sustainable UHPFRC, it is very important to clarify the
hydration kinetics of cement in UHPFRC.
In this study, the heat flow calorimetry test is employed to investigate the hydration
kinetics of cement. Before the testing, the samples are mixed for two minutes and
transferred into a sealed glass ampoule, which is then placed into the isothermal
calorimeter (TAM Air, Thermometric). The instrument is set to a temperature of 20 ˚C.
After 7 days, the measurement is stopped and the obtained data is analysed. All results
are ensured by double measurements (two-fold samples).
2.3.6

Thermal properties

In the research on the cement hydration, TG/DSC is one of the mostly used techniques,
which can effectively identify the phases, clarify the chemical reactions and study the
effect of mineral admixtures (Ramachandran et al., 2002). In this research, a Netzsch
simultaneous analyser, model STA 449 C, is used to obtain the Thermo-gravimetric (TG)
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and Differential Scanning Calorimetry (DSC) curves of UHPFRC paste. The pastes are
produced without any aggregates. Analyses are conducted at a 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) measurements of non-evaporable water
content for hydrated UHPFRC paste are employed to estimate the hydration degree of
cement (Bentz et al., 2000). Assuming that the UHPFRC paste is a homogeneous system,
non-evaporable water content is determined according to the following equation:
'
M Water
= M 105 − M 1000 − M CaCO3

(2.13)

where the M’water is the mass of non-evaporable water (g), M105 is the mass of UHPFRC
paste after heat treatment at 105 ˚C for 2 hours (g), M1000 is the mass of UHPFRC paste
after heat treatment at 1000 ˚C for 2 hours (g) and MCaCO3 is the mass change of
UHPFRC paste caused by the decomposition of CaCO3 during the heating process (g).
Then, the hydration degree of the cement in the UHPFRC paste is calculated as:
βt =

'
M Water
g 100
M Water − Full

(2.14)

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 investigations shown in
(Pane and Hansen, 2005), 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.

2.4 Conclusions
In this chapter, the characterization of the utilized materials and the experimental
procedures employed in this thesis are presented. The used materials are mainly divided
into three categories: powders, aggregates and fibres. The materials analysis mainly
focuses on the particle size distribution, specific density, water demand, chemical
composition and microstructure analysis. The following conclusions are drawn:
1) A high content of powders is utilized in the production of UHPFRC. Hence, it is
very important to understand the water demand of powders, since very limited
amount of water is normally used in the design of UHPFRC. From the obtained
experimental results, the water demand of the tested powders follows the order:
limestone powder (LP) < fly ash (FA) < ground granulated blast slag (GGBS) <
Ordinary Portland Cement (OPC, CEM I 52.5 R), which implies that when the
cement is partially replaced by LP in UHPFRC, it workability can be improved.
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2) The utilized limestone powder (LP) has a very similar particle size distribution to
that of cement, which implies that the LP can be utilized to partially replace
cement without significantly altering the particle packing of the solid matrix.
3) To secure the homogeneity of the UHPFRC micro-structure, two types of normal
fine aggregates are mainly utilized: normal sand with the fraction 0-2 mm and
microsand with the fraction 0-1 mm. Additionally, one type of waste material
(bottom ash) is also included in the production of sustainable UHPFRC. The
experimental results show that the utilized waste bottom ash (WBA) has a similar
density and particle size distribution to that of sand (0-2) (as shown in Table 2.4
and Figure 2.4). However, due to the influence of heat treatment, the WBA has a
much rougher surface than sand (0-2), and the metallic aluminium present in the
WBA may cause negative effects on the properties of UHPFRC.
4) Considering the high performance and convenience, steel fibres (straight and
hook ended) are mainly used in the UHPFRC production in this study. Moreover,
to further restrict the growth of micro-cracks in the concrete matrix, one type of
polypropylene fibres is used, which is much thinner compared to the steel fibres.
5) A type of superplasticizer (SP) based on polycarboxylic ether (PCE) has been
demonstrated to be effective for the use in HPC with a large amount of fine
particles. Therefore, in this research, the used SP is an innovative admixture based
on modified polycarboxylic ether (PCE) polymers. This product is primarily
developed for the use in the concrete industry where the highest durability and
performance are required.
6) A series of test methods are employed to evaluate the properties of the developed
UHPFRC, focusing on workability, air content, water-permeable porosity,
mechanical properties, cement hydration kinetics and thermal properties. To
develop a sustainable UHPFRC with a low cement content, good workability and
high mechanical properties, the cement hydration kinetics should be deeply
investigated. In most cases, a high cement content is utilized in the production of
UHPFRC, and many of these cement particles are not hydrated even after curing
for 91 days. Hence, it is very important to evaluate the cement hydration degree in
UHPFRC. Based on the TG/DSC results, the cement hydration degree of the
developed sustainable UHPFRC can be assessed.
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Chapter 3
3 Optimized mix design approach for UHPFRC
3.1 Introduction
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a combination of high
strength concrete matrix and fibres reinforcement. In particular, it is a super plasticized
concrete, reinforced with fibres, with improved homogeneity because traditional large
aggregates are most often replaced with fine sand (Richard and Cheyrezy, 1995).
According to Richard and Cheyrezy (1995), UHPFRC represents the highest
development of High Performance Concrete (HPC) and its ultimate compressive strength
depends on the curing conditions (either standard curing, steam curing 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.
In the last 25 years, advances in concrete technology have allowed the designing of
UHPFRCs that show excellent rheological behaviour (workability and self-placing
capability), mechanical properties (very high compressive strength and non-brittle tensile
behaviour) and durability performance (Kooiman, 2000; Grünewald, 2004; Markovic,
2006; Schumacher, 2006; Lappa, 2007; Hassan et al., 2012; Tayeh et al., 2012; Park et al.,
2012; Rossi, 2013; Wang et al., 2014). As mentioned in Chapter 1, to gain the desired
strength of a UHPFRC, well-chosen raw materials and sophisticated technical procedures
are conventionally required. Moreover, a large amount of cement or binders are normally
used in the production of UHPFRC. For instance, Rossi (2013) presented an experimental
study of the mechanical behaviour of an UHPFRC with 1050 kg/m3 cement. Park et al.
(2012) investigated the effects of hybrid fibres on the tensile behaviour of Ultra-High
Performance Hybrid Fibre Reinforced Concrete, in which about 1000 kg/m3 of binder
was used. Considering that the high cost of UHPFRC is a disadvantage that restricts its
wider usage, some industrial by-products such as ground granulated blast-furnace slag
(GGBS) or silica fume (SF) have been used as partial cement replacements. For example,
El-Dieb (2009) produced UHPFRC with about 900 kg/m3 cement and 135 kg/m3 silica
fume. Tayeh et al. (2012) utilized about 770 kg/m3 cement and 200 kg/m3 silica fume to
produce a UHPFRC as a repair material. Hassan et al. (2012) show some mechanical
investigation on a UHPFRC with around 650 kg/m3 cement, 420 kg/m3 GGBS and 120
kg/m3 silica fume. Additionally, some waste materials are also included in the UHPFRC
production to reduce its cost. Tuan et al. (2011a and 2011b) investigated the possibility of
using rice husk ash (RHA) to replace silica fume (SF) in producing Ultra-High
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Performance Concrete (UHPC). The experimental results show that the compressive
strength of UHPC incorporating RHA reaches more than 150 MPa. Yang et al. (2009)
utilized recycled glass cullet and two types of local natural sand to replace the more
expensive silica sand in UHPFRC. Nevertheless, the experimental results show that the
use of recycled glass cullet (RGC) gives approximately 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 (Capros et al., 2001;
UNSTATS, 2010; Friedlingstein et al., 2010). Hence, one of the key sustainability
challenges for the next decades is to design and produce a type of concrete with less
clinker and inducing lower CO2 emissions than traditional ones, while providing the same
reliability, with a much better durability (Denarié and Brühwiler, 2011; Habert et al.,
2013). Considering the successful achievement on the application of UHPFRC for
rehabilitation of bridges since 1999 (Brühwiler and Denarié, 2008), UHPFRC seems to
be one of the candidates to reduce the global warming impact of construction materials.
However, as shown before, when producing UHPC or UHPCRC, the cement or binder
content is always relatively high (normally more than 1000 kg/m3). Although some
investigations show that it is possible to replace significant amounts of the cement in
UHPC mixes by limestone powder or fine quartz sand of comparable size and
distribution, while keeping the absolute water added constant, without significantly
decreasing the compressive strength (Bornemann and Schmidt, 2002; Habert et al., 2013),
how to find a reasonable balance point between the binder amount and the mechanical
properties of UHPC or UHPFRC still remains an open question.
As already been accepted, an optimum packing of the granular ingredients of concrete is
the key for a good and durable concrete (Brouwers and Radix, 2005; Hüsken, 2010;
Hunger, 2010). Nevertheless, from the available literature, it can be found that the
investigation of design or production of UHPFRC with an optimized particle packing is
not sufficient (De Larrard and Sedran, 1994; De Larrard and Sedran, 2002; Toledo Filho
et al., 2012). In most cases, the recipes of UHPC or UHPFRC are given directly, without
any detailed explanation or theoretical support for the given concrete proportions. Hence,
it can be predicted that a large amount of binders or other particles are not optimally used
in UHPFRC.
Consequently, the objective of this chapter is to figure out how to effectively design and
produce a UHPFRC with a low cement amount. 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 (A&A model) (Funk and Dinger,
1994). Fillers (limestone and quartz powders) are used to replace cement in the concrete.
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3.2 Mix design of concrete based on the optimized particle packing
For the design of mortars and concretes, several mix design tools are in use. Based on the
properties of multimodal, discretely sized particles, De Larrard and Sedran (1994, 2002)
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 (1994)
developed the Linear Packing Density Model composing multimodal particle mixtures.
The functions of the LPDM are describing the interaction between the sizes classes of the
materials used. Due to the linear character of the LPDM, the model was improved by De
Larrard and Sedran (1994) 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 resulted in the Solid
Suspension Model (SSM). In the further development of their model, De Larrard and
Sedran (2002) introduced the compaction index to the so-called Compressive Packing
Model (CPM). The compaction index considers the difference between the actual packing
density and virtual packing density and characterizes therefore the placing process.
However, also the CPM still uses the packing of monosized classes to predict the packing
of the composed mixture made up of different size classes. Fennis et al. (2009) have
developed a concrete mix design method (cyclic design method) based on the concepts of
De Larrard and Sedran (1994, 2002). However, all these design methods are based on the
packing fraction of individual components (cement, sand etc.) and their combinations,
and therefore it is complicated to include very fine particles in these mix design tools, as
it is difficult to determine the packing fraction of such fine materials or their
combinations. As mentioned before, due to the fact that a large amount of fines are
normally utilized in the production of UHPFRC, the design methods shown above are
inefficient for the design of UHPC or UHPFRC.
Another possibility for the mix design is offered by an integral particle size distribution
approach of continuously graded mixes, in which also the very fine particles can be
integrated with considerably lower effort. 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 Thompson
(1907) showed that the packing of concrete aggregates is affecting the properties of the
produced concrete. They concluded that a geometric continuous grading of the aggregates
in the composed concrete mixture can help to improve the concrete properties. Based on
the investigation of Fuller and Thompson (1907) and Andreasen and Andersen (1930), 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. (3.1).
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 D
P( D) = 
 Dmax





q

(3.1)

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. (3.1), the minimum particle size is not incorporated, while in the reality
there must be a finite lower size limit. Hence, Funk and Dinger (1994) 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 A&A model, which is
shown as follows (Funk and Dinger, 1994):
q
D q − Dmin
P( D) = q
q
Dmax − Dmin

(3.2)

where Dmin is the minimum particle size (μm).
The modified A&A model has already been successfully employed in the optimization
algorithms for the design of self-compacting concrete (Hunger, 2010), zero-slump
concrete (Hüsken, 2010), lightweight concrete (Yu et al., 2013; Spiesz et al., 2013) and
concrete with nanosilica (Quercia, 2014). Different types of concrete can be designed
using Eq. (3.2) by applying different values of the distribution modulus q, as it
determines the proportion between the fine and coarse particles in the mixture. Higher
values of the distribution modulus (q > 0.5) lead to coarse mixtures, while lower values
(q < 0.25) result in concrete mixes which are rich in fine particles (Hüsken and Brouwers,
2008). Brouwers (2006) demonstrated that theoretically a q value range of 0 - 0.28 would
result in an optimal packing. Hunger (2010) recommended using q in the range of 0.22 0.25 in the design of self-compacting concrete.
In the design of concrete performed in this study, the modified A&A model (Eq. (3.2))
acts as a target function for the optimization 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
optimization algorithm based on the Least Squares Method (LSM), as presented in Eq.
(3.3). When the deviation between the target curve and the composed mix, expressed by
the sum of the squares of the residuals (RSS) at defined particle sizes, is minimized, the
composition of the concrete is treated as the optimum.

∑
RSS =

n
i =1

( Pmix ( Dii +1 ) − Ptar ( Dii +1 ))2
n

(3.3)
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where Pmix is the composed mix, and the Ptar is the target grading calculated from Eq.
(3.2), n is the number of the chosen points between Dmin and Dmax.
As commonly known, the quality of the curve fit is assessed by the coefficient of
determination (R2), since it gives a value for the correlation between the grading of the
target curve and the composed mix. Therefore, the coefficient of determination (R2) is
calculated in this study as follows:

R

2

∑
= 1−

n
i =1

( Pmix ( Dii +1 ) − Ptar ( Dii +1 ))2

∑

Where Pmix =

( Pmix ( Dii +1 ) − Pmix )2
i =1
n

(3.4)

1 n
P ( Dii +1 ) , which represents the mean of the entire distribution of
∑
i =1 mix
n

the particles.

3.3 Experimental validation of the optimized particle packing model
To demonstrate whether the modified A&A model is suitable to be used in the design of
UHPFRC, an experimental validation is shown in this paragraph. The strategy is to
develop a UHPFRC with low cement or binders amount without sacrificing its
mechanical properties.
3.3.1

Materials and mix design

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 superplasticizer is
used to adjust the workability of concrete. The limestone and quartz powder are used as
fillers to replace the cement. Two types of sand are used, one is normal sand with the
fractions of 0-2 mm and the other one is microsand with the fraction 0-1 mm (GranietImport Benelux, the Netherlands). One type of commercial microsilica (powder) is
selected as pozzolanic material. Long straight steel fibres (length of 13 mm and diameter
of 0.2 mm) are employed to produce UHPFRC. All the detailed information and
characteristics of the utilized raw materials can be found in Chapter 2.
Based on the modified A&A model shown above, the developed UHPFRC matrices are
listed in Table 3.1. In this study, considering that a large amount of fine particles are
utilized to produce the UHPFRC, the value of q is fixed at 0.23. In total, three different
types of UHPC composites are designed. The reference concrete mixture (UHPC1) has a
high cement content (about 875 kg/m3). In UHPC2 and UHPC3, about 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 grading curves and
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the resulting integral grading curves (Figure 3.1). Hence, based on the properties
comparison among UHPC1, UHPC2 and UHPC3, it is possible to evaluate the efficiency
of binders and try to produce a dense UHPC matrix with a low binder content.
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(a) UHPC1
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(c) UHPC3
Figure 3.1: PSDs of the involved ingredients, the target and optimized grading curves of the mixtures:
UHPC1 (a), UHPC2 (b) and UHPC3 (c)
Table 3.1: Recipes of developed UHPFRC matrixes

UHPC1
UHPC2
UHPC3
3
3
(kg/m )
(kg/m )
(kg/m3)
OPC
874.9
612.4
699.9
LP
0
262.5
0
QP
0
0
175.0
MS
218.7
218.7
218.7
S
1054.7
1054.7
1054.7
mS
43.7
43.7
43.7
W
202.1
202.1
202.1
SP
45.9
45.9
45.9
W/C
0.23
0.33
0.29
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powders, QP: quartz powders,
MS: microsand, S: sand (0-2), mS: microsilica, W: water, SP: superplasticizer, W/C: water to
cement ratio)
Materials

Here, it is important to notice that the finest microsilica particle (about 0.05 μm) is not
used as the Dmin of the modified A&A model, and the additional microsilica amount is
about 5% (bwoc). When the fine particles in microsilica would be included into the
modified A&A model, then the distribution modulus (q) would increase to about 0.29 to
obtain the optimal concrete mixture (similar as that shown in Table 3.1). One example of
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the modified target and optimized grading curves (with Dmin = 0.05 μm and q = 0.29) of
the UHPC mixture is presented in Figure 3.2. This phenomenon is in line with that
presented in (Quercia, 2014). As concluded by Quercia (2014), the modified A&A model
is suitable to design concrete with very fine particles (e.g. nano particles). However, to
achieve a densely compacted cementitious matrix, the mixture with nano particles should
have a smaller Dmin and a larger q value in the application of the modified A&A model,
compared to the normal optimized concrete mixes without very fine particles.
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Figure 3.2: One example of optimized concrete mixture (UHPC3) with smaller Dmin (0.05 μm) and
larger q (0.29) value

Additionally, for normal fibre reinforced concrete (FRC), the fibre content is about 1-2%
by volume of concrete (Grünewald, 2004). However, in UHPFRC, this value often
increases to more than 2%, and sometime reaches even 5% (Park et al., 2012). Hence, in
this study, to investigate the effect of fibres on the properties of UHPFRC, the steel fibres
(straight long, as shown in Table 2.6 and Figure 2.8) are added into each UHPC mixes in
the amount of 0.5%, 1.0%, 1.5%, 2.0% and 2.5% (vol.), respectively.
3.3.2
•

Experimental methodologies
Employed mixing procedures

In this study, a simple and fast method is utilized to produce all the UHPFRC samples.
The detailed information of the mixing procedures is shown in Figure 3.3. In total, 7
minutes and 30 seconds are required to finish the UHPFRC production, which is much
shorter than other mixing procedures for UHPFRC (Yang et al., 2009; Yang et al., 2010).
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Moreover, mixing is always executed under laboratory conditions with dried and
tempered aggregates and powder materials. The room temperature while mixing, testing
and casting is constant at around 21 °C.
All powder and
sand fractions

About 80%
mixing water
30 s at slow speed
mixing

Remaining
water, SP, fibres

90 s at low speed
mixing and stop for 30 s
180 s mixing at low speed,
120 s mixing at high speed

UHPFRC
Figure 3.3: Detailed information on the mixing procedure for producing UHPFRC

•

Fresh behaviour

The fresh behaviour of the developed UHPFRC is measured following the method shown
in Section 2.3.1. The Hägermann cone is utilized and the relative slump (Γ) is calculated.
•

Air content

The air content of the developed UHPFRC in fresh state is measured following the
method shown in Section 2.3.2.
•

Water-permeable porosity

The water-permeable porosity of the developed UHPFRC in hardened state is measured
following the method shown in Section 2.3.3.
•

Mechanical properties

After preforming the workability test, fresh UHPFRC is cast in moulds 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 EN-196-1 (2005). At least three specimens are tested at each age to compute
the average strength.
•

Thermal properties
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The thermal analysis and cement hydration degree are determined by the method
presented in Section 2.3.6.
•

SEM analysis

Scanning electron microscopy (SEM) is employed to study the morphology of UHPFRC
microstructure. After curing, the specimens are cut into small fragments and soaked in
ethanol for more than 7 days in order to stop the hydration of cement. Subsequently, the
samples are dried and stored in a sealed container before the SEM imaging.
3.3.3
•

Results and discussions
Relative slump

The relative slump of the fresh UHPFRC mixes, calculated as described in Eq. (2.4),
versus the volumetric content of steel fibres is depicted in Figure 3.4. The data illustrates
a direct relation between the steel fibres content and workability of the fresh UHPFRC. It
is important to notice that with the addition of steel fibres, the relative slump of all the
UHPFRC decreases linearly. Particularly for the group of UHPC2, its relative slump
sharply drops from 4.29 to 1.10, when the steel fibre content grows from 0.5% to 2.5%
by volume of concrete. Moreover, with the same content of steel fibres, the relative
slump of UHPC2 is always the largest, which is followed by UHPC3 and UHPC1,
respectively. This difference between the mixtures is quite obvious at a low fibre amount
and gradually declines when additional fibres are included. Furthermore, based on the
linear equations shown in Figure 3.4, 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 for UHPC2.
As commonly known, the effect of steel fibres on the workability of concrete is mainly
due to the following reasons (Grünewald, 2004): 1) the shape of the fibres is much more
elongated compared with aggregates and 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 particles that are
relatively large compared with the fibre length; 3) steel fibres 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 the hook ended steel fibres and aggregates is
higher compared with straight steel fibres. In this chapter, only short and straight steel
fibres are used, which means the workability loss of concrete with the addition of fibres
can be attributed to the increase in the internal surface area that produces higher cohesive
forces between the fibres and concrete matrix. As presented by Edgington et al. (1978),
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
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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 superplasticizer amount, utilizing fillers to
replace cement can significantly improve the workability of concrete, similarly to the
results shown in (Violeta, 2003; Madani et al., 2011; Mehmet et al., 2012).
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Figure 3.4: Variation of the relative slump of UHPFRC with different cement content as function of
the steel fibre content

To summarize, due to the high cohesive forces between the fibres and concrete matrix,
the addition of steel fibres will decrease the workability of UHPFRC. A linear decrease
of the relative slump of UHPFRC with the increase of steel fibre content can be observed
in this research. However, similarly to the normal concrete, appropriate utilization of
fillers to replace the cement could also be treated as an effective method to improve the
workability of UHPFRC.
•

Air content and water-permeable porosity

The determined air content of UHPFRC in fresh state and the water-permeable porosity
of UHPFRC in hardened state are presented in Figures 3.5 and 3.6. As can be seen in
Figure 3.5, all the curves are very similar to each other, which implies that the particle
packing and void fraction of the developed UHPFRC are close to each other. Especially
when the content of steel fibres increases to 2.5%, the difference in the air content among
UHPC1, UHPC2 and UHPC3 is difficult to distinguish. Moreover, with an increase of the
steel fibres content, the air content of each UHPFRC increases linearly, which means the
more steel fibres are added, the more air will be entrained into UHPFRC.
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Figure 3.5: Variation of the air content in fresh UHPFRC with different cement content as function
of steel fibre content
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Figure 3.6: Total water-permeable porosity of UHPFRC with different cement content as function of
steel fibre content

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 concrete ingredients. As shown in
(Grünewald, 2004), due to the internal force between the fibres and aggregate (and/or
fibres themselves), the packing 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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In Figure 3.6, it can be noticed that the effect of steel fibres on water-permeable porosity
of concrete is similar to the effect of the steel fibres on the air content in fresh concrete
(as shown in Figure 3.5). With an increase of the content of steel fibres, the waterpermeable porosity of each developed UHPFRC linearly grows. Moreover, the waterpermeable porosity values obtained in this study are smaller compared to conventional
concrete. For instance, Safiuddin and Hearn (2005) reported a water-permeable 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 water-permeable porosity of UHPC2 is the smallest among the three
investigated mixtures.
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Figure 3.7: Paste porosity results of UHPFRC with different cement and fibre content

Here, it is assumed that the water-permeable porosity of UHPFRC is composed of the air
voids (entrapped in fresh concrete) and the paste porosity (generated during the hydration
of cement). Hence, based on the results shown in Figures 3.5 and 3.6, the paste porosity
of UHPC mixes versus the volumetric steel fibres content is revealed in Figure 3.7. It is
apparent that with an increase of the 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 and Miyazawa (1999), with the same water
content, the more cement there is, the higher chemical shrinkage porosity of the hardened
cement matrix will be generated. Hence, the small difference of paste porosity between
UHPC should also be owed to the different cement contents.
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To sum up, as supported by the experimental results, due to the optimized particle
packing of concrete mixtures and low water/ binder ratio, the developed UHPFRC has a
low water-permeable porosity and dense internal structure.
•

Mechanical properties

The flexural and compressive strengths of UHPFRC at 7 days and 28 days versus the
volumetric steel fibres contents are shown in Figure 3.8. It is important to notice that with
the addition of steel fibres, the flexural and compressive strengths of UHPFRC can be
significantly enhanced, similarly to the results shown in the literature (Romualdi et al.,
1964; Rossi et al., 1987; Zhang et al., 2008). 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 compressive strength increases from 94.2 MPa to 148.6 MPa. Moreover,
with the same fibre content and curing time, the flexural and compressive 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
strengths 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 optimized and the non-optimized
UHPFRC is shown in Table 3. It is clear that with lower binder amount, the compressive
strength of the optimized UHPFRC is still comparable to the non-optimized UHPFRC
(which have a large amount of binder). For instance, as the results shown by Hassan et al.
(2012), about 1200 kg/m3 of binder is utilized 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 A&A model, it is
possible to produce a UHPFRC with low binder amount.
Fibres in concrete can bridge cracks and retard their propagation, which directly results in
the increase of strength (especially the flexural strength) of concrete. Additionally, the
cement content also has a close relationship with the strength of concrete. As the
investigation of Sun et al. (1986) shows, with a reduction of water/cement ratio, the
interface between the matrix and aggregates or matrix and fibres 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, although there is 175 kg/m3 difference in the content of
cement between them. Consequently, the influence of steel fibres and cement content on
the strength of UHPFRC should be considered separately.
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Figure 3.8: Flexural (a) and compressive (b) strengths of the developed UHPFRC after curing for 7
and 28 days

To clarify the effect of the additional steel fibres on the flexural and compressive
strengths of UHPFRC, the strength improvement ratio is utilized and shown as follows
(Pu, 2004):
Kt =

Si − S0
S0

(i = 0.5, 1.0, 1.5, 2.0 2.5)

(3.5)
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where the Kt is the strength improvement ratio (%), Si is the strength of concrete with
fibres (MPa) (i represents the addition of fibres, by volume) and S0 is the strength of
concrete without fibres (MPa).
Table 3.2: Comparison of the binder amount and compressive strength (28 days) of optimized and
non-optimized UHPFRC

Binders (kg/m3)

Compressive
Water/binder
strength
Mixtures
ratio
at 28 days
Cement GGBS Silica fume
(MPa)
a
950
0
238
0.2
2
190
b
860
0
215
0.2
2
198
c
657
418
119
0.17
2
150
d
657
430
119
0.15
2
120
e
1011
0
58
0.15
2
160
f
960
0
240
0.16
2.5
155
g
1050
0
275
0.14
6
160
UHPC1
875
0
44 (micro)
0.19
2.5
156
UHPC2
612
0
44 (micro)
0.19
2.5
142
UHPC3
700
0
44 (micro)
0.19
2.5
149
(a: (Yang et al., 2010), b: (Kang et al., 2011), c: (Hassan et al., 2012), d: (Yang et al., 2009), e:
(Toledo Filho et al., 2012), f: (Corinaldesi and Moriconi, 2012), g: (Habel et al., 2006))
Steel fibre
amount
(vol. %)

The flexural and compressive strength improvement ratios of the UHPC mixes versus the
volumetric steel fibres contents are illustrated in Figure 3.9. As indicated in Figure 3.9(a),
with an increase of the steel fibres content, a parabolic increase tendency of the flexural
strength improvement ratio can be observed. The increase of the additional fibres amount
can significantly improve the flexural strength improvement ratio. Moreover, the
difference in the flexural strength improvement ratio between the UHPFRCs is small
when only 0.5% of steel fibres are added. Nevertheless, with a further increase of the
steel fibre content, its influence on the flexural strength improvement ratio of UHPC2 is
more significant than that of UHPC1 and UHPC3. For instance, with only 0.5% of steel
fibres, the flexural strength improvement ratios of UHPC1, UHPC2 and UHPC3 at 28
days are 8.2%, 4.4% and 3.8, which then increase to 84.0%, 129.3% and 96.3%,
respectively, when 2.5% of steel fibres are included. As can be seen in Figure 3.9(b), with
an increase of the steel fibres content, there is a linear increase tendency of the
compressive strength improvement ratio in each mixture. Similarly to the results shown
in Figure 3.9(a), the difference of compressive strength improvement ratios 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 increase rate of such values for
UHPC2 is much higher than that of UHPC3 and UHPC1.
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Hence, it can be summarized that the inclusion of steel fibres can bring a 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 mixtures. This may be due to the low cement content and the inclusion of large
quantity of filler materials in UHPC2.

Flexural strength improvement ratio (% )
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Figure 3.9: Flexural (a) and compressive (b) strengths improvement ratios of UHPFRC at 7 and 28
days as function of steel fibre content
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However, it can be noticed that the porosities and the compressive strengths of the
developed UHPCs follow the same order: UHPC1 > UHPC3 > UHPC2, which is not in
line with the commonly approved trend that a higher water-permeable porosity
corresponds to a lower compressive strength. Here, this phenomenon may be attributed to
the variation of the cement content in each developed UHPCs. It can be noticed that,
based on the modified A&A model, the porosities of all the developed UHPCs are low
and similar to each other (as shown in Figures 3.5 and 3.6). Furthermore, the cement
amount in UHPC1 is obviously higher than that in UHPC2 and UHPC3, which may
cause that more cement particles can hydrate. However, to clearly explain this question
and accurately calculate the hydrated cement amount in the developed UHPCs, the
cement hydration degree of each sample should be firstly determined, which will be
shown in the following part.
Consequently, it can be concluded that based on the modified A&A model, it is possible
to develop a UHPFRC with a low binder amount without sacrificing mechanical
properties. When utilizing quartz powder to replace about 20% cement, the decrease of
flexural and compressive strengths is not significant. On the other hand, using limestone
powder to replace around 30% cement in preparing UHPFRC, the strengths will decrease
about 10%, but the efficiencies of steel fibres and cement can be significantly enhanced.
•

Thermal analysis

The DSC and TG curves of the UHPC pastes after hydrating for 7 and 28 days are
presented in Figures 3.10 and 3.11. From the DSC curves, it is apparent that there main
peaks exist in the vicinity of 120 °C, 450 °C and 820 °C for all the samples, which can be
attributed to the evaporation of free water, decomposition of Ca(OH)2 and decomposition
of CaCO3, respectively (Grattan-Bellew, 1996; Handoo et al., 2002; Alonso and
Fernandez, 2004; Castellote et al., 2004; Alarcon-Ruiz et al., 2005). Normally, there is
also a peak at about 576 °C, which occurs due to the conversion of quartz (SiO2) from αSiO2 to β-SiO2. However, in this study, this peak has not been found, which may be
attributed to the absence of aggregates (i.e. sand) in the tested sample and the low content
of quartz powder.
Based on the test results shown in Figure 3.10, the samples for TG analysis are subjected
to isothermal treatment during the test, which is set at 105 °C, 450 °C, 570 °C and 800 °C
for 2 h. As can be seen in Figure 3.11, 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 example, there is an obvious
weight loss at 800 °C, which is caused by the decomposition 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
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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)
cannot be ignored.
0.8
0.6

UHPC1-paste-28d
UHPC2-paste-28d

0.4
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Figure 3.10: DSC curves of UHPC pastes after hydrating for 28 days
100
UHPC1-paste-28d
95

UHPC2-paste-28d

TG-mass loss (%) 11

UHPC3-paste-28d
90

85

80

75

105 ˚C

70

450 ˚C

800 ˚C

65
0

200

400

600

800

1000

Temperature (˚C )

Figure 3.11: TG curves (mass loss - %) of UHPC1, UHPC2 and UHPC3 pastes after hydrating for 28
days

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 Eqs. (2.13) and (2.14). As indicated in
Figure 3.12, the shapes of the three curves are similar to each other. This shape can be
characterized with a sharp increase before 3 days, followed by a gradual slowing down
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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 and UHPC1, respectively. This phenomenon can be
explained by the following two reasons: on the 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 higher degree of the cement
hydration. On the other hand, due to the addition of limestone and quartz powder, the
nucleation effect originating from the fine particles may also promote the hydration of
cement. As shown in Figure 3.12, 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 3.1), it can be calculated that the reacted cement amount
(after 28 days) of the developed UHPCs are 458.5 kg/m3, 413.8 kg/m3 and 427.9 kg/m3,
respectively. Hence, it is clear that the absolute cement hydrated amount in UHPC1 is
higher than that in UHPC2 and UHPC3. This can also explain the phenomenon that the
compressive strengths of the developed UHPCs follow the same order: UHPC1 >
UHPC3 > UHPC2.
In summary, for the development of UHPFRC, an appropriate utilization of filler
materials (such as limestone powder and quartz powder in this study) to replace the
cement can significantly enhance the cement hydration degree (as shown in Figure 3.12)
and the cement service efficiency, which is beneficial for the production of sustainable
UHPFRC.
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Figure 3.12: Cement hydration degrees in each UHPC paste after hydrating for 1, 3, 7 and 28 days
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SEM analysis

To explain the superior mechanical properties of UHPFRC, the scanning electron
microscopy (SEM) is employed to study its morphology and microstructure. The samples
are chosen from UHPC2 with 2.5% of fibres by volume and without fibres after curing in
water for 28 days. The SEM images of the hardened cement matrix and the ITZ (interface
transition zone) in the developed UHPFRC are presented in Figure 3.13.

ITZ

Matrix
Matrix

(a)

Aggregate

(b)

Matrix

Fibre

(c)
Figure 3.13: SEM micrographs of UHPFRC mixtures: (a) matrix of UHPFRC, (b) matrix / aggregate
interface of UHPFRC (ITZ-interface transition zone), (c) matrix / fibre interface of UHPFRC

As can be seen in Figure 3.13(a), one can observe a very dense structure in the hardened
matrix with only a few air pores. In addition, the main hydration product of the cement
matrix is the foil-like C–S–H gel, and no Ca(OH)2 or ettringite can be easily found. From
Figure 3.13(b), a very compact ITZ can be observed. The dense matrix closely catches
the surrounding aggregates, and no distinct air bubbles or other inclusions are presented
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in the micrograph. Figure 3.13(c) shows that the interface zone between the fibre and the
cement matrix is also dense and homogenous (no air bubbles or other inclusions present).
Due to the dense and homogeneous microstructure of UHPFRC, its mechanical properties
are superior compared to the normal concrete.
The phenomena observed in the SEM pictures could be mainly attributed to two factors.
On the one hand, low water/binder ratio and the incorporation of microsilica result in a
dense and homogeneous microstructure of concrete. As shown in Figure 2.2, it can be
noticed that the particles of utilized microsilica are very small, and their large amount
(about 25%) is smaller than 100 nm. Hence, after the hydration begins, the hydration
products diffuse and envelop nanoparticles as kernels, which can promote the hydration
of cement and make the cement matrix more homogeneous and compact (Björnström et
al., 2004; Land and Stephan, 2012). Furthermore, the crystallization and growth of
Ca(OH)2 will be restricted with the addition of fine microsilica particles (Li et al., 2007).
These also explain why no Ca(OH)2 could be easily found in the ITZ between matrix and
aggregates or fibres. Hence, by eliminating Ca(OH)2 from the ITZ of UHPFRC, its
mechanical properties can be significantly improved. On the other hand, the superior
particle packing of UHPC can also densify its microstructure. Based on the modified
A&A model, the particle packing of UHPC is optimized and its water-permeable porosity
is low, leading to a dense and homogenous skeleton and close-grained microstructure of
hardened concrete.
To conclude, due to the low water/binder ratio, inclusion of microsilica and appropriate
mix design of the concrete skeleton, the matrix and the ITZ of UHPFRC is dense and
homogeneous, which results in superior mechanical properties of UHPFRC as shown in
Figure 3.8.
3.3.4

Summary

In this section, a series of experiments are performed to validate the possibility of using
modified A&A model to develop Ultra-High Performance Fibre Reinforced Concrete
(UHPFRC), without scarifying mechanical properties. From the obtained experimental
results, the following conclusions can be drawn:
1) Using the modified A&A model, it is possible to develop a dense and
homogeneous skeleton of UHPC with a relatively low binder amount (about 650
kg/m3). In this study, the maximum compressive and flexural strengths at 28 days
of the developed UHPFRC (with steel fibre 2.5% vol.) are about 150 MPa and 30
MPa, respectively.
2) Due to the low water/binder ratio and relatively high cement content, the cement
hydration degree is small. Hence, it is reasonable to replace these unreacted
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cement particles with some alternative filler materials (such as limestone or quartz
powder) to enhance the efficiency of the used cement.
3) Using fillers (such as limestone and quartz powder) as a cement replacement to
produce UHPFRC can significantly improve its workability and enhance the
efficiency of steel fibres and binder. Additionally, the utilization of fillers can also
reduce the required amount of micro silica, which is significant for UHPFRC both
in economic and environmental aspects.
4) The addition of steel fibres can decrease the relative slump of UHPFRC, and
increase the air content in the fresh state and water-permeable 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.

3.4 Conclusions
Concrete is a material composed of a number of granular materials. As has been
demonstrated here, an optimum packing of the granular ingredients of concrete is the key
for a good and durable concrete. However, from the available literature, the design and
production of Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) based on
the optimized particle packing model is insufficient. In this study, the modified A&A
model is utilized to design UHPFRC, and a series of experiments are performed to
demonstrate that the optimized UHPFRC can be produced with a relatively low binder
amount, without sacrificing its superior mechanical properties. From the obtained
experimental results, a UHPFRC can be produced with around 650 kg/m3 binders and 2.5%
(vol.) steel fibres, with flexural and compressive strengths of 27 MPa and 142 MPa,
respectively. Consequently, the modified A&A model is an effective tool to develop
sustainable UHPFRC with reduced cost and environmental impact.
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Chapter 4
4 Efficient application of powders in UHPC
4.1 Introduction
During the recent years, with the development of new plasticizing concrete admixtures
and fine pozzolanic materials, it has become possible to produce high performance
concrete (HPC) or even Ultra-High Performance Concrete (UHPC). In the production of
UHPC the pozzolanic materials (silica fume, fly ash and ground granulated blast-furnace
slag) are widely utilized (Madani et al., 2012; Berra et al., 2012; Hou et al., 2013). Due to
its high purity and high specific surface area, the pozzolanic reaction of silica fume is fast
and compared to other pozzolanic materials could more effectively promote the strength
development of concrete (Schmidt et al., 2013). Additionally, the recent developments of
nano-technology guarantee that various forms of nano-sized amorphous silica can be
produced, which have higher activities compared to conventional silica fume (Björnström
et al., 2004; Land and Stephan, 2011). Hence, a considerable investigation effort has been
paid to the clarification of the nanosilica effect on the properties of concrete (Qing et al.,
2007; Lin et al., 2008; Senff et al., 2009; Senff et al., 2010). However, based on the
available literature, it can be noticed that the investigation of the effect of nanosilica on
the cement hydration and microstructure development of UHPC is insufficient (Oertel et
al., 2013). This should be owed to the fact that the nanosilica is still a relatively new
material for the application in concrete, and its price is much higher compared to that of
silica fume or other pozzolanic materials (Kong et al., 2012).
However, with the development of chemical industry, nowadays it become possible to
produce a type of “green” nanosilica at low temperatures, from the dissolution of olivine
(Lazaro et al., 2012; Lazaro, 2014), which implies that the nanosilica will be more
available for the production of UHPC. Moreover, due to the fact that the water/binder
ratio is relatively low and a high amount of superplasticizer is commonly used in UHPC,
it is not reliable to predict the effect of nanosilica in UHPC based on the experimental
results that are obtained for normal strength concrete. Hence, the goals of this chapter are
also to clarify the effect of nanosilica on the properties of UHPC and to use nanosilica
effectively.
Additionally, as mentioned in the previous chapters, sustainable development is currently
a pressing global issue and various industries have strived to achieve energy savings.
Nevertheless, the high material cost, high energy consumption and embedded CO2
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emission for UHPC are the typical disadvantages that restrict its wider application
(Friedlingstein et al., 2010; Habert et al., 2013). By far, the measures pursued to reduce
the economic and environmental disadvantages of UHPC are limited in most cases to the
application of industrial by-products or even waste materials, without sacrificing the
UHPC performance (El-Dieb, 2009; Yang et al., 2009; Tuan et al., 2011a; Tuan et al.,
2011b; Hassan et al., 2012).
Nevertheless, in most cases, for the mix design of UHPC, the amounts of mineral
admixtures (e.g. fly ash, ground granulated blast-furnace slag, limestone powder and
silica fume) are given directly, without any detailed explanations or theoretical support.
Moreover, due to the complex cementitious system of UHPC (very low water amount and
relatively high SP content), the influence of different mineral admixtures on the hydration
kinetics and properties of UHPC still needs further investigation.
In general, based on the premises mentioned above, the objective of this chapter is to
investigate the effect of the powders (nanosilica, fly ash, ground granulated blast-furnace
slag and limestone powder) on the properties of UHPC, so that they could be efficiently
used. The concrete matrix is designed based on the modified A&A model, as presented in
Chapter 3. Then, the fresh and hardened behaviours, hydration kinetics and thermal
properties of the developed UHPC are investigated.

4.2 Effect of nanosilica on the properties of UHPC
4.2.1

Background

From the available literature, it can be found that with the addition of nanosilica in
cement or concrete, even at small dosages, nanosilica can significantly improve the
mechanical properties of cementitious materials (Shih et al., 2006). For instance, Nazari
and Riahi (2011) showed that a 70% compressive strength improvement of concrete can
be achieved with an addition of 4% (by mass of cement) of nanosilica. Li et al. (2004)
found that when 3% and 5% nanosilica were added to plain cement mortar, the
compressive strength increased by 13.8% and 17.5% at 28 days, respectively. However,
some contradictory experimental results can also be found in the literature. For example,
Senff et al. (2012) found that the contribution of nano-SiO2, nano-TiO2, and nano-SiO2
together with nano-TiO2 defined by factorial design, did not lead to a significant effect on
the compressive strength. Moreover, they also found that the values of torque, yield stress
and plastic viscosity of mortars with nano-additives increased significantly. According to
the experimental results of Ltifi et al. (2011), even a lower compressive strength of
samples with 3% nanosilica was observed, compared to the plain specimens. The
difference of these experimental results can be attributed to the basic characteristics of
the nanosilica (e.g. pozzolanic activity, specific surface area). To interpret the influence
of nanosilica on the cement hydration, some theoretical mechanisms were suggested in
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the available literature. Land and Stephan (2011) observed that the hydration heat of
Ordinary Portland Cement blended with nanosilica in the main hydration period increases
significantly with an increasing surface area of silica. Thomas et al. (2009) showed that
the hydration of tri-calcium silicate (C3S) can be accelerated by addition of nano-scaled
silica or C–S–H-particles. Björnström et al. (2004) monitored the hydration process of
C3S pastes and the accelerating effects of a 5 nm colloidal silica additive on the rate of
C3S phase dissolution, calcium-silicate-hydrate C–S–H gel formation and removal of
non-hydrogen bound OH groups. Quercia (2014) systematically investigated the
characteristics of nanosilicas and their effect on the properties of concrete. It was found
that the promotion of cement hydration and concrete properties (mechanical properties
and durability) has close relationship with the specific area of the utilized nanosilica.
As summarized by Quercia (2014), the nanosilicas currently available on the market have
one very clear drawback - a relatively high price. Thus, despite its positive influence on
the properties of concrete, the economic factor strongly limits its use in concrete mass
products. Hence, at present, nanosilica is mainly used in the so-called high performance
concretes, eco-concretes and self-compacting concretes (Sari et al., 1999; Sobolev and
Ferrara., 2005a; Sobolev and Ferrara, 2005b; Sobolev et al., 2006; Quercia et al., 2014;
Quercia, 2014), because of the high requirements on these advanced concretes. When
applied in high performance concrete and self-compacting concrete, the addition of
nanosilica can increase the cohesiveness of concrete and reduce the segregation tendency,
which is beneficial for improving the properties of concrete (Sari et al., 1999; Sobolev
and Ferrara, 2005b; Green, 2006). However, by far, nanosilica is seldom used in the
production of UHPC, and the influence of nanosilica on the properties of UHPC still
needs further attention.
Consequently, the aim of this section is to investigate the effect of nanosilica on the
hydration and microstructure development of UHPC with a relatively low binder amount.
The design of the concrete mixtures is based on the aim to achieve a densely compacted
composite, employing the modified A&A model, following the description provided in
Chapter 3. The fresh and hardened behaviour of UHPC are evaluated. Techniques such as
isothermal calorimetry, thermal analysis and scanning electron microscopy are employed
to analyse the cement hydration and microstructure development of UHPC.
4.2.2

Materials and mix design of UHPC with nanosilica

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 superplasticizer is
used to adjust the workability of UHPC. The limestone and quartz powders are used as
fine fillers. Due to the relatively high fineness of the utilized limestone and quartz
powder, their cementitious activity is not considered in this study. Two types of sand are
used, one is normal sand with the fractions of 0-2 mm and the other one is microsand
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with the fraction 0-1 mm (Graniet-Import Benelux, the Netherlands). One type of
commercially available nanosilica slurry is used. Some detailed information on this
nanosilica is shown in Table 4.1.
Table 4.1: Characterization of the used nanosilica (Data obtained from the supplier)

Type
Stabilizing agent
Speciﬁc density (g/cm3)
pH (at 20 ˚C)
Solid content (% w/w)
Viscosity (mPa s)
BET (m2/g)
PSD by LLS (μm)
Mean particle size (μm)

Slurry
Ammonia
2.2
9.0-10.0
50
≤100
22.7
0.05-0.3
0.12

The UHPC mixtures, designed using the modified A&A model (q = 0.29), are listed in
Table 4.2. The q value is in line with the recommendation by Quercia (2014). It can be
noticed that the OPC amount in UHPC is relatively low, around 440 kg/m3. Moreover,
the nanosilica is added in the amount of 1%, 2%, 3%, 4% and 5% to replace the cement.
Hence, based on the results of the fresh and hardened properties of the developed UHPC,
it would be possible to evaluate the influence of nanosilica on its properties. An example
of the target curve and the resulting integral grading curve of UHPC is shown in Figure
4.1.
Table 4.2: Mix recipe of the UHPC with nanosilica

OPC
LP
QP
MS
S
nS
W
SP
3
3
3
3
3
3
3
(kg/m ) (kg/m ) (kg/m ) (kg/m ) (kg/m )
(kg/m )
(kg/m ) (kg/m3)
Ref.
439.5
263.7
175.9
218.7
1054.7
0
175.8
43.9
UHPC-1%
435.1
263.7
175.9
218.7
1054.7
4.4
175.8
43.9
UHPC-2%
430.7
263.7
175.9
218.7
1054.7
8.8
175.8
43.9
UHPC-3%
426.3
263.7
175.9
218.7
1054.7
13.2
175.8
43.9
UHPC-4%
421.9
263.7
175.9
218.7
1054.7
17.6
175.8
43.9
UHPC-5%
417.5
263.7
175.9
218.7
1054.7
22.0
175.8
43.9
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, QP: quartz powder,
MS: microsand, S: sand (0-2), nS: nanosilica, W: water, SP: superplasticizer)

Additionally, Table 4.3 presents the characteristics of each recipe listed in Table 4.2,
which includes the water/cement ratio, water/binder ratio, water/powder ratio, SP content
by the weight of cement and SP content by the weight of powders. Due to the fact that a
large amount of cement has already been replaced by limestone and quartz powder, the
water to cement ratio is relatively high (about 0.4). However, the water/powder ratios of
all the batches are still comparatively low (around 0.18). Considering the fact that the
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used water can be significantly absorbed by the powder materials, the SP amount by the
weight of powder is fixed to about 4.5%.
Table 4.3: Characteristics of the developed concrete recipes

SP content
SP content
(% bwoc)
(% bwop)
Ref.
0.400
0.400
0.180
9.987
4.486
UHPC-1%
0.404
0.400
0.180
10.090
4.486
UHPC-2%
0.408
0.400
0.180
10.193
4.486
UHPC-3%
0.412
0.400
0.180
10.298
4.486
UHPC-4%
0.417
0.400
0.180
10.405
4.486
UHPC-5%
0.421
0.400
0.180
10.515
4.486
(W: water, C: cement, B: binder, P: powder (particle size < 125μm), bwoc: by the weight of
cement, bwop: by the weight of powder)
W/C
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W/P

100
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Figure 4.1: PSDs of the involved ingredients, the target and optimized grading curves of the
developed UHPC mixture (one example: UHPC-4%)

4.2.3
•

Experimental methodologies
Employed mixing procedures

Following the mix procedures shown in Figure 3.2, about 7 minutes and 30 seconds is
required to finish the UHPC mixing.
•

Fresh behaviour
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The fresh behaviour of UHPC is measured following the method shown in Section 2.3.1.
The Hägermann cone is utilized.
•

Air content and water-permeable porosity

The air content in fresh concrete and water-permeable porosity of hardened concrete are
measured following the method shown in Sections 2.3.2 and 2.3.3, respectively.
•

Mechanical properties

The concrete samples are cast in moulds with the size of 40 mm × 40 mm × 160 mm. The
prisms are demolded approximately 24 h after casting and then cured in water at about 20
± 1 ˚C. After curing for 3, 7 and 28 days, the flexural and compressive strengths of the
specimens are tested according to EN-196-1 (2005). At least three specimens are tested at
each age to compute the average strength.
•

Hydration kinetics

Based on the method shown in Section 2.3.6, cement, limestone and quartz powder are
mixed with silica slurry, superplasticizer and water. Here, nanosilica/binder mass ratios
from 1% to 5% are investigated. Moreover, another reference sample (Reference - 2)
with only cement and water (water/cement = 0.4) is simultaneously prepared. All the
pastes are mixed for two minutes and then injected into a sealed glass ampoule, which is
then placed into the isothermal calorimeter (TAM Air, Thermometric). The instrument is
set to a temperature of 20 ˚C. After 7 days, the measurement is stopped and the obtained
data is analysed. All results are ensured by double measurements (two-fold samples).
•

Thermal properties

The thermal analysis and cement hydration degree are determined by the method
presented in Section 2.3.6.
•

SEM analysis

Scanning electron microscopy (SEM) is employed to study the microstructure of UHPC.
After curing for 28 days, the specimens are cut into small fragments and soaked in
ethanol for over 7 days, in order to stop the cement hydration. Subsequently, the samples
are dried and stored in a sealed container before the SEM imaging.
4.2.4
•

Results and discussions
Fresh behaviour

The slump flow of fresh UHPC mixes versus the amount of added nanosilica is depicted
in Figure 4.2. The data illustrates the direct relation between the nanosilica amount and
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the workability of fresh UHPC. It is important to notice that with the addition of
nanosilica, the slump flow of fresh UHPC decreases linearly. For the UHPC developed
here, the slump flow value of the reference sample is 33.75 cm, which drops to about
22.5 cm when 5% of nanosilica is added. This behaviour is in line with the results shown
in Senff et al. (2012), which indicates that the addition of nanosilica strongly increases
the water demand of cementitious mixes. A hypothesis explaining this is that the presence
of nanosilica decreases the amount of lubricating water available within the interparticle
voids, which causes an increase of the yield stress and plastic viscosity of concrete (Senff
et al., 2012).
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Figure 4.2: Variation of the slump flow of UHPC as function of nanosilica amount

•

Air content and water-permeable porosity

The air content of UHPC in fresh state and the water-permeable porosity of UHPC in
hardened state are presented in Figure 4.3. As can be observed, the air content of the
reference sample (without nanosilica) is relatively low (2.01%), which can be attributed
to the dense particle packing and good self-compaction of the developed UHPC.
However, with an increasing amount of nanosilica, the air content of UHPC clearly
increases. When the additional nanosilica amount is 5%, the air content in fresh UHPC
increases to about 3.5%. To interpret this phenomenon, the effect of nanosilica on the
viscosity of UHPC should be considered. With an increasing amount of nanosilica, the
viscosity of UHPC significantly increases (Senff et al., 2012), which causes that the
entrapped air cannot easily escape from the fresh concrete. Hence, the air content of the
fresh concrete with high content of nanosilica is relatively higher.
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Compared to the air content results, the water-permeable porosity of hardened UHPC
show very different development tendency. With an addition of nanosilica, the waterpermeable porosity of UHPC firstly decreases, and then slightly increases after reaching a
critical value. In this study, the water-permeable porosity of reference sample is about
10.5%, and decreases to about 9.5% when 4% of nanosilica is added. However, the
water-permeable porosity of the sample with 5% of nanosilica increases to about 9.8%
again. This phenomenon can be attributed to the positive effect of nanosilica on the
cement hydration. As commonly known, due to the nucleation effect of nanosilica, the
formation of C–S–H phase is no longer restricted on the grain surface alone, which cause
that the hydration degree of cement is higher and more pores can be filled by the newly
generated C–S–H (Thomas et al., 2009). For this reason, the water-permeable porosity of
UHPC firstly decreases with the addition of nanosilica. However, due to the fact that the
air content of UHPC increases with the addition of nanosilica, the water-permeable
porosity of UHPC will increase again when the newly generated C–S–H is insufficient to
compensate for the entrapped air in fresh concrete. Consequently, considering these two
opposite processes, there is an optimal nanosilica amount (around 4%), at which the
lowest water-permeable porosity of UHPC can be obtained.
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Figure 4.3: Air content and water-permeable porosity of UHPC with different amounts of nanosilica

•

Mechanical properties

The flexural and compressive strengths of UHPC at 3, 7 and 28 days versus the added
nanosilica amounts are shown in Figure 4.4. With the addition of nanosilica, a parabolic
growth tendency of the flexural and compressive strength of UHPC can be observed. For
example, the flexural strength of the reference sample at 28 days is about 10.4 MPa,
which gradually increases to about 14.0 MPa when 4% of nanosilica is added. Yet, this

Chapter 4

67

value slightly decreases to about 13.2 MPa when 5% of nanosilica is included. Hence,
there should be an optimal amount of nanosilica, at which the flexural and compressive
strengths of UHPC can be theoretically highest.
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Figure 4.4: Variation of the strengths of UHPC after curing for 3, 7 and 28 days as a function of
nanosilica amount: (a): flexural strength, (b): compressive strength

According to the regression equation of each parabola shown in Figure 4.4, it is easy to
understand that when the differential coefficient (y’) of each function equals zero, the
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value of x represent the optimal nanosilica amount to obtain the best mechanical
properties. Hence, the optimal nanosilica amount and the computed maximum flexural
and compressive strengths at 3, 7 and 28 days are shown in Table 4.4. As can be seen, the
optimal nanosilica amount for the flexural strength at 3, 7 and 28 days are 3.72%, 3.46%
and 3.70%, respectively, and 3.92%, 3.90% and 4.29% for the compressive strength.
Based on these optimal nanosilica amounts, the computed maximum strengths are 10.0
MPa, 12.5 MPa and 13.8 MPa for flexural strength and 57.0 MPa, 69.6 MPa and 88.9
MPa for the compressive strength. Moreover, it is important to notice that computed
maximum compressive strength at 28 days is 88.9 MPa, which is even smaller than the
one with 4% of nanosilica (91.29 MPa). This can be attributed to the deviation of the
regression equation. As can be noticed that the coefficient of determination (R2) of the
one representing the compressive strength at 28 days is only 0.862. Hence, to accurately
obtain the optimal nanosilica amount in this study, only 3.72%, 3.46%, 3.70%, 3.92%
and 3.90% are selected to calculate the average value (3.74%), which represents the
optimal amount for this nanosilica in UHPC to theoretically get the best mechanical
properties. The calculated optimal nanosilica amount is similar as that shown in (Quercia,
2014).
Table 4.4: Optimal nanosilica amount for flexural and compressive strength at 3, 7 and 28 days

Calculated results
Optimal nanosilica amount (%)
Theoretical maximum strength (MPa)
Coefficient of determination (R2)

Flexural
3d
7d
28 d
3.72
3.46
3.70
10.0
12.5
13.8
0.996 0.980 0.982

Compressive
3d
7d
28 d
3.92
3.90
4.29
57.0
69.6
88.9
0.948 0.969 0.862

In this study, to clearly demonstrate the advantages of the modified A&A model for the
design of UHPC, the concept of the binder efficiency is utilized and shown as follows:

X binder =

fc
mbinder

(4.1)

where Xbinder is the binder efficiency, fc is the compressive strength of UHPC at 28 d
(MPa) and mbinder is the total mass of the used binders (kg).
A comparison of the binder efficiencies between the available literature and results
obtained in this study is shown in Table 4.5. As can be seen, the binder efficiency of the
mixtures designed in this study is significantly higher than that presented in the literature.
Hence, it can be concluded that by the utilization of modified A&A model, a dense and
homogeneous skeleton of UHPC can be obtained with a relatively low binder amount
(about 440 kg/m3), and the binders can be well utilized.
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Figure 4.5: Compressive strength improvement of UHPC with different nanosilica amount at 3, 7
and 28 days
Table 4.5: Comparison of the binder efficiency of the UHPCs

Binders (kg/m3)

28 days
Binder
Water
compressive efficiency
Reference
Fly
Silica
(kg/m3)
strength
(N/mm2)/
OPC
GGBS
ash
(micro/nano)
(MPa)
(kg/m3)
a
825.0
0.0
0.0
175.0
175.0
140.0
0.14
b
500.0
0.0
350.0
150.0
160.0
92.0
0.09
c1
810.0
0.0
0.0
90.0
162.0
138.0
0.15
c2
630.0
180.0
0.0
90.0
162.0
123.0
0.14
c3
450.0
360.0
0.0
90.0
162.0
110.0
0.12
d
500.0
0.0
0.0
72.0
166.0
80.0
0.14
e
850.0
0.0
0.0
260.0
170.0
115.0
0.10
Ref.
439.5
0.0
0.0
0.0
175.8
78.0
0.18
UHPC-1%
435.1
0.0
0.0
4.4
175.8
79.9
0.18
UHPC-2%
430.7
0.0
0.0
8.8
175.8
81.5
0.19
UHPC-3%
426.3
0.0
0.0
13.2
175.8
89.2
0.20
UHPC-4%
421.9
0.0
0.0
17.6
175.8
91.3
0.21
UHPC-5%
417.5
0.0
0.0
22.0
175.8
86.9
0.20
(Ref., UHPC-1%, UHPC-2%, UHPC-3%, UHPC-4% and UHPC-5% are the mixtures designed in
this study, in which the 1% -5% means the nanosilica amount by the total mass of binders, a:
(Oertel et al., 2013), b: (Zhao et al., 2014), c1-3: (Wang et al., 2012), d: (Deeb et al., 2012), e:
(Yazici, 2007))

Additionally, to evaluate the promotive effect of the employed nanosilica on the
mechanical properties of UHPC, Eq. (3.4) (Pu, 2004) is utilized. The compressive
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strengths improvement ratios of UHPC mixtures versus the nanosilica amount are
illustrated in Figure 4.5. It can be seen that, similarly to the flexural and compressive
strengths results, the compressive strength improvement firstly increases with the
increase of the nanosilica amount, and then decreases. Moreover, the effect of the
nanosilica on the improvement of UHPC compressive strength is more efficient at 3 days,
compared to that at 7 and 28 days. This phenomenon also implies that nanosilica can
significantly promote the early hydration process of cement in UHPC.
•

Hydration kinetics

The influence of the nanosilica additions on the cement hydration of UHPC is analysed
based on the calorimetry test results. From Figure 4.6, it is apparent that with an increase
of the nanosilica amount, the height of the early rate peak is increased and the time
required to reach the maximum rate is simultaneously reduced, compared to the reference
paste. This is in good agreement with the results presented in (Madani et al., 2012). After
the hydration begins, hydrate products diffuse and envelop nanoparticles as kernels,
which can promote the cement hydration and make the cement matrix more
homogeneous and compact (Jalal et al., 2012). Additionally, the time of reaching the
main rate peak varies significantly with a change of the reactivity of the silicas, with
more reactive pozzolans giving an earlier peak. Therefore, in this study, with an increase
of the nanosilica amount, more reactive kernels will be generated during the hydration,
and the time to reach the main rate peak will correspondingly shorten.
5.0E-03
1% nanosilica

Normalized heat flow (w/gcement )

RST

3% nanosilica
4% nanosilica

4.0E-03

5% nanosilica
Reference paste

TRMP

3.0E-03

∆HF

Reference-2 (w/c=0.4)

2.0E-03

DP
1.0E-03

0.0E+00
0

20

40

60

80

100

120

140

Time (hours )

Figure 4.6: Calorimetry test results of UHPC pastes with different amount of nanosilica
(Reference-2: sample with only cement and water, w/c = 0.4, TRMP: Time to reach the maximum
peak; DP: Dormant period; ∆HF: Change in heat flow RST: Relative setting time)
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Additionally, it can be clearly noticed that the dormant period for cement hydration in the
reference sample is relatively long, which is about 30 h. Normally, in the cement
hydration process (only cement and water) the dormant period lasts only about 1-2 h, as
shown in Figure 4.6 (Reference-2). The phenomenon observed in this study can be
attributed to the retardation by the superplasticizer. According to the investigation of
Jansen et al. (2012), a complexation of Ca2+ ions (from pore solution) and polymers
(from the superplasticizer) is as considerable as the absorbed polymer on the nuclei or the
anhydrous grain, which in turn might lead to the prevention of the growth of the nuclei or
the dissolution of the anhydrous grains. Hence, due to a large amount of superplasticizer
utilized to produce UHPC in this study, the cement hydration is significantly retarded,
which also causes that the mechanical properties of reference UHPC are relatively poor at
early ages. Nevertheless, with the addition of nanosilica, the retardation effect from
superplasticizer can be largely compensated. As shown in Figure 4.6, with around 5% of
nanosilica, the dormant period of cement hydration can be reduced to about 10 h.
•

Thermal analysis

The TG/DSC curves for the UHPC with different amounts of nanosilica are presented in
Figure 4.7. From Figure 4.7(a), it is apparent that three main peaks exist in the vicinity of
105 ˚C, 450 ˚C and 800 ˚C for all the samples. As commonly known, the hydrated
cement paste subjected to an elevated temperature loses the free water, dehydrates and
the hydrated products are transformed (Grattan-Bellew, 1996; Handoo et al., 2002;
Alonso and Fernandez, 2004; Castellote et al., 2004; Alarcon-Ruiz et al., 2005). Hence,
the three peaks shown in Figure 4.7(a) can be attributed to the evaporation of free water,
decomposition of Ca(OH)2 and decomposition of CaCO3, respectively. Figure 4.7(b)
shows the mass losses of the UHPC samples due to temperature effects. It can be found
that the mass loss of free water and ettringite in the reference sample is the lowest, and
slightly increases with additions of nanosilica. Moreover, the mass loss of Ca(OH)2 in the
reference sample is the largest, which gradually reduces with an increasing nanosilica
amount. These can be attributed to the following two reasons: 1) nanosilica can promote
the hydration of cement and more hydration products (such as ettringite and C-S-H) can
be produced; 2) nanosilica can react with Ca(OH)2 to generate more C–S–H gel.
Additionally, the hydration degree of the cement in UHPC paste after hydrating for 28
days is computed based on the TG results and Eq. (2.18). As indicated in Figure 4.8, with
an increasing amount of the added nanosilica, the cement hydration degree linearly
increases. As observed here, the cement hydration degree of the reference UHPC is about
57.1%, and increases to about 66.7% when a 5% addition of nanosilica is included.
Moreover, it can be noticed that the hydration degrees of the sample with 3%, 4% or 5%
of nanosilica are similar to each other, which implies that promotion effect of nanosilica
on cement hydration is ineffective for a nanosilica addition over 3%. This phenomenon is
in agreement with the results shown in Figure 4.6. Furthermore, it can also be found that
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the cement hydration degrees of all the developed UHPCs are larger than for other
UHPCs found in the literature (Tuan et al., 2011a; Tuan et al., 2011b). Normally, for the
production of the UHPC, the water to binder ratio is low (less than 0.2), which causes
that a large amount of cement particles is still unhydrated after 28 days. However, in this
study, due to the relatively low binder amount, the water to binder ratio is about 0.4, and
the cement hydration degree is enhanced.
0.4

0.2

0.0
DSC (uv/mg)

0

200

400

600

800

1000

-0.2

-0.4
Reference
1% nano-silica
2% nano-silica

-0.6

3% nano-silica
4% nano-silica

-0.8

5% nano-silica
-1.0
Temperature (°C )

(a) DCS curves
100

H 2O
Decomposition of Ca(OH)2

TG-mass loss (% )

95

90

85
Reference
1% nanosilica

80

2% nanosilica
3% nanosilica

75

4% nanosilica

Ref.: 6.65%
1% nS: 5.41%
2% nS: 5.26%
3% nS: 4.82%
4% nS: 4.43%
5% nS: 4.14%

CO2

5% nanosilica
70
0

200

400

600

800

1000

Temperature (°C )

(b) TG curves
Figure 4.7: TG curves for UHPC with different nanosilica amount, (a) DSC (deferential scanning
calorimetry), (b) TG (sample mass loss in percentage)
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Combining the results of the calorimetry test and thermal analysis, it can be concluded
that, in the UHPC cementitious system, the addition of superplasticizer can obviously
extend the dormant period of cement hydration. However, due to the fact that the
nanosilica can significantly promote the hydration of cement, the retardation effect from
superplasticizer can be largely compensated and the cement hydration degree at later age
(e.g. 28 days) is less affected.
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Figure 4.8: Cement hydration degree (after 28 days) of UHPC with different nanosilica amount

•

Hydration and microstructure development mechanism analysis

For normal cement grains, the initial hydration is limited to take place on the grain
surface alone. With an ongoing hydration, the cement grain will be consumed and the
hydration products that are deposited on the cement grain surface will grow thicker. With
an increasing curing time, due to the packed hydration products, the ionic transfer
between the unhydrated cement particle and the surrounding solution is restricted, which
limits further cement hydration and generation of a dense C–S–H structure. In the present
study, the hydration of the reference sample should be similar to such a process. Its
water-permeable porosity in hardened state is relatively high and the mechanical
properties are comparatively low. When nanosilica is included into the cement hydration
system, an early pozzolanic reaction will take place on the silica surface to form C–S–H
seeds (Land and Stephan, 2011; Madani et al., 2012) (as shown in Figure 4.9(a)).
Consequently, the formation of C–S–H phase is no longer limited to occur on the grain
surface alone, and more C–S–H gel can be generated. Here, due to the complexation of
Ca2+ ions from the pore solution and polymer from the superplasticizer (SP), the dormant
period of cement hydration in UHPC can be significantly retarded (Jansen et al., 2012).
Yet, the added nanosilica can efficiently compensate the retardation effect of SP.
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Figure 4.9: Schematic diagram of the nucleation effect of nanosilica on UHPC: (a) mechanism of the
generation of C–S–H seeds, (b) effect of the nanosilica amount on the microstructure development
and water-permeable porosity of UHPC

Based on the obtained results, it can be found that the nanosilica amount is important for
hydration and microstructure development of UHPC. As shown in Figure 4.9(b), when
the amount of nanosilica is low (e.g. less than 2%), the amount of the newly generated C–
S–H seeds is low, which means that, to a large extent, most hydration still takes place on
the surface of the cement particles. Hence, the water-permeable porosity of the hardened
cement matrix is still relatively large. When the amount of nanosilica is too high (e.g. 5%
by the weight of binders), the sufficient amount of the generated C–S–H seeds can enable
that the hydration products grow on their surfaces and result in a dense C–S–H gel.
However, because the addition of nanosilica greatly increases the viscosity of
cementitious mixes, a large amount of air can be entrapped into the cementitious system,
which in turn increases the water-permeable porosity of hardened concrete (as shown in
Figure 4.3). When the nanosilica amount is optimal, the positive effect of the nucleation
and the negative influence of the entrapped air can be well balanced. Therefore, there is

Chapter 4

75

an optimal nanosilica amount, at which the water-permeable porosity of UHPC can be the
lowest.
•

SEM analysis
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Figure 4.10: SEM images: (a) reference sample, (b) UHPC with 4% of nanosilica, (c) UHPC with 5%
of nanosilica

Scanning electron microscopy (SEM) is employed to study the morphology and
microstructure of the reference sample and the samples with nanosilica additions. In
Figure 4.10(a) (reference sample), a large amount of well-developed Ca(OH)2 plates can
be observed, which implies that without nanosilica, the water-permeable porosity of the
hardened concrete is relatively high and the Ca(OH)2 has enough space to grow. In
Figure 4.10(b) (UHPC with 4% of nanosilica), one can observe a dense structure in the
hardened matrix with only a few air pores. The main hydration product of the cement
matrix is the foil-like C–S–H gel, and no Ca(OH)2 crystal can be easily found.
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Furthermore, fine C–S–H gel can be found, which is probably generated from the
pozzolanic reaction of nanosilica with Ca(OH)2. The microstructure of the specimen with
5% addition of nanosilica is presented in Figure 4.10(c), in which a number of pores can
be observed. As explained previously, because the addition of nanosilica greatly
increases the viscosity of cementitious mixtures, a large amount of air can be entrapped
in the cementitious system, which in turn increases the water-permeable porosity of
hardened concrete.
4.2.5

Summary

This section presents the effect of nanosilica on the hydration and microstructure
development of Ultra-High Performance Concrete (UHPC) with a low binder amount.
From the results addressed in this section the following conclusions can be drawn:
1) Using the modified A&A model, a dense and homogeneous skeleton of UHPC
can be obtained with a relatively low binder amount (about 440 kg/m3). The used
q value is 0.29, which is in line with the recommendation by Quercia (2014).
2) An optimal amount of the utilized nanosilica (3.74% by the mass of the binder
amount found here) corresponds to the highest mechanical properties of UHPC,
which is also in line with the conclusions of Quercia (2014).
3) In this study, due to a large amount of superplasticizer utilized to produce UHPC,
the hydration of cement is obviously retarded. However, the addition of nanosilica
can significantly compensate this retardation effect.
4) With the addition of nanosilica, the viscosity of UHPC significantly increases,
which causes that more air voids are entrapped in the fresh mixtures and the
water-permeable porosity of the hardened concrete correspondingly increase.
However, in contrary, due to the nucleation effect of nanosilica, the cement
hydration can be promoted and more C–S–H gel can be generated. Hence, there is
an optimal nanosilica amount for the production of UHPC, at which the positive
effect of the nucleation and the negative influence of the entrapped air can be well
balanced.

4.3 Effect of mineral admixtures on the properties of UHPC
4.3.1

Background

Nowadays, mineral admixtures are widely used in concrete either in blended cements or
added separately. For instance, the ground granulated blast furnace slag (GGBS) or fly
ash (FA) from coal combustion currently represents a viable solution to partially
substitute the Portland cement clinker, which leads to a significant reduction in CO2
emissions per ton of cementitious materials (grinding, mixing and transport of concrete
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use very little energy compared to the clinkering process) (Lothenbach, 2011). These
mineral admixtures undergo chemical reactions and improve the properties of concrete,
and part of them act as filler material to improve the particle packing in the micro-scale
(Hüsken, 2010).
As commonly known, GGBS has hydraulic properties although the rate of the reaction
with water is low (Regourd et al., 1983). The reaction can be activated by several
methods, but the main hydration product is always C–S–H. In blended cements, GGBS is
chemically activated by Ca(OH)2 and gypsum (Thomassin et al., 1977; Regourd, 1980;
Chen and Brouwers, 2007a; Chen and Brouwers, 2007b). In most cases, GGBS reacts
with water or alkaline solution relatively quickly, which causes that the enhancement of
mechanical properties of mortar or concrete with GGBS can be observed already at the
early age (Wu et al., 1983; Wu et al., 1990; Hwang and Shen, 1991). On the contrary, the
pozzolanic reaction of FA is relatively slow, and the addition of FA can retard the
hydration of cement (Kovács, 1975; He et al., 1984; Wei et al., 1985). The retardation
phenomenon is related to the presence and condition of the FA surfaces. It is suggested
that the FA surface acts somewhat like a calcium-sink, and calcium in solution is
removed by the abundant aluminium associated with FA, as an AFt phase preferentially
forms on the surface of the FA (He et al., 1984; Wei et al., 1985). This depresses the Ca2+
concentration in the pore solution during the first 6 hours of hydration, and the formation
of a Ca-rich surface layer on the clinker minerals is also postponed (He et al., 1984; Wei
et al., 1985). Therefore, the Ca(OH)2 and C–S–H nucleation and crystallization are
delayed and the cement hydration is simultaneously retarded (Wei et al., 1985).
Nevertheless, with a slow increase of the Ca(OH)2 concentration, the pozzolanic reaction
of FA can be further proceeded and the mechanical properties of concrete at 91 days can
be further enhanced (Berry et al., 1990; Feldman et al., 1990; Neville, 1995).
Additionally, the activity of limestone powders (LP) in the cementitious system is still
under a debate. Many researches treat LP as filler and experimentally demonstrated that
the principal properties of cement are not negatively affected if small quantities of LP (56%) are added during the cement grinding (Soroka and Setter, 1977; Kevin and Kenneth,
1991; Bentz, 2006; Valcuende et al., 2012). On the other hand, some investigations
(Bessey, 1938; Carlson and Berman, 1960; Lea, 1971) showed that, during the hydration
process of cement with LP, tri-calcium aluminate (C3A) can react with calcium carbonate
to form both high- and low carbonate forms of calcium carboaluminate in much the same
manner as C3A reacts with calcium sulphate to form high- and low-sulphate forms of
calcium sulpoaluminate. Furthermore, the reaction of LP largely depends on its fineness,
which can be demonstrated by the phenomenon that the LP with d50 (Mass-mediandiameter (MMD)) around 0.7 μm could effectively enhance the heat flow of cement
during the hydration process (Kumar et al., 2013). Although a significant part of
investigations regarding the effect of mineral admixtures on the physical and chemical
characteristics of mortar or concrete can be easily found, they focus only on normal
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strength concrete (NSC), in which the water to binder ratio is relatively high and very
limited SP is utilized. However, the cementitious system of UHPC is very different from
that of NSC, which causes that it is difficult to evaluate the influence of mineral
admixtures on the cement hydration and properties development of UHPC, based on the
knowledge obtained on NSC system only. Therefore, to efficiently develop a sustainable
UHPFRC, it is important to understand the effect of different mineral admixtures on the
properties and hydration process of UHPC.
In general, based on these premises, the objective of this section is to evaluate the
influence of different mineral admixtures on the fresh and hardened behaviour, hydration
kinetics and thermal properties of the developed UHPC. Techniques such as isothermal
calorimetry, thermal analysis and scanning electron microscopy are employed to
investigate the hydration and microstructure development mechanisms of the concrete.
Additionally, to evaluate the environmental impacts of the developed UHPC, its
embedded CO2 emission is evaluated.
4.3.2

Materials and mix design of UHPC with mineral admixtures

The cement, nanosilica, aggregates and superplasticizer used in this part are the same as
that described in Section 4.2.2. In addition, The FA, GGBS and LP are used to replace
cement. The detailed information of FA, GGBS and LP can be found in Section 2.2.1. It
can be noticed that the density and particle size distributions of the used FA, GGBS and
LP are comparable to that of cement. Therefore, when the cement is replaced by FA,
GGBS or LP, the particle packing of the whole solid skeleton is only slightly affected.
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(d) Reference mixture (without mineral admixtures)
Figure 4.11: PSDs of the involved ingredients, the target and optimized grading curves of the
developed UHPCs: (a) with FA, (b) with GGBS, (c) with LP and (d) reference mixture
Table 4.6: Mix recipes of the developed concretes

NO.

OPC

FA

GGBS

LP#

S

MS

nS

W

SP

W/B

SP/C

1
582
260
0
0
1040
217
24.3
173
43.3
0.2
0.07
2
592
264
0
0
1057
220
24.7
159
44.0
0.18
0.07
3
600
268
0
0
1071
223
25.0
148
44.6
0.165
0.07
4
596
0
266
0
1065
222
24.8
177
44.4
0.2
0.07
5
606
0
271
0
1083
226
25.3
163
45.1
0.18
0.07
6
615
0
275
0
1098
229
25.6
152
45.8
0.165
0.07
#
7
593
0
0
265 1058
221
24.7
176
44.1
0.2
0.07
#
8
603
0
0
269 1077
224
25.1
162
44.9
0.18
0.07
9
611
0
0
273 1091
227
25.5
151
45.5 0.165#
0.07
Ref. 1
869
0
0
0
1073
223
25.0
179
44.7
0.2
0.05
Ref. 2
884
0
0
0
1091
227
25.5
164
45.5
0.18
0.05
Ref. 3
896
0
0
0
1107
231
25.8
153
46.1
0.165
0.05
(OPC: Ordinary Portland Cement (CEM I 52.5 R), FA: fly ash, GGBS: ground granulated blastfurnace slag, LP: limestone powder, S: sand (0-2), MS: microsand, nS: nanosilica, W: water, SP:
superplasticizer, W/B: water to binder ratio, SP/C: superplasticizer to cement ratio, Ref.:
reference samples, #: LP is considered as a binder in the calculation, the units of OPC, FA, GGBS,
LP, S, MS, nS, W and SP are kg/m3)
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The UHPC mixtures designed using the modified A&A model are listed in Table 4.5. In
total, three different types of UHPC and one reference are designed, and three different
water to binder ratios are chosen. Compared to the reference sample, about 30% of
Portland cement is replaced (by mass) by FA, GGBS or LP in the UHPC mixtures. It can
be noticed from Figure 4.11, that the resulting integral grading curves of all the
developed concretes are rather comparable to each other.
4.3.3
•

Experimental methodologies
Employed mixing procedure

Following the mixing procedures shown in Figure 3.2, about 7 minutes and 30 seconds is
required to finish the UHPC mixing.
•

Fresh behaviour

The fresh behaviour of the developed UHPC is measured following the method shown in
Section 2.3.1. The Hägermann cone is utilized and relative slump of the developed UHPC
is calculated.
•

Water-permeable porosity

The water-permeable porosity of UHPC in hardened state is measured following the
method shown in Section 2.3.3.
•

Mechanical properties

After preforming the flowability tests, the fresh concrete is cast in moulds with the
dimensions of 40 mm × 40 mm × 160 mm. The prisms are demolded approximately 24 h
after casting and then cured in water at about 21 ˚C. After curing for 28 and 91 days, the
flexural and compressive strength of the specimens are tested according to EN-196-1
(2005). At least three specimens are tested at each age to compute the average strength.
•

Hydration kinetics

Based on the method shown in Section 2.3.6, cement and mineral admixtures, are mixed
with silica slurry, superplasticizer and water. The water to binder ratio is fixed at 0.18
(based on the mechanical properties that will be shown later). All the pastes are mixed for
two minutes and then injected into a sealed glass ampoule, which is then placed into the
isothermal calorimeter (TAM Air, Thermometric). The instrument is set to a temperature
of 20 ˚C. After 7 days, the measurement is stopped and the obtained data is analysed. All
results are ensured by double measurements (two-fold samples).
•

Thermal properties
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The thermal properties of the developed UHPC are determined by the method presented
in Section 2.3.6.
4.3.4
•

Results and discussions
Fresh behaviour

The relative slump of fresh UHPC mixtures calculated from Eq. (2.4) versus the
volumetric water to powder (particle size < 125 μm) ratio is presented in Figure 4.12. As
can be seen, with an increase of the water amount, the relative slump of all the concrete
mixtures increases linearly. The intersection of these linear functions with the axis of
ordinates at Γ = 0 depicts the retained water ratio where no slump takes place (Okamura
and Ozawa, 1995). In other words, this denotes the maximum amount of water which can
be retained by the particles. Exceeding this water content will turn the coherent bulk into
a concentrated suspension (Hunger, 2010). In this study, it can be noticed that the water
demand of each mixture follows the order: FA (0.306) < LP (0.315) < GGBS (0.359) <
reference sample (0.384). Nevertheless, these results are not in accordance with the
results obtained from Puntke test (as shown in Table 2.2). This can be attributed to the
following two reasons: 1) the used mineral admixtures are different from each other,
which can also affect the workability of the concrete mixture. As presented in Figure 2.3,
a large amount of angular particles can be observed in GGBS, while that the FA particles
are more spherical. The particle shape factors (shown in Table 2.2) of the used mineral
admixtures are 1.20, 1.58 and 1.28 for FA, GGBS and LP, respectively (Hunger, 2010).
When the shape factor is close to 1, the shape of the particle is spherical, which can
further help to improve the flowability of the concrete mixture; 2) the utilized
superplasticizer has different effect on the slump flow value of various powders. As
described in (Schmidt, 2014), the efficiency of superplasticizer largely depends on the
zeta potential along the entire surface of the tested powder particles. The experiments
shown in (Schmidt, 2014) demonstrate that, in most cases, cement needs more
superplasticizer to reach a certain slump flow value compared to that of FA, GGBS and
LP. Hence, based on the two reasons mentioned above, the mixture with FA has the
lowest demand water amount among all the analysed concrete mixtures.
The slope of each line shown in Figure 4.12, called the deformation coefficient, represent
the sensitivity of the mixture to the water amount needed to attain a certain flowability
(Okamura and Ozawa, 1995). When the value of deformation coefficient is relatively
small, a big change in the deformability can be observed (to a certain change in water
dosage), which means the mixture tends to bleed or segregate sooner than the mixtures
with larger deformation coefficients (Hunger, 2010; Quercia et al., 2012). In this study,
the obtained deformation coefficient values are small and similar to each other, which
implies that all the developed mixtures are sensitive to the water amount. This can be
attributed to the specific characteristics of UHPC, which has a large amount of
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superplasticizer and low water content. Hence, to achieve a flowable UHPC mixture, the
water dosage should be precisely controlled.
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Figure 4.12: Volumetric water/powder ratio (Vw/Vp) versus relative slump (Γ)

•

Mechanical properties

The flexural and compressive strengths of UHPC at 28 and 91 days are shown in Figure
4.13. A very slight increase of the strengths can be observed when the water/binder ratio
increases from 0.165 to 0.18. Nevertheless, with a further increase of the water/binder
ratio (from 0.18 to 0.20), the mechanical properties of the produced UHPC decrease. This
phenomenon is different from that shown in (Neville, 1995). In most cases, due to the
fact that the excessive water can enhance the porosity of concrete, the strengths of
concrete gradually decrease with an increase of the water amount. The difference
between the obtained results and the results presented in the literature can be attributed to
the fact that a large amount of powder and limited water are utilized to produce the
UHPC. When the water to binder ratio is relatively small, the added water is more
significantly absorbed by the powders (cement, FA, GGBS or LP in this study), and
cannot react with cement, which causes that the amount of cement hydration products is
limited and the strength development of UHPC is restricted. Hence, in this study, the
strengths difference between the mixtures with lowest and medium water amount is not
obvious. There is an optimal value of water/binder ratio, at which the strengths of the
UHPC can be highest.
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Figure 4.13: Flexural (a) and compressive (b) strengths of the developed UHPC mixtures with
different mineral admixtures and water amount

Furthermore, it can be found here that the mixture with GGBS has superior mechanical
properties at both 28 and 91 days, while that the strengths of the mixtures with FA or LP
are similar to each other. The observed trend is conflicting with the results obtained for
normal strength concrete (Kovács, 1975; Thomassin et al., 1977; Regourd, 1980;
Regourd et al., 1983; Wu et al., 1983; He et al., 1984; Wei et al., 1985; Wu et al., 1990;
Berry et al., 1990; Feldman et al., 1990; Hwang and Shen, 1991; Neville, 1995).
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Normally, the pozzolanic reaction of FA begins at the age of 3 days after blending with
cement and water (Papadakis, 1999; Hanehara et al., 2001; Zeng et al., 2012).
Nevertheless, this pozzolanic reaction is much slower than the Portland cement hydration
(Papadakis, 1999; Hanehara et al., 2001; Zeng et al., 2012). The main hydrate of cement
and fly-ash, calcium silicate hydrate (C–S–H), adopts two distinct morphologies: a low
density C–S–H at the surface of cement and FA particles and a high density C–S–H
deeper into the cement and FA particles (Constantinides and Ulm, 2007; Li et al., 2010).
After curing for 28 days, a limited amount of C–S–H gel can be generated, and the
microstructure of the concrete is less dense than the one with GGBS. With an ongoing
cement hydration, more portlandite can be generated and the pozzolanic reaction of FA
can therefore be accelerated, which causes that the already formed pore structure in
concrete is filled by the newly generated C–S–H and the mechanical properties of
concrete are improved after curing for 91 days (Kovács, 1975; He et al., 1984; Wei et al.,
1985; Berry et al., 1990; Feldman et al., 1990; Neville, 1995). Nevertheless, in this study,
the strengths of the mixture with FA are similar to that of the mixture with LP after
curing for 91 days, which implies that the pozzolanic reaction of FA cannot proceed well
in the cementitious system of UHPC (assuming limestone is a non-reactive material).
From the results obtained in this study, it can be summarized that the specific system of
UHPC (very low water amount and high SP content) can significantly affect the
pozzolanic reaction of FA, which cause that the mechanical properties of UHPC with FA
slowly increase. However, the mechanical properties of the UHPC with GGBS are less
influenced by the low water amount and high SP content, while its strengths are still
superior and comparable to the reference sample (with 50% more cement). To further
investigate the pozzolanic reaction of FA/GGBS or their effect on cement hydration at
early age, some other techniques (isothermal calorimetry, thermal analysis) are employed
and presented later.
•

Water-permeable porosity

Figure 4.14 illustrates the variation of the total water-permeable porosity (after curing for
28 or 91 days) of UHPC at different water to binder ratios. In accordance with the
mechanical properties results, the water-permeable porosity of UHPC firstly remains
stable and then increases with an increase of the water to binder ratio. This can be
attributed to the fact that a large amount of powder and limited water are utilized to
produce the UHPC. When the water amount is relatively low, the added water is more
significantly absorbed by the powders (cement, FA, GGBS or LP in this study), and
cannot react with cement, which cause that the amount of cement hydration products is
limited and the water-permeable porosity is relatively high. On the other hand, when the
water content is higher, the excessive water can obviously enhance the porosity of
concrete, as described in (Neville, 1995). Hence, there is an optimal water to binder ratio,
at which the water-permeable porosity of UHPC can be minimized. Moreover, it can also
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be found that the water-permeable porosity of the mixtures with FA or LP is relatively
higher than that with GGBS and the reference mixture, which implies that the mechanical
properties of the mixtures with FA and LP are lower than that of the mixture with GGBS.
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Figure 4.14: Total water-permeable porosity of the developed UHPC with different mineral
admixtures and water amount

To clearly determine the relationships between the water-permeable porosity and
mechanical properties of UHPC, the results obtained here are compared with the existing
models (as shown in Figure 4.15). Historically, several general types of models, have
been developed for cement-based materials, representing the strengths development
versus the variation of material porosity. From a study of the compressive strength of
Al2O3 and ZrO2, Ryshkewitch (1953) proposed the following relationship:

σ = σ0 ⋅ exp( −k ⋅ p)

(4.2)

where σ is the strength (MPa), σ0 is the strength at zero porosity (MPa), p is the porosity
of the tested material (%) and k is an empirical constant.
Balshin (1949) suggested the following relationship:

σ = σ0 ⋅ ( 1 − p)b
where b is the empirical constant.
Chen et al. (2013) proposed the extended Zheng’s model:

(4.3)
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 p − p 1.85
23
σ = σ 0 ⋅  c
 ⋅ 1− p
 pc 

(

)





12

(4.4)

where pc is the percolation porosity at failure threshold (%).
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Figure 4.15: Relationship between water-permeable porosity and strengths of the developed UHPC:
(a) flexural strength, (b) compressive strength
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In the present study, all the empirical constants for the models mentioned above are
chosen as recommended in Chen et al. (2013). Based on the empirical fitting of the
experimental data to the presented models, the maximum flexural and compressive
strengths (σ0) of the UHPC are 24 and 160 MPa, respectively.
From Figure 4.15, it can be found that all the presented models can well represent the
relationships between the water-permeable porosity and the compressive strength of the
developed UHPC. However, these models are inaccurate in predicting the relationship
between the water-permeable porosity and the flexural strength. The existing models
obviously underestimate the flexural strength of UHPC when its water-permeable
porosity is lower than about 8%. Additionally, these models also overestimate the
flexural strength of UHPC when its water-permeable porosity is higher than 10%. These
phenomena may be attributed to the relatively low water-permeable porosity and high
strengths of UHPC. For normal concrete, the water-permeable porosity is relatively high,
which is the reason for lower mechanical properties (especially the flexural strength). For
instance, Safiuddin and Hearn (2005) reported a water-permeable porosity of 20.5% for
concrete produced with a water/cement ratio of 0.60. Most of these empirical formulas
are derived for normal strength concrete (NSC). However, for UHPC, its waterpermeable porosity is very low and its flexural strength is about 3 to 4 times of that of
NSC. Therefore, these empirical equations are less precise to represent the relationships
between the water-permeable porosity and the flexural strength of UHPC.
Based on the obtained results, a new relationship between the water-permeable porosity
and the flexural strength of the UHPC is shown as follows:

 p − p
σ = c
 σ0
 pc 

(4.5)

in which the σ0 is about 33.7 MPa, and the pc is around 0.21.
It can be noticed that the derived pc value is much smaller than that recommended in
Chen et al. (2013), namely 0.78, which could be the reason that the existing models
cannot well represent the relationships between the water-permeable porosity and the
flexural strength of the developed UHPC. As mentioned before, compared to the NSC,
the UHPC has a much lower water-permeable porosity and higher flexural strength.
Therefore, to precisely establish the relationships between the water-permeable porosity
and the flexural strength of UHPC, the crucial parameters should be reasonably adjusted.
•

Hydration kinetics

Based on the calorimetry test results, the influence of the different mineral admixtures on
the cement hydration of UHPC is investigated and presented in Figure 4.16. It is apparent
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that the influence of FA, GGBS or LP on the early hydration kinetics of the developed
UHPC is very similar, which can be demonstrated by that the relatively small difference
between the observed dormant period (calculated as the time between the lower point of
the heat flow curve and the first inflection point in the main peak), relative setting time
(calculated as the time between the first and the second inflection points in the heat flow
curve), as well as the time to reach the maximum hydration peak.
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Figure 4.16: Calorimetry test results of UHPC pastes with different mineral admixtures: (a)
normalized heat flow, (b) normalized total heat
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The phenomenon observed above is not in accordance with the results shown in (Wu et
al., 1983; He et al., 1984; Wei et al., 1985; Hwang and Shen, 1991; Schutter, 1999). In
most cases, GGBS can relatively quickly react with Ca(OH)2 and generate the C–S–H gel,
while the reaction between FA and portlandite is relatively slower. It is suggested that the
fly ash surface acts as a Ca2+ sink, which is caused by the reaction of the aluminate in the
fly ash with the Ca2+ from the solution and/or chemisorption of Ca2+ ions on the fly ash
surface (Ogawa et al., 1980; Wei et al., 1985). This would retard the formation of C–S–H
nuclei and thereby delay the end of the induction period. Hence, with similar fineness, the
activity of GGBS should be much higher than that of FA and LP in concrete at early age.
To better explain these phenomena, the following reasons should be considered: 1) a
large amount of superplasticizer is utilized in the production of the UHPC. According to
the investigation of Jansen et al. (2012), a complexation of Ca2+ ions (from pore solution)
and polymers (from the superplasticizer) is as thinkable as the absorbed polymer on the
nuclei or the anhydrous grain, which in turn might lead to the prevention of the growth of
the nuclei or the dissolution of the anhydrous grains.. Hence, the early hydration of the
cement is significantly retarded and the generation of Ca(OH)2 is restrained. Due to the
insufficient amount of portlandite in the mixtures, the pozzolanic reaction cannot well
progress, which causes that the difference of the pozzolanic activity between FA and
GGBS is not easy to be observed in the calorimetry tests; 2) low water content is used in
the UHPC mixtures. To achieve good mechanical properties, high powder amount and
low water content are normally used to produce UHPC, which causes that much water is
absorbed by the powder materials and there is little free water in the cementitious system.
Hence, the diffusion of Ca2+ and OH- is restricted, and pozzolanic reaction of FA or
GGBS is postponed.
The normalized (by 1 g of cement) total heat of the developed UHPC mixtures is
illustrated in Figure 4.16(b). The total heat is the contribution of the heat produced by the
cement particles themselves and by the pozzolanic reaction between the active mineral
admixtures and the precipitated Ca(OH)2 (Hewlett, 1988). The total heat can be related to
the hydration degree of the paste, and this hydration degree is related to the compressive
strength of the mixture, if the parameters of the microstructure are similar. Thus, a higher
compressive strength is expected with the progressive increase of the total heat released.
In this study, after 28 days, it can be noticed that the normalized heat of the mixture with
GGBS is the highest, which is followed by the one with FA and LP. As described before,
due to effect of the large amount of superplasticizer and low water content in the UHPC,
the pozzolanic reaction of GGBS cannot well progress during the initial 5 days. However,
afterwards, with an increasing concentration of Ca(OH)2, the pozzolanic reaction of
GGBS is promoted, which simultaneously causes that more heat can be released and the
mechanical properties of the concrete can be enhanced. Moreover, it can be observed that
the normalized heat of the mixture with FA is similar to that with LP, which implies that
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the FA and LP have similar contributions to the cement hydration after 28 days.
Additionally, it can be found that the normalized heat of the reference sample is
significantly lower than the mixtures with mineral admixtures. This can be attributed to
the fact that the calculation of normalized heat is based on the released heat per gram
cement, and in the mixtures with mineral admixtures the used cement amount is much
lower than that of reference sample.
Consequently, according to the results obtained in this section, it can be found that the
hydration kinetics of UHPC is different from that of conventional concrete. Due to the
effects related to the superplasticizer and water dosages, the cement hydration and
pozzolanic reaction of mineral admixtures are significantly retarded.
•

Thermal properties

The DSC and TG curves of the UHPC pastes after hydrating for 28 and 91 days are
presented in Figures 4.17 and 4.18, respectively. From the DSC curves, it is apparent that
three main peaks exist in the vicinity of 105 ˚C, 450 ˚C and 800 ˚C for all the samples,
which can be attributed to the evaporation of free water, decomposition of Ca(OH)2 and
decomposition of CaCO3, respectively (Grattan-Bellew, 1996; Handoo et al., 2002;
Alonso and Fernandez, 2004; Castellote et al., 2004; Alarcon-Ruiz et al., 2005). Based on
the test results shown in Figures 4.17(a) and 4.18(a), the samples for TG analysis were
subjected to isothermal treatment during the test, which was set at 105 ˚C, 450 ˚C and
800 ˚C for 2 h. From the obtained TG curves, it can be noticed that all the tested samples
show a similar tendency of losing their weight. However, their weight loss rates at each
temperature range are different, which means that the amounts of the substances reacting
at each treatment stage are different. It is important to note that the mass loss of
portlandite of the mixture with GGBS is the smallest at 28 days, which implies that the
pozzolanic activity of GGBS is relatively higher so that more portlandite has already
been consumed. Figure 4.16 confirms this phenomenon. However, after curing for 91
days, the mass loss of portlandite still follows the order: GGBS < FA < LP < reference
concrete, while the differences between the mixtures with FA and LP are relatively small.
Hence, it can be concluded that the specific cementitious system of UHPC significantly
restricts the pozzolanic reaction of FA, which causes that very limited amount FA can
react with Ca(OH)2 even after 91 days. Therefore, it explains why the mechanical
properties of the mixture with FA are lower than that with GGBS at both 28 and 91 days.
The observed phenomenon is not in accordance with the results obtained in normal
concrete system. As mentioned before, with the increase of the portlandite amount, the
pozzolanic reaction of FA can be promoted, and the already-formed pore structure in
concrete is filled by the newly generated C–S–H (Thomassin et al., 1977; Regourd, 1980;
Regourd et al., 1983; Wu et al., 1983; Wu et al., 1990;Hwang and Shen, 1991).
Consequently, it is not reliable to predict the effect of FA on the properties of UHPC,
based on the results obtained on traditional concrete. Additionally, it can be noticed that
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the difference between the Ca(OH)2 amounts in mixtures with different mineral
admixtures is relatively small. This phenomenon may be attributed to the reaction
between nanosilica and Ca(OH)2, which cause that very limited Ca(OH)2 is available to
react with FA or GGBS.
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Figure 4.17: Thermal analysis results of UHPC pastes with different mineral admixtures (after
hydrating for 28 days): (a) DCS curves (deferential scanning calorimetry), (b) TG curves (sample
mass loss in percentage)

Chapter 4

93
0.40

H2O, Ettringite
0.20

450 ˚C

FA

GGBS

LP

Reference

800 ˚C

DSC (μv/mg )

0.00
0
-0.20

200

400

600

800

1000

105 ˚C

-0.40

Portlandite
-0.60

Calcite
-0.80
Temperature (˚C )

(a) DCS curves
100

FA: 9.24 %
GGBS: 8.98 %
LP: 9.01%
Reference: 9.66 %

TG-mass loss (wt. %)

90

FA: 0.97 %
GGBS: 0.67 %
LP: 7.27%
Reference: 1.24 %

80

FA: 1.33 %
GGBS: 1.23 %
LP: 1.35%
Reference: 1.41%

FA

70

GGBS
LP
Reference
60
0

200

400

600

800

1000

Temperature (˚C )

(b) TG curves
Figure 4.18: Thermal analysis results of UHPC pastes with different mineral admixtures (after
hydrating for 91 days): (a) DCS curves (deferential scanning calorimetry), (b) TG curves (sample
mass loss in percentage)

According to the thermal analyses results, it is clear that there is more portlandite in the
concrete with larger amount of cement (e.g. the reference sample) than in the pastes with
mineral admixtures. The portlandite normally plays a negative role in improving the
mechanical properties of concrete, especially when the portlandite hexagonal plates form
around the ITZ. When cement is appropriately replaced by GGBS, the portlandite amount
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can be reduced and the already-formed pore structure in concrete can be filled by the
newly generated C–S–H.
4.3.5

Environmental significance of using mineral materials in UHPFRC

Embedded CO2 emission (kg/m 3 concrete )
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Figure 4.19: Comparison of embedded CO2 emission of the developed UHPC and other UHPCs or
UHPFRCs (EUHPC: the eco-UHPC developed in this study; a: (Ghafari et al., 2014); b: (Makita et
al., 2014); c: (Máca et al., 2014); d: (Habel and Gauvreau, 2008); e: (Wang et al., 2014); f: (Habel et
al., 2006); g: (Corinaldesi and Moriconi, 2012); h: (Millard et al., 2010); i: (Yang et al., 2009); j:
(Deeb et al., 2012); k: (Yazici, 2007))

To demonstrate that the developed UHPC is eco-friendly, its embedded CO2 emission is
evaluated in this section, focusing on the amount of materials required for 1 m3 of the
compacted concrete. Based on the embedded CO2 values for each component of concrete
(King, 2012; Randl et al., 2014), the relationship between the CO2 emission and the
compressive strength of UHPCs is illustrated in Figure 4.19. It can be noticed that the
enhancement of the compressive strength of all the analysed UHPCs corresponds to the
increase of the embedded CO2 emission, thus to a greater environmental impact. Some of
the presented UHPCs have superior mechanical properties (more than 200 MPa), but
simultaneously, their embedded CO2 emissions are also high (more than 1200 kg/m3
concrete). However, it is important to notice that the data points representing UHPC
developed in this study are all below of the trend line, which means the UHPC developed
here has a lower environmental impact than the other UHPCs. This is significant
especially for the mixture with GGBS, as its compressive strength is larger than that with
FA and LP, with a comparable embedded CO2 emission at the same age. Additionally, it
can be also found that the data points representing the reference UHPC developed here
are on the trend line, which means the reference UHPC has relatively high environmental
impact than the developed UHPC with mineral admixtures. This phenomenon can be
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attributed to the fact that when the cement amount is relatively high, the cement
hydration degree is smaller and the cement efficiency is lower, compared to the concrete
with low cement amount (Yu et al., 2014a; Yu et al., 2014b). Hence, to efficiently
produce an eco-friendly UHPC with a reduced environmental impact, the mineral
admixtures should be utilized to replace cement and the concrete design should be based
on the optimized particle packing model.
4.3.6

Summary

This section addresses the effect of mineral admixtures (FA, GGBS, LP) on the
properties of Ultra-High Performance Concrete (UHPC). Based on the obtained results,
the following conclusions can be drawn:
1) Based on the modified A&A model, UHPC with different mineral admixtures (FA,
GGBA, and LP) is produced. After comparing the embedded CO2 emissions of
the developed UHPC and other UHPCs, it is demonstrated that the proposed
methodology allows for a production of an eco-friendly concrete with a relatively
low environmental impact.
2) The fresh behaviour of the developed UHPC is evaluated. It is found that the
water demand of UHPC mixtures with FA, GGBS, LP and reference concrete
follows the order: FA < LP < GGBS < reference. Moreover, the deformation
coefficient values of UHPCs are small and close to each other, which implies that
all the developed mixtures are sensitive to the water amount.
3) The mechanical properties of UHPC with GGBS are obviously higher than that
with FA or LP at both 28 and 91 days. Furthermore, very slight increase of the
strengths can be observed when the water/binder ratio increases from 0.165 to
0.18. Nevertheless, with a further increase of the water/binder ratio (from 0.18 to
0.20), the mechanical properties of the produced UHPC decrease.
4) The existing models used to correlate the porosity and mechanical properties of
concrete obviously underestimate the flexural strength of UHPC when its waterpermeable porosity is less than about 8%, and overestimate the flexural strength
when its water-permeable porosity is larger than 10%. However, all the presented
models can well represent the relationships between the water-permeable porosity
and the compressive strength of the developed UHPC.
5) The hydration heat development curves of the UHPC mixtures with FA, GGBS
and LP are similar to each other during the initial five days. Afterwards, the
hydration rate of the mixture with GGBS is obviously accelerated. Due to the
specific cementitious system of UHPC (very small water/binder ratio and
relatively high SP amount), it is observed that the pozzolanic reaction of FA is
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significantly retarded, which causes that a very limited amount of FA can react
with Ca(OH)2 after curing for 91 days.

4.4 Conclusions
In this chapter, the effect of powders (nanosilica and mineral admixtures, such as FA,
GGBS and LP) on the properties of UHPC is evaluated. Nanosilica is a relatively new
material, which has ultra-small particle size and higher activity than that of microsilica.
From the obtained experimental results, a relatively small amount of nanosilica can
significantly promote the microstructure development and mechanical properties
improvement of UHPC. The optimal amount of the utilized nanosilica is about 3.74% by
the mass of the binder amount as found in this study. In addition, it is found that the
hydration process of UHPC mixtures with almost the same amount of FA, GGBS and LP
are similar to each other during the initial five days. Afterwards, the hydration of the
mixture with GGBS is more accelerated. Due to the specific cementitious system of
UHPC (very small water/binder ratio and relatively high SP amount), it is observed that
the pozzolanic reaction of FA is significantly retarded, which causes that a very limited
amount of FA can react with Ca(OH)2 after curing for 91 days. Additionally, it is
demonstrated that the developed UHPC has lower environmental impact than the other
UHPCs. Hence, based on the different requirements (workability, mechanical properties,
or environmental impact) from the practice, different mineral admixtures should be
appropriately chosen in the production of UHPC.
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5 Efficient application of steel fibres in UHPFRC
5.1 Introduction
As mentioned before, the concept of using fibres in building materials can be traced back
to thousands years ago, since the addition of fibres can improve the mechanical properties
of construction materials. The modern development of fibre-reinforced concrete (FRC)
was initiated in the early sixties (Wafa, 1990), when a more efficient material (compared
to rebar) was searched to optimize the plasticity of the plain concrete. In fact, not only the
mechanical properties, many other properties (e.g. workability, durability, and energy
absorption capacity) of concrete are also be influenced by the additional fibres.
Fibres are produced from a wide variety of materials, and in various dimensions and
shapes, while the steel fibre is the most common fibre type in the building industry. Steel
fibre reinforced concrete (SFRC) appears stiffer (lower slump) compared to conventional
concrete without fibres (Johnston, 2001). The effect of steel fibres on the fresh behaviour
of concrete can be mainly attributed to the following reasons (Grünewald, 2004): 1) the
shape of fibres is more elongated compared with aggregates; 2) stiff fibres change the
structure of the granular skeleton; 3) steel fibres often are deformed (e.g. have hooked
ends or are wave shaped) to improve the anchorage between a fibre and the surrounding
matrix. The friction between the hook ended steel fibres and aggregates is higher
compared with straight steel fibres. The size of the fibres relative to that of the aggregates
determines their distribution (as shown in Figure 5.1). Theoretically, with an increasing
difference between the fibre length and the aggregate diameters, the influence of the
fibres on the aggregates’ packing simultaneously reduces (cases 2 and 4 in Figure 5.2)
(Markovic, 2006). It is clear that the fine particles can efficiently pack around long stiff
fibres (case 2), and also the packing of very large grains will not be much disturbed by
the presence of very short thin fibres between them (case 4). In contrary, when the length
of fibres and the diameter of the grains are in the same order of magnitude (cases 1 and 3),
the granular skeleton may significantly disturbed by the additional fibres, since the stiff
fibres can push the surrounding aggregates away and more voids are generated in the
concrete. These voids can obviously increase the porosity of concrete and decrease its
mechanical properties simultaneously. Hence, in practice, to minimize the effect of steel
fibres on the structure of the granular skeleton, it is recommended to choose fibres not
shorter than the maximum aggregates size (Vandewalle, 1993; Johnston, 1996). In most
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cases, the fibre length is about 2-4 times of that of the maximum aggregate size
(Grünewald, 2004).
Maximum grain size

Fibre length
Figure 5.1: Effect of steel fibres on the structure of the granular skeleton in concrete (Johnston, 1996;
Grünewald, 2004)

Figure 5.2: Interaction between fibres of different lengths (Lfib) and aggregate grains of different
diameters (Dagg) (Markovic, 2006)

In the design and production of UHPFRC, due the fact that the large aggregates are
normally excluded (d > 4 mm) and the used fibre length is much longer compared to the
aggregate diameters (Habel et al., 2006; Hassan et al., 2012; Mahmud et al., 2013; Yoo et
al., 2014; Sovják et al., 2015), the effect of steel fibres on the particles packing was not
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considered in this study. Moreover, from the literature mentioned above, it can be noticed
that the utilized steel fibres in the production of UHPFRC are of various types (e.g. shape:
straight, hook ended, wave shape, length: 6 - 40 mm) and the steel fibres dosage is
normally arbitrarily selected without considering the efficiency of these used fibres.
Sometimes, the added fibres amount is relatively high, e.g. more than 5% vol. (Habel et
al., 2006). As mentioned in the previous chapter, to continue the theme of sustainable
development, the disadvantages of UHPFRC (high material cost, high energy
consumption and high embedded CO2 emission) should be well minimized. Except for
the optimized matrix approaches (appropriate reduction of cement amount and inclusion
of industrial by-products) (Yang et al., 2009; Tuan et al., 2011a; Tuan et al., 2011b;
Hassan et al., 2012; Yu et al., 2014a; Yu et al., 2014c; Yu et al. 2015), the efficient
application of steel fibres is also vital in reducing the materials’ cost, energy consumption
and embedded CO2, since the cost of 1% volume content of steel fibre applied in
UHPFRC is generally higher than that of the matrix (Kim et al., 2011a). Consequently,
the improvement of the steel fibre efficiency is very important for developing a
sustainable UHPFRC.
To efficiently utilize fibres in UHPFRC, one of the promising methods is to appropriately
blend several different types of fibres in one concrete matrix (Banthia et al., 2014;
Ganesan et al., 2014). As commonly known, in most cases, the hybrid fibres reinforced
concretes show better hardened properties than the concretes with only single sized fibres
(Banthia and Nandakumar 2003; Yao et al., 2003; Banthia and Gupta, 2004; Markovic,
2006; Park et al., 2012; Banthia et al., 2014; Ganesan et al., 2014; Yap et al., 2014;
Rambo et al., 2014). The application of different types of fibres combined in one concrete
mixture was firstly proposed by Rossi (1987), as the so-called multi-modal fibre
reinforced concrete (MMFRC). Due to the fact that the short fibres can bridge the microcracks while the long fibres are more efficient in preventing the development of macrocracks, the stress in the hybrid fibres reinforced concrete can be well distributed and its
mechanical properties can be improved (Markovic, 2006). From a mechanical point of
view, the combination of fibres with different geometry seems to be an optimal solution
to increase both the mechanical properties and the ductility (Markovic, 2006).
In general, based on the premises mentioned above, the aim of this chapter is to
understand the contribution of different steel fibres to the properties of UHPFRC, in order
to use the fibres more efficiently. The modified A&A model is again employed to design
the UHPFRC matrix with low cement amount. Following the fibres hybridization concept,
binary and ternary steel fibres reinforced UHPC are designed and produced. Afterwards,
fresh and hardened behaviour of the developed UHPFRC is evaluated.
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5.2 UHPFRC with binary straight steel fibres
5.2.1

Materials and mix design

The cement, limestone powder, nanosilica, aggregates and superplasticizer used in this
part are the same as that shown in Section 4.2.2. Additionally, two types of straight steel
fibres are utilized (as shown in Figure 2.8): 1) fibre length = 13 mm, fibre diameter = 0.2
mm; 2) fibre length = 6 mm, fibre diameter = 0.16 mm.
Table 5.1: Recipes of the developed UHPFRC

OPC
LP
MS
S
nS
W
SP
LSF
SSF
kg/m3
kg/m3
kg/m3
kg/m3
kg/m3
kg/m3
kg/m3
vol. %
vol. %
1
594.2
265.3
221.1
1061.2
24.8
176.9
44.2
0
0
2
594.2
265.3
221.1
1061.2
24.8
176.9
44.2
2.0
0
3
594.2
265.3
221.1
1061.2
24.8
176.9
44.2
1.5
0.5
4
594.2
265.3
221.1
1061.2
24.8
176.9
44.2
1.0
1.0
5
594.2
265.3
221.1
1061.2
24.8
176.9
44.2
0.5
1.5
6
594.2
265.3
221.1
1061.2
24.8
176.9
44.2
0
2.0
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, MS: microsand, S:
sand (0-2), nS: nanosilica, W: water, SP: superplasticizer, LSF: long straight fibres, SSF: short
straight fibres)

No.

The UHPFRC mixtures developed applying the optimized particle packing model (Eq.
(3.2)) are listed in Table 5.1. The resulting integral grading curve of the composed
mixture is shown in Figure 4.11(c). As commonly known, for normal fibre reinforced
concrete, the fibre content is often about 1% by the volume of concrete (Grünewald,
2004). However, in UHPFRC, this value often increases to around 2% vol., and sometime
reaches up to 5% vol. (Grünewald, 2004). Hence, in this research, to investigate the effect
of binary steel fibres on the properties of UHPFRC, the steel fibres are added into the
mixes in the total amount of 2% vol., and the proportions of long and short straight fibres
are shown in Table 5.1. Here, a concept named “short fibre volume fractions (Xs)” is
utilized (Eq. (5.1)), representing the fraction of short straight fibres in the total fibre
amount.

Xs =

Vs
Vs + Vl

(5.1)

where Vs means the volumetric amount of short straight fibres (SSF) in the concrete
mixture (%), and Vl represents the volumetric amount of long straight fibres (LSF) in
concrete (%).
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Experimental methodologies
Employed mixing procedure

In this study, the hybrid fibres are mixed together beforehand. Subsequently, following
the method presented in Figure 3.2, the concrete matrix is mixed with the hybrid steel
fibres, for which around 7 minutes and 30 seconds is needed.
•

Fresh behaviour

The flowability of the developed UHPFRC is measured following the method shown in
Section 2.3.1. The Hägermann cone is again utilized.
•

Mechanical properties

After preforming the workability test, fresh UHPFRC is cast in moulds with the size of
40 mm × 40 mm × 160 mm. The prisms are demolded approximately 24 h after casting
and subsequently cured in water at about 21 ˚C. After curing for 7 and 28 days, the prism
specimens are tested under three-point loading. During the test, the set-up is running in a
displacement control mode, which is set at 0.1 mm/min. The span of the two supported
points under the samples is 100 mm. Afterwards, the compressive strength on samples is
executed according to EN-196-1 (2005). During the testing, at least three specimens are
tested for each batch.
5.2.3
•

Results and discussions
Fresh behaviour

The slump flow of fresh UHPFRC mixes versus the short fibre volume fraction (Xs) is
depicted in Figure 5.3. The data illustrates the relationship between the proportions of
long and short straight fibres and the workability of fresh UHPFRC. It is important to
notice that with an increase of the short fibre volume fraction, the slump flow ability of
UHPFRC first linearly increases, and then significantly decreases. For example, when the
short fibre volume fraction is zero (2% vol. long straight fibres (LSF)), the slump flow is
28.8 cm, which slightly increases to around 30.0 cm when the short fibre volume fraction
grows to 0.75 (0.5% vol. long straight fibres (LSF) and 1.5% vol. short straight fibres
(SSF)). This phenomenon implies that the addition of short straight fibres (increasing Xs)
improves the workability of UHPFRC. However, when all the LSF are replaced by SSF,
the flowability of UHPFRC sharply reduces. As shown in Figure 5.3, when the short fibre
volume fraction is 1 (2% vol. SSF), the slump flow of UHPFRC is only about 28.3 cm,
which is even lower than that of concrete with 2% (vol.) LSF.
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Figure 5.3: Variation of the spread flow of the developed UHPFRC as function of the short fibre
volume fraction (Xs)

As mentioned before, the negative effect of steel fibres on the workability of concrete is
mainly due to three reasons (Grünewald, 2004): 1) Compared to aggregates, the fibres’
shape is much more elongated and the surface area is higher; 2) Stiff fibres can push apart
particles and change the structure of the granular skeleton; 3) Steel fibres are often
deformed (e.g. hook ended or wave shaped) to improve the anchorage between the fibre
and surrounding matrix. The friction between the hook ended steel fibres and aggregates
is higher compared with straight steel fibres. Moreover, in this study, the hybrid fibres are
utilized to produce the concrete, which means not only the above mentioned reasons, but
also the mutual effects between the fibres should be considered. Based on the
investigation by Boulekbache et al. (2010), it is known that flow velocities affect the
fibres and may cause them to rotate in such a way that the fibres reorient perpendicularly
to the flow direction (Figure 5.4). In the presence of different relative velocities in
translation and rotation, the fluid exerts forces and momentums on the fibres. Hence, for
the fresh concrete with single sized fibres, the entire fibre orientation tends to be
perpendicular to the flow direction in the fountain flowing mode, which can generate the
largest resistant force and reduce the slump flow of the fresh concrete. Nevertheless,
when hybrid fibres are added into the fresh concrete, the fountain flowing mode may be
relatively disturbed. When casting concrete in moulds, the fibres close to the walls of the
moulds tend to be parallel to the borders, which is named the ‘‘wall-effect’’ (Grünewald,
2004; Markovic, 2006). Hence, in this study, when hybrid fibres are added into the fresh
concrete, the long straight fibres can be treated as ‘‘imaginary borders’’ to the short
straight fibres, and can relatively resist the rotation of the short fibres and reduce the
resistance force in the fountain flow (Figure 5.5). Furthermore, the short straight fibres
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can also conversely restrict the rotation of the long straight fibres and further improve the
‘‘wall-effect’’ of long straight fibres. Therefore, the flowability of the hybrid fibres
reinforced concrete is higher than that with only one type of steel fibres.

Figure 5.4: Single sized steel fibre orientations in (a) fountain flowing, (b) canal channel flowing
(Boulekbache et al., 2010)
LSF
SSF

Complete
rotation

Incomplete
rotation

Figure 5.5: Scheme of the influence from the imaginary “wall-effect” between the long and short
straight fibres in this study
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Flexural behaviour

The stress–strain curves of UHPFRC during the flexural test at 7 and 28 days are shown
in Figure 5.6. Similarly to the results shown in the literature (Hassan et al., 2012;
Mahmud et al., 2013; Sovják et al., 2015), the addition of steel fibres cannot only
enhance the ultimate flexural strength, but also improve the energy absorption capacity of
the developed UHPFRC. This can be attributed to the fact that the additional steel fibres
can bridge cracks and retard their propagation, which could change the fracture behaviour
of concrete from brittle to plastic and significantly increase the ultimate flexural strength
of concrete (Grünewald, 2004). Moreover, it is important to notice that the flexural
properties of the specimen strongly depend on the fractions of the long and short straight
fibres in the total fibre amount. As can be seen in Figure 5.6, the ultimate flexural
strengths of the concrete with LSF (1.5% vol.) and SSF (0.5% vol.) at 7 and 28 days are
always the highest, which are 24.3 MPa and 30.9 MPa, respectively. When only SSF are
utilized (2% vol.), the ultimate flexural strengths at 7 and 28 days reduce to around 18.4
MPa and 21.5 MPa, respectively. This can be explained by the following two reasons: 1)
SSF can bridge micro-cracks more efficiently, because they are very thin and their
number in concrete is much higher than that of the LSF, for the same fibre volume.
Hence, when the micro-cracks are just generated in the concrete specimen, the SSF can
effectively bridge the micro-cracks. As the micro-cracks grow and merge into larger
macro-cracks, the LSF become more and more active in crack bridging. In this way,
primarily the ductility can be improved, and partly also the flexural strength. LSF can
therefore provide a stable post-peak response. SSF will then become less and less active,
because they are being more and more pulled out, as the crack width increases (Markovic,
2006); 2) LSF are always well oriented between the two imaginary borders, if casting the
concrete performed in layers (these borders may also be the walls of the moulds). With
such positions, the LSF form a kind of a barrier for SSF, and limit their space for rotation.
The SSF will therefore be somewhat better oriented when combined together with LSF,
than on their own (Figure 5.7) (Markovic, 2006). Hence, more fibres will distribute in the
direction parallel to the applied force direction in the flexural test, and the mechanical
properties can be significantly improved.
Additionally, for the sample with the highest ultimate flexural strength, it is important to
notice that the stress relatively quickly drops after reaching the stress peak. This can be
attributed to the fact that the short straight fibres are less effective in bridging the macrocracks and cannot provide a stable post-peak response. After calculating the area under
the curves shown in Figure 5.6, it is demonstrated that the energy absorption capacity (at
28 days) of the batch with the highest flexural strength is not the largest, compared to the
other mixtures presented in Figure 5.6 (161.4 units for the sample with 2% (vol.) LSF and
139.8 units for the mixture containing 1.5% vol. LSF and 0.5% vol. SSF).
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In summary, the flexural properties of UHPFRC largely depend on the proportions
between the long and short straight fibres. In this study, although the sample with LSF
(1.5% vol.) and SSF (0.5% vol.) shows the largest ultimate flexural strength, its post-peak
response is not the highest observed.
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LSF 1.0% Vol. + SSF 1.0% Vol.
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(a) after curing for 7 days
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(b) after curing for 28 days
Figure 5.6: Stress - strain curve of UHPFRC under 3-point bending test after cuing for: (a) 7 day and
(b) 28 days
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Figure 5.7: Orientation of short fibres between the walls of the mould (or any other borders in
general), in combination with long fibres (a), and when they are alone on their own (b) (Markovic,
2006)

•

Compressive behaviour

The compressive strengths of the developed UHPFRC with different short fibre volume
fraction are presented in Figure 5.8. As can be seen, compared to the reference sample,
the additional steel fibres significantly increase the compressive strength of UHPFRC.
For instance, the compressive strengths of the reference sample (without the fibres) at 7
and 28 days are 86.0 MPa and 99.0 MPa, respectively. When LFS are added (2% vol.)
into the concrete, its compressive strengths increase to about 114.3 MPa and 139.3 MPa
after curing for 7 and 28 days, respectively. Moreover, similarly to the results shown in
Figure 5.6, the sample with LSF (1.5% vol.) and SSF (0.5% vol.) shows the highest
compressive strengths, which are 117.1 MPa and 141.5 MPa after curing for 7 and 28
days, respectively. This can also be attributed to the combined effect of hybrid fibres in
restricting the cracks development. Although the used steel fibres are efficient in
improving the properties of concrete under tensile or flexural loads, they can also bridge
the cracks that are generated in the compressive test and enhance the ultimate
compressive strength of the concrete. However, it is important to notice that, when only
short straight fibres are added into the concrete, the compressive strength slightly
increases to 111.4 MPa and 120.8 MPa after 7 and 28 days, respectively. This can be
attributed to the dimensions and aspect ratio of the short straight fibres. As shown in
Figure 2.8, the length of the SSF used in this study is 6 mm, which is less efficient in
restricting the growth of macro-cracks. Hence, the addition of only SSF (2% vol.) is not
as efficient as only LSF (2% vol.) in improving the compressive strength of UHPFRC.
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Figure 5.8: Compressive strength of UHPFRC with different short fibre volume fraction (Xs)
Table 5.2 Comparison of the binder amount and compressive strength (28 days) of optimized and
non-optimized UHPFRC

Binders (kg/m3)
References

Cement GGBS Silica

Water/binder
ratio

Steel
fibre
amount
(vol. %)
2.0
2.0
2.0
2.0
2.0
2.5
6.0

Compressive
strength
at 28 days
(MPa)
125
198
150
120
160
155
160

a
950
0
238
0.20
b
860
0
215
0.20
c
657
418
119
0.17
d
657
430
119
0.15
e
1011
0
58
0.15
f
960
0
240
0.16
g
1050
0
275
0.14
Optimized
594.2
0
24.8
0.2
2.0
142
UHPFRC
(a: (Yang et al., 2009), b: (Kang et al., 2011), c: (Hassan et al., 2012), d: (Yang et al., 2010), e:
(Toledo Filho et al., 2012), f: (Corinaldesi and Moriconi, 2012), g: (Habel et al., 2006))

The compressive strength results demonstrate that, based on the modified A&A model
and optimized fibre hybridization design, it is possible to produce UHPFRC with a
relatively low cement or binder amount. The comparison of the binder amounts and
compressive strengths (28 days) between the optimized and non-optimized UHPFRC is
shown in Table 5.2. It is clear that, with a lower binder amount, the compressive strength
of the optimized UHPFRC is still comparable to the non-optimized UHPFRCs, which
have a much higher amount of binder. For instance, in the results shown by Hassan et al.
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(2012), about 1200 kg/m3 of binder is utilized to produce UHPFRC, and its compressive
strength at 28 days is about 150 MPa. In this study, only about 620 kg/m3 of binder is
utilized in UHPFRC, to reach a comparable compressive strength. Additionally,
according to Hunger (2010), the cement efficiency of the developed UHPFRC can be
calculated, which is about 0.17 MPa/(kg/m3). Although this value is smaller than some of
the Eco-concretes (Hunger and Brouwers, 2009; Hunger 2010; Hüsken and Brouwers,
2008; Hüsken, 2010), it is much higher than that of other UHPCs (Habel et al., 2006;
Deeb et al., 2012; Wang et al., 2012; Zhao et al., 2014; Yazici, 2007). Hence, it is
confirmed here that the optimized UHPFRC matrix can have significantly reduced binder
amount without sacrificing the mechanical properties and be more ‘‘green’’ in the terms
of cement amount and embedded CO2 emissions.
•

Improvement of the mechanical properties
100.0

Strength improvement rate (Kt ) (% )

Compressive strength 7 days
Compressive strength 28 days
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Figure 5.9: Variation of the strength improvement rate (Kt) of UHPFRC with different short fibre
volume fraction (Xs)

To better explain the effect of the additional steel fibres on the UHPFRC flexural and
compressive strengths improvement, the strength improvement ratio is computed
applying Eq. (3.4). The flexural and compressive strength improvement ratios of
UHPFRC versus the short fibre volume fraction (Xs) are illustrated in Figure 5.9. It can
be noticed that with an increasing value of the short fibre volume fraction (Xs), the
flexural strength improvement ratio firstly increases and then decreases. For instance,
when Xs equals to 0.25, the flexural strength improvement ratios are 48.9% and 70.1% at
7 and 28 days, which both drop about 30% when the short fibre volume fraction increases
to 1. Moreover, the influence of the short fibre volume fraction on the compressive
strength improvement ratio is relatively smaller, and fluctuates in the range of 35 – 40%.
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This phenomenon also proves that the additional steel fibres are more efficient in
improving the flexural properties. However, to enhance the efficiency of the utilized steel
fibres, the hybrid design is preferable. In this study, the UHPFRC with LSF (1.5% vol.)
and SSF (0.5% vol.) shows the best fibre efficiency and best mechanical properties. This
can be also attributed to the mutual effect of long and short straight fibres on the fibre
distribution, which has already been explained in the previous part.
5.2.4

Summary

This section presents the properties of UHPFRC with binary straight steel fibres. The
design of the concrete mixtures is based on the aim to achieve a densely compacted
cementitious matrix, employing the modified A&A model. Based on the obtained results,
the following conclusions are drawn:
1) By using the A & A model and optimized fibre hybridization design, it is possible
to produce a UHPFRC with relatively low binder amount (about 620 kg/m3) and
low fibres content (2% vol.), which is beneficial for developing an eco-friendly
and sustainable UHPFRC.
2) At the same total steel fibre amount, the hybrid fibre reinforced UHPC shows
better workability than the one with single sized fibres. This may be attributed to
the fact that the long straight fibres can be treated as imaginary borders to the
short straight fibres, which can relatively well restrict the rotation of the short
fibres and reduce the resistance force in the fountain flow. Furthermore, the short
straight fibres can also conversely restrict the rotation of the long straight fibres
and further improve the ‘‘wall-effect’’ of the long straight fibres.
3) Based on the mechanical test results, it is found that the UHPC with LSF (1.5%
vol.) and SSF (0.5% vol.) shows the highest flexural and compressive strengths
after curing for 28 days, which are 30.9 and 141.5 MPa, respectively. However,
its flexural stress–strain curve more quickly decreases (compared to the mixture
with 2% vol. LSF) after reaching the peak stress, which implies that the addition
of SSF is unbeneficial for improving the energy absorption capacity of UHPFRC
during the post-peak process.

5.3 UHPFRC with hook ended fibres (ternary hybridization)
5.3.1

Materials and mix design

The ingredients used in this section for the production of UHPFRC matrix are the same
as that shown in Section 5.2.1. Additionally, three types of steel fibres are utilized here: 1)
long straight fibres (LSF), length = 13 mm, diameter = 0.2 mm; 2) short straight fibres
(SSF), length = 6 mm, fibre diameter = 0.16 mm; 3) hook ended fibre (HF) length = 35
mm, diameter = 0.55 mm. More detailed information on these fibres can be found in
Figure 2.8 and Table 2.6.
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The UHPFRC mixtures developed in this part applying the optimized particle packing
model are listed in Table 5.3. The concrete mixture proportions (except the fibres) are the
same as those shown in Table 5.1 and the resulting integral grading curve of the
composed mixture is the same as that presented in Figure 4.11(c). The steel fibres are
added into the developed concrete matrix with different hybridizations and proportions
(as shown in Table 5.3). As shown in Figures 5.6 and 5.8, due to the fact that the
developed UHPFRC mixture with LSF (1.5% vol.) and SSF (0.5% vol.) at 7 and 28 days
shows the best mechanical properties, the designed volumetric ratio of HF/LSF or
HF/SSF are all fixed to 3/1. In addition, in the mixture with ternary hybrid fibres, the
volumetric ratio of HF/LSF/SSF is fixed to 12:3:1 (thus, the volumetric ratio of hook
ended fibres (long) to straight fibres (short) is still 3:1). In all the mixtures, the total fibre
amount is 2% (vol.).
Table 5.3: Recipes of the developed UHPFRC

OPC
LP
MS
S
nS
W
SP
LSF
SSF
HF
3
3
3
3
3
3
3
kg/m
kg/m
kg/m
kg/m
kg/m
kg/m
kg/m
vol. % vol. % vol. %
1
594.2 265.3 221.1 1061.2
24.8
176.9
44.2
0
0
2
2
594.2 265.3 221.1 1061.2
24.8
176.9
44.2
0.125
0.375
1.5
3
594.2 265.3 221.1 1061.2
24.8
176.9
44.2
0.5
0
1.5
4
594.2 265.3 221.1 1061.2
24.8
176.9
44.2
0
0.5
1.5
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, MS: microsand, S:
sand (0-2), nS: nanosilica, W: water, SP: superplasticizer, LSF: long straight fibres, SSF: short
straight fibres, HF: hook ended fibre)

No.

5.3.2
•

Experimental methodologies
Employed mixing procedure

Here, the hybrid fibres are mixed together beforehand. Subsequently, following the
method presented in Figure 3.2, the concrete matrix is mixed with the hybrid steel fibres.
•

Fresh behaviour

Considering the length of the utilized hook ended steel fibres, the workability of the
developed fresh UHPFRC mixtures are tested following EN-12350-8 (2010). The
Abrams cone with the internal upper/lower diameter equal to 100/200 mm and height
equal to 300 mm is utilized without any jolting. Two diameters (d1 and d2) perpendicular
to each other are recorded and their mean is recorded as the slump flow value of
UHPFRC.
•

Mechanical properties

Considering the restriction of the long hook ended fibres on the size of the mould, the
produced fresh UHPFRC mixtures are cast in moulds with the size of 100 mm × 100 mm
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× 500 mm and 100 mm × 100 mm × 100 mm. The beams and cubes are demoulded
approximately 24 h after casting and subsequently cured in water at about 21 ˚C. After
curing for 28 days, the compressive strengths of the cubes are determined according to
EN-12390-3 (2009), and the beams are subjected to the 4-point bending test. For the 4point bending test, the span between the two supported points at the bottom side is 400
mm. To obtain flexural load over the middle deflection curve, a Linear Variable
Differential Transformer (LVDT) mounted on the surface of the tested samples is utilized
to record the mid-deflection. During the test, the set-up is running in a displacement
control mode, which is set at 0.1 mm/min. The test device and a scheme of the sample
during the test are illustrated in Figure 5.10. Before the test, the calibration of the used
LVDT is done (as shown in Figure 5.11).

(a)

(b)
Figure 5.10: Employed 4-point bending test device (a) and scheme a sample during the test (b)

112

Chapter 5

Figure 5.11: Calibration of the Linear Variable Differential Transformer (LVDT)

•

Flexural toughness

Based on the materials point of view, toughness means the capacity of a material to
absorb energy and plastically deform without fracturing. From the available literature,
two standards are mainly used to evaluate the flexural toughness of fibre reinforced
concrete, which are ASTM C1018-97 (1998) and JSCE SF-4 (1984). In this study, both
of these standards are utilized to calculate the flexural toughness of UHPFRC.
In ASTM C1018-97, the flexural toughness is calculated at four specified deflections (δ,
3δ, 5.5δ and 10.5δ). The δ represents the deflection when the first crack appears, as
presented in Figure 5.12. The flexural toughness is calculated at the deflection δ, which is
considered the elastic or pre-peak flexural toughness (first-crack flexural toughness),
while the other three (3δ, 5.5δ and 10.5δ) are considered as the post-peak flexural
toughnesses. Furthermore, the flexural toughness indices I5, I10 and I20 are also defined,
which are the ratios between the post-peak flexural toughness and the pre-peak (elastic)
flexural toughness. Based on Figure 5.12, the flexural toughness indices can be calculated
as:

I5 =

AreaOACD
AreaOAB

(5.2)

I10 =

AreaOAEF
AreaOAB

(5.3)

I 20 =

AreaOAGH
AreaOAB

(5.4)
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Differently from the ASTM C1018-97, the JSCE SF-4 defines the area under the loaddeflection plot up to a deflection of span/150 as the flexural toughness. From this
measurement, a flexural toughness factor (TF) can be calculated as follows:

TF =

A(L/ 150 ) ⋅ L

(5.5)

( L / 150 ) B′H 2

where TF represents the flexural toughness factor, L is the span (mm), A(L/150) is the
flexural toughness (Nžm) at the deflection (L/150) (calculated in this study using Matlab),
B′ is the specimen’s width (mm) and H is the specimen’s height (mm).
I5 = Area OACD / Area OAB
Peak force

I10 = Area OAEF / Area OAB
I20 = Area OAGH / Area OAB

First crack
force
First crack
deflection

Figure 5.12: Typical load-deflection curve of fibre reinforced concrete and fracture toughness indices
based on ASTM C 1018-97

5.3.3
•

Results and discussions
Fresh behaviour

Figure 5.13 illustrates the slump flow of UHPFRC with hook ended fibres (HF). The data
presents the variation of slump flow of UHPFRC with different fibres hybridization. The
HF, HF+LSF+SSF, HF+LSF and HF+SSF represent the mixtures from No. 1 to No. 4,
respectively (see Table 5.3). As can be noticed, the slump flow of all the developed
UHPFRC with HF fluctuates around 85 cm, which is much more than that shown in
Figure 5.3, because different cones and concrete volumes are used in these two
flowability tests. The mixture with HF and SSF has the highest slump flow value (88.5
cm), which is followed by the one with ternary fibres. The UHPFRC with only HF shows
the smallest slump flow value, around 83.5 cm. According to the European Guidelines for
Self-Compacting Concrete (2005), the slump flow of concrete is divided into three
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classes: 1) SF 1: 55 - 65 cm; 2) SF 2: 66 - 75 cm; 3) SF 3: 76 - 85 cm. The slump flows of
the UHPFRCs developed here with HF are even higher than the SF 3 class. Moreover, it
can be observed that, compared to the other mixtures with fibres, when the SSF is utilized,
the flowability of UHPFRC can be further improved.
92

84

Slump flow (cm )

SF 3
76

SF 2
68

60

SF 1

52
HF

HF+LSF+SSF

HF+LSF

HF+SSF

Figure 5.13: Slump flow of the developed UHPFRC with hook ended fibres

As mentioned before, the effect of steel fibres on the workability of concrete is mainly
due to their elongated shape, relatively high surface area, influence on the granular
skeleton, mutual effects between the hybrid fibres and anchorage between deformed
fibres and concrete matrix (Grünewald, 2004; Yu et al., 2014d). Moreover, it is known
that different flow velocities affect the fibres and may cause them to rotate in such a way
that the fibres reorient perpendicularly to the flow direction. Hence, for the fresh concrete
with single sized fibres, the fibres orientation tends to be perpendicular to the flow
direction in the fountain flowing mode, which can generate the largest resistance force
and reduce the slump flow of the fresh concrete (Boulekbache et al., 2010). Nevertheless,
when hybrid fibres are added into the concrete, the fountain flowing mode may be
disturbed. Due to the difference in geometry, the rotation of fibres can be restricted by
each other, which causes that the resistance force in the fountain flow can be reduced and
the slump flow value of the concrete mixture could be higher. Hence, as observed in this
study, the hybrid fibre reinforced concretes have a higher slump flow ability than the
mixtures with only single sized fibres.
•

Flexural behaviour

Figure 5.14 presents the 4-point bending test results of the UHPFRC with HF. The
load/mid-deflection curves can be mainly divided into three parts: elastic section, strain
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hardening section and strain softening section, as shown in Figure 5.15. From the
beginning of the test until the moment when the first crack appears, the linear section part
of the curve can be observed. Due to the fact that the tested UHPFRC is very stiff, very
small mid-deflections of the samples can be noticed. In this study, the first crack
deflections of all the samples fluctuate around 0.01 mm, and the first crack forces follow
the order: HF+LSF+SSF (30.9 kN) > HF+SSF (30.3 kN) > HF+LSF (30.1 kN) > HF
(28.1 kN). It can be observed that the first crack forces of the concretes with hybrid fibres
are rather similar to each other, and are obviously larger than the one with HF only. After
the first crack appears, the strain hardening section begins, and a number of small cracks
appear on the tested beam, as shown in Figure 5.14. In this process, the fibres in concrete
will mainly endure the load and limit the growth of the generated cracks, until the peak
force appears. In this study, the peak forces of all the tested UHPFRC follow the order:
HF+LSF+SSF (43.1 kN) > HF+SSF (39.9 kN) > HF+LSF (38.2 kN) > HF (34.8 kN), and
this trend is similar to that of the first crack force. When the fibres in concrete cannot
restrain the further growth of the small cracks, they will be pulled out and the endurable
force of the test beam will decrease, which reflects the initiation of the strain softening
section. Nevertheless, due to the different characteristics of the fibres and the binding
force between the fibres and concrete matrix, the strain softening behaviour of reinforced
concrete can be very different. In this study, it is important to notice that the endurable
force of the mixtures with SSF (e.g. HF+LSF+SSF and HF+LSF) decreases after
reaching the peak force, while for concrete with only HF or HF+LSF a relatively slowly
decreasing trends are observed. The residual load decreasing rates of the tested samples
follow the order: HF < HF+LSF < HF+LSF+SSF < HF+SSF, which further implies that
the addition of SFF is ineffective in improving the flexural toughness of UHPFRC.
50
HF+LSF+SSF

Multiple cracks appear
on the tested beams

40

HF
HF+LSF

Load (kN )

HF+SSF
30

20
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0
0
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1

Mid-deflection (mm )

Figure 5.14: 4-point bending test results of the developed UHPFRC with hook ended fibres
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Figure 5.15: Key parameters of UHPFRC subjected to 4-point bending test

The above observed phenomenon can be attributed to the following reasons: 1) during the
4-point bending test, the hybrid fibres can well disperse the loading force. For instance,
the straight fibres can well bridge the micro-cracks, while the long hook ended fibres are
more efficient in resisting the macro-cracks development. Hence, when ternary fibres are
used in UHPFRC, the cracks generated at different length-scales can be better bridged
compared to the mixture with only one or two types of fibres, which causes that the
endurable force can be simultaneously larger; 2) due to the multiple effect among
different fibres, more fibres in the ternary fibres reinforced mixture distribute in the
direction perpendicular to the force direction during the 4-point bending test, which can
further improve the first crack force and peak force; 3) although SSF works well in
restraining the growth of micro-cracks, it is less efficient during the strain softening
process, which can be attributed to its specific geometry. Due to the relatively short
length and the corresponding lower binding force with the concrete matrix, many SSF
can be pulled out after reaching the peak force, and the load endurable capacity of the
tested beam decreases. In contrary to the characteristic of SSF, HF shows a greater ability
in restraining the development of macro-cracks. As commonly known, the hooks at the
ends of HF can improve the coupling force between the fibres and concrete matrix, which
causes that a higher force is needed to pull this fibre type out (compared to SSF). Hence,
during the strain softening process, HF can still bridge the macro-cracks, and the
endurable force with only HF reduces slower with an increase of the mid-deflection.
•

Compressive behaviour

Figure 5.16 illustrates the compressive strength of UHPFRC with hook ended steel fibres
(HF) and the reference sample (without fibres). It can be found that the addition of steel
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fibres can significantly improve the compressive strength of the developed concrete
matrix. Moreover, the 28 days compressive strength of all the developed UHPFRC
mixtures fluctuates around 135 MPa, and the difference between the mixtures with HF is
relatively small. The mixture with HF and SSF shows the highest compressive strength at
28 days (136.5 MPa), while the mixture with only HF is the lowest - 129.2 MPa.
Moreover, in the mixtures HF+LSF+SSF, HF+LSF and HF+SSF, the HF amount is the
same (1.5% vol.), and their compressive strengths follow the order: HF+SSF >
HF+LSF+SSF > HF+LSF. Hence, it can be concluded that: 1) when the total fibre
amount is the same, the mixture with hybrid fibres shows a higher compressive strength
than the one with HF only; 2) in the hybrid fibres system, when the total fibre and the HF
amounts are the same, the SSF is more efficient in improving the compressive strength
than the LSF. These phenomena should be also attributed to the combined effect of
hybrid fibres in restricting the cracks development. The homogeneity of the tested sample
is very important to improve its compressive strength. As can be easily understood, with
the same volumetric amount, the SSF has the largest fibre number compared to the other
used fibres. Hence, as observed in this study, the UHPFRC mixture with HF+SSF is more
homogeneous and its compressive strength can be higher, compared to the sample with
HF+LSF or HF only.

Compressive strength at 28 days (MPa ) 22

160

120

80

40

0
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HF

HF+LSF+SSF

HF+LSF

HF+SSF

Figure 5.16: Compressive strength test results of the developed UHPFRC with hook ended fibres

•

Flexural toughness

To evaluate the effect of different fibres on the flexural toughness of UHPFRC, the
procedures described in ASTM C1018-97 (1998) and JSCE SF-4 (1984) are employed
for the flexural toughness determination.
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Figure 5.17: Flexural toughness of the developed UHPFRC based on ASTM C1018-97

Figure 5.17 shows the flexural toughness of UHPFRC calculated based on ASTM
C1018-97. It can be noticed that the first crack flexural toughness of the tested UHPFRC
are very small and similar to each other, and fluctuate around 0.2 Nžm. After that, with an
increase of deflection, a difference of the post-crack flexural toughnesses between the
UHPFRC with different fibres can be observed. Especially at the deflection of 10.5 δ, the
mixture with ternary fibres has the largest post-crack flexural toughness (4.1 Nžm), which
is followed by the HF+SSF (3.3 Nžm), HF+LSF (3.2 Nžm) and HF (3.1 Nžm),
respectively. Hence, based on the ASTM C1018-97, the flexural toughness of the mixture
with ternary fibres is the highest, while the flexural toughness of the mixture with only
HF is the lowest. In addition, the flexural toughness indices of all the mixtures are
calculated based on ASTM C1018-97, and are presented in Figure 5.18. It can be noticed
that the I5 for all the mixtures are similar to each other. Moreover, the indices I10 and I20
show that the toughness indexes of the tested concretes with different fibres follow the
order: HF > HF+LSF+SSF > HF+LSF > HF +SSF. Hence, it can be summarized that the
concrete mixture with only HF has the largest flexural toughness, which is closely
followed by the mixture with ternary fibres. However, it is important to notice that the
calculated flexural toughness and flexural toughness indices are not in line with each
other, which implies that the standard ASTM C1018-97 is not very suitable to evaluate
the flexural toughness of UHPFRC.
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Figure 5.18: Flexural toughness indices of the developed UHPFRC based on ASTM C1018-97
6

50
Flexural toughness
Toughness factor

5

4
30
3
20
2
10

Toughness factor

Fluural toughness (Nm )

40

1

0

0
HF

HF+LSF+SSF

HF+LSF

HF+SSF

Figure 5.19: Calculated flexural toughness and flexural toughness factor of the developed UHPFRC
based on JSCE SF-4

To clarify the conflicting results of flexural toughness based on ASTM C1018-97, the
JSCE SF-4 is employed to further evaluate the flexural toughness of UHPFRC. The
flexural toughness and flexural toughness factors of UHPFRC calculated based on JSCE
SF-4 are shown in Figure 5.19. The calculated flexural toughnesses, presented in Figure
5.19, are all in the range from 25 to 35 Nžm, and are much larger than those calculated
based on ASTM C1018-97 (shown in Figure 5.17). In addition, the flexural toughness of
UHPFRC calculated here based on JSCE SF-4 is similar to the results of other fibre
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reinforced concrete found in the literature (Nataraja et al., 2000; Sukontasukkul, 2004).
The calculated flexural toughnesses and flexural toughness factors shown in Figure 5.19
follow the order: HF > HF+LSF > HF+LSF+SSF > HF+SSF, which is in line with the
obtained 4-point bending test results (Figure 5.14). Hence, it is demonstrated that the HF
can significantly increase the flexural toughness of UHPFRC, while that the additional
SSF is less effective in improving the flexural toughness of UHPFRC.
•

Comparison of ASTM C1018-97 and JSCE SF-4

This study demonstrates that the UHPFRC flexural toughness calculated based on ASTM
C1018-97 and JSCE SF-4 show very different results. In the literature it can be noticed
that these two standards are the most widely used standards to determine the flexural
toughness of concrete or fibre reinforced concrete. Some comparisons and evaluations
between these standards can be easily found. For instance, Nataraja et al. (2000) stated
that the characterization of flexural toughness based on the JSCE SF-4 approach was very
simple and was independent of the type of the deflection measuring technique. No
sophisticated instrumentation was required to determine the flexural toughness factor.
Moreover, Sukontasukkul (2004) found that a single value flexural toughness determined
using JSCE SF-4 method can easily reflect the flexural toughness property of steel fibre
reinforced concretes (SFRC). However, in the case of polypropylene fibres reinforced
concrete (PFRC), JSCE SF-4 does not seem to be sufficient to reflect the true flexural
toughness. On the other hand, the flexural toughness calculated by ASTM C1018-97 at
different deflections seems to work well in terms of capturing and reflecting the true
flexural toughness properties of both SFRC and PFRC (Sukontasukkul, 2004).
However, in this study, after comparing the obtained 4-point bending test results and the
calculated flexural toughness, it can be found that the ASTM C1018-97 cannot correctly
reflect the flexural toughness property of the tested UHPFRC, which conflicts with the
conclusion presented in Sukontasukkul (2004). This can be attributed to the difference of
the first crack deflection between the normal strength concrete and UHPFRC. As can be
seen, the flexural toughness described in ASTM C1018-97 largely depends on the value
of the deflection of the first crack (e.g. δ, 3δ, 5.5δ and 10.5δ). In the 4-point bending test
of UHPFRC, due to the fact that the developed UHPFRC is very stiff, its deflection at the
first crack appearance is much smaller than for the normal fibre reinforced concrete. In
this study, the δ of all the tested mixtures fluctuates around 0.01 mm, which causes that
the calculated 3δ, 5.5δ and 10.5δ are also relatively small. Hence, in the calculation of the
flexural toughness following ASTM C 1018-97 (1998), only small part of the area under
the load-deflection curve is considered. As shown in Figure 5.14, the deflection of 10.5δ
(around 0.11 mm) is still in the strain hardening section. Hence, the flexural toughness
calculated based on ASTM C1018-97 cannot truly represent the flexural toughness
property of UHPFRC. In contrary, in the standard JSCE SF-4, the area under the loaddeflection plot up to a deflection of span/150 (about 2.67 mm in this study) is calculated,
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which guarantees that the section of elasticity, strain hardening and strain softening are
all taken into account in the flexural toughness calculation. Consequently, it can be
summarized that the JSCE SF-4 is more suitable to evaluate the flexural toughness
property of UHPFRC than ASTM C1018-97.
5.3.4

Summary

This section presents the development and properties evaluation of the developed
UHPFRC with hook ended steel fibres, including ternary hybridization design. Based on
the obtained experimental results of the UHPFRC with binary fibre (shown in Section
5.2), three types of steel fibres are incorporated into UHPFRC matrix. According to the
obtained results, the following conclusions can be drawn:
1) Both the straight and the hook ended fibres can be used to produce UHPFRC with
relatively good workability. Moreover, with the same steel fibre amount, the
hybrid fibre reinforced concrete shows better workability than the one with single
sized fibres.
2) The UHPFRC mixtures with hybrid fibres reach higher strengths than those with
single sized fibres. The macro-fibres (hook ended steel fibres) can also be utilized
to produce UHPFRC, with good mechanical properties. The addition of short
straight fibres (SSF) can significantly improve the homogeneity of the concrete
mixture and simultaneously enhance its compressive strength, while the ternary
hybrid fibres are more beneficial in increasing the peak force of UHPFRC in the
4-point bending test. Hence, based on different requirements on the mechanical
properties of UHPFRC, various hybridization designs of the fibres can be
executed, which can significantly improve the fibre efficiency.
3) The flexural toughness of UHPFRC is evaluated following the most commonly
used standards (ASTM C1018-97 and JSCE SF-4). The results show that, with the
same fibre amount, the hook ended fibres (HF) can significantly increase the
flexural toughness of UHPFRC, while that the additional short straight fibres
(SSF) are less effective in improving the flexural toughness of UHPFRC.
Moreover, due to the specific characteristics of UHPFRC, it is found that the
JSCE SF-4 guideline is more suitable to be used to evaluate the flexural toughness
property of UHPFRC than ASTM C1018-97.

5.4 Conclusions
In this chapter, toward to efficiently utilize the steel fibres in UHPFRC, the effect of
binary and ternary fibres on the properties of UHPFRC is investigated. From the obtained
experimental results it can be noticed that different fibres can provide different
contribution to the properties of UHPFRC. For instance, binary fibres are beneficial in
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improving the workability (about 90 cm, based on EN-12350-8 (2010)) and mechanical
properties (about 30 and 140 MPa for flexural and compressive strengths) of UHPFRC.
Hook ended steel fibres (HF) can significantly increase the toughness of UHPFRC to
about 35 Nžm, based on JSCE SF-4. Therefore, based on the different requirements (good
workability, high mechanical properties or large toughness) from the practice, different
fibre types and hybridization design should be well chosen, which could ensure the
efficient use of the fibres and make UHPFRC more sustainable. In this research, to design
a protective UHPFRC with relatively high energy absorption capacity, the hook ended
fibres (HF) should be a good candidate.
In general, based on the obtained experimental results presented in Chapters 3-5, it is
possible to produce a sustainable UHPFRC with low binder amount and efficient steel
fibres use.
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Chapter 6
6 Development of UHPFRC with waste bottom ash (WBA)
6.1 Introduction
As described in the previous chapters, the sustainability of UHPFRC is important to
widen its application in practice, since the cement production is said to represent 7% of
the total anthropogenic CO2 emissions (Capros et al., 2001; UNSTATS, 2010;
Friedlingstein et al., 2010) and a large amount of cement is normally used in the
production of UHPFRC. Although, compared to traditional concrete structures, the
constructions made with UHPFRC can be much more slender, which means the total
concrete amount can be reduced so the overall CO2 footprint of the structure can be lower,
UHPFRC is still a type of building material with high materials consumption, high
energy consumption and high CO2 emissions. To achieve the goal of sustainable
development for UHPFRC, Chapters 3-5 provide some suitable methods: 1) reduction of
the binder amount based on optimized particle packing; 2) efficient utilization of powders;
3) efficient utilization of steel fibres. The obtained experimental results show that based
on the modified A&A model, appropriate addition of mineral admixtures and efficient
hybridization design of steel fibres, it is possible to produce a UHPFRC with low binder
amount and low CO2 emissions. Nevertheless, it is still a fact that the production of
UHPFRC requires costly materials. The limited available resource and the high cost
constrain its application in modern construction industry, especially in developing
countries, which give a motivation of searching for alternative materials or even suitable
waste materials to substitute expensive UHPFRC ingredients with similar functions.
In the available literature, some waste/recycled materials have already been used in the
production of UHPFRC. For example, Tuan et al. (2011a and 2011b) developed an UltraHigh Performance Concrete (UHPC) incorporating rice husk ash (RHA). Due to the fact
that the RHA and silica fume have a similar chemical composition and a very high
speciﬁc surface, the RHA can be used to replace silica fume, without sacrificing
mechanical properties. From the investigation of Yang et al. (2009), recycled glass cullet
and two types of local natural sand are examined as replacement materials for the more
expensive silica sand normally used to produce UHPFRC. The experimental results show
that the use of recycled glass cullet gives approximately 15% lowers performance, i.e.
flexural strength, compressive strength and fracture energy. Moreover, the ultrafine palm
oil fuel ash is also included in the design of UHPFRC (Aldahdooh et al., 2013). The
results show that the ultrafine palm oil fuel ash is an efficient pozzolanic mineral
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admixture, and the compressive strength, bending tensile strength and direct tensile
strength of the developed UHPFRC are 158.3 MPa, 46.7 MPa and 13.8 MPa, respectively.
In general, it is important and possible to include some suitable waste/recycled materials
in the production of UHPFRC.
Waste bottom ash (WBA) is one of the by-products of municipal solid waste incineration
(MSWI), which can be described as heterogeneous particles consisting of glass, magnetic
and paramagnetic metals, minerals, synthetic and natural ceramics, and unburned matter
(Chimenos et al., 1999). According to the European Landfill Directive (1999), the
weathered WBA is considered suitable for land filling or reuse. However, considering the
high amount of MSWI residue produced all over the world, European governments
encourage the reuse of WBA as a secondary building material ingredient both to prevent
the use of non-renewable natural gravels and to avoid excessive land filling (Forteza et al.,
2004). The most widespread practice is the reuse of WBA as an aggregate substitute for
road base (Izquierdo et al., 2001; Forteza et al., 2004), which is subject to strict
requirements that are defined by each country individually, for example, the Spanish
specifications for road construction (Ministerial Order PG-3, 2004). Another important
way of application of WBA is as an aggregate for concrete (Lee et al., 2010; Kim and
Lee, 2011b; Kim et al., 2012). Nevertheless, due to the fact that there is metallic
aluminium in WBA, which can react in alkaline solution and generate hydrogen (Pera et
al., 1997; Müller and Rübner, 2006; Qiao et al., 2008), many cracks can be generated in
the concrete and its mechanical properties could be reduced. To solve this problem, one
of the promising methods is inclusion of fibres, which may effectively restrict the growth
of cracks and improve the properties of concrete.
Based on the available literature, the fibres can effectively bridge the cracks generated in
concrete (Grünewald, 2004; Markovic, 2006). Especially in the hybrid fibres system,
short fibres can bridge the micro-cracks while the long fibres are more efficient in
preventing the development of macro-cracks (Markovic, 2006). Additionally, in the
UHPFRC system, the active pozzolanic materials are commonly utilized, which can
effectively improve the interface transition zone between the concrete matrix and fibres
and enhance the properties of concrete (Li et al., 2004; Pan et al., 2008; Nazari and Riahi,
2011). Hence, it may be a good proposal to apply the WBA in sustainable UHPFRC
production.
Taking into account the previously described advantages and disadvantages related to the
use of WBA in concrete, the aim of this chapter is to assess the viability of the
application of WBA in UHPFRC. The design of the concrete mixtures is based on the
aim to achieve a densely compacted cementitious matrix, employing the modified A&A
model. The nanosilica (nS), long straight fibres (LSF) and polypropylene fibres (PPF) are
included in the concrete design, and their multiple effects on the properties (especially the
mechanical characteristics) of the UHPFRC with WBA are investigated. Techniques, like
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SEM and isothermal calorimetry, are further employed to evaluate the micro-morphology
of WBA and the hydration process of binders with WBA.

6.2 Materials and methodologies
6.2.1

Materials and mix design

The cement, nanosilica, limestone powder and superplasticizer used here are the same as
that described in Section 4.2.2. In addition, three types of aggregates are utilized in this
chapter: 1) normal sand with the fractions of 0-2 mm; 2) microsand with the fraction 0-1
mm and 3) waste bottom ash (0-2 mm) (WBA). The waste bottom ash (WBA) used here
is obtained from a local municipal solid waste incineration (MSWI) plant. The detailed
information of the used ingredients for the production of UHPFRC can be found in
Section 2.2. Additionally, two types of fibres are utilized (as shown in Figure 2.8): one is
long straight fibres (LSF) and the other one is a short polypropylene fibres (PPF).
100.0
CEM I 52.5 R
Microsand
Sand (0-2 mm)
80.0

Nanosilica
Target curve

Cumulative finer (vol. % )

Composed mix
Waste bottom ash
60.0

Limestone powder

40.0

20.0

0.0
0.01

0.1

1

10
Particle size (μm )

100

1000

10000

Figure 6.1: PSDs of the involved ingredients, the target and optimized grading curves of the
developed UHPFRC with WBA

After comparing the used WBA and sand (0-2) (shown in Section 2.2.2), it can be
summarized that the utilized WBA has similar density and particle size distribution as
that of sand (0-2), which implies that the particle packing of the granular skeleton could
be only slightly influenced when the sand (0-2 mm) is partially replaced by WBA.
Therefore, in this study, the WBA is included in the design of UHPFRC by partially
replacing sand (0-2 mm). However, due to the influence of heat treatment, the WBA has
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a much rougher surface than sand (0-2), and the metallic aluminium in WBA may cause
negative effect on the properties of concrete with WBA.
Table 6.1: Recipes of the developed UHPFRC with waste bottom ash (WBA)

OPC
LP
MS
S
WBA
nS
W
SP
LSF
PPF
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3
vol. %
vol. %
1
612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
0
0
2
612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
0
0.1
3
612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
0
0.2
4
612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
0
0.3
5
612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
0
0.4
6
600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
0
0
7
600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
0
0.1
8
600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
0
0.2
9
600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
0
0.3
10 600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
0
0.4
11 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
0
0
12 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
0
0.1
13 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
0
0.2
14 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
0
0.3
15 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
0
0.4
16 612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
2
0
17 612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
2
0.1
18 612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
2
0.2
19 612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
2
0.3
20 612.4 262.5 218.7 843.8 210.9
0
201.2
45.9
2
0.4
21 600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
2
0
22 600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
2
0.1
23 600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
2
0.2
24 600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
2
0.3
25 600.2 262.5 218.7 843.8 210.9
12.2
201.2
45.9
2
0.4
26 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
2
0
27 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
2
0.1
28 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
2
0.2
29 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
2
0.3
30 588.0 262.5 218.7 843.8 210.9
24.4
201.2
45.9
2
0.4
Ref 588.0 262.5 218.7 1054.7
0
0
201.2
45.9
0
0
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, MS: microsand, S:
sand (0-2), WBA: waste bottom ash, nS: nanosilica, W: water, SP: superplasticizer, LSF: long
straight fibres, PPF: polypropylene fibres, Ref: reference sample)

No.

The UHPFRC mixtures developed based on the optimized particle packing model are
listed in Table 6.1. In total, 30 compositions of UHPFRC are designed in this study. Due
to the fact that at about 30% normal aggregates (0–2 mm) replacement with WBA, the
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workability of the developed concrete is very poor, the WBA is utilized to replace about
20% of the normal aggregate in this study. Moreover, the nanosilica is added in the
amount of 0-4% of the total binder amount. One example of the resulting integral grading
curve of the composed mix is shown in Figure 6.1. Additionally, according to the
literature (Grünewald, 2004; Markovic, 2006; Yang et al., 2009; Toledo Filho et al., 2012;
Tayeh et al., 2012), the content of steel fibre in fibre reinforced concrete often amounts to
around 2% (by volume of the concrete), and the polymer fibre content is less than 0.5%
(by volume of the concrete). Hence, in this study, the steel and polypropylene fibres
amount is 2% and 0.1–0.4% (vol.), respectively. Therefore, by analysing the properties of
the developed UHPFRCs, it is possible to evaluate the multiple effects of nanosilica and
hybrid fibres on the properties of the UHPFRC with WBA.
6.2.2
•

Experimental methodologies
Employed mixing procedure

The detailed information on the adopted procedures for the production of UHPFRC with
WBA is shown in Figure 6.2. Due to the inclusion of the WBA and the low water / binder
ratio, the mixing time for UHPFRC is relatively long (about 12 mins), which is different
from that shown in Figure 3.2. Moreover, mixing is always executed under laboratory
conditions with dried and tempered aggregates and powder materials. The room
temperature while mixing and testing is constant at around 21 °C.
All powders,
sand fractions,
and waste
bottom ash

Nanosilica slurry
and about 4/5 of
the total amount of
water

120 s mixing at low
speed and stop for 30 s

60 s on slow speed

180 s mixing at low speed,
120 s mixing at high speed

The UHPFRC
with WBA

Remaining
water and SP

240 s mixing at
low speed

Polypropylene fibres
and then steel fibres

Figure 6.2: Detailed information of the mixing procedure adopted for the production of UHPFRC
with waste bottom ash (WBA)

•

Fresh behaviour of the UHPFRC with WBA

The fresh state behaviour of the UHPFRC with WBA is evaluated following the method
shown in Section 2.3.1. The Hägermann cone is again utilized in the tests.

128

Chapter 6
•

Water-permeable porosity

The water-permeable porosity of the UHPFRC with WBA in hardened state is measured
following the method shown in Section 2.3.3.
•

Mechanical properties

After preforming the workability test, the fresh UHPFRC is cast in moulds 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 subsequently cured in water at about 21
˚C. After curing for 28 days, the samples are tested under three-point loading using
displacement control and using a testing machine controlled by an external displacement
transducer, such that the mid-span deflection rate of the prism specimen is held constant
throughout the test. The specimen mid-span deflection rate is 0.10 mm/min, with a span
of 100 mm. Afterwards, the compressive strength of UHPFRC samples is tested
according to EN-196-1 (2005). During the testing, at least three samples are tested for
each batch.
•

Hydration kinetics

To clarify the effect of WBA and nanosilica on the hydration of cement, the heat flow
calorimetry test is employed in this study. The recipes of the test samples are shown in
Table 6.2. Before the testing, the samples are mixed for two minutes and then transferred
into a sealed glass ampoule, which is then placed into the isothermal calorimeter (TAM
Air, Thermometric). The instrument is set to a temperature of 20 ˚C. After 7 days, the
measurement is stopped and the obtained data is analysed. All results are ensured by
double measurements (two-fold samples).
Table 6.2: Recipes of the samples for the isothermal calorimetry analysis

OPC
LP
MS
S
WBA
nS
W
SP
3
3
3
3
3
3
3
kg/m
kg/m
kg/m
kg/m
kg/m
kg/m
kg/m
kg/m3
612.4
262.5
218.7
1054.7
0
0
201.2
45.9
612.4
262.5
218.7
843.8
210.9
0
201.2
45.9
600.2
262.5
218.7
843.8
210.9
12.2
201.2
45.9
588.0
262.5
218.7
843.8
210.9
24.4
201.2
45.9
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, MS: microsand, S:
sand (0-2), WBA: waste bottom ash, nS: nanosilica, W: water, SP: superplasticizer)

No.
1
2
3
4

•

Microscopy analysis

In this study, the optical microscopy is used to analyse the effect of hybrid fibres on the
cracks developments. After curing for 28 days, the UHPFRC specimens are cut into small
fragments with the dimensions of 40 mm × 40 mm × 15 mm. The details of the sampling
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procedure are illustrated in Figure 6.3. Subsequently, the samples are stored in a sealed
container before the imaging.

40 mm
160 mm

40 mm

40 mm

15 mm

40 mm
Figure 6.3: Details of the sampling for the microscopy analysis

6.3 Results and discussions
6.3.1

Fresh behaviour of the UHPFRC with WBA

In the preliminary experiments it has been found that the addition of WBA can decrease
the workability of concrete. After about 20% sand is replaced by WBA, the slump flow
of concrete drops from 34.5 cm to around 30.0 cm. This phenomenon can be attributed to
the rough and porous surface of the WBA (as shown in Figure 2.7), which can absorb
plenty of water. Furthermore, the effect of nanosilica and hybrid fibres addition on the
slump flow ability of the fresh UHPFRC mixes incorporating WBA is depicted in Figure
6.4. The data illustrates the relationship between the nanosilica and hybrid fibres content
and the flowability of the fresh UHPFRC. It is important to notice that with the addition
of polypropylene fibres, the flowability of all the UHPFRC mixtures decreases linearly.
As shown in Figure 6.4, the coefficients of determination (R2) of all the regression lines
are all close to 1, which represent a linear trend between the polypropylene fibres amount
and the slump flow of the developed UHPFRC. Moreover, the addition of nanosilica or
steel fibres also reduces the workability of the UHPFRC. For instance, in the reference
sample (without nanosilica and fibres), the slump flow value is about 30 cm, which drops
to around 26.8 and 23.5 cm when nanosilica (2%) or steel fibre (2% vol.) are added,
respectively. Eventually, the slump flow further reduces to about 22.3 cm when the
nanosilica (2%) and steel fibre (2% vol.) are simultaneously added into the UHPFRC.
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Additionally, when nanosilica (2%), steel fibre (2% vol.) and polypropylene fibres (0.4%
vol.) are added into the UHPFRC together, the slump flow is the lowest, being about 14.8
cm.
As commonly known, the effect of fibres on the workability of concrete can be simply
due to the elongated shape, influence on the particle packing and surface characteristics
(Grünewald, 2004). In this study, LSF and PPF are used, which can produce higher
cohesive forces between the fibres and concrete matrix and reduce the workability.
Additionally, the effect of nanosilica on the flowability of concrete can be attributed to
the increase of the viscosity of cement paste. Berra et al. (2012) explained that the
significant water retention capacity of cement paste with nanosilica can be attributed to
instantaneous interactions between nanosilica slurry and the liquid phase of cement
pastes. One hypothesis proposed is that the presence of nanosilica decreases the amount
of lubricating water available within the interparticle voids, which causes an increase of
yield stress and plastic viscosity of concrete (Senff et al., 2009). In the present study, due
to the multiple effects from nanosilica and hybrid fibres on the workability of the
UHPFRC with WBA, the flowability of the sample simultaneously containing nanosilica
(4%), steel fibres (2% vol.) and polypropylene fibre (0.3 or 0.4% vol.) can reduce to zero.
40
0% nS + 0% LSF

0% nS + 2% LSF

2% nS + 0% LSF

2% nS + 2% LSF

4% nS + 0% LSF

4% nS + 2% LSF

Slump flow (cm )

30

20

10

Diameter of the Hägermann cone
0
0

0.1

0.2

0.3

0.4

0.5

The amount of polypropylene fibre (vol. % )

Figure 6.4: Effect of nanosilica and hybrid fibres on the workability of the UHPFRC with waste
bottom ash (WBA) (nS: nanosilica, LSF: long straight fibres)

To summarize, in this study, after utilizing WBA to replace about 20% aggregates, the
workability of the developed UHPFRC obviously decreases, compared to the one without
WBA. Moreover, the addition of nanosilica, steel and polypropylene fibres can further
reduce the flowability of UHPFRC with WBA. Hence, it is important to properly adjust
the water and superplasticizer amounts to obtain a flowable UHPFRC with WBA.
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Water-permeable porosity of the UHPFRC with WBA

Water permeable porosityof UHPFRC (% )

19

18

0% nS + 0% SF

2% nS + 0% SF

4% nS + 0% SF

0% nS + 2% SF

2% nS + 2% SF

4% nS + 2% SF

17

16

15

14
0

0.1

0.2

0.3

0.4

The amount of polypropylene fibres (vol. % )

Figure 6.5: Effect of nanosilica and hybrid fibres on the water-permeable porosity of the UHPFRC
with waste bottom ash (WBA) (nS: nanosilica, LSF: long straight fibres)

Figure 6.5 presents the effect of nanosilica and hybrid fibres on the water-permeable
porosity of the UHPFRC with WBA. The water-permeable porosity of the developed
UHPFRC is relatively high, with around 17% (vol.). From the preliminary experiments, it
was found that the water-permeable porosity of the UHPFRC without WBA is about 10%,
which means that about 7% of the water-permeable porosity can be attributed to the
addition of WBA. As can be found in the literature (Pera et al., 1997; Müller and Rübner,
2006; Qiao et al., 2008), the metallic aluminium particles in WBA react in the alkaline
environment in concrete and release hydrogen, which influences the microstructure
development and generates cracks. Hence, in this study, due to the presence of metallic
aluminium (as shown in Section 2.2.2), the water-permeable porosities of the UHPFRC
are relatively high. Moreover, it can be noticed that the addition of steel fibres can
significantly further increase the water-permeable porosity of the UHPFRC, while the
polypropylene fibres only slightly increase the water-permeable porosity of the UHPFRC.
These phenomena can be attributed to the fact that the steel fibre could change the
structure of the granular skeleton, while flexible fibres fill the space between the large
particles. Nevertheless, it is important to notice that the water-permeable porosity of the
UHPFRC slightly decreases with the addition of nanosilica. For instance, in the samples
without fibres, the addition of about 4% nanosilica can slightly reduce the waterpermeable porosity of the UHPFRC from about 16.8% to 16.5%. This can be attributed to
the nucleation and pozzolanic effect of nanosilica during the cement hydration. As
commonly known, due to the nucleation effect, the formation of C–S–H-phase is no
longer restricted on the cement grain surface alone, which causes that the hydration
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degree of cement is higher and more pores can be filled by the newly generated C–S–H
(Thomas et al., 2009). Therefore, the newly generated C–S–H gel can effectively fill the
pores of the concrete and simultaneously decrease its water-permeable porosity.
In a short summary, the inclusion of WBA causes that the water-permeable porosity of
the developed UHPFRC is relatively high. Additionally, the addition of steel and
polypropylene fibres could both increase the water-permeable porosity of the concrete.
However, appropriate addition of nanosilica can slightly reduce the water-permeable
porosity of the concrete.
6.3.3

Flexural behaviour of the UHPFRC with WBA

In this study, to better understand the effect of nanosilica, steel fibres and polypropylene
fibres on the flexural behaviour of the UHPFRC with WBA, the 3-point flexural test is
executed, and the results are compared in different groups, which are ‘‘single factor
effect (single variable parameter)’’, ‘‘dual factors effect (dual variable parameters)’’ and
‘‘triple factors effect (triple variable parameters)’’, as presented in the following part.
•

Single factor effect

The single factor effect of steel fibres on the flexural strength of the UHPFRC with WBA
is shown in Figure 6.6. Similarly to the results shown in other studies, the addition of
steel fibres (2% vol.) does not only enhance the ultimate flexural strength, but also
improves the energy absorption capacity of the developed UHPFRC. This can be
attributed to the fact that the additional steel fibres can bridge cracks and retard their
propagation, which could change the fracture mode of concrete from brittle fracture to
plastic fracture and significantly increase the ultimate flexural strength of concrete
(Grünewald, 2004). However, compared to the results available in the literature (El-Dieb,
2009; Tayeh et al., 2012; Hassan et al., 2012), it can also be noticed that the ultimate
flexural strength of the UHPFRC (shown in Figure 6.6) is relatively smaller, which
amounts to 11.6 MPa without steel fibre and 18.8 MPa with 2% steel fibre, respectively.
This can be attributed to the negative influence of the additional WBA. The metallic
aluminium in WBA react in the alkaline environment in concrete and release hydrogen,
which may influence the microstructure development, generate cracks and increase the
porosity. Though the steel fibres can retard the propagation of the macro-cracks, the
development of the micro-cracks may also significantly reduce the mechanical properties.
Figure 6.7 presents the single factor effect of nanosilica on the flexural strength of the
UHPFRC with WBA. It is clear that the addition of nanosilica can improve the ultimate
flexural strength of the developed UHPFRC with WBA. For instance, the ultimate
flexural strength of the sample with 4% nanosilica is 14.3 MPa, which is obviously larger
than the one without nanosilica (11.6 MPa). This can be attributed to the nucleation and
pozzolanic effect of nanosilica, as already explained in Section 6.4.2. Hence, the interface
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between the matrix and aggregate could become much stronger, and the concrete strength
could be simultaneously higher.
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Figure 6.6: Effect of the steel fibre (LSF) on the flexural strength of the UHPFRC with waste bottom
ash (WBA)
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Figure 6.7: Effect of the nanosilica (nS) on the flexural strength of the UHPFRC with waste bottom
ash (WBA)

The single factor effect of polypropylene fibres on the flexural strength of the UHPFRC
with WBA is illustrated in Figure 6.8. Differently from the effect of steel fibre, the
fracture mode of the samples with polypropylene fibres only is still a brittle fracture, as
for the reference sample. Moreover, the addition of polypropylene fibres can slightly
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increase the ultimate flexural strength and energy absorption capacity of the UHPFRC,
which can be attributed to the fact that the polypropylene fibres have good ductility,
fineness and dispersion, so they can restrain the plastic cracks (Saeid et al., 2012).
Nevertheless, the elastic modulus and stiffness of polypropylene fibres are much lower
than that of steel fibre, which cause that the improvement of the ultimate flexural strength
and energy absorption capacity are not so obvious.
16.0
Without PPF
0.1% PPF (vol.)
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Figure 6.8: Effect of the polypropylene fibres (PPF) on the flexural strength of the UHPFRC with
waste bottom ash (WBA)
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Figure 6.9: Dual factors effect of the steel fibre (LSF) and nanosilica (nS) on the flexural strength of
the UHPFRC with waste bottom ash (WBA)
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Dual factors effect

Figure 6.9 shows the dual factors effect from steel fibres and nanosilica on the flexural
strength of the UHPFRC with WBA. It is important to notice that the ultimate flexural
strength and energy absorption capacity of the sample with both steel fibres and
nanosilica are much larger than that of the reference sample. Especially for the one with
steel fibre (2% vol.) and nanosilica (4%), the ultimate flexural strength is about 28 MPa.
This can be attributed to the multiple effects of steel fibres and nanosilica. The nucleation
effect of nanosilica in concrete can cause that the steel fibres are tightly caught by the
matrix, which means more energy is needed to break the UHPFRC, and its energy
absorption capacity is significantly enhanced.
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Figure 6.10: Dual factors effect of the steel fibre (LSF) and polypropylene fibres (PPF) on the
flexural strength of the UHPFRC with waste bottom ash (WBA)

The multiple effects of steel fibres and polypropylene fibres on the flexural strength of
the UHPFRC with WBA are presented in Figure 6.10. Note that the addition of
polypropylene fibres can further improve the ultimate flexural strength and the energy
absorption capacity of the steel fibre reinforced samples. For instance, the ultimate
flexural strength of the sample with steel fibres (2% vol.) and polypropylene fibres (0.4%
vol.) is about 25 MPa, which is clearly larger than the one with steel fibres only (about 19
MPa). As shown in (Grünewald, 2004; Markovic, 2006), short fibres can bridge microcracks more efficiently, because they are very thin and their number in concrete is much
larger than that of long fibres (with the same fibre volume). Hence, when the microcracks are just generated in the concrete specimen, the short polypropylene fibres can
effectively bridge them. As the micro-cracks grow and join into larger macro-cracks, the
long straight fibres become more active in crack bridging. In this way, primarily the
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ductility can be improved, and partly also the flexural strength. Long fibres can therefore
provide a stable post-peak response. Short fibres will then become less active, because
they are being pulled out, as the crack width increases.
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(a) 2% nS addition
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(b) 4% nS addition
Figure 6.11: Dual factors effect of the nanosilica (nS) and polypropylene fibres (PPF) on the flexural
strength of the UHPFRC with waste bottom ash (WBA)

However, a simultaneous inclusion of nanosilica and polypropylene fibres in the
UHPFRC with WBA cannot effectively enhance its flexural strength, which is illustrated
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in Figure 6.11. The fracture mode of all the tested samples is the brittle fracture mode,
and the enhancement of the ultimate flexural strength is also limited. For example, the
ultimate flexural strength of the sample with nanosilica (4%) and polypropylene fibres
(0.4% vol.) is about 18 MPa, which is relatively low. This can be attributed to the fact
that although the interface between the matrix and fibres is improved by the addition of
nanosilica, the polypropylene fibres are still less effective in bridging the macro-cracks.
Hence, it can be predicted that to obtain the UHPFRC with superior flexural strength, the
steel fibres, polypropylene fibres and nanosilica should be simultaneously used.
•

Triple factors effect

The triple factors effect from nanosilica and hybrid fibres on the flexural strength of the
developed UHPFRC is depicted in Figure 6.12. Here, only four typical curves are
selected and compared. It is important to notice that the ultimate flexural strength of the
sample with nanosilica (4%), steel fibre (2% vol.) and polypropylene fibres (0.4% vol.) is
around 32 MPa, which is comparable to that of normal UHPFRCs without any waste
materials (El-Dieb, 2009; Tayeh et al., 2012; Hassan et al., 2012). This can be attributed
to the multiple effects of nanosilica and hybrid fibres. The polypropylene fibres bridge
the micro-cracks and the steel fibres restrict the development of the macro-cracks.
Moreover, the additional nanosilica can strengthen the interface between the fibres and
matrix, so more energy can be absorbed by the samples.
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Figure 6.12: Triple factors effect of the nanosilica (nS), steel fibres (SF) and polypropylene fibres
(PPF) on the flexural strength of the UHPFRC with waste bottom ash (WBA)
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Compressive strength of the UHPFRC with WBA

The compressive strength of the developed UHPFRC with WBA is shown in Figure 6.13.
As can be seen, the additional steel fibre could significantly increase the compressive
strength of UHPFRC. For instance, the compressive strength of the samples without steel
fibres fluctuates around 70 MPa, while the compressive strength of the steel fibre
reinforced sample sharply increases to about 115 MPa. Furthermore, with an increase of
the nanosilica amount, the compressive strength of the concrete slightly increases.
Additionally, it can be observed that the effect of polypropylene fibres on the
compressive strength is not significant. Nevertheless, it still can be noticed that the
compressive strength of the developed UHPFRC is relatively lower than that of other
UHPFRCs (El-Dieb, 2009; Tayeh et al., 2012; Hassan et al., 2012). This can be attributed
to the following reasons: 1) the used WBA can generate hydrogen and affect the
microstructure development of the concrete, which can increase the porosity and decrease
the compressive strength of the concrete; 2) the quality of the used WBA is relatively
poor, as it contains some impurities that have no contribution or even negative
contribution to the compressive strength development.
Table 6.3 Effect of the nanosilica (nS), steel fibre (LSF) and polypropylene fibres (PPF) on the
mechanical properties of the concrete with WBA

WBA
nS
LSF
PPF
C-S
F-S
(%, mass)
(%, mass)
(%, vol.)
(%, vol.)
(MPa)
(MPa)
Ref.
0
0
0
0
75.8
10.8
1
20
0
0
0
63.3
11.6
2
20
4
0
0
69.6
14.3
3
20
0
2
0
102.9
18.8
4
20
0
0
0.4
62.9
13.5
5
20
4
2
0
113.9
27.9
6
20
4
0
0.4
67.8
17.6
7
20
0
2
0.4
101.9
24.9
8
20
4
2
0.4
112.4
31.7
(C-S: compressive strength (28 days), F-S: flexural strength (28 days), Ref.: reference sample,
mass: mass fraction, vol.: volume fraction, by the volume of concrete)

A summary of the effect of nanosilica, steel fibres and polypropylene fibres on the
mechanical properties of the concrete is shown in Table 6.3. It is clear that with the
inclusion of the WBA in concrete, the compressive strength decreases, while the flexural
strength is relatively comparable. However, a simultaneous inclusion of nanosilica, steel
fibres and polypropylene fibres can significantly improve the mechanical properties of
the concrete (particularly the flexural strength). Hence, the UHPFRC with WBA can be
produced and utilized in applications with high flexural strength requirements.
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Figure 6.13: Effect of nanosilica (nS), steel fibres (LSF) and polypropylene fibres on the compressive
strength of UHPFRC with waste bottom ash (WBA) after curing for 28 days

6.3.5

Hydration kinetics of cement in the UHPFRC with WBA

To clearly understand the effect of nanosilica on the properties of UHPFRC with WBA,
the isothermal calorimetry is utilized to analyse its hydration process, and the results of
these analyses are shown in Figure 6.14. It is apparent that with the addition of WBA, the
height of the early rate peak is reduced, and the time required to reach the maximum rate
is simultaneously extended. These imply that the hydration of cement is slightly retarded
by the WBA, which is in line with the results presented in Giampaolo et al. (2002) and Li
et al. (2012). From Table 2.5 and Figure 2.5, it can be noticed that there are many
impurities in the utilized WBA, which may affect the hydration of cement. Moreover, the
addition of nanosilica can significantly accelerate the cement hydration, and with the
increased amount of nanosilica, the cement hydration rate simultaneously rises.
Eventually, in this study, the additional nanosilica could compensate the negative
influence of WBA on the hydration of cement. This phenomenon can be attributed to the
nucleation and pozzolanic effect from nanosilica. After mixing, the nanoparticles are
uniformly dispersed in concrete. When the hydration begins, the hydration products
diffuse and envelop nanoparticles as kernels, which can promote the cement hydration
and makes the cement matrix more homogeneous and compact (Jalal et al., 2012).
Therefore, in this study, with the increase of nanosilica amount, more reactive kernels
will be generated during the hydration, so in turn the hydration rate of cement is
accelerated.
The hydration process of cement can be classified into four principle stages (Land and
Stephan, 2012): 1) initial phases of dissolved substances; 2) induction period where the
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C–S–H and portlandite-nucleation begins; 3) the acceleration period begins about one
hour after mixing the cement with water; 4) After about three hours the reaction becomes
controlled by the diffusion and the heat evolution rate starts to decrease. However, in this
study, the induction and acceleration period of cement hydration are obviously longer
than that for normal cement. For instance, in the sample without WBA, the induction and
acceleration period are about 10 h and 15 h, respectively (see Figure 6.14). This can be
attributed to the retardation influence of the superplasticizer. According to the
investigation of Jansen et al. (2012), a complexation of Ca2+ ions (from pore solution)
and polymers (from the superplasticizer) is as considerable as the absorbed polymer on
the nuclei or the anhydrous grain, which in turn might lead to the prevention of the
growth of the nuclei or the dissolution of the anhydrous grains. Hence, in this study, due
to the fact that high amount of superplasticizer is utilized to produce the UHPFRC, the
cement hydration is significantly retarded.
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Figure 6.14: Calorimetry test results of the developed UHPFRC (incorporating WBA) with different
amount of nanosilica (TRMP: Time to reach the maximum peak; DP: Dormant period; ∆HF:
Change in heat flow RST: Relative setting time)

6.3.6

Microscopy analysis of the UHPFRC with WBA

To clarify the effect of hybrid fibres on the mechanical properties of the UHPFRC with
WBA, the microscopy images of the different samples are compared, which is shown in
Figure 6.15.
As can be seen in Figure 6.15(a), the microstructure of the developed UHPFRC is dense
and homogeneous, which can be attributed to the low water to cement ratio and the
optimized particle packing. In this study, the design of UHPFRC is based on the aim to
achieve a densely compacted cementitious matrix, employing the modified A&A model.
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Hence, this also demonstrates that it is possible to utilize particle packing model to design
UHPFRC incorporating waste materials. However, from Figure 6.15(b), a relatively long
and narrow macro-crack can be observed. The length of the crack is about 4.75 mm,
which is more than two times the diameter of the maximum aggregate in concrete. The
generation of the macro-cracks can be attributed to the chemical reaction of the metallic
aluminium particles in WBA with the alkaline solution in concrete, which generates
hydrogen. Supposing that the generated hydrogen cannot timely escape from the concrete
in fresh state, it will gradually produce a series of micro-cracks in the hardened concrete.
With the increase and the interconnections of the micro-cracks, the visible macro-cracks
could be created. Moreover, due to the fact that the distribution of the metallic aluminium
particles is heterogeneous, the distribution of the visible macro-cracks is also
heterogeneous. Hence, during the mechanical tests, the stresses may concentrate around
the cracks and eventually reduce the mechanical properties of the UHPFRC.
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Figure 6.15: Microscopy images of the developed UHPFRC with waste bottom ash (WBA)

Figures 6.15(c) and (d) illustrate the microscopy images of the samples with only
polypropylene fibres. As shown in Figure 6.15(d), some visible macro-cracks can still be
found, and the length of the indicated crack is about 4.4 mm. Moreover, around the
cracks, many polypropylene fibres can be observed, some of which even bridge the
cracks. From the literature (Noumowe, 2005; Song et al., 2005a; Ramezanianpour et al.,
2013), it can be stated that the polypropylene fibres can contribute to the concrete
performance subjected to crack opening and slippage. Nevertheless, here, the addition of
polypropylene fibres is less efficient in restricting the generation of the macro-cracks
(compared to the steel fibres), which causes that the mechanical properties of the sample
with only polypropylene fibres are relatively poor (Figure 6.8). This may be attributed to
the following reasons: 1) the macro-cracks are created before the hardening of concrete,
which means the interface between the polypropylene fibres, and the matrix is still quite
weak and the fibres could not effectively bridge the cracks; 2) the size of the used
polypropylene fibres in some cases is even smaller than the length of the macro-cracks,
which causes that the fibres are useless in restricting the development of this type macrocracks.
The microscopy images of the sample containing simultaneously nanosilica (4%), steel
fibres (2% vol.) and polypropylene fibres (0.4% vol.) are shown in Figures 6.15(e) and (f).
It is important to notice that although the mechanical properties of this sample are
superior, a damaged microstructure can still be observed. Nevertheless, the damage area
is much smaller than that shown in Figures 6.15(b) - (d). Furthermore, close to the
damage area, many hybrid fibres can be found, and the interface between these fibres and
concrete matrix is still compact and tight. As shown in Markovic (2006), in hybrid-fibre
concrete, the short fibres can ‘‘help’’ the long fibres to generate high tensile stresses.
Therefore, the combining of different types of fibres in the same concrete results in better
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mechanical behaviour compared to the concrete with only single sized fibres. In this
study, due to the addition of hybrid fibres into the UHPFRC, the short polypropylene
fibres can restrict the development of the micro-cracks and the long straight fibres could
hinder the generation of the macro-cracks. Hence, the damage caused by the generated
hydrogen can be minimized, and the mechanical properties of the developed UHPFRC
are improved.
Consequently, based on the microscopy analysis and calorimetry test results, the multiple
effect of nanosilica and hybrid fibres on the mechanical properties of the UHPFRC
should be summarized as following: 1) the addition of hybrid fibres can effectively
minimize the damage originating from the generated hydrogen and reduce the stress
concentration under the external loading; 2) the additional nanosilica could promote the
hydration of cement and improve the bond between matrix, aggregate and fibres.

6.4 Conclusions
This chapter presents the multiple effects of nanosilica and hybrid fibres on the properties
of an Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) incorporating waste
bottom ash (WBA). From the results addressed in this paper the following conclusions
are drawn:
1) By employing the modified A&A model, it is possible to utilize waste bottom ash
to produce UHPFRC with a relatively low binder amount (about 650 kg/m3). The
obtained maximum compressive and flexural strengths of the developed UHPFRC
are about 115 and 32 MPa, respectively.
2) When using WBA to replace about 20% of conventional aggregates, the
workability of the developed UHPFRC decreases. Moreover, the addition of
nanosilica, steel fibres and polypropylene fibres can further reduce its flowability.
Hence, it is important to properly adjust the water and superplasticizer amounts to
obtain a flowable UHPFRC with WBA.
3) Due to the application of WBA, the water-permeable porosity of the developed
UHPFRC is relatively high (about 17%). Moreover, the addition of steel and
polypropylene fibres could both increase the water-permeable porosity of
concrete. Nevertheless, an appropriate addition of nanosilica (around 4% by the
mass of the binder) can slightly reduce the water-permeable porosity (to about
16.5 %).
4) The addition of WBA reduces the compressive strength of the developed concrete.
However, due to the coarse surface of WBA and the threadlike stuff on its surface,
the flexural strength of the developed concrete can be slightly enhanced. After the
nanosilica and hybrid fibres are added into the concrete, its mechanical properties
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(particularly the flexural strength) can be significantly improved. Hence, the
UHPFRC with WBA can be produced and utilized in concretes with high flexural
strength requirements.
5) The addition of WBA can slightly retard the cement hydration. However, the
small dosage of the additional nanosilica could compensate this retarding
influence of WBA on the hydration rate of cement, which is attributed the
nucleation effect of nanosilica.
6) The microstructure development of concrete is influenced and some macro-cracks
could be generated due to the addition of WBA. However, the simultaneous
addition of nanosilica and hybrid fibres into the UHPFRC can effectively restrict
and minimize the cracks, which causes that the mechanical properties of the
developed UHPFRC with WBA could be significantly improved.

Applying WBA in UHPFRC can not only reduce the cost and environmental impact of
UHPFRC, but also benefit for disposing the waste WBA, which are in line with the
sustainable development of nowadays. However, due to the negative influence of the
metallic aluminium in WBA, the compressive strength of the produced UHPFRC can be
decreased. Therefore, the developed UHPFRC with WBA is unsuitable to be applied in
the place with quite high requirements of compressive behaviour. In this research, the
aim is to develop a sustainable protective UHPFRC, which implies that the produced
material should be sustainable and simultaneously has great impact resistance capacity.
Due to the fact that the material is under great compressive, flexural and tensile stresses
during the impact process, the UHPFRC with WBA is unsuitable to be utilized to
produce a protective structure. Hence, in the following chapters (Chapters 7-9), all the
sustainable UHPFRC is produced based on optimized particle packing model, efficient
application of powders and steel fibres.
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7 Performance of the sustainable UHPFRC under impact
7.1 Introduction
As already mentioned in Chapter 1, high potential of energy absorption makes UHPFRC
suitable for applications where high energy release rates exists. From the available
literature, the blast-resistant characteristics and mechanical properties of UHPFRC under
high strain rate loadings can be found. For example, Bindiganavile et al. (2002)
demonstrated that UHPFRC has higher impact resistance than other types of concretes.
Their impact tests were carried out with a 60 kg drop-mass, hitting a variable span beam
specimen from heights of up to 2.5 m. To cover a large range of loading rates, Parant et al.
(2007) employed two dynamic/impact tests using the four-point bending set-up on thin
UHPFRC slabs with three quasi-static loading rates (3.3 × 10-6, 3.3 × 10-4 and 3.3 × 10-3
s-1) and a block-bar device with a bar velocity of 5.55 m/s. Their results showed that with
an increase in the strain rate, the modulus of rupture and the uniaxial tensile strength
increase. Habel and Gauvreau (2008) presented an experimental and analytical study of
load rate-dependent characteristics of UHPFRC. The results of this study showed a
significantly increased strength and fracture energy of the dynamically loaded plates
when compared to quasi-static loading. Lai and Sun (2009) studied the dynamic
behaviour of UHPFRC with different steel fibre volume fractions under impact using the
split Hopkinson pressure bar device. It was proven that, at high strain rates, the
unreinforced specimens fracture into small parts while the fibre reinforced ones only have
fine cracks on the edges. Máca et al. (2014) and Sovják et al. (2015) investigated the
impact resistance of UHPFRC against bullets fired. It was experimentally veriﬁed that the
optimal ﬁbre content in the UHPFRC mixture is 2% by volume. No improvement in all
damage parameters was observed when the ﬁbre volume fraction was increased from 2%
to 2.5% or 3%. Similarly to that, Wu et al. (2015) investigated the impact resistance of
UHPFRC under projectile impact with the velocity of 510–1320 m/s. The experimental
results confirmed that UHPFRC has excellent projectile impact resistance, such as
reducing the depth of penetration and the crater dimensions of the rigid projectile, as well
as defeating the structure and deviating the terminal ballistic trajectory of the abrasive
projectile. Nevertheless, to the author’s knowledge, the research focusing on dynamic
performance of the sustainable UHPFRC is scarce, since the energy dissipation capacity
results obtained from the literature are derived from the UHPFRC produced with a large
amount of cement or binders. Therefore, it remains unclear whether the developed
sustainable UHPFRC would be suitable for utilization in protective structures.
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Consequently, based on these premises mentioned above, the main objective of this
chapter is to evaluate the performance of the developed sustainable UHPFRC under
impact loadings, including experimental studies and modeling analysis. In addition, to
efficiently apply the steel fibres in the construction of protective structures, the effect of
different fibres on the impact resistance of the sustainable UHPFRC is also investigated.
According to the results obtained in previous chapters, the design of the sustainable
UHPFRC matrix is based on the modified A&A model.

7.2 Background of concrete under impact loadings
7.2.1

Effect of loading rates on the dynamic behaviour of concrete

In the available literature it can be found that numerous tests have been conducted over
the past century to explore the dynamic compressive behaviour of concrete-like materials
(Bischoff and Perry, 1991; Cotsovos and Pavlovic, 2008). During impact loadings (the
strain rate at about 10s-1), the dynamic compressive strength of concrete has been found
to be as much as 85-100% greater than its static strength. However, there is a wide
variation in the test results of the dynamic strength, which becomes even greater as the
strain rate increases. Today, it is generally accepted that the “dynamic increase factor”
(DIF), defined by the ratio of the dynamic strength to the quasi-static strength in uniaxial
compression, has an apparent increasing trend with the increase of the strain rate. Based
on experimental results, some typical empirical formulae were proposed. The most
comprehensive model for predicting the strain rate enhancement of concrete-like
materials is presented by CEB Model Code (2010):

f cd  ε' 
DIF =
= 
f cs  ε's 

1.026 αs

(ε′ < 30s-1)

(7.1)

and

 ε' 
DIF = γs  ' 
 εs 

13

(ε′ > 30s-1)

(7.2)

where fcs and fcd are the unconfined uniaxial compressive strength in quasi-static and
dynamic loading (MPa), respectively. ε′ and εs′ are the dynamic strain rate and quasiα
static strain rate (s-1), respectively. Additionally, γs = 10(6.156 s-2.0), αs = 1/(5+9fcs/fco), fco =
10 MPa and ε′s = 30×10-6s-1.
A series of tests have been conducted by Ross et al. (1989; 1995; 1996) and Tedesco and
Ross (1998) using Split Hopkinson Pressure Bar (SHPB) test for different concrete
strengths, moistures and strain rates. Based on the obtained experimental results, a DIF
regression equation was suggested as follows (Tedesco and Ross, 1998):
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DIF = 0.00965 log ε' + 1.058 ≥ 1.0 (ε′ < 63.1s-1)

(7.3)

and
DIF = 0.758 log ε' + 1.058 ≤ 2.5 (ε′ > 63.1s-1)

(7.4)

in which the transition point from a low strain rate sensitivity to a high sensitivity occurs
at 63.1 s-1.
More recently, Grote et al. (2001) tested mortar using the SHPB with the range of strain
rates from 250 to 1700 s-1. A sharp increase in DIF was observed at strain rates around
102 s-1. The following formulae were suggested to define the dependence of DIF on strain
rate (Grote et al., 2001):
DIF = 0.0235 log ε' + 1.07 (ε′ < 266.0s-1)

(7.5)

and
DIF = 0.882 ( log ε' ) − 4.4 ( log ε' ) + 7.22 ( log ε' ) − 2.64 (ε′ > 266.0s-1)
3

2

(7.6)

Besides the dynamic compressive strength loading, the dynamic tensile loading case is
also very common in the service life of concrete-like materials. In the analysis of
concrete structures subjected to impact loading, both concrete and steel are subjected to
very high strain rates in the range of 10 s-1 to 1000 s-1. At these high strain rates the
apparent strength of these materials can increase significantly, by more than 600 percent
for concrete in tension (Mellinger and Birkimer, 1966; Birkimer, 1968; Birkimer and
Lindemann, 1971; Mcvay, 1988). Several sets of data are available for the strain rates in
the range of 1 s–1 to 200 s–1 in tension (Malvar and Ross, 1998). At present, the most
comprehensive model for strain rate enhancement of concrete in tension is also presented
by the CEB Model Code (2010). The dynamic increase factor (DIF) of the tensile
strength, is given by:

 ε' 
f
DIF = t =  ' 
fts  εs 

1.016 δ

(ε′ < 30s-1)

(7.7)

(ε′ > 30s-1)

(7.8)

and

 ε' 
f
DIF = t = β  ' 
fts
 εs 

13

where ft is the dynamic tensile strength (MPa) at ε′ (s-1), fts is static tensile strength (MPa)
at εs′ (s-1), ε′ is the strain rate in the range of 3×10-6 to 300 s-1, εs′ is static strain rate
(3×10-6 s-1), logβ = 7.11δ - 2.33, δ = 1/(10 + 6 fcs/fco’) and fco’ = 10 MPa.
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Although a large number of experiments have been done to investigate the DIF and some
empirical formulae (Eqs. 7.1-7.8) are proposed to represent the DIF of concrete, the
physical mechanisms controlling the strain rate effect on DIF of concrete are not yet fully
understood. It is still unclear whether the tensile strength enhancement of concrete with
increasing strain rate is intrinsic (only attributed to the strain rate effect) or it involves
“structural” influences (e.g. inertia and stress).
7.2.2

Dynamic behaviour of internal structure of concrete

During the last decades, the development of advanced and effective investigation
techniques has already demonstrated that the atomic level (nano and micro) properties of
concrete have a profound effect upon its macro-level properties (Monteiro et al., 2009).
Therefore, it is important to investigate the dynamic behaviour of concrete internal
structure during the impact process, which may be helpful for clarifying the intrinsic
effect of strain rate on concrete. However, the influence of external impact on the internal
structure of concrete, and the mechanisms which cause different crack and failure
patterns when varying the loading rate, remain open questions (Georgin and Reynouard,
2003). It is still an essential and challenging task for the concrete technologist to establish
the relationship between the micro structure and macro properties of concrete under
impact loadings.
As announced in the available literature, the presence of aggregates at the target impact
face would enhance its penetration resistance. For example, Dancygier and Yankelevsky
(1999) studied the effect of adding a layer of basalt aggregates, consisting of two
different nominal aggregate sizes, 10 mm and 20 mm, respectively at the impact face.
These concrete targets were impacted upon by sharp-nosed projectile with velocities
ranging between 100 m/s and 250 m/s. At similar impact velocities, the specimens with
larger sized basalt aggregates had smaller rear face damage compared to those with
smaller sized basalt aggregates. This observation indicated that the use of hard and
properly-sized aggregates plays a significant role in absorbing part of the projectile's
kinetic energy at the beginning of the penetration process and altering its path. Similar
research can also be found in Bludau et al. (2006), in which the influence of concrete
composition on the impact resistance of high strength concrete (HSC) panels was
investigated. The targets with thickness varying from 40 mm to 150 mm were subjected
to 7.62 mm diameter ogive-nosed projectile impact at a velocity of 800 m/s. The results
showed that the target impact resistance depended on the toughness and hardness of the
aggregates. Specimens fabricated with harder and more ductile aggregates demonstrated
better results compared to those fabricated with weaker aggregates. In addition,
specimens with larger maximum aggregate sizes and those with higher fraction of large
sized aggregates were observed to produce lower residual velocities of the projectile after
perforation, indicating a higher energy absorption capacity. It was concluded that the
maximum aggregate size and the aggregates grading curve should be designed to allow a
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higher probability of the penetrating projectile striking a large aggregate particle, so as to
ensure good absorption of the projectile's energy. From the investigation of Erdem et al.
(2012a), the relationship between the nature of micro damage under impact loading and
changes in mechanical behaviour associated with different microstructures was studied
for concretes made with two different coarse aggregates. The results showed that the
concrete prepared with lightweight aggregates was stronger in compression than the
gravel aggregate concrete due to enhanced hydration as a result of internal curing. In
addition, it was deduced that an inhomogeneous micro-structure in concrete led to strain
incompatibilities and consequent localized stress concentrations in the mixture, leading to
an accelerated failure. The pore structure, compressibility, and surface texture of the
aggregates are of paramount importance for the micro-cracking growth. Moreover, the
influence of the micro scale local mechanical properties of the interfacial transition zone
(ITZ) on macro level mechanical response and impact behaviour was studied for
concretes made with copper slag and gravel aggregates (Erdem et al., 2012b). It was
deduced that a stronger and denser ITZ in the copper slag specimen would reduce its
vulnerability to stiffness loss and contribute to its elastic and more ductile response under
impact loading. The analysis also indicated that a significant degeneration in the pore
structure of the gravel specimen associated with a relatively weaker and nonhomogeneous ITZ occurred under impact. Finally, it was also concluded that increased
roughness of ITZ may contribute to the load-carrying capacity of concrete under impact
by improving contact point interactions and energy dissipation.
Nevertheless, after summarizing the findings presented in the literature, it can be noticed
that some of the conclusions are contradicting to each other. For instance, some
investigations suggested that large aggregates can enhance the impact resistance capacity
of concrete, while other researchers demonstrated that the homogeneous microstructure
of concrete is the most important factor in designing impact resistant concrete, in which
the content of large aggregates should be limited. Hence, a fundamental investigation
regarding appropriate improvement of concrete energy dissipation capacity is still needed.
7.2.3

Improvement of energy dissipation capacity of concrete

As commonly known, both normal and high strength concretes are brittle, where the
degree of brittleness increases as their strength increases. The conventional method to
strengthen concrete against impact loading is by using continuous steel reinforcement
bars (re-bars). The steel re-bars are effective in preventing the mass separation of the
concrete target, keeping it intact and maintaining the structural integrity (Clifton, 1982).
However, with the development in industry, this approach was demonstrated to be
ineffective in reducing penetration depth under projectile impact (Dancygier and
Yankelevsky, 1996; Luo et al., 2000). Therefore, some other methods were proposed to
improve the energy dissipation capacity of concrete in recent decades.
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Inclusion of fibres

As commonly known, the ductility of concrete can be improved by introducing various
types of fibres, especially steel fibres, into the concrete mixtures. The fibres can
effectively restrict the crack opening and growth, and simultaneously enhance the energy
dissipation capacity of concrete (Lu and Hsu, 2006; Lau and Anson, 2006; Camps et al.,
2008; Afrough, 2008; Sharma et al., 2009). It is demonstrated that the added fibres could
effectively reduce the possibility of spalling and scabbing failures, prevent crack
propagation and extend the softening region in the concrete matrix (Farnam et al., 2010).
Compared to synthetic or natural fibres, steel fibres are the most commonly used to
reinforce concrete. Steel fibre-reinforced concrete (SFRC) has gained acceptance for a
variety of applications, including industrial floors, hydraulic structures, bridge deck
overlays, pavement and overlays, explosive and penetration resistant structures, etc. (ACI
Committee 544, 1993). In the available literature a large number of experimental results
of SFRC under impact loadings can be found. For instance, the testing method from ACI
Committee 544 was utilized to determine the impact resistance of structural lightweight
concrete reinforced with steel fibres (Swamy and Jojagha, 1982). The results show that
with a fibre volume of 1%, substantial increases in the impact strength and energy
absorption can be achieved over those of plain concrete. Naaman and Gopalaratnam
(1983) studied the effects of strain rate of loading on the bending properties of steel fibre
reinforced mortar (SFRM) using an instrumented drop-weight impact machine. The
parameters investigated in the experimental programme include three volume fractions of
fibres (1%, 2% and 3%), three fibre aspect ratios (47, 62 and 100), two mortar mixes and
four strain rates of loading ranging from 0.5 x 10-5 to 1.2 strains per second. It is found
that depending on the fibre reinforcement parameters, the energy absorbed by the
composite at static loading rates can be one to two orders of magnitude higher than that
of the unreinforced matrix. Almansa and Cánovas (1999) described the main factors
affecting the impact of small projectiles on steel fibre reinforced concrete (SFRC) targets.
It can be found that fibre additions reduce by only a little the thickness needed to avoid
perforation, but the thickness necessary to avoid scabbing is much smaller than that for
plain concrete. Whereas for plain concrete a penetration equal to 45-50% of the thickness
is sufficient to cause scabbing, and this ratio must grow up to 60% when fibres are added
at the content of 80 kg/m3. Nataraja et al. (1999) reported the variation in impact
resistance of SFRC and plain concrete as determined from a drop weight test. It can be
found that the impact strength results as determined from the drop weight test have large
standard deviations, both for SFRC as well as plain concrete. The observed coefficients
of variation are about 57 and 46% for first-crack resistance and the ultimate resistance in
the case of fibre concrete and the corresponding values for plain concrete are 54 and 51%,
respectively. Similar investigation results can also be found in Song et al. (2005b), which
only focused on the statistical variations in impact resistance of high-strength concrete
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(HSC) and high-strength steel fibre-reinforced concrete (HSSFRC). The effect of the
steel fibre type and amount on the energy dissipation capacity of concrete was
investigated in Mohammadi et al. (2009). The specimen incorporated three different
volume fractions i.e. 1.0%, 1.5% and 2.0% of corrugated steel fibres. The results show
that concrete containing 100% long fibres at 2.0% volume fraction gave the best
performance under impact loading. Considering the fact that an increase of the additional
fibres amount is beneficial for improving the energy dissipation capacity of concrete,
about 8-11% (vol.) of steel fibres were added into concrete matrix maximally, e.g. the
case of slurry infiltrated fibre concrete (SIFCON). A comparison of dynamic
performance between conventional concrete and SIFCON under high velocity small
projectile impact (860 m/s) was done by Anderson et al. (1992). The obtained
experimental results showed that the damages on both front and rear faces of SIFCON
were significantly reduced as compared to the conventional concrete. Nevertheless,
despite its excellent performance against projectile impact, SIFCON is not widely used in
the practice, mainly due to its high volume fraction of fibres and labour-intensive casting
process.
In recent decades, with the development of the chemical industry products, various
synthetic fibres with high mechanical properties are developed, which are mainly made
from synthesized polymers. Normally, these synthetic fibres are polymerized into a long,
linear chemical substance that bonds two adjacent carbon atoms, while different chemical
compounds are used to produce different types of fibres. Although there are several
different synthetic fibres, they generally have similar properties (Bhat and Kandagor,
2014).
Utilizing synthetic fibres to produce impact resistance concrete was very popular about
20 years ago. For instance, Mindess (1988) tested concrete beams containing fibrillated
polypropylene fibres (0.1-0.5%, vol.) under impact loading. The results showed that the
addition of the fibrillated polypropylene fibres increased both the fracture energy and the
impact strength of the concrete. In addition, Mindess et al. (1993, 1998) also found that
0.5% by volume polypropylene fibres had little effect on the peak loads, but increased
somewhat the energy required to perforate the plates. However, 1.0% by volume steel
fibres led to a significant increase in both peak loads and fracture (perforation) energy.
With a fibre addition of 1.5% by volume, the polyolefin fibre reinforced units were able
to display essentially the same behaviour as the steel reinforced units, in terms of both the
fracture energy and the maximum impact load. Due to the comparable properties between
synthetic and steel fibres, some comparative investigations of them on the energy
dissipation capacity of concrete can be found. For example, an investigation on fibre
reinforced concrete slabs subjected to low velocity projectile impact was carried out to
assess the impact resistance (Ong et al., 1999). The used fibres were polyolefin, polyvinyl
alcohol and steel. The volume fractions of fibres examined were 0%, 1% and 2%. Test

152

Chapter 7

results indicated that hook ended steel fibre reinforced concrete slabs have better crack
resistance and energy absorption characteristics than slabs reinforced with other fibre
types. Slabs reinforced with polyvinyl alcohol fibres exhibited higher fracture energy
values compared to slabs reinforced with polyolefin fibres. Similar conclusions are also
drawn in Wang et al. (1996) and Nia et al. (2012). Hence, it can be briefly summarized
that steel fibre is more efficient than synthetic fibre in improving the energy dissipation
capacity of concrete. Additionally, due to the fact that the steel fibres are cheaper and
easier to be produced compared to the synthetic fibres, it is more practical to include steel
fibres in the production of concrete with enhanced energy dissipation capacity.
Except the most commonly used fibres (steel fibres and synthetic fibres), natural fibres,
fabrics and hybrid fibres were also utilized to improve the energy dissipation capacity of
concrete (Al-Oraimi and Seibi, 1995; Banthia et al., 1998; Ramakrishna and Sundararajan,
2005; Vossoughi et al., 2007; Ohkubo et al., 2008; Li and Xu, 2009; Silva et al., 2011;
Dawood and Ramli, 2012). The experimental results showed that almost all the additional
fibres or fabric can improve the energy dissipation capacity of concrete. However, the
steel fibres are still the most suitable fibres to be utilized in the production of concrete
with relatively high impact resistance, which can be attributed to their relatively low price
and simplicity.
•

Strong concrete matrix

Besides the addition of fibres, the basic properties of concrete matrix (e.g. porosity, bond
strength of aggregate and mortar matrix) are also very important to improve its energy
dissipation capacity, since the solid concrete matrix can strongly grip the fibres so that
energy will be consumed in the fibre pullout process. For example, Zhang et al. (2005)
presented the results of an experimental study on the impact resistance of concrete with
compressive strengths of 45-235 MPa when subjected to impact by 12.6mm ogive-nosed
projectiles at velocities ranging from 620 to 700 m/s. The results indicated that the
penetration depth and crater diameter in target specimens exhibit an overall reduction
with an increase in the compressive strength of the concrete. However, the trend is not
linear. A further increase in the compressive strength requires a reduction in the
water/binder ratio and the elimination of coarse aggregates. Dancygier et al. (2007)
studied the influence of the concrete mix ingredients and amount and type of
reinforcement on the performance of high strength concrete (HSC) under this type of
loading. The main findings showed that the development of HPC barriers to withstand
impact loads involves several aspects. These are aimed at achieving enhanced properties
of the structural element, where only one of which is the concrete’s compressive strength.
Additionally, Tai (1999), Yan et al. (2009), Nili and Afroughsabet (2010a, 2010b) all
demonstrated that the concrete matrix with relatively high strength can effectively
improve the interface zone between fibres and concrete, reduce the number and size of
cracks, and enhanced the ability of concrete to resist impact loadings.
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Multilayer protective structures

Until now, there is no consensus regarding the effect of multiple layers design on the
energy dissipation capacity of protective concrete, although this topic has attracted
considerable interest among the researchers for a long time. For instance, Kojima (1991)
performed impact experiments on monolithic concrete shield with the thickness of 18 cm
and double layer concrete shields (the same concrete quality), 9 cm + 9 cm and 6 cm + 12
cm. The conclusion was that the impact resistance of a double-layer shield is inferior to
that of a monolithic shield. Similar results can also be found in the investigation of Amde
et al. (1997). They concluded that: 1) composite barriers manufactured from different
materials are more efficient than layered barriers manufactured from the same material; 2)
multiple barriers are less efficient than single layer panels having the same thickness.
Nevertheless, some contradicting results can also be found in the literature. For example,
Shirai et al. (1997) investigated experimentally and numerically the impact resistance of
reinforced concrete plates against flat-nosed projectiles with an impact velocity of about
170 m/s. They compared the protective effectivities of the monolithic shield with the
thickness of 9 cm and double-layer shields having same concrete but different structure,
4.5 cm + 4.5 cm and 3 cm + 6 cm. It was found that double-layer shields had a higher
impact resistance than the monolithic shield. Moreover, Booker et al. (2009) presented an
experimental investigation on the dynamic performance of segmented concrete targets
under projectile impact. This work showed that segmented targets may produce
reasonable projectile deceleration profiles if the interfaces between target segments can
be mitigated with grout or similar materials. In general, to clearly clarify the influence of
multilayers design on the energy dissipation capacity of concrete, further studies are still
needed.
Based on all the literature results mentioned above, it can be concluded that a strong
concrete matrix and appropriate inclusion of fibres (particularly steel fibres) are the most
crucial factors in the production of concrete with relatively high energy dissipation
capacity. As described before, UHPFRC is a type of concrete with a large amount of steel
fibres and superior mechanical properties, which exactly meets the requirements of
producing impact resistant concrete. Hence, it is logic to use UHPFRC in the application
where a large amount of energy may be absorbed.

7.3 Performance of the sustainable UHPFRC under impact loadings
As described in the previous chapters, a sustainable UHPFRC can be produced with
relatively low binders’ amount and efficient fibres application, based on the modified
A&A model and fibre hybridization design. However, it is unclear whether this
sustainable UHPFRC also has relatively high impact resistance capacity and how to
improve its energy dissipation ability. Hence, in this section, the performance of the
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developed sustainable UHPFRC under impact loadings is investigated. In general, the
study can be divided into two parts: 1) energy dissipation of the sustainable UHPFRC
with only straight steel fibres; 2) energy dissipation of the sustainable UHPFRC with
hook ended steel fibres. Due to the restriction of different steel fibres on the sample
dimensions, two pendulum impact set-ups are employed for the experimental
investigation. More detailed information is presented in the following part.
7.3.1

Materials and mix design

The ingredients used in this section for the production of the sustainable UHPFRC matrix
are the same as that shown in Section 4.2.2. Additionally, three types of steel fibres are
utilized: 1) long straight fibres (LSF), length = 13 mm, diameter = 0.2 mm; 2) short
straight fibres (SSF), length = 6 mm, fibre diameter = 0.16 mm; 3) hook ended fibre (HF)
length = 35 mm, diameter = 0.55 mm. Some detailed information on these fibres can be
found in Figure 2.8 and Table 2.6.
The sustainable UHPFRC’s recipe, developed using the modified A&A model, is shown
in Table 7.1. The resulting integral grading curve of the composite mixes is the same as
that shown in Figure 4.11(c). In this study, the utilized steel fibre amount is fixed at 2%
(vol.). In general, the developed concrete can be divided into three categories: 1)
reference sample (without fibres, No. 1); 2) with only straight fibres (No. 2-6); 3) with
hook ended steel fibres (No. 7 and 8).
Table 7.1: Recipes of the developed UHPFRC

OPC
LP
MS
S
nS
W
SP
LSF
SSF
HF
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 vol. % vol. % vol. %
1
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
0
0
0
2
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
2.0
0
0
3
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
1.5
0.5
0
4
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
1.0
1.0
0
5
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
0.5
1.5
0
6
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
0
2.0
0
7
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
0.5
0
1.5
8
594.2 265.3 221.1 1061.2 24.8
176.9
44.2
0
0
2
(OPC: Ordinary Portland Cement (CEM I 52.5 R), LP: limestone powder, MS: microsand, S:
sand (0-2), nS: nanosilica, W: water, SP: superplasticizer, LSF: long straight fibres, SSF: short
straight fibres, HF: hook ended fibres)

No.

7.3.2

Experimental methodologies

Considering the effect of different fibres on the sample dimensions, two pendulum
impact set-ups are employed here: one is “Charpy Impact Device” (Figures 7.1-7.3), and
the other one is “Modified Pendulum Impact Device” (Figures 7.4 and 7.5).
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H1

H2

(a)

(b)

Figure 7.1: The “Charpy Impact Device” (a) used in this study and its working scheme (b)
25.4

25.4

50.8

Figure 7.2: Dimensions of sample for Charpy impact test (units: mm)

The “Charpy Impact Device” is employed to test the energy dissipation capacity of the
sustainable UHPFRC with only straight steel fibres (No. 2-6 in Table 7.1), referencing
the ASTM E23 (1992). The “Charpy Impact Device” is shown in Figure 7.1, in which the
maximum kinetic energy output is 147.1 J. According to Xu et al. (2010), the dimension
of specimen and the configurations of the loading for the Charpy impact test are
presented in Figures 7.2 and 7.3, respectively.
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After curing in the water for 28 days, the hardened samples are prepared for the impact
test. After embedding the specimen, the pendulum is released from a height H1 and swing
through the specimen to a height H2, as shown in Figure 7.1(b). Assuming negligible
friction and aerodynamic drag (about 1% of the total impact energy), the energy absorbed
by the specimen was equal to the height difference multiplied by the weight of the
pendulum. During the testing, at least five specimens are tested for each batch.

Concrete specimen

5.4
40
5.4
Impact direction
Hammer

Figure 7.3: Configuration of impact loading process of “Charpy Impact Device” (units: mm)

Figure 7.4: Model of the “Modified Pendulum Impact Device” employed in this study (Verhagen,
2013)

Figure 7.4 illustrates a down-scaled model of the “Modified Pendulum Impact Device”
designed by Verhagen (2013). In this study, this device is employed to evaluate the
energy dissipation capacity of the sustainable UHPFRC with hook ended fibres (mixtures
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No. 7 and 8 in Table 7.1). The “Modified Pendulum Impact Device” can be treated as
two main parts, assembled together: the sample part (“A” shown in Figure 7.5) and the
hammer part (“B” shown in Figure 7.5). As can be noticed, this set-up is different from
the normal pendulum impact device, in which the sample is commonly fixed on the frame.
When the sample is fixed on the frame, a large amount of energy may be consumed for
the oscillation of concrete slab and the test set-up during the impact process, which is not
beneficial for a clear clarification of the energy dissipation capacity of the sustainable
UHPFRC. Hence, in this study, the concrete sample is freely hung on the frame, as
suggested by Verhagen (2013).

Hammer
after impact

Initial place
of hammer
2m

6m

Sample
after impact
Initial place
of sample
A

B

6m

6m

Figure 7.5: Working scheme of the “Modified Pendulum Impact Device” employed in this study

As shown in Figure 7.5, before the impact test, the hammer is lifted to a maximum height
(about 3.2 meter). Then, it is released from the original height and follows the swing
direction to the concrete slab centre. When the hammer swings to the lowest point, it has
the largest impact velocity (Vhammer). When the impact happens, the concrete slab will
swing away with a velocity of Vslab and the hammer still has a residual velocity (Vhammerresidual). Therefore, the energy absorbed by the UHPFRC slab during this impact can be
calculated as follows:

Eabsorbed =

1
1
1
2
2
2
M hammerVhammer
− M slabVslab
− M hammerVhammer
− residual
2
2
2

(7.9)

where the Eabsorbed is the absorbed energy by the sustainable UHPFRC slab (J); Mhammer
and Mslab are the masses of impact hammer and concrete slab (kg), respectively; Vhammer is
the initial impact velocity of the hammer (m/s); Vslab is the slab velocity after impact (m/s);
Vhammer-residual is the residual velocity of hammer after the impact (m/s).
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(a)

(b)

Figure 7.6: Fresh sustainable UHPFRC in wooden mould (a) and prepositioned metal inserts in the
UHPFRC slabs (b)

(a)

(b)

Figure 7.7: Constructed hammer, (a): hammer head; (b): hammer arm in the set-up

During the impact process, all the velocities are recorded by a camera. The repeating
strikes between hammer and sample during one impact are avoided in this study. If the
UHPFRC slab is not damaged after one impact, then the hammer will be released from
the original height again, triggering another impact. Until the concrete slab is entirely
damaged, the total energy absorbed by the concrete slab can be roughly calculated as the
summation of the absorbed energy in each impact:

Etotal − absorbed = ∑ 1 Eabsorbed
n −1

(7.10)

where n means the shock numbers when entire damage happens. Due to the fact that the
last applied impact can cause the damage of the concrete sample and the velocities of the
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fragments are difficult to be measured, the absorbed energy from the last impact is not
possible to be quantified.
In this study, the fresh concrete is cast in the mould with the size of 500 mm × 500 mm ×
100 mm. Two metal inserts are installed on the side of the mould (as shown in Figure
7.6), which can help to lift the concrete slab later. The distance between these two metal
inserts is 300 mm.

(a)

(b)

Figure 7.8: Constructed frames for hanging the hammer and concrete samples (a) and the simple tool
utilized to control the distance between these two frames (b)

(a)

(b)

Figure 7.9: Maximum height of the hammer (a) and the concrete slab central point impacted by the
hammer (b)
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To improve the accuracy of the results obtained from the “Modified Pendulum Impact
Device” and minimize some potential experimental errors, a series of technical issues
should be addressed here. For instance, to flexibly adjust the impact energy, the mass of
the hammer should be freely modified (Figure 7.7a). In addition, considering the fact that
it is very important to keep the hammer impacting horizontally on the centre of the target,
the location of the added weight can be flexibly adjustable (Figure 7.7b). Moreover,
during the impact experiments, the distance between the two frames (for hammer and
sample hanging) should be constant. Hence, a simple adapter (as shown in Figure 7.8b) is
utilized in this study. For each impact, the hammer is lifted to the maximum height (about
3.2 m), as shown in Figure 7.9a, and the hammer always impacts at the centre of the
concrete slab (as shown in Figure 7.9b). The velocities of the hammer and the samples
are recorded by a camera and calculated with the help of a meshed board (as shown in
Figure 7.10).

Figure 7.10: Meshed board used to calculate all the velocities of hammer and samples

At the beginning of the tests, the hammer impact velocity is calibrated. As shown in
Figure 7.11, the time gap between these two pictures is 0.02 s, and the movement of the
hammer is about 18 cm. Nevertheless, due to the fact that the used camera cannot be
always perpendicular to the impact hammer and there is a gap between the hammer and
meshed board, the real movement of the hammer during this 0.02 s should be less than 19
cm. As the mechanism presented in Figure 7.12, the hammer movement recorded by the
camera is the distance between A and B. Actually, the real movement of the hammer
should be the distance between C and D. Therefore, based on homothetic triangle theory,
it is easy to calculate the real movement of the hammer, which is shown as follows:
DCD Dcamera − hammer
=
DAB
Dcamera −board

(7.11)
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where DAB is the distance between A and B (as shown in Figure 7.12) (cm), DCD is the
distance between C and D (as shown in Figure 7.12) (cm), Dcamera-hammer is the distance
between camera and hammer (cm), Dcamera-board is the distance between the camera and
the mesh board (cm).
In this study, the DAB, Dcamera-hammer, and Dcamera-board are 19 cm, 151 cm and 185 cm,
respectively. Hence, the real movement of the hammer (DCD) during the 0.02 s is about
15.5 cm, which means the impact velocity (maximum velocity) of the hammer yields
about 7.75 m/s.

(a)

(b)

Figure 7.11: Recorded hammer movement during 0.02 s by the used camera

B

A

Meshed board
34 cm

C

D
185 cm

Hammer

Camera
Figure 7.12: Relevant mechanisms to calculate the real impact velocity of the hammer
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As mentioned before, the maximum height of the hammer is about 3.2 m and the mass of
the hammer is about 40 kg. Hence, assuming that there is no energy consumed in the
hammer swing process, the theoretical impact velocity of the hammer can be calculated
as:
Vtheoretical = 2ghhammer

(7.12)

where Vtheoretical is the hammer theoretical impact velocity (m/s), g is the gravity of earth
constant (9.81 m/s2) and hhammer is the maximum height of the hammer (about 3.2m).
Here, the calculated theoretical hammer impact velocity is about 7.92 m/s. Hence, the
energy loss during the hammer impact process can be calculated as follows:

Eloss =

(

1
2
2
mhammer Vtheoretical
− Vtested
2

)

(7.13)

where Eloss is the energy loss amount during the hammer swing process (J), mhammer is the
hammer mass (kg), Vtested is the tested hammer impact velocity (m/s).
In this research, the energy loss can be attributed to friction, air resistance and frame
damping. Based on the equations listed above, the total energy loss amount is estimated
at 53.3 J, which is about 4.4% of the hammer impact energy. Consequently, it can be
stated that the created “Modified Pendulum Impact Device” has relatively low energy
loss during the impact process and is suitable to be utilized to test the sustainable
UHPFRC sample with relatively large dimensions.
7.3.3

Energy dissipation capacity of UHPFRC with only straight steel fibres

In this section, the dynamic performance of the sustainable UHPFRC produced with only
straight fibres (LSF and SSF) is presented, including experimental results and modeling
studies. Based on the obtained experimental results, a model is proposed to evaluate the
energy dissipation capacity of the sustainable UHPFRC under Charpy impact loadings.
•

Experimental results

Figure 7.13 shows the fractions of the sustainable UHPFRC and reference samples after
the Charpy impact test. It can be noticed that the broken sustainable UHPFRC samples
are always mainly composed of three cuboid-like fractions, while the fractions of
reference samples are smaller and more irregular, as shown in Figure 7.13(a). Moreover,
after the impact loading, not only the concrete matrix of the sustainable UHPFRC sample
is destroyed, but also all the embedded steel fibres are pulled out (Figure 7.13(b)).
Therefore, it can be summarized that the impact energy absorption of the sustainable
UHPFRC specimen should mainly include two parts: the energy consumed in breaking

Chapter 7

163

the concrete matrix and the energy spent to pull out the fibres embedded in the broken
cross sections.

Fibre
reinforced
sample

Plain
sample

(a)

Fracture
surface
and pulled
out fibres

(b)
Figure 7.13: Fractions of the samples after Charpy impact test: (a) Comparison of the reinforced and
non-reinforced sample after impact loading; (b) Fractured surface of the reinforced sample after
impact loading and the pulled out fibres

As commonly known, the fracture mechanism of concrete under high strain rate or
external impact loadings can be attributed to cracking, shearing and compaction, as
shown in Figure 7.14 (Burlion, 1997). Hence, it can be predicted that concrete will be
broken along the forces direction, such as compaction, tension or confining pressures.
However, the final cracks development in the whole concrete element depends on the
basic properties of the concrete, the addition of fibres or steel reinforcement. The
numerical and experimental investigations of Süper (1980) on thick concrete plates show
that when the first diagonal crack occurs, still a very high portion of the initial kinetic
energy is transferred from the concrete to the reinforced steel, stirrups as well as
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longitudinal reinforcement. When the first crack occurs, the fibres can still bridge the
crack and disperse the energy to other places in the concrete. Once the fibres cannot
restrict the development of cracks, they will be pulled out, and the concrete will be
damaged following the stress distribution on concrete during the impact (Figure 7.14).
Nevertheless, for non-reinforced concrete, due to the fact that no fibres or reinforcements
can restrict the cracks development, the cracks always grow along the weakest interface
in the concrete, which causes that the broken fractions of the reference sample are small
and irregular (as shown in Figure 7.13(a)).

Figure 7.14: Schematic description of the mechanisms activated in concrete under impact loading
(Burlion, 1997)
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Figure 7.15: Variation of the absorbed impact energy of the sustainable UHPFRC with different
short fibre volume fractions (Xs), total fibres amount is 2% (vol.)
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To quantify the energy dissipation capacity of concrete, the variation of the impact
energy absorption of the sustainable UHPFRC with different short fibre volume fractions
(Xs, as presented in Eq. (5.1)) is investigated, and is shown in Figure 7.15. As can be
noticed, with an increase of the short fibre volume fraction the absorbed impact energy
by the sustainable UHPFRC at 7 and 28 days decreases linearly. For instance, when the
short fibre volume fraction increases from 0 to 1, the impact energy absorption of the
sustainable UHPFRC reduces from about 45.6 J and 69.1 J to about 22.3 J and 28.4 J at 7
and 28 days, respectively. Furthermore, the slope of the decreasing line at 28 days is even
higher than that at 7 days, which reflects that the addition of short straight fibres (SSF)
has a significant effect on the sustainable UHPFRC with relatively high impact energy
absorption capacity. Hence, based on the obtained experimental results, it can be
concluded that the long straight fibres play a dominant role in improving the energy
dissipation capacity of the sustainable UHPFRC. With a constant total steel fibre amount,
the increase of short straight fibres content can cause a significant decrease of the energy
absorption capacity of the sustainable UHPFRC. This phenomenon is in accordance with
the results presented in Figure 5.6, in which the sample with long straight fibres (1.5%
vol.) and short straight fibres (0.5% vol.) shows the highest ultimate flexural strength but
an instable post-peak response.
In general, it can be concluded that the long straight fibres are more important than the
short straight fibres in improving the energy dissipation capacity of the sustainable
UHPFRC. However, to clearly understand the mechanism of energy absorption process
of the sustainable UHPFRC under impact loadings, the theoretical analysis and modeling
are needed, which are presented in the following part.
•

Modeling studies

As mentioned before, to evaluate the impact energy absorption of the sustainable
UHPFRC, two parts should be mainly considered: the energy consumed in breaking the
concrete matrix and the energy spent to pull out the fibres embedded in the broken cross
sections. According to the available literature (Favre et al., 1997; Kanda and Li, 1998),
the fibre pullout process usually consists of three processes: 1) fibre/matrix working
together; 2) fibre/matrix debonding; 3) fibre/matrix sliding. In this study, the fibre/matrix
interfacial shear strength is assumed equal to the equivalent shear bond strength. Hence,
the total energy absorption of the sample during the impact testing can be simply
expressed as (Xu et al., 2010):

U = U mVm + N f U f

(7.14)

where U is the total energy absorbed by the sustainable UHPFRC sample during the
impact process (J), Um is the crack energy absorbed by the reference sample without
fibres (J), Vm is the volume fraction of the matrix (%), Nf is the number of fibres
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embedded in the broken cross section and Uf is the energy per fibre needed to pull it out
(J).
In this study, due to the fact that both the long and the short straight fibres are pulled out
during the impact process, the energy consumed in pulling out long and short straight
fibres should be considered individually. Assuming that the energies consumed in pulling
long and short straight fibres are independent, Eq. (7.14) should be rewritten as follows:

U = U mVm + N f 1U f 1 + N f 2U f 2

(7.15)

where Nf1 and Nf2 are the number of long and short fibres embedded in the broken cross
section, respectively; Uf1 and Uf2 represent the energy per long and short fibre that is
needed to pull them out (J), respectively.
The fibre number can be computed as:

Nf =

S aV f
πr

2

=

4S aV f
πd ′2

(7.16)

where Sa is the area of the broken cross section of the tested sustainable UHPFRC
samples (mm2), Vf is the volumetric amount of the fibres in concrete (%), r and d′ are the
radius and diameter of the used fibres (mm), respectively.
Additionally, in the available literature, the investigation focusing on the estimation of
the energy consumption in pulling out the embedded fibres can be found (Leung and
Geng, 1995; Soetens et al., 2013; Alwan et al., 1991). Chawla (1997) assumed that the
fibre with a diameter d′ is pulled out through a distance x′ against an interfacial frictional
shear stress (τi), then the total force at that instant on the debonded fibre surface opposing
the pullout is τiπ d′ (k′-x′), where k′ is the fibre embedded length. When the fibre is further
pulled out a distance dx′, the work done by this force is τiπ d′ (k′-x′) dx′. The total work Uf
done in pulling out the fibre over the distance k′ can be obtained by integration as follows
(Xu et al., 2010):

Uf = ∫

k

0

τi πd ′k ′2
τi πd ′ ⋅ ( k ′ − x′ )dx′ =
2

(7.17)

Here, assuming that the steel fibre cannot be broken during the pulling out process, its
pullout length can vary between a minimum of 0 and a maximum of l/2 , where l is the
fibre length. Hence, integrating dk’ yields an average work of pullout per fibre, as follows
(Xu et al., 2010):

U f = W fp =

τ i πd ′l 2
1 l 2 τi πd ′k ′2
dk
′
=
l 2 ∫0
2
24

(7.18)
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where Wfp is the average work (J) of pulling out per fibre.
Now, these equations from (Xu et al., 2010) are applied to the hybrid fibre reinforced
concrete developed in this study. Substituting Eq. (7.16) and Eq. (7.18) into Eq. (7.15)
gives:

U = U mVm +

τi1l12 SaV f 1
6d1 ′

+

τi2l2 2 SaV f 2

(7.19)

6d 2 ′

In order to calculate the total impact energy absorbed by the sustainable UHPFRC from
Eq. (7.19), it is necessary to obtain the interfacial bond strength between the concrete
matrix and long or short straight fibres (τi1 and τi2), which is defined as the friction
between the fibre and the matrix (Xu et al., 2010). The ultimate flexural stress in the mid
span can be expressed as the sum of the flexural stresses of the matrix and the fibres.
Hence, the interfacial bond strength can be obtained as follows (Xu et al., 2010; Kanda
and Li, 2006):

 Lf
1
σ ′ = ⋅ V f ⋅ g' ⋅ τi ⋅ 
 df
2



 + σ m ⋅ ( 1 − V f )


(7.20)

Where σ′ is the flexural stress of the sustainable UHPFRC (MPa), σm is the flexural stress
of the reference sample without fibres (MPa), g′ = 1.5 (Kanda and Li, 2006).
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Figure 7.16: Comparison of the experimental and modeling results (based on the model shown in Eq.
(7.19)) of the energy absorption amount of the developed sustainable UHPFRC during the Charpy
impact loading
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Hence, based on the results shown in Figure 5.6 and Eqs. (7.19 and 7.20), the energy
absorbed by the sustainable UHPFRC during the impact can be computed. A comparison
between the experimental and modeling results is presented in Figure 7.16.
It can be noticed that all the modeling results shown in Figure 7.16 underestimate the
experimentally measured energy absorption capacity of the sustainable UHPFRC.
Especially for the concrete mixtures having higher energy dissipation ability, the
deviation between the experimental and modeling results is significant. Hence, to better
match with the experimental results, the proposed model needs further consideration.
As mentioned before, in this study, the impact energy absorption of the sustainable
UHPFRC is mainly composed of two parts: the energy consumed in breaking the
concrete matrix and the energy spent to pull out the fibres embedded in the broken cross
sections. Nevertheless, in Eq. (7.19), only a single broken cross section is considered per
sample. In fact, as can be seen in Figure 7.13, after the impact loading, the sustainable
UHPFRC is typically broken into three pieces, which means there are two broken cross
sections and more energy is consumed in pulling out fibres. Consequently, assuming that
the hybrid steel fibres are homogeneously distributed within the specimen, a new
equation is proposed to give the impact energy dissipation of a hybrid fibre reinforced
concrete in the Charpy test, which is shown as follows:

 τi1l12 S aV f 1 τi 2l2 2 SaV f 2 
+
U ∆ = U mVm + 2 ⋅ 

 6d1 ′
6d 2 ′ 


(7.21)

where U∆ is the modified total energy absorbed by the sustainable UHPFRC samples (J),
l1 and l2 are the lengths of long and short straight fibres (mm), d1 and d2 are the diameters
of long and short straight fibres (mm), Vf1 and Vf2 are the volumetric amounts of the long
and steel fibres in concrete (%), respectively.
Based on the experimental results shown in Figure 5.6 and Eqs. (7.20 and 7.21), the
modified impact energy absorption of the sustainable UHPFRC can be calculated. The
comparison between the experimental and modified modeling results is illustrated in
Figure 7.17. It is important to find that the modified modeling results are in good
agreement with the experimental results, especially for the samples with lower energy
absorption capacities. However, when the impact resistance ability of the UHPFRC is
relatively high, the modeling results slightly underestimate the experimental results. This
could be attributed to the fact that the energy absorbed in the test device vibration or the
friction between the sample and the device is neglected in the modeling. Actually, when
the impact resistance capacity of the concrete is relatively high, small vibrations of the
“Charpy Impact Device” could be observed indeed, which means that part of the impact
energy is dissipated in the equipment.
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Energy absorption (J ), expetimental results 1
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Figure 7.17: Comparison of the experimental and modeling results (based on the model shown in Eq.
(7.21)) of the energy absorption amount of the developed sustainable UHPFRC during the Charpy
impact loading

7.3.4

Energy dissipation capacity of UHPFRC with hook ended steel fibres

In this section, the energy dissipation capacity of the sustainable UHPFRC with hook
ended steel fibres is evaluated by employing the “Modified Pendulum Impact Device”. In
general, four types of different concrete sample are cast: 1) sustainable UHPFRC matrix
without fibres (mixture No. 1 shown in Table 7.1); 2) sustainable UHPFRC with hybrid
steel fibres (mixture No. 7 shown in Table 7.1); 3) sustainable UHPFRC with only hook
ended steel fibres (mixture No. 8 shown in Table 7.1); 4) normal strength concrete
without fibres (following the recipe presented in (Yu et al., 2012) and compressive
strength at 28 days of about 67 MPa). Therefore, according to the dynamic performance
of these concrete samples under pendulum impact loadings, it would be possible to assess
the effect of steel fibres on the energy dissipation capacity of the sustainable UHPFRC
and clearly understand the difference of impact resistance among UHPFRC, high strength
concrete and normal strength concrete. Here, the dynamic performances of concrete are
mainly focused on the cracks development, absorbed impact energy and fracture
morphology of concrete samples.
•

Cracks development

As shown in the previous sections, the impact energy of the used hammer is about 1200 J.
After the first impact, both the normal strength concrete (NSC) and sustainable UHPFRC
matrix (without fibres) have already been seriously damaged (as shown in Figures 7.18
and 7.19), which should be attributed to the fact that these concretes are relatively brittle
and the growth of cracks cannot be well restricted. The cracks are created at the central
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part of the concrete target and then develop towards the four corners. Nevertheless,
different from the damage process of NSC, a clear circular scabbing at the rear surface of
the sustainable UHPFRC matrix (UHPC) can be observed (as shown in Figure 7.19b),
which cause that more fragments are created.
According to the obtained experimental results, it can be concluded that the energy
dissipation capacity of a plain concrete target (without steel fibres) is relatively low. An
increase of compressive strength from 67 MPa (NSC) to about 100 MPa (sustainable
UHPFRC matrix) cannot significantly improve the impact resistance of concrete. Due to
the fact that it is difficult to measure the velocities of all the fragments during the impact
process, the absorbed energy by NSC or sustainable UHPFRC matrix is difficult to be
quantified based on these tests.

(a)

(b)

(c)

(d)

Figure 7.18: Dynamic behaviour of normal strength concrete (NSC) during the first impact
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(a)

(b)

(c)

(d)

Figure 7.19: Dynamic behaviour of UHPFRC matrix (UHPC without fibres) during the first impact

Compared to the plain concrete (without fibres), the developed sustainable UHPFRC with
single sized fibres and hybrid fibres shows much better energy dissipation capacity
during the pendulum impact tests. Particularly the mixture with hybrid steel fibres, which
is damaged after 8 times full impact (as described in Section 7.3.2), while the one with
only hook ended steel fibres (HF) needs 5 times full impact to be damaged. At the front
surface of these two types of concrete, the created crater area is relatively small, and the
generated cracks are not easy to be observed after the impact. Nevertheless, at the rear
surface of the concrete target, with the increase of shock numbers, the cracks number and
size simultaneously increase. When the embedded steel fibres cannot resist the growth of
cracks and hold the concrete slab together, the sustainable UHPFRC target is broken into
two pieces. In Figures 7.20 and 7.21, the creation and development of cracks at front and
rear surface of the sustainable UHPFRC with different fibres during each impact are
illustrated.
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(a) after the first impact

(b) after the first impact

(c) after the second impact

(d) after the second impact

(e) after the third impact

(f) after the third impact
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(g) after the fourth impact

(h) after the foruth impact

Figure 7.20: Cracks development in the sustainable UHPFRC with single sized steel fibres (HF) after
each impact: (a), (c), (e) and (g) are front surfaces, (b), (d), (f) and (h) are rear surfaces

As can be observed, after the first impact, a very small damage area can be found on the
front surface of the sustainable UHPFRC with single sized fibres, while some crossed
cracks can be noticed at its rear surface. After the subsequent 3 times impacts, no big
difference can be noticed in the damage area on the front surface of the concrete target.
Yet, at the rear surface of the concrete slab, the growth of the created cracks can be
clearly observed. After 4 times impact, the concrete slab has already seriously bended,
but the main concrete parts are still connected by the steel fibres. Similar results can also
be noticed in the case of the sustainable UHPFRC with hybrid steel fibres, in which the
damage area on the front surface is still relatively small after 7 times impact and clear
cracks can be found on the concrete rear surface. However, compared to the sustainable
UHPFRC with single sized fibres, more cracks can be observed in the mixture with
hybrid steel fibres (as shown in Figure 7.21f), which is beneficial for improving the
energy dissipation capacity of the sustainable UHPFRC.
The phenomena described above can be attributed to the reasons as follows: 1) compared
to plain concrete, the addition of steel fibres can well hold the concrete matrix and restrict
the growth of cracks; 2) the short fibres can bridge the micro-cracks while the long fibres
are more efficient in preventing the development of macro-cracks, which cause that the
stress in the hybrid fibres reinforced concrete can be better distributed; 3) compared to
the sustainable UHPFRC with single sized fibres, more cracks can be created in the
mixture with hybrid fibres, which means more energy is needed for the growth of cracks.
Hence, to well resist the pendulum impact (as shown in this study), the sustainable
UHPFRC with hybrid steel fibres is a good choice.
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(a) after the first impact

(c) after the second impact

(e) after the third impact

(b) after the first impact

(d) after the second impact

(f) after the third impact
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(g) after the fourth impact

(h) after the fourth impact

(i) after the fifth impact

(j) after the fifth impact

(k) after the sixth impact

(l) after the sixth impact
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(m) after the seventh impact

(n) after the seventh impact

Figure 7.21: Cracks development of the sustainable UHPFRC with hybrid steel fibres during each
impact: (a), (c), (e), (g), (i), (k) and (m) are front surfaces, (b), (d), (f), (h), (j), (l) and (n) are rear
surfaces

•

Absorbed impact energy

Based on the results shown in the previous section, it can be concluded that the
sustainable UHPFRC with hybrid steel fibres has better energy dissipation capacity than
the one with only single sized fibres under the pendulum impact. To quantify the
absorbed impact energy during the impact process, related calculations are executed and
presented in this section.
As shown in Section 7.3.2, to calculate the energy absorbed by concrete slab, the hammer
impact velocity, hammer residual velocity and the concrete target velocity should be
measured. With the help of a camera and the meshed board, all these velocities can be
obtained. One example is shown in Figure 7.22. During the 0.02 s time gap, the
movement of the hammer after the impact is about 6 cm, and the movement of the
concrete slab is about 10 cm. Yet, due to the effect of the gap between the hammer and
the meshed board (as shown in Figure 7.12), the real movements during the 0.02 s of the
hammer and concrete slab are about 4.9 cm and 8.2 cm, respectively. Therefore, the
calculated hammer residual velocity and the concrete slab velocity after the impact are
about 2.45 m/s and 4.10 m/s, respectively. Based on Eq. (7.9), during this impact, the
absorbed energy by the concrete target is about 565.3 J, which is about 47% of the total
impact energy (1201.3 J).
Afterwards, according to the method shown above and Eq. (7.10), it is possible to
calculate the total energy absorbed amount (Etotal-absorbed) of the developed sustainable
UHPFRC. Nevertheless, due to the fact that it is impossible to calculate the absorbed
impact energy of the last impact (when concrete slab is broken into pieces), the obtained
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Etotal-absorbed is the minimum energy absorption capacity of the developed concrete before
being seriously damaged. In this study, the calculated Etotal-absorbed values for the
sustainable UHPFRC with single sized fibres and hybrid steel fibres are 2248.5 J and
3951.8 J, respectively. These results quantitatively demonstrate that the addition of
hybrid steel fibres is beneficial for improving the impact resistance and energy absorption
capacity of the developed sustainable UHPFRC.

(a)

(b)

(c)

(d)

Figure 7.22: One example of the impact process recorded by camera

•

Fracture morphology

The fracture morphologies of the designed concrete samples after impact tests are
presented in Figure 7.23. It can be noticed that the plain concretes (without fibres) are
always broken into many pieces, while the sustainable UHPFRCs are normally broken
into two pieces. This difference can be attributed to the fact that the added steel fibres can
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well bridge the created cracks during the impact process. Moreover, for the plain concrete,
it can be noticed that the one with high compressive strength (UHPC) is broken into more
small pieces, which implies that more impact energy is absorbed than the one with lower
compressive strength. However, the improvement of compressive strength is a relatively
inefficient method to enhance the impact resistance of concrete. When steel fibres are
added into the UHPC, the cracks growth can be significantly resisted and a large amount
of energy is needed to pull the fibres out during the impact process. Particularly when the
hybrid steel fibres are included, the stress can be homogeneously distributed and many
small cracks are created (as shown in Figure 7.23d) under impact loadings, which is
positive for improving the energy dissipation capacity of the developed sustainable
UHPFRC.

(a)

(b)

(c)

(d)

Figure 7.23: Fracture morphologies of the designed concrete samples after impact tests: (a) normal
strength concrete; (b) sustainable UHPC matrix (without fibres); (c) sustainable UHPFRC with
single sized fibres; (d) sustainable UHPFRC with hybrid fibres
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Comparison of the results obtained from different pendulum impact tests

In this chapter, two different pendulum impact set-ups have been utilized in the
experiments. The dynamic impact test results obtained from “Charpy Impact Device”
show that the fibre length plays a dominating role in improving the energy dissipation
capacity of the sustainable UHPFRC. With a constant total steel fibre amount, the
addition of short fibres can cause a decrease of the energy absorption capacity of the
concrete target. However, from the results obtained from the “Modified Pendulum Impact
Device”, it is demonstrated that the addition of hybrid steel fibres is more efficient than
single sized fibres in increasing the energy dissipation capacity of the sustainable
UHPFRC.
The difference between the obtained results should be mainly attributed to the fibre
categories and sample dimensions. As mentioned before, the impact energy absorbed by
the sustainable UHPFRC is mainly composed of two parts: the energy used to break the
concrete matrix and the energy used to pull out the fibres embedded in the broken cross
sections. For the Charpy impact test, due to the fact that the used concrete sample is
relatively small and the impact energy is relatively large, all the targets are broken after
one time impact (as shown in Figure 7.13). Hence, the cracks can be created immediately,
and more energy is consumed in pulling fibres out, which causes that the advantages of
hybrid steel fibres (LSF + SSF) in stress distribution and micro-cracks resistance are not
well utilized. Considering the fact that the used SSF is relatively short and easy to be
debonded from the concrete matrix, the addition of short fibres (SSF) can cause a
decrease of the energy absorption capacity of the concrete target.
On the contrary, in the case of the tests executed by the “Modified Pendulum Impact
Device”, the employed sample dimensions are relatively large, which cause that the
concrete target cannot be broken after the first impact (as shown in Figure 7.21).
Therefore, the creation of cracks plays an important role in resisting the impact loadings.
Due to the fact the stress in the hybrid fibres reinforced concrete can be better distributed
than that in single sized fibres reinforced concrete, more small cracks are created in the
sustainable UHPFRC with hybrid steel fibres, which simultaneously means more energy
is consumed in the creation of cracks and also growth of these cracks. This can be
demonstrated by the results shown in Figure 7.21, in which the first four times impact
mainly causes the creation of cracks and increases the crack numbers.
Consequently, based on the experimental results obtained here, to effectively apply the
sustainable UHPFRC in the production of protective structure, the one with hybrid steel
fibres (HF+LSF) is a good choice.
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Summary

This section investigates the energy dissipation capacity of the developed sustainable
UHPFRC. Based on the results presented in the previous chapters, the modified A&A
model is employed for the concrete matrix design. Two pendulum impact set-ups are
utilized in the experiments: “Charpy Impact Device” and “Modified Pendulum Impact
Device”. Based on the obtained results the following conclusions can be drawn:
1) For the Charpy impact test, the fibre length plays a dominating role in improving
the energy dissipation capacity of the sustainable UHPFRC. With a constant total
steel fibre amount, the addition of short fibres (SSF) decreases the energy
absorption capacity of the concrete target.
2) An equation is proposed to compute the energy dissipated in the sustainable
UHPFRC (with only straight steel fibres) under the Charpy impact test. This new
model features a good correlation with the experimental results, especially for the
samples with lower energy absorption capacity. When the impact resistance
ability of the UHPFRC is relatively high, the modeling results slightly
underestimate the experimental results (about 9.3%), which could be attributed to
the energy dissipated into the test device.
3) The results obtained from the “Modified Pendulum Impact Device” demonstrate
that the developed sustainable UHPFRC has much better energy dissipation
capacity than normal strength concrete (NSC) and ultra-high performance
concrete (UHPC). The increase of the compressive strength is ineffective in
improving the impact resistance of concrete under the pendulum impact loadings.
4) Compared to the concrete with single sized fibres (HF), the addition of hybrid
steel fibres (HF+LSF) is more beneficial for improving the energy dissipation
capacity of the sustainable UHPFRC under the impact loadings from the
“Modified Pendulum Impact Device”.
5) The different experimental results obtained from “Charpy Impact Device” and
“Modified Pendulum Impact Device” can be attributed to the sample sizes and
impact energies. Due to the fact that the dimensions of protective structure
applied in practice are normally relatively large, the sustainable UHPFRC with
hybrid steel fibres is a suitable selection.

7.4 Conclusions
To have a stable concrete structure and protect the human inside civil and military
buildings, it is very important to clarify the dynamic performance of concrete under
impact loadings. Based on the available literature, it is demonstrated that a strong
concrete matrix and appropriate inclusion of fibres (particularly steel fibres) are the most
crucial factors in the production of concrete with relatively high energy dissipation
capacity. This implies that the UHPFRC is suitable to be utilized in structures where a
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large amount of energy may be released suddenly. Nevertheless, the investigation
regarding the energy dissipation capacity of UHPFRC is insufficient and it is unclear
whether the developed sustainable UHPFRC would be suitable to be utilized in the
construction of protective structures. Therefore, in this chapter, the dynamic performance
of the developed sustainable UHPFRC under impact loadings is evaluated. Two types of
pendulum impact set-ups are utilized in the experiments: “Charpy Impact Device” and
“Modified Pendulum Impact Device”. The obtained experimental results demonstrate that
the developed sustainable UHPFRC has much better energy dissipation capacity than
normal strength concrete (NSC) and ultra-high performance concrete (UHPC). Moreover,
for the production of protective structure with relatively large dimensions, the developed
sustainable UHPFRC with hybrid steel fibres (hook ended steel fibres and long straight
steel fibres) is a good choice.
In Chapter 5, it is demonstrated that the application of only hook ended steel fibres is
beneficial for improving the toughness of concrete. However, according to the results
obtained in this chapter, to design a sustainable UHPFRC with relatively high energy
dissipation capacity under impact loadings, the addition of hybrid steel fibres is better.
Consequently, based on the different requirements in practice, different fibre type and
hybridization should be appropriately chosen, which is also beneficial for increasing the
fibre efficiency and produce a more sustainable UHPFRC.
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Chapter 8
8 Modeling of concrete target under projectile impact
8.1 Introduction
Among all the impact categories (high-rate impact, shock, blast loads and so on), the
impact from hard projectiles is the most common one, which have already been studied
since the middle of 1700s (Kennedy, 1976). During those period, due to the continuous
military interest in designing high destructive weapons and high performance protective
barriers, more attention has been paid on the penetration and perforation of hard
projectiles into concrete targets. Meanwhile, over the last several decades, a number of
relative studies are performed experimentally, analytically and numerically to describe
various penetration processes and the different reaction of concrete under impact loadings
(Kennedy, 1976; Berriaud et al., 1978; Bangash, 1993; Williams, 1994; Corbett et al.,
1996; Forrestal and Hanchak, 2002; Li et al., 2005; Vossoughi et al., 2007; Wang et al.,
2007; Werner et al., 2013; Mohamed and Ahmed, 2014). A review of the progress in
concrete design aimed at resisting missile impact can be found in (Kennedy, 1976), in
which the terminology used when describing local projectile impact effects was clarified
and the empirical formulae, commonly used to predict the local missile impact effects,
were summarized. In general, there are seven phenomena associated with projectile
impact effects on concrete targets, as shown in Figure 8.1.
Due to the difference in the fundamental characteristics between the projectiles and
concrete plates, the performance of concrete targets can be totally different. Based on a
number of experimental investigations (Bangash, 1993; Williams, 1994; Corbett et al.,
1996), some empirical formulae were proposed to predict the penetration depth, scabbing
limit and perforation limit (the scabbing and perforation limits means the minimum
thickness of the target to prevent the corresponding failure for a given impact velocity,
and the ballistic limit for perforation is defined here as the minimum impact velocity to
perforate a target of a given thickness). For instance, Modiﬁed Petry formula, Ballistic
Research Laboratory (BRL) formula for penetration and scabbing, Army corps of
engineers (ACE) formula, Modiﬁed NDRC formula, Ammann and Whitney formula,
Whiffen formula, Kar formula, CEA–EDF perforation formula, UKAEA formula,
Bechtel formula, Stone and Webster formula, Degen perforation formula, Chang formula,
Haldar–Hamieh formula, Adeli–Amin formula, Hughes formula, Healey and Weissman
formula and the IRS formulae for penetration and complete protection (Li et al., 2005).
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Among all the proposed empirical formulae, the Modified NDRC formula is the most
accepted, which is described in the following content.

Figure 8.1: Projectile impact effects on concrete target, (a) Penetration, (b) Cone cracking, (c)
Spalling, (d) Cracks on (i) proximal face and (ii) distal face, (e) Scabbing, (f) Perforation, and (g)
Overall target response (Kennedy, 1976).

The Modified NDRC formula was put forward in 1946 by the US National Defence
Research Committee based on the ACE formulae, further testing data and a penetration
model for a rigid projectile penetrating a massive concrete target, where it was assumed
that the contact force increased linearly to a constant maximum value when the
penetration depth is small (NDRC, 1946; Kennedy, 1976). The Modified NDRC
penetration formula defined by a G-function is shown as follows:
G = 3.8 × 10

−5

N * M  V0 
 
d fc  d 

1.8

(8.1)

where N* is the nose shape factor (equal to 0.72, 0.84, 1.0 and 1.14 for flat, hemispherical,
blunt, and very sharp noses), M is the mass of the projectile (kg), d is diameter of the
projectile (m), V0 is projectile impacting velocity (m/s), fc is compressive strength of
concrete target (MPa). The G value is subsequently used in the following equations:

x
= 2G 0.5 (G > 1)
d
and

(8.2)
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x
= G + 1 (G < 1)
d

(8.3)

where x is penetration depth of projectile (m).
Perforation and scabbing limits e and hs, respectively, can be predicted by:
2

e
x
x
= 3.19  − 0.718  (x/d < 1.35 or e/d <3)
d
d 
d 

(8.4)

e
x
= 1.32 + 1.24  (1.35 < x/d < 13.5 or 3 < e/d < 18)
d
d 

(8.5)

and
2

hs
x
x
= 7.91  − 5.06  (x/d < 0.65 or hs/d < 3)
d
d 
d 

(8.6)

hs
x
= 2.12 + 1.36  (0.65 < x/d < 11.75 or 3 < hs/d < 18)
d
d 

(8.7)

Although all of these proposed empirical formulae can be used to support the design of
protective structure and contribute to the efficient application of raw materials, they are
derived from a large amount of resources and labour cost, which is not in line with the
sustainable development. Moreover, many of these empirical formulae were proposed
around 70 years ago, which means they are only suitable to be used to predict the
dynamic performance of concrete used at that time. With the development of concrete
industry, powder technology and chemical industry, a series of advanced concretes (e.g.
SCC, HSC, UHPC and UHPFRC) can be produced today. Due to the properties
difference between the advance concretes and the “old” concrete used around 70 years
ago, a new and reliable method to evaluate the impact resistance of the advanced
concretes is needed. One of the promising approaches is the application of numerical
modeling tools. From the available literature, it can be noticed that the modeling of
concrete performance under impact loadings becomes very popular in recent years.
Hence, in this chapter, one of a commercial hydrocode (LS-DYNA) is utilized to
investigate the energy dissipation capacity of the developed sustainable UHPFRC.

8.2 The state of the art
As commonly known, concrete has very complicated nonlinear behaviour, which is
difficult to be fully described for general stress conditions by a simple constitutive model.
When concrete is subjected to extreme loads such as high velocity impact of missiles and
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fragments, the modeling of concrete can be further complicated due to rate effects,
overloading and large deformations (Tu and Lu, 2009). With the advancement in the
computing power, it is now possible to perform numerical modeling for the response of
concrete structures subjected to severe shock and impact loads, including the modeling of
the loading sources if necessary. A number of commercial hydrocodes such as ABAQUS
(2004), AUTODYN (2001) and LS-DYNA (2003) are available for the general
simulation of structural nonlinear dynamic responses. In this study, LS-DYNA is
employed to investigate the energy dissipation capacity of the sustainable UHPFRC.
8.2.1

Introduction of LS-DYNA

LS-DYNA originated from the 3D FEA program DYNA3D, developed by Hallquist at
Lawrence Livermore National Laboratory (LLNL) in 1976 (LSTC, 2009; Benson, 2009).
DYNA3D used explicit time integration to study nonlinear dynamic problems, with the
original applications being mostly stress analysis of structures undergoing various types
of impacts (LSTC, 2009; Benson, 2009). The program was initially very simple, since the
lack of adequate computational resources at the time. In 1979 a new version of DYNA3D
was released. Improvements in 1982 further boosted the execution speed by about 10%.
In 1986, many capabilities were added, including beams, shells, rigid bodies, single
surface contact, interface friction, discrete springs and dampers, optional hourglass
treatments, optional exact volume integration and so on. Metal forming simulation and
composite analysis capabilities were added to DYNA3D in 1987. The final release of
DYNA3D in 1988 included several more elements and capabilities (LSTC, 2009; Benson,
2009).
8.2.2

Material models for concrete in LS-DYNA

In the modeling of projectile impact on concrete targets, a valid material model is crucial
for the accuracy of simulation. In LS-DYNA, there are already some available models
that could be used to represent concrete under dynamic impact loadings. For instance, to
handle the problems where foams or soil-like materials are confined within an enclosure
or when geometric boundaries are present, the “Soil foam model” can be utilized
appropriately (Krieg, 1972). However, the various softening behaviour of concrete under
different loading conditions cannot be captured anymore in this model. The “Isotropic
elastic-plastic with oriented cracks model” is suitable for modeling brittle materials that
fail primarily due to a large tension or significant shear loading. However, this model
does not consider several factors which are important for concrete under extreme loading,
including the pressure hardening, third stress invariant-dependent deviatoric section, rate
dependency, and post-peak softening. Therefore, the application of such a model is rather
limited (Shugar et al., 1992). The “Kinematic hardening cap model” can describe the
plastic flow of material (Simo et al., 1988; Sandler and Rubin, 1979). However, the
formulation of the failure surfaces generates a circular deviatoric cross section, due to
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which the cap model cannot predict well the softening behaviour of concrete and also
cannot represent satisfactorily the suppressing effect of the confining pressure on the
dilatancy of concrete material (Koiter, 1953). Some common points can be found
between the “Concrete damage model” and “Kinematic hardening cap model”. However,
Yonten et al. (2005) demonstrated that the “Concrete damage model” does not give a
smooth transition from the softening to the residual region of the stress-strain curve, and
this is attributable to the abrupt variation of the scalar factor. The “Brittle damage model”
is an anisotropic and smeared crack material model, which is formulated primarily for the
evaluation of damage in concrete and also can be applied to other brittle materials
(Govindjee et al., 1994; Govindjee et al., 1995). This model has been tailored for cases
where the tensile cracking is the primary failure mode in concrete. The “Holmquist
Johnson Cook Concrete model” can be used for concrete subjected to large strains, high
strain rates and high pressures (Holmquist et al., 1993). The equivalent strength is
expressed as a function of the pressure, strain rate, and damage. The pressure is expressed
as a function of the volumetric strain and includes the effect of permanent crushing. The
damage is accumulated as a function of the plastic volumetric strain, equivalent plastic
strain and pressure. In this study, considering the fact that the concrete is subjected to
projectile impact and large stains, high strain rates and high pressures will be generated,
the Holmquist Johnson Cook Concrete model is employed. Some detailed mechanisms of
this material model are shown in Appendix 1.
8.2.3

Macro-scale simulation based on LS-DYNA

Macro-scale is one of the most common scales of simulating concrete under dynamic
loadings, in which the concrete element and projectile are all treated as homogeneous
parts. For instance, Sawamoto et al. (1998) proposed an analytical approach for assessing
local damage to reinforced concrete structures subjected to impact load, applying the
discrete element method. Johnson (2011) presented the investigation results of numerical
algorithms and computational material models for high-velocity impact and other intense
impulsive loading conditions. Agardh and Laine (1999) presented the simulations using
LS-DYNA for the projectile perforation of a 60 mm thick fibre-reinforced concrete slab
with a velocity of 1500 m/s. The material model used was Type 78 “Soil/Concrete” with
erosion. The results were in fairly good agreement with the test results, but more studies
are necessary to assess the sensitivity of certain material parameters. Teng et al. (2008)
employed LS-DYNA to study the dynamic response of steel fibre reinforced concrete
(SFRC) subject to impact loading. The elastic-plastic hydrodynamic material model was
employed to model the non-linear softening behaviour of SFRC. The results show that
the proposed model is useful and can be further developed for designing the protection of
military structures, nuclear power plants and other facilities against high velocity
projectiles. Beppu et al. (2008) described the evaluation of the local damage of concrete
plates by the impact of high-velocity rigid projectiles. The damage or failure behaviour
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was discussed on the basis of the failure process captured by a high speed video camera
and the strain histories obtained by strain gauges on the concrete plate. The mechanism of
the local damage of concrete plates was investigated by numerical tools. To determine an
appropriate material model for engineered cementitious composite (ECC) materials under
dynamic loading, Li and Zhang (2012) investigated several widely used material models
for plain concrete under dynamic loading, especially the Concrete Damage model and the
Elastic-Plastic Hydrodynamic model. In general, the macro-scale simulation of concrete
under impact loading of projectiles is quite common, in which the concrete targets and
projectiles are all treated as homogeneous parts. Due to the simplification of concrete and
projectiles, the computation space and time can be obviously reduced.
8.2.4

Meso-scale simulation based on LS-DYNA

As commonly known, concrete is a heterogeneous material made of cement, water, and
about 80% of aggregates including gravel, sand, fine fillers and chemical additives.
Although all the ingredients influence the final mechanical behaviour, it seems that every
ingredient has an influence according to its basic characteristics. Therefore, meso-scale
should be the suitable working scale for material scientists in concrete research.
Nevertheless, due to the relatively low calculating capacity of computer, very limited
meso-scale simulations regarding concrete under impact loadings can be found in the
open literature. For example, Xu et al. (2012a; 2012b) developed an axisymmetric
mesoscale steel fibre reinforced concrete (SFRC) model to investigate the dynamic
failure behaviour of SFRC material under impact loading at different strain rates. Based
on the obtained numerical results, the influences of steel fibres on dynamic material
properties, in particular the dynamic increase factor (DIF), and on dynamic failure
mechanism of SFRC are analysed. In the investigation of Kim et al. (2011c), concrete is
considered as a 3-phase composite material; mortar matrix, aggregates, and interfacial
transmission zone (ITZ). The aggregates are modelled as a linear-elastic material,
whereas the mortar matrix and ITZ are modelled using a coupled plasticity-damage
model with different tensile and compressive mechanical behaviour. Aggregate shape,
distribution, and volume fraction are considered as simulated variables. Snozzi et al.
(2011) investigated the dynamic behaviour of concrete in relation to its composition
within a computational framework. Concrete is modelled using a meso-mechanical
approach in which aggregates and mortar are represented explicitly. Both continuum
phases are considered to behave elastically, while nucleation, coalescence and
propagation of cracks are modelled using the cohesive-element approach. However, a
phenomenological rate-dependent cohesive law is needed to obtain a better agreement
with experiments. Qin et al. (2011) developed a meso-scale dynamic model for numerical
study of the dynamic failure behaviour of three-phase concrete (e.g. aggregate, mortar,
and interface). The numerical modeling shows that the higher the strain rates, the more
reticular mesocracks occur, the kinetic and frictional energies become more important,
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which implies that the fracture process at high strain rates requires more energy to reach
failure. To clarify the influence of free water on the performance of concrete under high
strain rates impact loadings, Erzar and Forquin (2011) used a mesoscopic approach, in
which the matrix and the aggregates are differentiated. Based on the references listed
above, it can be noticed that concrete is mostly treated as a composition of at least three
phases during the meso-scale simulation, and the effect of each phase on the performance
of concrete is considered. Nevertheless, due to the complexity of the concrete under high
strain rates impact loadings, the computation time is normally long and the accuracy of
the simulation still needs further improvements.
8.2.5

Summary

In summary, due to the development of the computation ability of computer and large
amounts of experimental results for concrete under impact loadings, the modeling
investigation of concrete dynamic performance has become very popular in recent years.
Compared to the experimental research, modeling investigation can effectively save costs,
resource and labour. From the available literature, some studies about the dynamic
performance of concrete under impact employing LS-DYNA can be found, which can
generally be divided into two categories: macro-scale simulation and meso-scale
simulation. Due to the fact that concrete is a complex composite, which causes that the
meso-scale simulation of concrete under impact loadings is relatively difficult.
However, in all these available modeling research, the numerical investigation of the
impact resistance of UHPFRC is insufficient, which may be attributed to the fact that the
UHPFRC is still a relatively new building material, and the investigation focus for
UHPFRC is mainly the mix design and the performance under quasi-static circumstance.
Hence, in this chapter, the macro-scale simulation method will be employed to
investigate the energy dissipation capacity of the developed sustainable UHPFRC under
projectile impact, which is shown in the following part.

8.3 Modeling of the concrete target under projectile impact
As mentioned in previous parts, to simulate the dynamic performance of the developed
sustainable UHPFRC, a commercial hydrocode (LS-DYNA) is employed here. In this
study, a finite elements model is firstly created in LS-DYNA to evaluate the energy
dissipation capacity of concrete slab under the impact of projectile with different
velocities. Then, this model is validated by the experimental results obtained from the
literature. Afterwards, the validated model is utilized to predict the performance of the
sustainable UHPFRC under the projectile impact.

190
8.3.1

Chapter 8
Model of concrete plate under projectile impact

Following the experiments described in Hanchak’s test (1992), a finite elements model of
concrete plate under projectile impact is created in LS-DYNA. The dimension of
concrete target is 610 × 610 × 178 mm. The length of projectile is 143.7 mm, and its
diameter is 25.4 mm. As can be found in Hanchak et al. (1992), to minimize the effects of
steel reinforcement, the impact direction of projectile is carefully controlled to avoid that
the projectile impact directly on the reinforcements. Moreover, Huang et al. (2005)
demonstrated that rebar reinforced concrete and plain concrete have almost the same
penetration resistance as the projectile typically possesses diameters much smaller than
the grid size of slab reinforcement. Therefore, in this study, the concrete slab is regarded
as a plain concrete for simplifying the modeling. In addition, in Hanchak et al. (1992), the
calibre-radius-head (CRH) ratio of the used ogive-nose projectile is 3, which means the
head of the used projectile is very sharp. The CRH means the radius of a circle with the
curve of the shell's nose on its circumference, expressed in terms of the shell's calibre (as
shown in Figure 8.2). Although the CRH ratio of the ogive-nose projectile is an important
factor influencing the performance of concrete during the impact process, Wang et al.
(2007) presented that the CRH ratio of the ogive-nose projectile only has close
relationship with the crater area after the impact. Considering that the crater area of
concrete slab after impact is not a focus in Hanchak’s test and the detailed crater area
values are not presented in Hanchak et al. (1992), the finite elements model of projectile
is simplified in this study, as shown in Figure 8.3. In addition, Figure 8.3 also shows the
finite element mesh for the concrete slab and projectile, in which the mesh used in the
computation has 32960 elements and 36582 nodes. The contact types are “surface to
surface” and “eroding”. The boundary of the tested sample is fixed. However, the
influence of the mesh size, mesh bias and friction effects are not included in this work.
These issues will be focused in a future study.

2CRH
3CRH

d

2d

3d

Figure 8.2: Schema of the calibre-radius-head (CRH) ratio calculation method
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Φ = 25.4 mm
101.6 mm

42.1 mm

178 mm

610 mm

Figure 8.3: Dimensions of the model created in LS-DYNA and the generated finite element grids in
this study

In this modeling, similarly to the experimental results shown in Hanchak et al. (1992),
two concrete slabs with different compressive strength (one is 48 MPa and the other one
is 140 MPa) are utilized. To fully describe the concrete’s dynamic response within an
impact force, the Holmquist Johnson Cook Concrete model (Holmquist et al., 1993) is
chosen to describe the reaction of concrete under the high velocity impact. A detailed
description of this model is shown in Appendix 1, and the parameters of material model
for the used concrete are presented in Tables 8.1 and 8.2. In addition, during the impact
process, the projectile is assumed to be a no-deformable part (rigid material), with
velocities of 301 m/s, 360 m/s, 381 m/s, 434 m/s, 606 m/s 746 m/s, 749 m/s and 1058 m/s
for the low strength concrete (48 MPa), and 376 m/s, 382 m/s, 443 m/s, 522 m/s, 587 m/s,
743 m/s and 998 m/s for the high strength concrete (140 MPa). A detailed description of
the used rigid material model is shown in Appendix 2.
Table 8.1: Material parameters of concrete (48 MPa) for impact analysis

Density

Shear modulus

ρ (kg/m3)

G (MPa)

2240
14860
Damage constants
D1
0.04
Equation of state, EOS constants
Pcrush (MPa)
μcrush
16.0
0.01

Strength constants
A

B

N

C

0.79

1.60

0.61

0.07

K2 (GPa)
17.1

Smax
(MPa)
7.0

ε’0
1.0

(εfp + μfp)min
0.01

D2
1.0
K1 (GPa)
8.5

f’c
(MPa)
48

K3 (GPa)
20.8

Plock (GPa)
1.05

μlock
0.1
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Table 8.2: Material parameters of concrete (140 MPa) for impact analysis

Density

Shear modulus

ρ (kg/m3)

G (MPa)

2400
16400
Damage constants
D1
0.04
Equation of state, EOS constants
Pcrush (MPa)
μcrush
26.0
0.01

8.3.2

Strength constants
A

B

N

C

0.75

1.65

0.76

0.07

K2 (GPa)
17.1

Smax
(MPa)
11.7

ε’0
1.0

(εfp + μfp)min
0.01

D2
1.0
K1 (GPa)
12.5

f’c
(MPa)
140

K3 (GPa)
20.8

Plock (GPa)
1.05

μlock
0.1

Model validation

During the impact process, the concrete slab typically experiences brittle tensile fracture
firstly, which is followed by compression-shear failure, since the compressive strength of
concrete is much higher than its tensile strength (Katrin and Paul, 2008; Hassan et al.,
2012; Park et al., 2012; Rossi, 2013). In this study, with the movement of projectile, both
the compressive and tensile damage begin to accumulate, and the spalling of concrete can
be observed. When the impact velocity of projectile is relatively high, then the scabbing
appears on the rear side of concrete slab (as shown in Figure 8.4). Moreover, for both the
normal strength concrete (NSC) (48 MPa) and high strength concrete (HSC) (140 MPa),
the perforation phenomenon (from modeling results) can always be observed, when the
impact velocity higher than a critical value (about 300 m/s for NSC and about 400 m/s for
HSC). These obtained modeling results are similar as that shown in Wang et al. (2007).
After spalling

After scabbing

Figure 8.4: Spalling and scabbing happened on the front and rear side of concrete slab during the
projectile impact process
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Projectile
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Concrete target

Projectile
Damage area

(g)

(h)

Figure 8.5: Compassions between experimental and modeling results of concrete slab after impact
loadings, (a) modeling result of front surface of concrete slab (48 MPa), (b) experimental result of
front surface of concrete slab (48 MPa), (c) modeling result of rear surface of concrete slab (48 MPa),
(d) experimental result of rear surface of concrete slab (48 MPa), (e) modeling result of front surface
of concrete slab (140 MPa), (f) experimental result of front surface of concrete slab (140 MPa), (g)
modeling result of rear surface of concrete slab (140 MPa), (h) experimental result of rear surface of
concrete (140 MPa)

Additionally, the comparisons of damage degree and appearance between experimental
and modeling results of concrete slab after impact loadings are presented in Figure 8.5.
The impact velocity of the projectile is around 750 m/s. It can be noticed that the
modeling results show that there are always perforation holes and an approximately
circular damage area on both front and rear surface of the concrete slab. Moreover, the
diameter of the perforation hole is relatively small, which is similar as that of the impact
projectile. All of these obtained modeling results are consistent with the experimental
results, which imply that the proposed finite elements model is reliable. However, from
the experimental results, it can be found that the spalling and scabbing area of NSC and
HSC are similar to each other, while the modeling results show that the HSC has
relatively smaller damage area. Actually, the spalling and scabbing properties of concrete
are very important for the protective structures, since the flying fragments may cause
secondary damage to the human staying behind the structures. Hence, it is necessary to
clarify the difference of the damage area between experiments and modeling should be
attributed to experimental deviation or modeling error. However, in Hanchak et al. (1992),
the detailed damage area values of concrete slabs are not presented, which means the
obtained modeling results should be validated by other parameters.
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Figure 8.6: Comparison of the experimental (Hanchak et al., 1992) and modeling results: residual
velocity of the projectile after the impact on the concrete plate (48 MPa)
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Figure 8.7: Comparison of the experimental (Hanchak et al., 1992) and modeling results: residual
velocity of the projectile after the impact on the concrete plate (140 MPa)

To further validate whether the proposed model can well represent the impact
experiments, the modeling and experimental results of residual velocity for the projectile
are compared and illustrated in Figures 8.6 and 8.7. It is clear that the modeling results
are in good agreement with the experimental data for both normal strength concrete (NSC)
and high strength concrete (HSC). With an increase the of impact velocity, a linearly
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increase of the residual velocity for projectile can be observed. In the case for NSC, the
lines represent experimental and modeling results are almost coincident, which means the
proposed model can well predict the velocity of projectile after impacting on concrete
with relatively low strength. In addition, for the results of HSC, the experimental and
modeling results are very similar when the impact velocity is relatively low. However,
when the impact velocity of projectile is relatively high (e.g. about 1000 m/s), the
modeling result can overestimate its residual velocity, as shown in Figure 8.7.
8.3.3

Prediction of the sustainable UHPFRC dynamic performance

In general, based on the results shown in Figures 8.6 and 8.7, it can be summarized that
the proposed model can represent the velocity reduction of the solid projectile after
impacting on the normal and high strength concretes. Hence, combing with the
experimental results obtained in Chapter 5 (the sustainable UHPFRC with 2% hook
ended steel fibres, vol.), the model is utilized to predict the performance of the
sustainable UHPFRC under projectile impact. The parameters for UHPFRC material
model are shown in Table 8.3, and the projectile is still assumed to be a rigid part. The
impact velocities of projectile are 376 m/s, 382 m/s, 443 m/s, 522 m/s, 587 m/s, 743 m/s
and 998 m/s.
Table 8.3: Material parameters of the sustainable UHPFRC for impact analysis

Density

Shear modulus

ρ (kg/m3)

G (MPa)

A

B

Strength constants
f’c
Smax
N
C
(MPa) (MPa)
0.76
0.07
135
21.7

2540
36400
0.75
1.65
Damage constants
D1
D2
0.05
1.0
Equation of state, EOS constants
Pcrush (MPa)
μcrush
K1 (GPa) K2 (GPa)
26.0
0.01
12.5
17.1

ε’0
1.0

(εfp + μfp)min
0.01
K3 (GPa)
20.8

Plock (GPa)
1.05

μlock
0.1

A comparison of the modeling results for rigid projectile impact on normal strength
concrete (NSC), high strength concrete (HSC) and developed sustainable UHPFRC is
illustrated in Figure 8.8. It can be noticed that, for these three different types of concrete,
with the increase of the impact velocity of projectile, linearly development of its residual
velocity can be observed. Moreover, it is noteworthy that the projectile residual velocity
is always the lowest after impacting on UHPFRC, particularly when the impact velocity
is relatively low. For instance, when the projectile impact velocity is about 376 m/s, its
residual velocity is about 149 m/s for NSC and 0 for both HSC and UHPFRC. When the
project impact velocity increases to around 443 m/s, its residual velocity is about 100 m/s
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for HSC and still 0 for UHPFRC. Hence, based on these obtained results, it can be
summarized that the sustainable UHPFRC has much better impact resistance capacity
under the relatively low velocity projectile impact, compared to HSC or NSC. In addition,
with an increase of the projectile impact velocity, it can be found that the difference of
impact resistance abilities between NSC and HSC slightly decreases, as shown in Figure
8.8. This may be attributed to the basic characteristics of plan concrete. When the
projectile impact velocity is around 1000 m/s, its kinetic energy is very large, which
means the increase of the compressive strength is less efficient to absorb so much energy,
similarly to that presented in Hanchak et al. (1992 and Zhang et al. (2005). To further
improve the energy absorption ability of HSC, one of the promising methods is by adding
appropriate type and amount of fibres, particularly the hook ended fibres. As described in
Chapter 5, due to the fact that the plastic deformation and pullout process of hook ended
steel fibres (HF) can absorb a large amount of energy, the sustainable UHPFRC with 2%
HF (vol.) should show better energy dissipation ability than HSC. To demonstrate this
prediction, an absorbed energy comparison between these concretes is executed and
illustrated in Figure 8.9. The absorbed energy amount is calculated by employing kinetic
energy equation (E = 1/2 × mv2, E is the energy, m is the mass and v is the velocity).
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HSC
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Residual velocity (m/s )
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Figure 8.8: Modeling comparison of the projectile residual velocity after impact on normal strength
concrete (NSC), high strength concrete (HSC) and the developed sustainable UHPFRC

From Figure 8.9, it can be noticed that, under the impact of projectile with different
velocities, the absorbed energy amount of the sustainable UHPFRC is always the largest,
while the NSC shows the lowest energy absorption capacity. With an increase of
projectile impact velocity, the difference of the absorbed energy amount between HSC
and UHPFRC gradually increases, which implies that the addition of fibres can
effectively enhance the energy dissipation capacity especially at high impact velocity. For
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instance, when the projectile impact velocity is around 1000 m/s, the absorbed energy
amount of HSC is about 36 kJ (close to that of NSC - 30 kJ), while this value for the
developed sustainable UHPFRC is around 63 kJ. Moreover, it is noteworthy that with an
increase of the projectile impact velocity, the absorbed energy amount of these three
concrete slabs firstly increase then decrease, which is similar as the obtained
experimental results shown in Hanchak et al. (1992). This may be attributed to the high
kinetic energy of the utilized projectile and the relatively small thickness of the used
concrete slab. When the projectile has very high velocity (about 1000 m/s) and kinetic
energy (about 250 kJ), it can easily damage and perforate the concrete slab, and relatively
less energy is consumed in this perforation process. Therefore, to resist this kind of
projectile impact, thicker concrete slab or multiple layers of concrete slabs should be
appropriately utilized.
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Figure 8.9: Modeling comparison of the energy dissipation capacity between normal strength
concrete (NSC), high strength concrete (HSC) and the developed sustainable UHPFRC under
projectile impact loadings

In summary, in most cases, the energy dissipation capacity of HSC is better than that of
NSC. When the impact projectile has a very high velocity and large kinetic energy, the
difference of energy dissipation capacity between NSC and HSC is relatively small. To
further improve the impact resistance of concrete, the appropriate addition of steel fibres
is a promising method. In this study, the modeling results demonstrate that the developed
sustainable UHPFRC has much better energy dissipation capacity than HSC, particularly
when the impact velocity and kinetic energy of projectile are relatively high. Therefore,
the sustainable UHPFRC (with 2% HF, vol.) is more suitable to be utilized in protective
structure than NSC and HSC.
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Summary

In this section, a finite elements model is generated in LS-DYNA to evaluate the energy
dissipation capacity of concrete slab under the impact of projectile with different
velocities. This model is validated by the experimental results obtained from the literature.
It is demonstrated that the proposed model can predict the velocity reduction of the solid
projectile after impacting on the normal and high strength concretes. Moreover, the
validated model is utilized to predict the performance of the sustainable UHPFRC under
the projectile impact. The modeling results show that, when the projectile has very high
impact velocity and kinetic energy, the enhancement of compressive strength of concrete
slab is less effective to improve its impact resistance. One of the promising methods to
further improve the energy dissipation capacity of HSC is adding appropriate type and
amount of fibres. Compared to normal strength concrete (NSC) and high strength
concrete (HSC), the modeling results reveal that the developed sustainable UHPFRC has
much better energy dissipation ability, particularly when the projectile has a very high
impact velocity and kinetic energy.

8.4 Conclusions
Among all the impact categories (high-rate impact, shock, blast loads and so on), the
impact from hard projectile is the most common one. In the past century, large amounts
of experimental investigations have been executed to determine the impact resistance of
different type of concretes under projectile impact. A series of empirical formulae were
proposed, based on experimental studies, to predict the penetration of hard projectiles and
to support the design of protective structure. Nevertheless, with the development of
concrete industry, a series of advanced concretes (e.g. SCC, HSC, UHPC and UHPFRC)
can be produced today, which implies that the proposed empirical formulae (about 70
years ago) are not suitable to be used to predict the impact resistance of the advanced
concretes. Hence, there is a strong need to evaluate the energy dissipation capacity of the
advanced concretes with relatively low material and labour cost. According to these
premises mentioned above, the energy dissipation capacity of the developed sustainable
UHPFRC under projectile impact is investigated based on modeling approach in this
study. A commercial hydrocode - LS-DYNA is employed to simulate the performance of
concrete under projectile impact. In this study, it is demonstrated that the developed
sustainable UHPFRC has much better energy dissipation capacity and is more suitable to
be utilized in places where a large amount of energy may be released, compared to
normal strength concrete (NSC) and high strength concrete (HSC).
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9 Application of the sustainable UHPFRC in protective elements
9.1 Introduction
As a result of increasing concerns regarding public and structure safety in recent decades,
the dynamic performance of infrastructures under impact loadings and their energy
absorption capacity have become an emerging research focus in the concrete industry
(Beppu et al., 2008; Wen and Xian, 2015; Sovják et al., 2015). Among all the impact
categories (high-rate impact, shock, blast loads and so on), the impact from hard
projectile is the most common one, which can be attributed to the continuous military
interest since the beginning of last century (Kennedy, 1976). Due to the fact that the
impact projectile in the military field normally has high velocity (about 700-1000 m/s,
such as bullet or missile), its kinetic energy is quite high, which may cause serious
damage to concrete target or even the collapse of whole construction. Hence, it is
important to investigate the impact resistance of concrete under the high velocity hard
projectile impact.
The specific characteristics of UHPFRC (high mechanical properties and relatively high
steel fibre content) demonstrate that it has much better impact resistance than the other
concretes, such as normal strength concrete (NSC), steel fibre reinforced concrete (SFRC)
or high strength concrete (HSC), and is suitable to be utilized at the place where a large
amount of energy may suddenly be released (Wu et al., 2009; Yu et al., 2015b).
Nevertheless, it can be noticed that the investigation of UHPFRC under high velocity
projectile impact loadings is scarce. For instance, Sovják et al. (2013, 2015) examined the
resistance of slim UHPFRC targets to projectile impact using in-service bullets. The
impact velocity of the used bullet was in the range of 691-720 m/s. It was verified
experimentally that the optimal fibre content in UHPFRC mixture is 2% by volume.
Using less than 2% of fibre volume fraction might be unsafe in the slim UHPFRC targets
due to increased volume of secondary fragments generated from the back side of the slab
and also due to the higher residual penetration potential of the bullet exiting the back side
of the slab. Using more that 2% of fibre volume fraction could be inefficient as well.
Máca et al. (2014) described the mix design of UHPFRC and its response to deformable
and non-deformable projectile impact. It was verified that UHPFRC has much greater
resistance to impact loading compared to traditional FRC. Thus, implementation of
UHPFRC may result in highly resistant concrete elements such as cladding panels and
walls in modern protective structures while maintaining its standard thicknesses and
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appearance. Ren et al. (2013) presented the effect of projectile impact and penetration on
the phase composition and microstructure of high performance concretes. The evidence
of various phase changes due to impact and penetration was detected by XRD. Compared
with the control sample, the tested UHPFRC exhibited the possible presence of coesite, a
high-pressure and high-temperature form of silica. Other possible phase changes during
impact could include transformations from belite to larnite and from tobermorite to
clinotobermorite, dehydroxylation of portlandite and ettringite and formation of new
phases such as calcite and spinel.
As shown in the previous chapters, considering the sustainable development of concrete
industry, a sustainable UHPFRC can be produced based on the modified A&A model and
appropriate fibres hybridization design. It is demonstrated that the developed sustainable
UHPFRC has superior workability and mechanical properties. In Chapter 7, the energy
absorption capacity of the sustainable UHPFRC under pendulum impact is investigated.
However, the velocities of the impact hammers are relatively low, which are about 6.0
m/s for the small “Charpy Impact Device” and 8.6 m/s for the big “Modified Pendulum
Impact Device”. Although Chapter 8 presents the numerical modeling results of the
sustainable UHPFRC under relatively high velocity projectile impact, the results
predicted by the proposed model still need to be further validated. Hence, to widen the
application of the developed sustainable UHPFRC, particularly the application in military
field, it is important to clarify its impact resistance under high velocity projectile impact
loading.
Consequently, the objective of this chapter is to apply the sustainable UHPFRC in
protective elements and investigate its dynamic performance under high velocity
projectile impact. Two types of projectiles and four different impact velocities are
selected. Except for the experimental study, the numerical tool (LS-DYNA) is employed
to simulate the impact process.

9.2 Materials and methodologies
9.2.1

Materials, mix design and concrete production

The utilized materials and mix design of the sustainable UHPFRC are similar as that
shown in Section 7.3.2. Based on the obtained experimental results shown in Figures 5.14
and 5.19, the sustainable UHPFRC with hook ended steel fibres (HF) or hook ended steel
fibres combined with long straight fibres (LSF) have great potential energy absorption
capacity. Therefore, mixture recipes of No. 7 and 8, shown in Table 7.1, are selected here.
Following the method presented in Figure 3.2, the concrete matrix is mixed with the steel
fibres. The fresh concrete is cast in the mould with the size of 500 mm × 500 mm × 100
mm, as shown in Figure 9.1. Due to the fact that the developed sustainable UHPFRC has
good workability, the fresh concrete is poured in the middle of the mould, without
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applying vibration (i.e. treated as self-compacting concrete). After 3-4 days, the samples
are demoulded and cured in the water. After curing for about 28 days, all the samples are
taken from the water and prepared for the shooting test. To avoid the unexpected damage
to the samples during the transportation, all the samples are securely packaged, as shown
in Figure 9.2.

Figure 9.1: Utilized wooden moulds (left) and the cast fresh concrete sample in fresh state (right)

Figure 9.2: Samples prepared for the shipment

9.2.2

Experimental methodologies

In this study, two types of projectiles are used: one is in-service bullet (7.62 mm, as
shown in Figures 9.3a and b), and the other one is fragment simulating projectile (FSP,
20 mm, as shown in Figures 9.3c and d). In general, based on the NATO document AEP55 (2011), two impact velocities are chosen for each type of projectile: 830 and 930 m/s
for the bullet (7.62 mm) and 860 and 960 m/s for the FSP (20 mm). Based on the mass of
the used projectiles and the impact velocities, it is possible to calculate the kinetic energy
of the projectiles during the impact tests, which are shown in Table 9.1. Additionally, to
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achieve these designed velocities, relevant calibrations are executed beforehand. The
launching set-ups for these projectiles are illustrated in Figure 9.4. The impact velocity of
projectile is measured by radar velocity sensors fixed on the launchers.
Table 9.1: Mass, velocity and kinetic energy of the impact projectiles

Mass
(g)
8.35
8.35
53.8
53.8

Type
Bullet (7.62 mm)
FSP (20 mm)

Velocity
(m/s)
830
930
860
960

Kinetic energy
(J)
2876
3611
19895
24791

(a)

(b)

(c)

(d)

Figure 9.3: Utilized bullet (7.62 mm) (a and b) and FSP (20 mm) (c and d)
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According to STANAG 2280 (2009), the distance between target concrete plate and the
launch point is 30 m, and witness plates are placed behind the target with a minimum air
gap of 100 mm between the target and the witness plate. The used witness plate is
hardboard with a thickness of about 2 mm. To clearly understand the performance of the
developed sustainable UHPFRC under high velocity projectiles impact, two high speed
cameras are used to record the variation of both front and rear sides of the concrete slab.
The rates of the utilized high speed cameras are 26143 fps (frames per second) and 21052
fps for the front and rear camera, respectively. The shooting set-up can be easily
expressed as the scheme shown in Figure 9.5.

(a)

(b)

(c)

(d)

Figure 9.4: Bullet (7.62 mm) launching device (a) and its radar velocity sensor (b); FSP (20 mm)
launching device (c) and its radar velocity sensor (d)
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UHPFRC slab

Witness

Projectile

High speed cameras
Figure 9.5: Scheme of the shooting test

Moreover, based on STANAG 2280 (2009), a group of 3 individual shots is fired at the
appropriate range on each concrete plate. As shown in Figure 9.6, the distance between
hits should be in the range from 25 mm to 120 mm. After each shot, both the target and
witness plates should be examined. Based on the appearance of the witness plate, it is
possible to confirm that whether the concrete target has been perforated or not.

Concrete
slab

Figure 9.6: Impact pattern of individual projectile

During the shooting tests, the concrete slab is fixed on a heavy frame (as shown in Figure
9.7), and the frame is fix on the ground. Hence, the frame and sample position will not be
influenced by the projectile impact. Two high speed cameras are installed at the side of
the sample, and sufficient light is provided surrounding the concrete slab.
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Figure 9.7: Installed sample before the testing

9.3 Experimental results and discussions
9.3.1
•

The sustainable UHPFRC under bullet (7.62 mm) impact
Impact velocity ≈ 830 m/s

Figures 9.8 and 9.9 present the variation of front and rear surfaces of the sustainable
UHPFRC with hybrid fibres during the first shot. It can be noticed that the moment when
the projectile initially contacts with the concrete target (Figure 9.8b), a relatively small
crater (similar as the diameter of the used projectile) and a large amount of dust are
created. Subsequently, many cracks grow surrounding the crater and the size of the crater
increase simultaneously (Figure 9.8c). Then the growth of the crater stops and a large
amount of small fragments fly off the concrete target, opposite to the projectile impact
direction (Figures 9.8d and e). On the rear surface of the UHPFRC target, it is important
to notice that the bullet impact (7.62 mm, velocity ≈ 830 m/s) only results in several
cracks, without causing serious perforation or scabbing damages (as shown in Figure 9.9).

(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.4 ms
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(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.8: Dynamic performance of the UHPFRC with hybrid fibres under the bullet (7.62 mm,
velocity ≈ 830 m/s) impact (front surface, first shot)

(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.5 ms

Figure 9.9: Dynamic performance of the UHPFRC with hybrid fibres under the bullet (7.62 mm,
velocity ≈ 830 m/s) impact (rear surface, first shot)

Figure 9.10 illustrates the appearance of both the front and rear surface of the UHPFRC
target after the first shot and three shots. Based on the measurement, it can be found that
the diameter and volume of these generated craters have similar diameters and volumes,
which fluctuate around 6 cm and 30 cm3, respectively. Moreover, all the three impact
projectiles are blocked inside of the concrete, and their penetration depths are 5.7 cm, 6.0
cm and 6.8 cm. From Figures 9.10b and d, it can be noticed that some locally distributed
cracks appear after each shot. After three shots, the scabbing at the rear surface of the
concrete target is very limited. Based on these obtained experimental results, it can be
summarized that the bullet (7.62 mm, velocity ≈ 830 m/s) can cause very locally damages
to the concrete target, and the developed UHPFRC target can well resist this impact.
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(a)

(b)

(c)

(d)

Figure 9.10: Front and rear appearance of the tested UHPFRC slab with hybrid fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots

As commonly known, there are several phenomena associated with projectile impact
effects on concrete targets, as shown in Figure 8.1 (Kennedy, 1976). When the impact
velocities are relatively small, the projectile will strike the concrete target and bounce off
without creating any local damage. With an increase of the impact velocity, pieces of
concrete are ejected off of the concrete impacted face. This spalling forms a spall crater
that extends over a substantially greater area than the cross-sectional area of the striking
projectile. As the velocity continues to increase, the projectile will penetrate the target to
depths beyond the depth of the spall crater, forming a cylindrical penetration hole with a
diameter only slightly greater than the projectile diameter. As the penetration depth
increases, the projectile will stick to the concrete target rather than rebounding. Further
increases in the initial velocity produce cracking of the concrete on the back surface
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followed by scabbing of concrete from this rear surface. The zone of scabbing is
normally much wider but not as deep as the front face crater. Once scabbing begins, the
depth of penetration will increase rapidly. For low barrier thickness to projectile diameter
ratios (less than 5) the pieces of scabbed concrete can be large in size and have
substantial velocities. As the projectile velocity increases further, perforation of the target
will occur as the penetration hole extends through to the scabbing crater and the projectile
may subsequently exit from the rear face of the target with a residual velocity.
In this study, due to the relatively high impact velocity and energy, the bullets penetrate
into the concrete target and cause a cylindrical penetration hole beyond the depth of the
spall crater. However, the scabbing is difficult to be observed at the concrete rear surface
after the impact loadings, which may be attributed to the application of steel fibres in
UHPFRC. As be demonstrated by Sovják et al. (2013 and 2015), the added steel fibres in
UHPFRC can well grip the concrete matrix and dissipate the impact energy during the
impact process. Hence, compared to normal strength concrete, high strength concrete and
plain UHPC, UHPFRC show much better impact resistance ability in reducing the
spalling, scabbing and penetration depth.

(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.4 ms

(d) t = 1 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.11: Dynamic performance of the UHPFRC with single sized fibres under the bullet (7.62
mm, velocity ≈ 830 m/s) impact (front surface, first shot)
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(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.5 ms

Figure 9.12: Dynamic performance of the UHPFRC with single sized fibres under the bullet (7.62
mm, velocity ≈ 830 m/s) impact (rear surface, first shot)

To understand the effect of different fibres on the impact resistance capacity of concrete,
the dynamic performance of the sustainable UHPFRC with single sized fibres (hook
ended steel fibres) under the bullet (7.62 mm, velocity ≈ 830 m/s) impact (first shot) is
shown in Figures 9.11 and 9.12. In general, the high speed camera photos presented in
Figure 9.11 are similar as that shown in Figure 9.8, which implies that these two
UHPFRC mixtures (with hybrid or single sized fibres) have similar dynamic behaviour
under the bullet (7.62 mm, velocity ≈ 830 m/s) impact at the front surface. Nevertheless,
some differences can still be observed between Figures 9.8 and 9.11. For instance: 1)
some debonded steel fibres can be observed in Figures 9.11d and e; 2) after the impact
loading, the generated fragments from the mixture with single sized fibres are larger than
those from the concrete target with hybrid fibres.
Table 9.2 Bullet impact velocity and obtained experimental results of UHPFRC target

Impact
order

Impact
velocity
(m/s)

1
2
3
1
2
3

827.2
832.6
830.0
831.7
827.7
829.8

UHPFRC with hybrid fibres
Residual
Crater
Penetration
velocity
diameter
depth
(m/s)
(cm)
(cm)
0
5.8
5.7
0
5.8
6.0
0
6.5
6.8
-

UHPFRC with single sized fibres
Residual
Crater
Penetration
velocity diameter
depth
(m/s)
(cm)
(cm)
0
7.5
6.5
0
8.0
6.8
0
7.5
7.0

From Figure 9.12, it is important to notice that the bullet impact can not only cause
cracks but also very obvious scabbing at the rear surface of the sustainable UHPFRC with
single sized fibres. Although all of these three projectiles can be blocked inside of
concrete, the rear surface of concrete target has been damaged (as shown in Figure 9.13).
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As described in the previous section, once scabbing begins, the depth of penetration will
increase rapidly (Kennedy, 1976). Here, the penetration depths of these projectiles are 6.5
cm, 6.8 cm and 7 cm, which are larger than that measured in the UHPFRC with hybrid
fibres. All the collected experimental data are shown in Table 9.2

(a)

(b)

(c)

(d)

Figure 9.13: Front and rear appearance of the tested UHPFRC slab with single sized fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots

In practice, the scabbing at the rear surface of concrete structure is considered very
dangerous, since the flying fragments can cause secondary damage to humans and objects
standing behind/inside the concrete structure. Hence, to design a safe and reliable
concrete structure, the scabbing at the rear surface of concrete under impact should be
effectively limited. In this study, under the same impact circumstance (bullet,7.62 mm,
velocity ≈ 830 m/s), the UHPFRC with hybrid fibres shows much better scabbing
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resistance ability than the one with single sized fibres. This can be attributed to the fact
that hybrid fibres can effectively resist the cracks development and dissipate the impact
energy. As described in Chapter 5, the short fibres can bridge the micro-cracks while the
long fibres are more efficient in preventing the development of macro-cracks, which
cause that the stress in the hybrid fibres reinforced concrete can be well distributed and
its mechanical properties can be improved (Markovic, 2006). Hence, when impact occurs,
the generated stress is relatively homogeneously distributed in the UHPFRC with hybrid
fibres, and the growth of micro and macro cracks is simultaneously restricted. However,
in the case of UHPFRC with single sized fibres (hook ended steel fibres), the
development of micro-cracks is not disturbed, which causes that the many macro-cracks
can quickly appear and part of the concrete may debond from the whole concrete
structure.
Consequently, based on the obtained experimental results, it can be concluded that the
addition of hybrid fibres is beneficial for improving the scabbing resistance capacity of
UHPFRC under high velocity bullet impact (≈ 830 m/s) and reduce the projectile
penetration depth.
•

Impact velocity ≈ 930 m/s

Figures 9.14 and 9.15 present the dynamic process of the sustainable UHPFRC with
hybrid fibres exposed to high velocity bullet (7.62 mm, velocity ≈ 930 m/s) impact (first
shot). Here, compared to the impact tests shown in the previous part, the projectile impact
velocity has increased by about 100 m/s and its impact energy has been increased by
about 26%. As shown in Figure 9.14, it can be found that the front surface reactions of
the UHPFRC target under the bullet impact with different velocities (830 m/s and 930
m/s) are similar. A series of phenomena, such as the generation of cracks, crater,
fragments, can be clearly observed. However, on the rear surface of the sustainable
UHPFRC target with hybrid fibres, a different dynamic performance between two
different velocities (830 m/s and 930 m/s) bullet impact can be observed. As shown in
Figure 9.15, not only cracks appear during the impact process, but also the scabbing is
created. Moreover, the impacting projectile can perforate the used UHPFRC target. These
phenomena can be attributed to the relatively high impact energy. Although the added
hybrid fibres are beneficial in resisting the growth of cracks and dissipating the energy,
the relatively high energy amount and short impact time may cause that its energy
dissipation efficiency is not as good as in the low velocity impact situation or quasi-static
condition. In this study, two bullets (7.62 mm, velocity ≈ 930 m/s) perforate the
UHPFRC target and one (the second shot) is blocked inside of concrete. The deviation
among the experimental results may be attributed to the heterogeneity of the developed
concrete. Therefore, to obtain more reliable results, more tests are needed.
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(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.5 ms

(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.14: Dynamic performance of the UHPFRC with hybrid fibres under the bullet (7.62 mm,
velocity ≈ 930 m/s) impact (front surface, first shot)

(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.5 ms

Figure 9.15: Dynamic performance of the UHPFRC with hybrid fibres under the bullet (7.62 mm,
velocity ≈ 930 m/s) impact (rear surface, first shot)
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(a)

(b)

(c)

(d)

Figure 9.16: Front and rear appearance of the tested UHPFRC slab with hybrid fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots

Figures 9.17 and 9.18 illustrate the impact process of the sustainable UHPFRC with
single sized fibres under high velocity bullet impact (7.62 mm, velocity ≈ 930 m/s).
Similarly to the photos shown in Figure 9.11, the impact caused a crater with a diameter
of around 8 cm at the concrete front surface, and many fragments and debonded steel
fibres can be observed. Nevertheless, at the rear surface of the UHPFRC target, it is
obvious that the scabbing area is much larger than that presented in Figures 9.12 and 9.15.
Moreover, two projectiles perforated the concrete target and one projectile (the third shot)
was blocked inside of the concrete target. The deviation among the experimental results
may be also attributed to the heterogeneity of the developed concrete. All the collected
experimental data are presented in Table 9.3.
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(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.5 ms

(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.17: Dynamic performance of the UHPFRC with single sized fibres under the bullet (7.62
mm, velocity ≈ 930 m/s) impact (front surface, first shot)

(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 2.0 ms

Figure 9.18: Dynamic performance of the UHPFRC with single sized fibres under the bullet (7.62
mm, velocity ≈ 930 m/s) impact (rear surface, first shot)
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(a)

(b)

(c)

(d)

Figure 9.19: Front and rear appearance of the tested UHPFRC slab with single sized fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots
Table 9.3 Bullet impact velocity and obtained experimental results of UHPFRC target

Impact
number

Impact
velocity
(m/s)

1
2
3
1
2
3

922.9
923.8
914.9
919.4
919.8
921.7

UHPFRC with hybrid fibres
Residual
Crater
Penetration
velocity
diameter
depth
(m/s)
(cm)
(cm)
25
7
10.0
0
6.8
8.5
60
6.8
10.0
-

UHPFRC with single sized fibres
Residual
Crater
Penetration
velocity diameter
depth
(m/s)
(cm)
(cm)
75
8.0
10.0
85
7.8
10.0
0
7.8
9.0
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In general, it can be summarized that the added hybrid fibres are beneficial in improving
the impact resistance capacity of the sustainable UHPFRC, particularly in reducing its
scabbing area. Yet, to further improve the impact resistance capacity of the sustainable
UHPFRC slab (10 cm) under high energy bullet impact, a promising method is to
increase the thickness of the concrete slab.
Actually, the conclusion drawn above is not in line with the results shown in Chapter 5,
in which it has been experimentally demonstrated that the long hook ended steel fibres
are the most efficient one (compared to other straight steel fibres) in improving the
flexural toughness or energy absorption capacity of UHPFRC. In the hybrid design of the
sustainable UHPFRC, with constant steel fibre content, the addition of straight steel
fibres (especially the short straight fibres) can significantly reduce its toughness or energy
absorption ability (as shown in Figure 5.19). The differences between the results obtained
in Chapter 5 and the results presented here can be attributed to the different experimental
evaluation methods, which will be detailed explained in the following content.
As presented in Chapter 5, the energy absorption ability of UHPFRC is evaluated by
comparing the area under the load-deflection plot obtained from the 4-point bending test.
The test is executed in quasi-static condition, which means the whole tested beam is
under the stress and the used fibres have enough time to be pulled out. Compared to the
straight steel fibres, the hook ended steel fibres have much larger grip force with the
concrete matrix, which causes that more energy will be consumed in the fibres pullout
process. Therefore, the energy absorption capacity of UHPFRC with only hook ended
steel fibres is larger than that of the mixture with hybrid steel fibres. However, the high
velocity bullet impact test is very different from the quasi-static 4-point bending test. Due
to the relatively high velocity of projectiles, the impact occurs in a very short time (μs
scale), which causes that only local damages appear in the sustainable UHPFRC target
(as shown in Figures 9.8-9.19). As mentioned before, the short fibres can bridge the
micro-cracks while the long fibres are more efficient in preventing the development of
macro-cracks, which causes that the stress in the hybrid fibres reinforced concrete can be
well distributed (Markovic, 2006). Hence, for the sustainable UHPFRC with hybrid fibres
under high velocity projectile impact, the crack growth around the local damage area of
UHPFRC can be well restricted and the fragment sizes are relatively small (as shown in
Figure 9.20). Yet, in the case of the UHPFRC with single sized fibres, it can be noticed
that the fragment sizes are relatively large and some embedded hook ended steel fibres
can be found in the fragment (as shown in Figure 9.20). This can be attributed to the fact
that the applied single sized fibres cannot homogeneously distribute the stress and limit
the cracks (especially the micro-cracks) development. Therefore, some macro-cracks are
easily created and the debonding of some relatively large fragments (small rupture cross
section) from the concrete matrix happens. Hence, for the sustainable UHPFRC with only
hook ended steel fibres, its total rupture cross section is relatively small and some
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embedded steel fibres did not undergo the fibres pullout process, which can decrease its
energy dissipation capacity under the high velocity projectile impact.

Figure 9.20: Fragments generated at the rear surface of the UHPFRC with hybrid fibres (A) and
single sized fibres (B) after bullet (7.62 mm, velocity ≈ 930 m/s) impact

9.3.2
•

The sustainable UHPFRC under FSP (20 mm) impact
Impact velocity ≈ 860 m/s

Figure 9.21 illustrates the dynamic behaviour of the sustainable UHPFRC with hybrid
fibres under the FSP (20 mm, velocity ≈ 860 m/s) impact. It can be noticed that during
the impact process, a large amount of dust and fragments are created, which cause that it
is difficult to monitor the cracks growth based on the high speed camera photos.
Moreover, differently from that shown in Figure 9.8, many debonded steel fibres can be
observed in Figures 9.21c and d. These observed phenomena can be attributed to the
relatively high impact energy of FSP. In this study, the used FSP mass (about 53.8 g) is
almost 6 times of that of utilized bullet (about 8.35 g). Hence, based on the kinetic energy
equation, it can be easily calculated that the impact energy of FSP is almost 6 times of
that of the bullet with the same velocity. Additionally, in Figure 9.21e, it can be noticed
that the FSP rebounds from the concrete target with a relatively low velocity (about 5
m/s), which means the used sustainable UHPFRC slab can resist the FSP impact at the
front side. As mentioned before, when the impact velocity of projectile is relatively high,
the projectile can penetrate the target to depths beyond the depth of the spall crater,
forming a cylindrical penetration hole with a diameter only slightly greater than the
missile diameter. As the penetration depth increases, the projectile will stick to the
concrete target rather than rebound (Kennedy, 1976). Nevertheless, as shown in Figure
9.23a, it can be noticed that the FSP impact almost generates a cylindrical crater with a
diameter (about 60 mm) much larger than that of the FSP diameter (20 mm), and the
penetration depth of the FSP is about 4 cm. Due to the relatively large crater diameter and
the relatively small penetration depth, it is difficult for the concrete to catch the FSP.
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(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.4 ms

(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.21: Dynamic performance of the UHPFRC with hybrid fibres under the FSP (20 mm,
velocity ≈ 860 m/s) impact (front surface, first shot)

(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.5 ms

Figure 9.22: Dynamic performance of the UHPFRC with hybrid fibres under the bullet (7.62 mm,
velocity ≈ 930 m/s) impact (rear surface, first shot)
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(a)

(b)

(c)

(d)

Figure 9.23: Front and rear appearance of the tested UHPFRC slab with hybrid fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots

At the rear surface of the sustainable UHPFRC target, the cracks growth and a large
amount of fragments can be observed (as shown in Figure 9.22), which can be also
attributed to the relatively high impact energy of FSP. However, differently from the
normal scabbing damage, it can be noticed that a large part of the damaged concrete at
the rear surface of the UHPFRC target still connects with the main body of concrete slab,
as shown in Figure 9.23b. This can be attributed to the application of hybrid steel fibres,
and the impact energy can be well dissipated. However, after three shots, it can be
noticed that the UHPFRC target has been seriously damaged, and clear perforation holes
can be observed. Moreover, scabbing with relatively large diameters (about 15 cm) can
be found at the rear surface of the concrete target (as shown in Figure 9.23). This can be
attributed to the fact that the internal structure of the UHPFRC target has been damaged
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during the first shot. Therefore, for the second or third shot, the impact resistance
capacity of the sustainable UHPFRC significantly decreases.
In general, due to the relatively large diameters and impact energy of FSP, the obtained
experimental results from second or third shots are affected by the first shot. Hence, the
recommendation of three times shooting on each sample prescribed in STANAG 2280
(2009) is not suitable to be utilized here to evaluate the dynamic performance of concrete
under FSP (20 mm) impact loadings. Although the developed sustainable UHPFRC slab
can resist the first impact from FSP (20 mm, velocity ≈ 860 m/s) and rebound the
projectile, the phenomenon should be further demonstrated by more tests.

(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.4 ms

(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.24: Dynamic performance of the UHPFRC with single sized fibres under the FSP (20 mm,
velocity ≈ 860 m/s) impact (front surface, first shot)
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(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.5 ms

Figure 9.25: Dynamic performance of the UHPFRC with single sized fibres under the FSP (20 mm,
velocity ≈ 860 m/s) impact (rear surface, first shot)

The dynamic performance of the sustainable UHPFRC with single sized fibres (HF)
under the FSP (20 mm, velocity ≈ 860 m/s) impact (first shot) is shown in Figures 9.24
and 9.25. As can be seen, the front surface reaction of the UHPFRC target under FSP (20
mm, velocity ≈ 860 m/s) impact is similar to that shown in Figure 9.21. A large amount
of dust and fragments are generated during the impact process, and some debonded steel
fibres can be found. Nevertheless, at the rear surface of the UHPFRC target, many
fragments with relatively large size and obvious scabbing can be observed, which are
different from that presented in Figure 9.22. Moreover, in the first shot, the FSP can
perforate the UHPFRC target and the diameter of the scabbing area is about 22 cm at the
concrete rear surface, as shown in Figure 9.26. After three shots, it can be noticed that the
UHPFRC with single sized fibres has already been seriously damaged and some
generated craters are even connected to each other, as shown in Figure 9.26.

(a)

(b)
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(c)

(d)

Figure 9.26: Front and rear appearance of the tested UHPFRC slab with single sized fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots

These experimental results further demonstrate that the hybrid fibres are more efficient
than single sized fibres in improving the impact resistance capacity of the sustainable
UHPFRC under high velocity projectile impact. Due to well stress distribution and cracks
restriction abilities of hybrid fibres, the generated fragments from the UHPFRC with
hybrid fibres are smaller than that from the mixture with single sized fibres, as shown in
Figure 9.27. Hence, compared to the UHPFRC with single sized fibres, more rupture
cross sections are generated and more fibres are pulled out in the UHPFRC with hybrid
fibres during the impact process, which is beneficial for improving the impact resistance
capacity of the sustainable UHPFRC target.

Figure 9.27: Fragments generated at the rear surface of the UHPFRC with hybrid fibres (A) and
single sized fibres (B) under the FSP (20 mm, velocity ≈ 860 m/s) impact
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Impact velocity ≈ 960 m/s

To further evaluate the impact resistance of the sustainable UHPFRC (particularly the
one with the hybrid fibres) under the impact of FSP (20 mm) with higher velocity, the
test with an impact velocity of about 960 m/s are executed.
Figure 9.28 illustrates the front surface reaction of the sustainable UHPFRC with hybrid
fibres under high velocity FSP (20 mm, velocity ≈ 960 m/s) impact. It can be noticed that
the presented high speed camera photos are similar to those shown in Figure 9.21. A
large amount of dust, fragments and some debonded steel fibres are mainly observed.
However, there is no rebounded FSP shown in Figure 9.28, which means the FSP may
perforate the UHPFRC target. In Figure 9.29, obvious scabbing and fragments can be
observed at the rear surface of the concrete target, which are different from that shown in
Figure 9.22. From Figure 9.30, it is clear that the concrete target is perforated by the FSP,
and the diameters of crater and scabbing are about 10 cm and 21 cm, respectively. After
three shots, the UHPFRC target has already been seriously damaged and some craters are
connected to each other.

(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.4 ms

(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.28: Dynamic performance of the UHPFRC with hybrid fibres under the FSP (20 mm,
velocity ≈ 960 m/s) impact (front surface, first shot)
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(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.5 ms

Figure 9.29: Dynamic performance of the UHPFRC with hybrid fibres under the FSP (20 mm,
velocity ≈ 960 m/s) impact (rear surface, first shot)

(a)

(b)

(c)

(d)

Figure 9.30: Front and rear appearance of the tested UHPFRC slab with hybrid fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots
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(a) t = 0 ms

(b) t = 0.2 ms

(c) t = 0.4 ms

(d) t = 1.0 ms

(e) t = 2.0 ms

(f) t = 3.0 ms

Figure 9.31: Dynamic performance of the UHPFRC with single sized fibres under the FSP (20 mm,
velocity ≈ 960 m/s) impact (front surface, first shot)

(a) t = 0 ms

(b) t = 0.3 ms

(c) t = 1.2 ms

Figure 9.32: Dynamic performance of the UHPFRC with single sized fibres under the FSP (20 mm,
velocity ≈ 960 m/s) impact (rear surface, first shot)

According to the obtained experimental results, it can be summarized that the sustainable
UHPFRC with hybrid fibres is ineffective in resisting the impact from FSP (20 mm,
velocity ≈ 960 m/s), while it can rebound the FSP with an impact velocity of about 860
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m/s. This difference can be attributed to the different impact energy. Based on the kinetic
energy equation, it can be calculated that the impact energy has increased by 25% when
the FSP velocity increases from 860 m/s to 960 m/s. Therefore, the increased impact
energy can cause serious scabbing damage at the rear surface of the sustainable UHPFRC
target and help the FSP to perforate the concrete slab.

(a)

(b)

(c)

(d)

Figure 9.33: Front and rear appearance of the tested UHPFRC slab with single sized fibres: (a) front
surface after the first shot, (b) rear surface after the first shot, (c) front surface after three shots, (d)
rear surface after three shots

Figures 9.31 and 9.32 present the dynamic performance of the sustainable UHPFRC with
single sized fibres under the FSP (20 mm, velocity ≈ 960 m/s) impact. It can be noticed
that both the front and rear surfaces of the concrete target show similar reaction as the
UHPFRC target under the FSP (20 mm, velocity ≈ 860 m/s) impact. The FSP can
perforate the UHPFRC slab and the diameters of crater and scabbing are 11 cm and 25
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cm, respectively. After three shots, the concrete slab has been seriously damaged and the
generated craters connect to each other, as shown in Figure 9.33. These results further
demonstrate the developed UHPFRC slab with single sized fibres cannot resist the impact
from high velocity FSP (20 mm).
9.3.3

Summary

In this section, the dynamic performance of the sustainable UHPFRC under high velocity
bullet (7.62 mm) and FSP (20 mm) impact is presented. In general, it can be concluded
that the developed sustainable UHPFRC slab (thickness = 10 cm ) with hybrid steel fibres
can well resist the impact of bullet (7.62 mm) with a velocity of about 830 m/s, while
slight scabbing on the rear surface of the UHPFRC slab with single sized fibres can be
created. The obtained crater area on the front surface of the sustainable UHPFRC is
similar to that observed by Sovják et al. (2015). When the projectile impact velocity is
about 930 m/s, the deviation between the obtained results appears. For the impact from
FSP (20 mm) with a velocity of 860 m/s, the developed sustainable UHPFRC slab
(thickness = 10 cm) with hybrid fibres can resist the first shot and rebound the projectile,
while the UHPFRC target with single sized fibres can be perforated by the projectile.
When the impact velocity of FSP increases to about 960 m/s, the developed UHPFRC
slabs (thickness = 10 cm) both with hybrid steel fibres and the one with single sized
fibres can be perforated by the projectile. Additionally, due to the relatively large
dimensions and impact energy of FSP, the results obtained after the second and third
shots are affected by the first shot. Hence, to obtain more representative results, more
tests should be executed.

9.4 Modeling of the sustainable UHPFRC under projectile impact
9.4.1

Introduction

Based on the obtained experimental results, the numerical modeling of the sustainable
UHPFRC target under high velocity projectile impact loadings is executed and presented
in this section.
As mentioned in the previous section, due to the specific shape and high impact velocity
of FSP, the experimentally obtained results after the second or third shot are influenced
by the first shot, and obvious deformation of FSP can be observed after the impact (as
shown in Figure 9.34b). Nevertheless, for the bullet (7.62 mm), it can be noticed that
there is almost no deformation can be observed on the collected hard core after impact (as
shown in Figure 9.34a), which means it can be treated as a rigid part in the modeling
process. Hence, based on the obtained experimental results and in order to simplify the
modeling, only the sustainable UHPFRC slab under high velocity bullet impact process is
simulated in this section.
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(a)

(b)

Figure 9.34: Collected projectiles after impact tests: (a) projectile from bullet (7.62 mm, including the
broken bullet jackets); (b) FSP (20 mm)

9.4.2

Model of UHPFRC slab under high velocity bullet impact

In Figure 9.34a, it can be found that the impact core is covered by a metal jacket, which
is destroyed during the impact process subsequently. To simplify the numerical modeling,
it is assumed that the hard core directly impacts on the concrete target and the energy
consumed in destroying the external jacket is ignored. According to the measured
dimensions of the collected hard core and the sustainable UHPFRC slab, a finite element
model is created in LS-DYNA and shown in Figure 9.35. As can be seen, compared to
the UHPFRC target part, the projectile part is relatively small. Hence, to guarantee the
modeling results are reliable and representative, the meshed gridding is relatively dense
surrounding the impact area (as shown in Figure 9.35). The mesh used in the computation
has 50012 elements and 54656 nodes. The contact types are “surface to surface” and
“eroding”. The boundary of the tested sample is fixed. However, the influence of the
mesh size, mesh bias and friction effects are not included in this work. These issues will
be focused in a future study. Additionally, it is assumed that each impact happens at the
centre of the concrete target and no influence exists between every two shots.

(a)
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(b)
Figure 9.35: The created models of bullet and UHPFRC target in LS-DYNA and the generated finite
element grids: (a) side view; (b) top view
Table 9.4: Material parameters of the sustainable UHPFRC with hybrid fibres

Density
Shear modulus
3
ρ (kg/m )
G (MPa)
2540
36400
Damage constants
D1
0.05
Equation of state, EOS constants
Pcrush (MPa)
μcrush
26.0
0.01

A
0.75

Strength constants
N
C
f’c
0.76
0.07
135

B
1.65

ε’0
1.0

(εfp + μfp)min
0.01

D2
1.0
K1 (GPa)
12.5

Smax
21.7

K2 (GPa)
17.1

K3 (GPa)
20.8

Plock (GPa)
1.05

μlock
0.1

Table 9.5: Material parameters of the sustainable UHPFRC with single sized fibres

Density
Shear modulus
3
ρ (kg/m )
G (MPa)
2540
35500
Damage constants
D1
0.05
Equation of state, EOS constants
Pcrush (MPa)
μcrush
22.0
0.008

A
0.75

Strength constants
N
C
f’c
0.76
0.07
128

B
1.65

K2 (GPa)
16.4

ε’0
1.0

(εfp + μfp)min
0.01

D2
1.0
K1 (GPa)
12.1

Smax
18.1

K3 (GPa)
20.0

Plock (GPa)
1.04

μlock
0.1

In the modeling, similarly to the obtained experimental results, two concrete slabs
(UHPFRC with hybrid fibres and UHPFRC with single sized fibres) are utilized. To fully
describe the concrete’s dynamic response within an impact force, the Holmquist Johnson
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Cook Concrete model (Holmquist et al., 1993) is again chosen to describe the reaction of
concrete under the high velocity impact. A detailed description of this model is shown in
Appendix 1. Based on the results obtained in Chapters 5 and 8, the parameters of material
model for the used concrete are presented in Tables 9.4 and 9.5. In addition, during the
impact process, the projectile is assumed to be non-deformable part (rigid material). A
description of rigid material model is shown in Appendix 2.
9.4.3

Validation of the model

(a)

(b)
Figure 9.36: An example of the numerical modeling results of the sustainable UHPFRC under bullet
impact (velocity ≈ 830 m/s): (a) side view; (b) top view

Figure 9.36 illustrates an example of the numerical modeling results of the sustainable
UHPFRC under high velocity bullet impact. It can be noticed that the concrete area close
to the impact projectile is under great stresses. In most cases, the stress can cause brittle
tensile fracture firstly in the concrete target, which is then followed by compression-shear
failure, since the compressive strength of concrete is much higher than its tensile strength
(Katrin and Paul, 2008; Hassan et al., 2012; Park et al., 2012; Rossi, 2013). Moreover, it
can be found that the damage area on the front surface of the UHPFRC target is relatively
small, which is around 10 times of the projectile diameter. This phenomenon can be
attributed to the following two reasons: 1) the used projectile has relatively small
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diameter (about 6 mm), while the dimension of concrete target is much larger (500 × 500
× 100 mm); 2) the used the steel fibres (especially the hybrid steel fibres) can effectively
restrict the growth of cracks and crater area.
To accurately validate the proposed model, three experimental parameters are mainly
used here: 1) crater area on the front surface; 2) projectile penetration depth; 3) projectile
residual velocity. The detailed experimental information about projectile impact velocity,
projectile residual velocity, crater diameter and projectile penetration depth can be found
in Tables 9.2 and 9.3.
9
UHPFRC with hybrid fibres
UHPFRC with single sized fibres

Modeling results (cm )

8

7

y=x
6

5
5

6

7
Experimental results (cm )

8

9

Figure 9.37: Comparison of the experimental and modeling results of the crater area on the front
surface of the sustainable UHPFRC after high velocity bullet impact

Figure 9.37 presents the comparison of the experimental and modeling results of the
crater area on the front surface of the sustainable UHPFRC after the high velocity bullet
impact. As can be seen, all the points fluctuate around the line (y = x), which means a
general agreement exists between the modeling and experimental results. Yet, to further
minimize the deviations between the results, more impact experiments should be
0executed. Moreover, it can also be noticed that all the craters areas can be simply
divided into two categories: crater diameter smaller than 7 cm (UHPFRC with hybrid
fibres) and crater diameter larger than 7 cm (UHPFRC with single sized fibres). This
further demonstrates that the utilized hybrid steel fibres are more efficient than single
sized fibres in restricting the development of cracks and crater area.
Figure 9.38 illustrates the comparison of the experimental and modeling results of the
projectile penetration depth in the sustainable UHPFRC after the high velocity bullet
impact. Similarly to that shown in Figure 9.37, all the points fluctuate around the line (y
= x), which implies that the modeling results are consistent with the obtained

234

Chapter 9

experimental results. However, when the projectile penetration depth is relatively large,
also a relatively higher deviation can be noticed. This can be attributed to the
heterogeneity of the used concrete slabs. As can be seen in Section 9.3, when the impact
velocity of projectile is about 930 m/s, two projectiles can perforate the UHPFRC slabs
(with hybrid fibres and with single sized fibres), while one projectile is blocked inside the
concrete. Hence, to more accurately validate the modeling results, more experimental
tests should be executed. In addition, it can be found that projectile penetration depth in
the UHPFRC with hybrid steel fibres is smaller than that in the UHPFRC with single
sized fibres. This phenomenon further demonstrates that the utilized hybrid fibres can not
only efficiently minimize the crater area, but also reduce the projectile penetration depth.
Figure 9.39 presents the experimental and modeling results of projectile residual velocity
after impact on the sustainable UHPFRC target. It is clear that when the impact velocity
of projectile is about 830 m/s, the modeling results agree well with the experimental
results. In this case, the projectiles are blocked inside the concrete target, i.e. the
projectile residual velocity is zero. However, similarly to that shown in Figure 9.38, when
the projectile impact velocity is about 930 m/s, the deviation between experimental and
modeling results can be noticed. This can be also attributed to the heterogeneity of the
used UHPFRC slabs. Although, to guarantee the homogeneity of the sustainable
UHPFRC, large aggregates (> 4 mm) have already been eliminated in the concrete
production, the distribution of the added steel fibres (hook ended steel fibres) may
strongly affect the heterogeneity of UHPFRC. Therefore, during the shooting tests, two
projectiles can perforate the concrete target while one projectile is blocked, which implies
that more tests and more representive results are needed.
11
UHPFRC with hybrid fibres
10

Modeling results (cm )

UHPFRC with single sized fibres
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6
5
4
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Figure 9.38: Comparison of the experimental and modeling results of projectile penetration depth in
the sustainable UHPFRC after high velocity bullet impact
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Figure 9.39: Comparison of the experimental and modeling results of projectile residual velocity
after the impact on the sustainable UHPFRC

9.4.4

Summary

In this section, numerical modeling of the sustainable UHPFRC under high velocity
projectile impact loadings is executed, employing LS-DYNA. Based on the experimental
design and results, a finite element model is proposed and validated. In general, it can be
concluded that when the projectile impact velocity is about 830 m/s, the obtained
modeling results coincide with that of the experimental results. Nevertheless, when the
projectile impact velocity is about 930 m/s, a deviation between the modeling and
experimental results can be observed, which can be attributed to the heterogeneity of used
concrete slabs. Consequently, to validate the proposed model better, more experimental
tests should be executed.

9.5 Conclusions
In this chapter, the developed sustainable UHPFRC is applied in protective elements and
its dynamic performance under high velocity projectile impact is investigated, including
experiments and numerical modeling. Four types of combinations of projectiles and
impact velocities are selected. According to the obtained results, the following
conclusions can be drawn:
1) The developed sustainable UHPFRC slab (thickness = 10 cm) with hybrid steel
fibres can well resist the impact of bullet (7.62 mm) with a velocity of about 830
m/s. The crater diameter is about 6 cm and no scabbing can be observed at the
rear surface of the concrete target. For the sustainable UHPFRC slab (thickness =
10 cm) with single sized fibres (HF), it can also resist the impact of bullet (7.62
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mm) with a velocity of about 830 m/s. Nevertheless, at the rear surface of the
concrete target, slight scabbing can be created.
2) When the bullet (7.62 mm) impact velocity is about 930 m/s, the deviation
between the obtained experimental results appears. Two bullets can perforate the
UHPFRC targets and one was blocked inside the concrete. The deviation among
the experimental results may be also attributed to the heterogeneity of the
developed concrete. To obtain more representive results, more tests should be
executed.
3) For the impact from FSP (20 mm) with a velocity of 860 m/s, the developed
sustainable UHPFRC slab (thickness = 10 cm) with hybrid fibres can resist the
first shot and rebound the projectile, while the UHPFRC target (thickness = 10 cm)
with single sized fibres can be perforated by FSP with the same velocity. When
the impact velocity of FSP increases to about 960 m/s, the developed UHPFRC
slabs both with hybrid steel fibres and the one with single sized fibres can be
perforated by the projectile. To further improve the impact resistance capacity of
the sustainable UHPFRC, a promising method is to increase the thickness of the
concrete target.
4) Due to the relatively large dimensions and impact energy of FSP (20 mm), the
results obtained after the second and third shots are affected by the first shot.
Hence, the recommendation of three times shooting on each sample shown in
STANAG 2280 (2009) is not suitable to be utilized here to evaluate the dynamic
performance of concrete under high velocity FSP (20 mm) impact loadings. To
obtain more representive results, more tests are required.
5) Compared to the UHPFRC with single sized fibres, the one with hybrid steel
fibres show much better impact resistance capacity in reducing the crater area,
projectile penetration depth and projectile residual velocity. This can be attributed
to the fact that the high velocity impact occurs in a very short time (μs scale), and
only local damages appear in the sustainable UHPFRC target. Around the
damaged area, the used hybrid fibres can efficiently prevent the cracks growth
(micro and macro) and well distribute the external stress, which cause that the
fragments sizes are relatively small and a large amount of energy is consumed on
fracturing the concrete matrix and pulling the fibres out.
6) A finite element model is created in LS-DYNA to simulate the process of the
sustainable UHPFRC under high velocity bullet impact. Then, the obtained
experimental results (crater area, projectile penetration depth and projectile
residual velocity) are utilized to validate the proposed model. In general, it can be
concluded that when the bullet impact velocity is about 830 m/s, the obtained
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modeling results coincide with those of the experimental research. Nevertheless,
when the bullet impact velocity is about 930 m/s, a deviation between the
modeling and experimental results can be observed, which can be attributed to the
heterogeneity of the concrete slabs and some experimental error. Consequently, to
more accurately validate the proposed model, more experimental tests should be
executed.
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10 Conclusions and recommendations
10.1 Conclusions
Due to the complicated international circumstances, increasing terrorist attack events and
unpredictable accidents, there is a strong demand for impact resistance materials in both
the civil and military fields. Based on the previous investigations (Bindiganavile et al.,
2002; Parant et al., 2007; Zhang et al., 2007; Habel and Gauvreau, 2008; Lai et al., 2009),
it has been proven that a strong concrete matrix combined with a large amount of steel
fibres is beneficial for improving the impact resistance capacity of concrete, since
debonding of fibres from matrix can absorb a large amount of energy that is released
during the impact loading process. Hence, a relatively new type of concrete - Ultra-High
Performance Fibre Reinforced Concrete (UHPFRC) is a promising solution for the
infrastructure where a large amount of energy may be suddenly released. However,
UHPFRC is still a relatively new building material, whose dynamic performance under
impact loadings is not fully understood. Moreover, so far, the UHPFRC development
commonly ignore the sustainability and environmental impact, as normally a large
amount of binders is used and the efficiencies of the utilized powders and fibres are not
considered. Consequently, based on these premises, this thesis presents an approach to
develop a sustainable UHPFRC and investigate its dynamic performance under impact
loadings.
The development of a sustainable UHPFRC can be achieved by employing an optimized
particle packing model, efficient application of powders and fibres, and proper use of
waste/recycled materials, individually or simultaneously. The properties assessment of
the sustainable UHPFRC developed in this study mainly include its workability, air
content, water-permeable porosity, mechanical properties, flexural toughness, cement
hydration kinetics and thermal properties. Moreover, the impact resistance/energy
dissipation capacity of the developed sustainable UHPFRC is thoroughly investigated,
employing the “Charpy Impact Device” and a “Modified Pendulum Impact Device”. An
equation is proposed to compute the energy dissipated in the sustainable UHPFRC under
the Charpy impact test. Additionally, to widen the application of the developed
sustainable UHPFRC in the military field, its dynamic performance under high velocity
projectile impact is investigated, including experimental tests and numerical modeling.
This research is performed based on a combination of theoretical and experimental
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investigation. The main conclusions are drawn from the performed experimental and
modeling study and elaborated in the following sections.
10.1.1 Optimized mix design of UHPFRC
Mix design is always a hotspot of concrete investigation, particularly for advanced
concretes (e.g. self-compacting concrete, high strength concrete, high performance
concrete). As commonly known, an optimum packing of the granular ingredients of
concrete is the key for a good and durable concrete (Fuller and Thompson, 1907;
Andreasen and Andersen, 1930; De Larrard and Sedran, 1994; De Larrard and Sedran,
2002; Fennis et al., 2009). For the design of mortars and concretes, several mix design
tools are in use, such as Linear Packing Density Model (LPDM), Solid Suspension Model
(SSM) and Compressive Packing Model (CPM). However, all these design methods are
based on the packing fraction of individual components (cement, sand etc.) and their
combinations, and therefore it is complicated to include very fine particles in these mix
design tools, as it is difficult to determine the packing fraction of such very fine materials
or their combinations.
As be mentioned before, due to the fact that a large amount of fines are normally utilized
in the production of UHPFRC, the design methods listed above are inefficient for the
design of UHPC or UHPFRC. Hence, in Chapter 3, the design of the UHPFRC mixtures
is based on the aim to achieve a densely compacted cementitious matrix, employing the
modified Andreasen & Andersen particle packing model (A&A model) and the approach
developed earlier (Brouwers and Radix., 2005; Hüsken and Brouwers, 2008; Hunger and
Brouwers, 2009; Hüsken, 2010; Hunger, 2010). According to the obtained experimental
results, it is demonstrated that an optimized UHPFRC can be produced with relatively
low binder amount (about 650 kg/m3), without sacrificing its superior mechanical
properties (e.g. compressive strength at 28 days is about 140 MPa). Consequently, the
modified A&A model is an effective method to develop sustainable UHPFRC,
characterized by both low cost and low environmental impact.
10.1.2 Sustainable development of UHPFRC focus on ingredients point of view
For the production of UHPFRC, a number of powders (cement, pozzolanic materials and
non-active fillers) and fibres are normally utilized. However, by far, the efficiency of
these used powders and fibres is not well considered and optimized. Hence, in this thesis,
the development of sustainable UHPFRC is based on an efficient application of powders
(Chapter 4), fibres (Chapter 5) and appropriate using waste/recycled materials (Chapter
6).
The effect of nanosilica and mineral admixtures (FA, GGBS and LP) on the properties of
UHPC is firstly evaluated. Nanosilica is a relatively new material, which has an
extremely fine particle size and higher activity than silica fume. From the obtained
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experimental results, it is proven that a relatively small amount of nanosilica can
significantly improve the microstructure and mechanical properties of UHPC.
Nevertheless, an overdose of nanosilica can increase fresh concrete viscosity and increase
its porosity in hardened state, which is negative for improving the mechanical properties
of UHPFRC. Hence, the optimal dosage of the utilized nanosilica is about 3.74% by the
mass of the binder amount in this study, which is in line with Quercia (2014). In addition,
it is found that the hydration process of UHPC mixtures with almost the same amount of
FA, GGBS and LP is similar to each other during the initial five days. Afterwards, the
hydration rate of the mixture with GGBS is obviously accelerated. Due to the specific
cementitious system of UHPC (very small water/binder ratio and relatively high SP
amount), it is observed that the pozzolanic reaction of FA is significantly retarded, which
means that a very limited amount of FA can react with Ca(OH)2 after curing for 91 days.
Additionally, it is demonstrated that the developed UHPC with an appropriate amount of
mineral admixtures has much lower environmental impact than the other UHPCs shown
in the available literature. Hence, based on the different requirements (workability,
mechanical properties, or environmental impact) from practice, different mineral
admixtures should be appropriately chosen in the UHPC production.
Subsequently, toward the efficient utilization of the steel fibres in UHPFRC, the effect of
binary and ternary hybrid fibres on the properties of UHPFRC is investigated. From the
obtained experimental results it can be noticed that different fibres can provide different
contributions to the properties of UHPFRC. For instance, binary fibres are beneficial in
improving its workability (about 90 cm in slump flow, based on EN-12350-8 (2010)) and
mechanical properties (about 30 MPa and 140 MPa for 28 days flexural and compressive
strengths, respectively). Hook ended steel fibres (HF) can significantly increase the
toughness of UHPFRC to about 35 Nžm, based on JSCE SF-4 (1984). Therefore,
according to the different requirements (good workability, high mechanical properties or
high toughness) from practice, different fibre types and hybridization designs should be
well chosen, which could ensure the efficient use of the fibres and make UHPFRC more
sustainable. In this study, to design a protective UHPFRC with relatively high energy
absorption capacity, the hook ended fibres (HF) is found to be a good choice.
Finally, a tentative study on the sustainable UHPFRC production incorporating waste
bottom ash (WBA) is performed. It is demonstrated that with an appropriate application
of nanosilica, steel fibres and polypropylene fibres, about 20% of the fine aggregates can
be replaced by WBA in the production of UHPFRC. Due to the negative effect of the
metallic aluminium in WBA, the developed UHPFRC has relatively lower compressive
strength (about 115 MPa). Nevertheless, the coarse surface of WBA and some threadlike
matter on its surface cause the flexural strength of the developed UHPFRC to be
comparable to the other UHPFRCs presented in literature. Hence, this developed
sustainable UHPFRC with WBA is more suitable to be utilized in applications which
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require high flexural properties. In this research, the aim is to develop a sustainable
protective UHPFRC, which implies that the produced material should be sustainable and
simultaneously have great impact resistance capacity. Due to the fact that the material is
under great compressive, flexural and tensile stresses during the impact process, the
UHPFRC with WBA is less suitable to be utilized to produce a protective structure.
Hence, for the impact resistance evaluation shown in Chapters 7-9, all sustainable
UHPFRCs are produced based on the optimized particle packing model, and an efficient
application of powders and steel fibres.
10.1.3 Energy dissipation capacity of the developed UHPFRC
In this study, the energy dissipation capacity of the developed sustainable UHPFRC
under impact loadings is evaluated by employing “Charpy Impact Device” (Chapter 7),
“Modified Pendulum Impact Device” (Chapter 7) and high velocity projectile launchers
(Chapter 9).
The dynamic impact test results obtained from “Charpy Impact Device” show that the
fibre length plays a dominating role in improving the energy dissipation capacity of the
sustainable UHPFRC. With a constant total steel fibre amount, the addition of short fibres
can cause a decrease of the energy absorption capacity of the concrete target. However,
from the results obtained from the “Modified Pendulum Impact Device”, it is
demonstrated that the addition of hybrid steel fibres is more efficient than single sized
fibres in increasing the energy dissipation capacity of the sustainable UHPFRC. The
difference between the obtained results is mainly attributed to the fibre categories and
sample dimensions. During the pendulum impact process, the impact energy absorbed by
the sustainable UHPFRC is mainly composed of two parts: the energy consumed to break
the concrete matrix and the energy used to pull out the fibres embedded in the broken
cross sections. For the Charpy impact test, due to the fact that the used concrete sample is
relatively small (25.4 mm × 25.4 mm × 50.8 mm), all the targets are broken after only
single impact (as shown in Figure 7.13). Hence, the cracks can be created immediately,
and more energy is consumed in pulling the fibres out, which cause the advantages of
hybrid steel fibres (LSF + SSF) in stress distribution and micro-cracks resistance to not
be well utilized. Considering the fact that the used SSF is relatively short and easy to be
debonded from the concrete matrix, the addition of SSF can cause a decrease in the
energy absorption capacity of the concrete target. On the contrary, in the case of the tests
executed by the “Modified Pendulum Impact Device”, the used sample dimensions are
relatively large (500 mm × 500 mm × 100 mm), which causes the concrete target not to
be broken after the first impact (as shown in Figure 7.21). Therefore, the creation of
cracks plays an important role in resisting the impact loadings. Due to the fact the stress
in the hybrid fibres reinforced concrete can be better distributed than that in the single
sized fibres reinforced concrete, more small cracks are created in the sustainable
UHPFRC with hybrid steel fibres, which simultaneously means that more energy is
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consumed in the creation of cracks and also growth of these cracks. Hence, the
sustainable UHPFRC with hybrid steel fibres is more suitable for the production of
protective structures.
Additionally, based on the results obtained from the high velocity projectile impact tests
(projectile velocity is about 900 m/s and the sample dimensions are 500 mm × 500 mm ×
100 mm), it can also be noticed that the sustainable UHPFRC with hybrid fibres (HF +
LSF) shows much better impact resistance capacity than the one with only HF type. This
can be attributed to the fact that the high velocity projectile impact occurs in a very short
time (μs scale), which causes only local damages to appear on the surface of the
sustainable UHPFRC target. As mentioned before, the short fibres can bridge the microcracks while the long fibres are more efficient in preventing the development of macrocracks, which causes the stress in the hybrid fibres reinforced concrete to be well
distributed (Markovic, 2006). Hence, for the sustainable UHPFRC with hybrid fibres
under high velocity projectile impact, the crack growth around the local damage area of
UHPFRC can be well restricted and fragment sizes are relatively small. Yet, in the case
of the UHPFRC with single sized fibres, due to the fact that the impact stress cannot be
homogeneously distributed during the impact process, the fragment sizes are relatively
large and some embedded hook ended steel fibres can be found in the fragment.
Consequently, for the sustainable UHPFRC with only hook ended steel fibres, its total
rupture cross section is relatively small and some embedded steel fibres did not undergo
the fibres pullout process, which can significantly decrease its energy dissipation capacity
under the high velocity projectile impact. In general, to effectively produce a protective
structure for civil or military using, the sustainable UHPFRC with hybrid steel fibres
(HF+LSF) is a good choice.
10.1.4 Modeling of UHPFRC under impact loadings
In this thesis, the modeling studies of the sustainable UHPFRC mainly focus on its
energy absorption capacity under Charpy impact test and its dynamic performance under
high velocity hard projectile impact.
In Chapter 7, a new equation is proposed to compute the energy absorption capacity of
the sustainable UHPFRC with hybrid fibres under the Charpy impact test. It is
demonstrated that the new model features a good correlation with the experimental
results, especially for the samples with a lower energy absorption capacity. When the
impact resistance ability of the UHPFRC is relatively high, the modeling results slightly
underestimate the experimental results (by about 9%), which could be attributed to the
energy dissipated into the test device. Moreover, due to the fact that concrete has a very
complicated nonlinear behaviour and is difficult to be fully described for general stress
conditions by a simple constitutive model, a commercial hydrocode - LS-DYNA is
employed to simulate the performance of concrete under projectile impact, which is
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shown in Chapter 8. A finite elements model of concrete under projectile impact loading
is firstly created based on literature experiments. Then, the literature experimental results
are used to validate the proposed model. Afterwards, the energy dissipation capacity of
the developed sustainable UHPFRC under hard projectile impact is assessed and
predicted by using the validated model in LS-DYNA. Based on the obtained modeling
results, it is demonstrated that the developed sustainable UHPFRC has a much better
energy dissipation capacity and is more suitable to be utilized in places where a large
amount of energy may be released, compared to normal strength concrete (NSC) and high
strength concrete (HSC). However, these obtained modeling results need to be further
validated. Therefore, in Chapter 9, performed high velocity projectile impact tests are
presented and the obtained experimental results are utilized to validate the created LSDYNA model. In general, it can be concluded that when the bullet impact velocity is
about 830 m/s, the obtained modeling results coincide with experimental research.
Nevertheless, when the bullet impact velocity is about 930 m/s, a deviation between
modeling and experimental results can be observed, which can be attributed to the
heterogeneity of used concrete slabs and some experimental errors. Consequently, to
more accurately validate the proposed model, more experimental tests should be executed.

10.2 Recommendations for future research
This thesis presents the development of sustainable protective Ultra-High Performance
Fibre Reinforced Concrete (UHPFRC), including mix design, properties assessment and
modeling studies. Although the obtained experimental and modeling results answer a
number of questions, further research is still needed on many issues and remaining openquestions, which are formulated as follows:
1) In this thesis, it is demonstrated that the modified A&A model is an effective
method to develop sustainable UHPFRC with both low cost and low
environmental impact. However, considering the fact that the utilized maximum
particle size is relatively small (about 2 mm) and the workability of the developed
UHPFRC is very good (about 90 cm of slump flow, based on EN-12350-8 (2010)),
the influence of steel fibres on the particle packing skeleton is ignored. To further
improve the application of the modified A&A model in UHPFRC or other fibre
reinforced concrete, it would be beneficial to include the fibre effect in the
particle packing model.
2) To develop a sustainable UHPFRC, not only the powders, aggregates and fibres
are important, but also the utilized superplasticizer (SP) deserves attention and
detailed investigations, since the price of SP is relatively higher compared to the
other used ingredients. Hence, clarifying the effect of SP (e.g. dosage, type and so
on) on the properties of UHPFRC and producing a UHPFRC with efficient SP
application still need further attention.
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3) The developed “Modified Pendulum Impact Device” (as shown in Chapter 7) still
needs to be further improved, since the energy absorbed by the sample during the
last impact (breaking the sample) is difficult to be quantified. Moreover, the
damping or vibration of the frames, used to hang the hammer and samples during
the impacts, should be further minimized.
4) In Chapter 9, due to the relatively large dimensions and impact energy of FSP (20
mm), the results obtained from the second and third shots are affected by the first
shot. Hence, the advice of three times shooting on each sample shown in
STANAG 2280 (2009) is not suitable here to evaluate the dynamic performance
of concrete under high velocity FSP (20 mm) impact loadings. Hence, in the next
step, the tests of the sustainable UHPFRC under high velocity FSP (20 mm)
impact should be only performed one time for each concrete slab. Moreover,
when the bullet impact velocity is about 930 m/s, a deviation between modeling
and experimental results can be observed, which cause the proposed model in LSDYNA to not be well validated. Hence, to more accurately validate the proposed
model, more experimental tests should be performed.
5) Excepting the pendulum and projectile impacts, there are also many other impact
categories, such as shock, earth quake and high energy blast loads. Therefore,
clarifying the dynamic performance of the developed sustainable UHPFRC under
different impact categories is beneficial for understanding the basic characteristics
of UHPFRC and pointing out the most suitable application field of UHPFRC.
6) In this research, most of the experiments were executed on the laboratory scale.
Nevertheless, to fully assess the developed sustainable UHPFRC, some tests of
UHPFRC on relatively large scale should be executed, which can further widen
the application of the developed sustainable UHPFRC in practice.
7) Due to the fact that numerical modeling is an efficient method to investigate the
impact resistance of UHPFRC under impact loadings, more fundamental research
employing numerical modeling tools is needed to deeply understand the intrinsic
mechanism of the sustainable UHPFRC under impact loadings.
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Appendix 1
Details of Johnson Holmsquist Concrete model
In Johnson Holmsquist Concrete model, the equivalent strength of material is expressed
as a function of the pressure, strain rate and damage (Holmsquist et al., 1993):

(

)

σ ∗ =  A 1 − D' + BP∗ N  ⋅ 1 + C ln ε' ∗ 

(A.1.1)

where P* denotes the normalized pressure, shown as P* = P/f’c; P denotes presure, f’c
denotes the quasi-static uniaxial compressive strength, ε′* denotes the dimensionless strain
rate, given by ε′* = ε′ / ε′0, ε′ represents the actual strain rate, ε′0 represents the reference
strain rate. D′ (0 < D′ < 1) denotes the damage parameter. Additionally A, B, N, and C
denote the material parameters.
The model accumulates the damage from both equivalent plastic strain and plastic
volumetric strain, and is expressed as:
D' = ∑

Δε p + Δμ p

(A.1.2)

ε pf + μ pf

Here, ∆εp and ∆μp represent the equivalent plastic strain increment and plastic volumetric
strain increment, respectively, during one cycle integral computation. (εfp + μfp) represents
the plastic strain to fracture under a constant pressure, which can be expressed as follows:

ε pf + µ pf = D1 (P ∗ + T ∗ )

D2

(A.1.3)

where D1 and D2 represent damage constants, and T*=T / f’c is the normalized largest
tensile strength (T represents the maximum tensile stress).
The equation of state (EOS) of this model describes the relationship between hydrostatic
pressure and volume. The loading and unloading process of concrete can be divided into
three response regions (as shown in Figure A.1-1). The first zone is the linear elastic zone,
where the material is elastic state. The elastic bulk modulus is given by k = Pcrush/μcrush,
where Pcrush and μcrush represent the pressure and volumetric strain arising in a uniaxial
compression test. Within the elastic zone, the loading and unloading equation of state is
given by:
P = Kµ

(A.1.4)
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where μ=ρ/ρ0 - 1, ρ denotes the current density, and ρ0 denotes the reference density.

Figure A.1-1: The relationship between hydrostatic pressure and material volumetric strain
(Holmsquist et al., 1993)

The second zone arises at Pcrush < P < Plock, where the material is in the plastic transition
state. In this area, the concrete interior voids gradually reduce in size as the pressure and
plastic volumetric strain increase. The unloading curve is solved by the difference from
the adjacent regions.
The third area defines the relationship for fully dense material (concrete has no air voids).
The relationship between pressure and the volumetric strain is given by:
2

P = K1 µ + K 2 µ + K 3 µ

3

(A.1.5)

where K1, K2, K3 are constants and modified volumetric strain is defined as:

μ=

μ − μlock
1 + μlock

where μlock is the locking volumetric strain.

(A.1.6)

Appendix

277

Appendix 2
Description of rigid material model
In the rigid material model, parts made from this material are considered to belong to a
rigid body (for each part ID). Also, the coupling of a rigid body with MADYMO and
CAL3D can be defined via this material. The rigid material model provides a convenient
way of turning one or more parts comprised of beams, shells or solid elements into a rigid
body. Approximating a deformable body as rigid is a preferred modeling technique in
many real world applications. For example, in sheet metal forming problems the tooling
can properly and accurately be treated as rigid. In the design of restraint systems the
occupant can, for the purposes of early design studies, also be treated as rigid. Elements
which are rigid are bypassed in the element processing and no storage is allocated for
storing history variables; consequently, the rigid material type is very cost efficient (LSDYNA keyword user’s manual, 2003).
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Summary

Summary
Development of sustainable protective Ultra-High Performance Fibre
Reinforced Concrete (UHPFRC) ---Design, assessment and modeling
To obtain a new product that contributes to a better and safer life for human beings, this
thesis aims at the development of sustainable protective Ultra-High Performance Fibre
Reinforced Concrete (UHPFRC). Firstly, a series of methods and strategies are utilized to
design a sustainable UHPFRC, which can be briefly summarized as follows: 1) optimized
design of UHPFRC matrix based on particle packing model; 2) efficient application of
the powders in UHPFRC production; 3) efficient utilization of fibres in UHPFR
production; 4) appropriate application of waste/recycled materials in UHPFRC
production. Here, the design of the UHPFRC is based on the aim to achieve a densely
compacted cementitious matrix, employing the modified Andreasen & Andersen particle
packing model. Moreover, industry by-products (fly ash, ground granulated blast-furnace
slag) and waste/recycled material (waste bottom ash) are appropriately utilized to replace
cement and aggregates, respectively. Additionally, hybridization design of utilized fibres
is employed to improve the efficiency of fibres. Next, the properties of the developed
sustainable UHPFRC are evaluated. A series of standards and approaches are employed
to assess its workability, air content, water-permeable porosity, mechanical properties,
flexural toughness, microstructure development, hydration kinetics, thermal properties
and impact resistance capacity. For the impact resistance capacity of the developed
sustainable UHPFRC, two types of pendulum impact set-ups and a high velocity
projectile launcher are employed. Afterwards, based on the obtained experimental results,
the modeling of dynamic behaviour of the sustainable UHPFRC under different impact
loadings is performed. The modeling can be mainly divided into two sections: 1) energy
absorption of UHPFRC under Charpy impact loading; 2) numerical simulation of
UHPFRC under projectile impacts. This research is performed based on a combination of
theoretical and experimental investigation. The final outcome is a methodology to design
a sustainable UHPFRC and the dynamic performance of this developed UHPFRC under
different impact loadings, which are beneficial for widening the application of UHPFRC
and further understanding some intrinsic characteristics of UHPFRC under impact.
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