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Chapter 1
1

Introduction
1.1 Ultra-high Performance Fibre reinforced Concrete


Development

Concrete or cementitious materials are among the most widely used artificial construction
and building materials since hundreds of years ago. During the past decade, ultra-high
performance fibre reinforced concrete (UHPFRC) has drawn great attention from both
researchers and engineers. Richard et al. [1] developed the reactive powder concrete (RPC)
in 1993, which was characterized by a large amount of reactive powder, fine quartz powder,
without any coarse aggregates, a very low water content and a high superplasticizer dosage,
utilization of steel fibres and special treatment (pre-setting pressurization and heat-treating).
RPC showed a dense microstructure, excellent toughness and ultra-high strength over 150
MPa. A few years later, De Larrard [2] extended this material concept and proposed the term
of ‘ultra-high performance concrete (UHPC)’ with high packing density. Currently, the
terms of this kind of material are designated slightly different, such as ‘Ultrahochfester
Beton’ in German, ‘High Performance Concrete’ by the Federal Highway Administration in
US, ‘Ductal’ in France, or ‘UHPFRC’ to distinguish UHPC with fibres by some researchers.
In this thesis, the terms of grout/slurry, UHPC and UHPFRC are utilized to describe the
ultra-high performance paste, plain concrete and fibre reinforced concrete, respectively,
which should be characterized by excellent strength, workability and durability.


Characteristics of mix design

The superior properties and wide range of applications of UHPFRC is greatly dependent on
raw materials and mix design methods, such as water-to-binder (w/b) ratio, mineral
admixture condition, powder content, aggregate size and content, and fibre type and dosage.
The following characteristics of UHPFRC mixtures have been widely accepted [3]:
 Unconfined compressive strength usually in the range of 150 – 250 MPa,
 Direct tensile strength higher than 7 MPa,
 w/b ratio typically between 0.16 and 0.2, at least lower than 0.25,
 High content of binder, which leads to the reduction of capillary porosity,
 Fibres utilization to ensure a ductile behaviour.
Besides, the following principles also should be considered [4]:
 Utilizing a relatively high dosage of superplasticizer to achieve a desired workability,
 Eliminating coarse aggregates to ensure the homogeneity,
 Optimizing the granular distribution to enhance the packing density,
 Probably using post-set pressure and thermal treatments to enhance microstructure.
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Followed by the above mentioned characteristics and design principles, UHPFRC mixtures
should greatly differ from normal concrete, e.g. they are more complex and expensive for
both recipe and mixing. Table 1.1 shows an example of a UHPFRC recipe based on the
average composition by 75 UHPFRC compositions [5].
Table 1.1: Composition of UHPFRC mixture.
Materials Cement
Mass
(kg/m3)



752

Reactive
Inert
Silica sand,
powders powders
gravel
173

169

887

Steel
PP
fibres fibres
242

2

Superplasticizer

Water

31

184

Properties

Based on the characteristics and design principles, the desired fresh and hardened properties
of UHPFRC mixtures could be acquired. The addition of new generation superplasticizers
(e.g. polycarboxylic ethers (PCE) polymers) could greatly reduce the water amount and
improve the fresh behaviour, such as spread flow, V-funnel time, fluid-retaining ability, etc.
Normally, the UHPFRC should possess self-compacting or self-consolidating ability. The
hydration kinetics of cement in UHPFRC is similar to that in ordinary concrete, however
less amorphous phases are observed due to the pozzolanic reactions by adding reactive
powders, e.g. silica fume, slag or fly ash. It means that relatively high C-S-H is formed by
consuming CH, which then fills the voids and refines the microstructures. Furthermore, the
relatively high powder and low water-to-powder ratio (w/p) ratio contributes to less
remaining free water after hydration, which lowers the porosity and densifies the pore
structure. Because of the densified microstructure and stable hydration products, the
hardened properties of UHPFRC are much more superior compared to conventional concrete,
such as ultra-high strength (several or tens of times), enhanced crack resistance, long service
life or good durability, improved energy absorption and both low and high velocity impact
resistance, and even fire resistance. As one of the most critical properties, the compressive,
tensile and flexural strengths of UHPFRC could easily be more than 150 MPa, 25 MPa, and
30 MPa, respectively [6]. The excellent strength contributes to developing thin, long span,
spatial, light components and structures. The superior durability, e.g. low water permeability,
ions or gas penetration, high freezing-thawing or thermal resistance, etc. make it suitable to
bear extreme service conditions or loadings, as well as enlarging service life and diminishing
maintenance costs. The high energy dissipation and toughness of UHPFRC results in impact
resistant applications and protective elements and structures, both in civil and defence
engineering. To sum up, UHPFRC has excellent fresh and hardened properties due to its
special design principles, improved hydration products and microstructure, and which
possesses wide application potentials.

1.2 Research motivation
Besides application in common buildings, concrete is also applied in sensitive objects which
need to be resistant against incidental events under both low and high velocity impact
loadings. The enormous extreme conditions or accidental loadings surrounding our human
life have attracted more and more public attention, such as explosive or ballistic impact in
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terrorist attack, natural earthquake or hurricane disaster, vehicle impact in traffic accidents,
ship collisions on offshore structure or bridge pillars, and falling object impact on concrete
slabs [7,8]. And the impact properties of concrete (e.g. penetration depth, perforation, crack
propagation) are always an important concern. Among the diverse types of concretes,
UHPFRC has great potential for protective and military applications, owing to its superior
workability, mechanical strength, toughness and energy absorption capacity [6,9–13].
However, the responses and properties of UHPFRC shows great difference compared to the
normal concrete. Furthermore, the phase composition, microstructure and response behave
very differently under impact loadings compared to the static ones [14–17]. Additionally,
the dynamic properties and damage patterns exhibit large differences when subjected to
different impact loadings, such as drop-weight or pendulum impact, seismic action,
projectile impact and explosions [7,18]. Hence, the material or even structural design
principles should differ based on the specific loading type, instead of simply considering
static performance. Therefore, it is necessary to develop impact resistant UHPFRC, and
investigate its impact resistance under both low and high velocity impact loadings.
As mentioned above, UHPFRC is a new generation of construction and building material. It
has great potential in wide applications, e.g. protective and defence engineering. However,
it still has some disadvantages and needs be further optimized. Firstly, the large amounts of
superplasticizer and binder or cement consumption in UHPFRC lead to high costs and
environmental burden. Generally, commercial UHPFRC is usually twenty times more
expensive than conventional concrete, and three times greater in terms of the cement
consumption [19]. Therefore, the chemical utilization and mineral addition in binder should
be optimized to achieve environmentally sustainability and cost-efficiency. Secondly,
conventional UHPFRC is designed without using coarse aggregate to ensure homogeneity.
But, introducing coarse aggregates could reduce the powder content and cost, and improve
the volume stability and penetration impact resistance, etc. Hence, the use of appropriate
type and content of coarse aggregates has great significance, without sacrificing performance.
Thirdly, high strength steel fibres are much more expensive compared to other solid raw
materials in UHPFRC, although they considerably improve the mechanical and impact
properties. And, the reinforcement degree is significantly influenced by fibre characteristics,
such as fibre content [20,21], shape [22,23], orientation [24,25] and hybridization [26]. Thus,
an appropriate type of steel fibre and a suitable structural design of components should be
carefully researched to achieve an optimal utilization efficiency. To sum up, the mix design
of UHPFRC should be optimized before using if as impact resistant material, including
chemicals, binders, coarse aggregates, steel fibres and even component design.

1.3 Research aim and strategy
1.3.1

Research aim

As described above, UHPFRC has great potential as impact resistant material and in
structures in both civil and protective engineering. While, the mix design of UHPFRC should
be further optimized to make it more environmentally sustainable, cost-efficient and more
impact resistant. Thus, the aim of this research is to design impact resistant UHPFRC under
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ambient temperature curing without special treatment, and investigate its dynamic response
and impact properties under both low-velocity and high-velocity impact loadings.
1.3.2

Strategy

To design and achieve a better understanding of impact resistant UHPFRC, the following
objectives and strategy are taken into consideration in this study: understanding the
superplasticizer and water on early-age behaviour; optimizing the fines with mineral
addition towards low powder, thus low cost; studying the aggregates fraction effect to reduce
powder content and increase the impact resistance without sacrificing the strength; applying
steel fibres appropriately to enhance the fibre utilization efficiency and performance;
evaluating impact resistance by low-velocity pendulum and drop-weight impact, and highvelocity in-service bullet impact. The schematic description of the research objectives and
strategy are illustrated in Figure 1.1.

Figure 1.1: Schematic description of the research objectives and strategy.

1.4 Outline of this thesis
The framework of this thesis is presented in Figure 1.2. The contents of each chapter are
explained in the following paragraphs.
In Chapter 2, the effect of PCE-type superplasticizer on early-age behaviour of UHPC is
studied. The dispersing, fluid-retaining and retardation effects of the PCE polymers in UHPC
systems are addressed, and the physical and chemical process of UHPC are discussed. The
zeta potential of particles, spread flow, hydration kinetics, setting time, autogenous
shrinkage and chemical shrinkage of UHPC pastes are measured, as well as the spread flow,
slump life and early-age strength development of UHPC.
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In Chapter 3, the binder is optimized for UHPC system with low cement clinker consumption,
by applying mineral admixtures, for environmentally sustainable and cost-efficient purposes.
Two methods are proposed, namely utilizing high-volume limestone powder to replace
cement and developing quaternary binders containing cement-slag-limestone-silica. The
roles of limestone powder on sustainability, plasticization effect, hydration kinetics,
microstructure and hardened properties are investigated, as well as the synergistic effect of
quaternary blends with cement-slag-limestone-silica.

Figure 1.2: Outline of this thesis.
In Chapter 4, coarse basalt aggregates are introduced in the UHPC system to reduce the
powder content and cost, improve the volume stability and penetration impact resistance, etc.
Firstly, UHPC mixtures applying coarse basalt aggregate with the maximum particle size
Dmax of 16 mm is designed by using a particle packing model and considering an optimal
powder proportion. The basalt aggregate size effect, powder content effect and fibre
reinforcing effect are analysed and discussed by evaluating the mechanical strengths.
Secondly, the novel concept of two-stage UHPC (TS-UHPC) is proposed for maximum
volume of coarse aggregate utilization and ultra-low binder consumption. The fresh and
hardened properties of grout, mechanical strengths of TS-UHPC, compatibility between
grouts and aggregates are researched.
In Chapter 5, the influences of steel fibres on the properties of UHPC in the presence of
coarse aggregates are explored. UHPFRC matrices with a low cement content and maximum
aggregate sizes of 8 mm and 25 mm are designed by making use of a particle packing model.
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Three types of steel fibres (13 mm short straight, 30 mm medium hook-ended and 60 mm
long 5D) are studied in terms of the utilization efficiencies.
In Chapter 6, functionally graded ultra-high performance cementitious composite beams are
developed by applying the composite concepts of UHPC, Two-stage Concrete (TSC) and
Slurry-infiltrated Fibrous Concrete (SIFCON). The functionally graded composite beam
(FGCB) is fabricated with a bottom layer of SIFCON and top layer of TSC, and the two
layers are synchronously cast by using UHPC slurry. The fresh and hardened properties of
UHPC slurry, flexural properties of FGCB are evaluated to demonstrate the superior
properties, namely excellent flexural bearing capacity and impact resistance, low cement
consumption and a high steel fibre utilization efficiency.
In Chapter 7, the low-velocity impact resistances of designed UHPFRC materials and
components are investigated under pendulum and drop-weight impacts. The effects of steel
fibres and coarse aggregates, damage development and post-impact properties, and
superiority of functionally graded composite component are analysed.
In Chapter 8, the influences of key parameters on high-velocity impact resistance of
UHPFRC slabs by using in-service bullets are studied, in order to achieve optimized and
enhanced protective materials. The effects of steel fibre type and dosage, matrix strength,
coarse basalt aggregate, and target thickness are researched by subjected to a 7.62 mm bullet
shot with velocities of 843-926 m/s.
In Chapter 9, comprehensive conclusions of the present work are drawn and summarized,
and recommendations for future research are proposed.
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Chapter 2
2

Effect of superplasticizer on early-age behaviour of UHPC

This chapter investigates the dispersing, fluid-retaining and retardation effects of the
indispensable chemical additive (i.e. superplasticizer, SP) in the UHPC system, and
discusses the physical and chemical process of UHPC. The zeta potential of particles, spread
flow, hydration kinetics, setting time, autogenous shrinkage and chemical shrinkage of
UHPC pastes are measured, as well as the spread flow, slump life and early-age strength
development of UHPC. The results show that the dispersing ability of PCE-type SP is
determined by its chemical structure, which shows an exponential relationship between the
flow ability of pastes and SP dosages. The fluid-retaining abilities of UHPC mixtures are
sensitive to the water-to-powder ratio, while the further addition of SP will not enhance the
slump life after excessing the saturation dosage. Both the adsorbed PCE and the PCE
remaining in the aqueous phase contribute to retardation effect. A linear correlation between
the final setting time (𝑡final and the time of maximum heat flow rate ( 𝑡𝑄̈=𝑚𝑎𝑥 ) is derived.
The types and dosages of SP primarily influence the absolute chemical shrinkage of pastes
within 1 day, but have a great effect on the autogenous shrinkage due to different coagulation
and hydration rates.

This chapter is partially published elsewhere:
P.P. Li, Q.L. Yu, H.J.H. Brouwers. Effect of PCE-type superplasticizer on early-age
behaviour of ultra-high performance concrete (UHPC). Construction and Building Materials.
153 (2017) 740-750.
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2.1 Introduction
The excellent material properties of UHPC can be achieved by different methods, such as
eliminating the coarse aggregate and using high content of powders to increase the
homogeneity [1], optimizing the grain-size distribution of the raw materials to improve the
compactness [27], utilizing special heat curing or compressing treatments [28], adding high
strength fibre [11], etc. Besides those principles, limiting the porosity by using low waterto-powder ratio (w/p) for concretes is probably the most convenient and efficient way to
realize those superior material properties. Nevertheless, too low water addition causes the
fluidity problem for the fresh concrete.
Plasticizers are used to increase the fluidity of concrete with a relatively low addition of
water. Since introduction of application in the 1930s, they have been used as critical
chemical admixtures for modern concrete [29]. The molecules are adsorbed onto particles,
which are then physically separated by opposing their attractive forces with steric and/or
electrostatic forces [30,31]. As the first generation water reducer, the lignosulfonates can
limit the water content by about 10% [29]. The polymelamine sulfonate and sulfonated
melamine formaldehyde condensate have been produced as the second generation dispersant
since 1960s, with a water-reduction ability of about 20-30% [32]. The polycarboxylic ethers
(PCEs) based superplasticizers, developed as the new generation in 1980s, can achieve up
to 40% water reduction [33]. Until now, more and more researchers focus on the
investigation on the mechanism of PCE-type SPs because of their excellent water reduction
ability compared to other types of SP [33]. Some mechanisms and effect of PCE-type SP on
fresh behaviours of cementitious materials have been revealed, such as chemical structure,
adsorption, rheological behaviour and retardation effect [29,34]. However, systematic
studies on the effect of PCEs on early-age behaviour of UHPC are still very limited and
needed because of the complex influential parameters of those PCE polymers, such as
chemistry and length of the backbone, number and length of the side chains, amount of
anionic and ionic groups, bond type between backbone and side chain, and overall charge
density [29,35–37]. Meanwhile, most researches just focus on cement paste or selfcompacting concrete under relatively high water-to-powder ratios. But large amount of
powders and very low water contents are usually used in UHPC. Therefore, it is necessary
to study the effect of PCEs on early-age behaviours of UHPC under very low w/p. To better
understand the influence of PCEs, the early-age behaviours should be researched from
particle to paste, and then to concrete.
Generally, the early-age behaviour of UHPC can be interpreted by the following parameters:
charge characteristic, workability, hydration kinetics, setting time, chemical and autogenous
shrinkage, strength development [38]. The workability of UHPC can be described by the
initial spread flow and fluid-retaining ability (slump life), mainly determined by dispersing
ability and retention of superplasticizers [33,39,40], and mineral admixtures [41–46]. The
retardation effect is generally defined as the delay of hydration, which can be changed with
the different adsorption amounts on particles, concentrations of carboxylic in the aqueous
phase, and charge characteristics of SP [33,35,47]. The setting time is usually described as
a percolation process in forming hydration products to connect the isolated or weakly bound
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particles [48,49]. This stiffening process is greatly influenced by cement size and w/p, as
well as stability of bond between backbone and side chain of SP at alkaline environment
[39,50,51]. The chemical shrinkage occurs during the cement hydration because of the
smaller volume of the hydration products than that of the raw materials. When concrete is
sealed, the autogenous shrinkage is resulting from internal consumption of moisture due to
hydration [52,53]. The chemical and autogenous shrinkages are particularly high at early
ages of UHPC, due to the usage of low w/p and high content of fine cementitious materials.
However, the early-age properties are often discussed on its own, the investigation on the
correlation between the early-age properties is very limited. Therefore, it is necessary to
analyse the correlation between different features.
The objective of this chapter is to investigate and understand the effect and mechanism of
PCE superplasticizer’s type and dosage on the early-age behaviours of UHPC. The
dispersing ability, fluid-retaining ability and retardation effect of PCEs, as well as physical
coagulation and chemical process with PCEs are discussed by using zeta potential, spread
flow, water demand, slump life, hydration kinetics, setting time, shrinkages, and early-age
strength development. Furthermore, influential factors on superplasticizer’s action effects
and dispersing effectiveness are illustrated and analysed, such as fine aggregate with clay,
water-to-powder ratio, content of nano-material, etc.

2.2 Materials and experiments
2.2.1

Materials and proportions

The raw materials used in this study are Portland Cement CEM I 52.5 R (PC), limestone
powder (LP), nano-silica (nS), micro-sand 0-1 (MS), sand 0-2 (S), water (W) and
superplasticizers (SP). The particle size distributions of the used materials are measured by
the sieve and laser diffraction analyses using Malvern Mastersizer 2000®, shown in Figure
2.1. The chemical compositions of used powders are tested by X-ray Fluorescence (XRF),
shown in Table 2.1.

Cumulative volume (%)

100
80
60
40
20
0
0.01

0.1

1

10

CEM I 52.5R
Nanosilica

100

1000

10000

Limestone powder
Microsand 0-1
Sand 0-2

Particle size (m)

Figure 2.1: Particle size distribution of raw materials.
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Table 2.1: Chemical composition of powders.
Substance
(%)
PC
LP
nS

CaO

SiO2

Al2O3

Fe2O3

K2O

Na2O

SO3

MgO

TiO2

Mn3O4

64.60
89.56
0.08

20.08
4.36
98.68

4.98
1.00
0.37

3.24
1.60
-

0.53
0.34
0.35

0.27
0.21
0.32

3.13
-

1.98
1.01
-

0.30
0.06
0.01

0.10
1.61
-

Four PCE-type superplasticizers with different dispersing and retarding abilities are used in
the pastes and UHPC, which are provided by different producers. SP1 is synthesized with
long side chains. SP2 has a rapid absorption to the cement particles and covers less surface,
which ensures a large surface of cement particles to react with water and then accelerates
the cement hydration. SP3 can be used to get a very high fluidity and long retention of
rheology, even at low water-to-cement ratio. SP4 is suitable for UHPC, which adsorbs on
the cement particle with long flexible side chains. The product information (from datasheet)
and molecular weight (measured by gel permeation chromatography, GPC) of the
superplasticizers are shown in Table 2.2.
Table 2.2: Product information and molecular weight of superplasticizers.
No.

Dry
matter

SP1
SP2

35%
25%

SP3

35%

SP4

40%

Colour/shape
Amber/liquid
Light brown/liquid
Translucent
yellowish/liquid
Yellowish/liquid

pH

Chloride
content

Alkali
content

1.11
1.05

5.9
5.2

≤ 0.1%
≤ 0.1%

≤ 3%
≤ 1.5%

molecular
weight Mw
(g/mol)
49500
87600

1.07

4.2

≤ 0.1%

≤ 0.5%

59700

2.27

1.09

4.1

≤ 0.1%

≤ 1%

40700

1.96

Density
(g/cm3)

PDI
(Mw/Mn)
2.27
2.22

Fourier transform infrared spectroscopy (FTIR) tests are performed to characterize the
chemical structures instrument with the wavenumbers ranging from 4000 to 400 cm-1 at a
resolution of 1 cm-1, shown in Figure 2.2. The FTIR spectrum of the four PCEs are very
similar in both wavenumber and intensity, which indicates that the mainly functional groups
of the PCEs are same. The O ̶ H stretching vibration is evidently shown around 3200 - 3400
cm-1. The other common absorption peaks respectively appear around 2920 cm-1 (C ̶ H
stretching), 2880 cm-1 (C ̶ H stretching), 1640 cm-1 (C=O stretching), 1460 cm-1 (C ̶ H
bending), 1350 cm-1 (C ̶ H bending), 1250 cm-1 (C ̶ O stretching), 1080 cm-1 (C ̶ O ̶ C
stretching) and 950 cm-1 (=C ̶ H bending). While, the SP1 also shows some different infrared
absorption peaks around 1550 cm-1 (C=C stretching) and 1410 cm-1 (C ̶ H bending).
The mass proportion of paste and UHPC reference admixture in this study is shown in Table
2.3, following previous research [27]. The nano-silica to binder mass ratio and limestone-topowder mass ratio is fixed at 4% and 30% respectively in all mixtures. The micro-sand to
powder ratio and sand-to-powder ratio is fixed at 0.25 and 1.2 respectively for all UHPC
mixtures. The research parameter of the reference mixture includes the SP type and dosage
and w/p. The totally used water includes the water in the nano-silica slurry and SP, and the
added tap water. The w/p is fixed at 0.2 for the study of spread flow, slump life, hydration
kinetic, setting time, shrinkage and strength. While, to evaluate water content sensitivity on
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slump life, the w/p ratio of 0.22 at SP dosage of 2.2% is also investigated. The dosages of
SP are determined by the dry matter weight, based on the total mass of all powders.
SP1
SP2
SP3
SP4

4000

1800

1600

1400
1200
Wavenumber (cm-1)

3500

3000

2500 2000 1500
Wavenumber (cm-1)

1000

1000

500

800

Figure 2.2: FTIR spectra of PCEs.
Table 2.3: Mass proportion of paste and UHPC reference mixtures.
Mixtures
Paste
UHPC

PC
1.000
1.000

LP
0.4464
0.4464

MS
0
0.3720

S
0
1.7857

nS
0.0417
0.0417

The mixing time of pastes lasts about 5 min using a 5-liter Hobart mixer, following the
procedure: dry mixing (cement and limestone) for 30 s at the low speed, sequentially adding
nano-silica slurry, 80% water, and remaining water incorporated with SP for about total 2
min at the low speed, followed by mixing the paste for 2 min at the low speed and 30 s at
the medium speed. The adding order of components in mixing procedure of UHPC is similar
to that of paste, whereas the total time is about 8 min (30 s for dry mixing, 180 s for adding
slurries and water, another 150 s at the low speed and 120 s at the medium speed).
2.2.2


Testing methods
Zeta potential

To study the charge characteristics of the suspended particles and determine the adsorption
of the PCE-type SPs, zeta potential measurement is conducted by using a Malvern Zetasizer
at the set temperature of 25 ℃. Diluted slurries are prepared by dissolving 0.1 g of powder
(PC, LP, nS) in 100 mL deionized water with SP1 and SP3 at different concentrations. All
samples are mixed manually and vibrated for about 8 min before test. Furthermore, the
correlation between zeta potential and pH is determined.


Flow ability and slump life

The spread flow of pastes and UHPCs are measured by using a truncated conical mould
(Hägermann cone: height 60 mm, top diameter 70 mm, bottom diameter 100 mm) without
jolting, in accordance with EN 1015-3: 2007. The pastes are utilized with four different SPs
at the dosage varying from 0.4% to 2.0%, while the UHPCs incorporate the SPs with the
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dosage from 1.0% to 3.0%. It should be pointed out that the samples are mixed with tap
water at w/p ratio of 0.2, and the water temperature has slight variation at different seasons.
So, this may have an influence on the spread flow [54].
To evaluate the fluid-retaining ability and slump life of UHPC, the spread flow of UHPCs
are measured till 4 hours after the sample preparation. The samples are stored at room
temperature of 20 ± 1 ℃ and a plastic film is covered on the mixing bowl to prevent moisture
loss after each measurement. The measurement is performed with a regular time interval,
and the UHPC is mixed for about 20 s before each measurement. To analyse the SP dosage
effect, UHPC samples are tested at SP dosages of 2.2% and 2.6% respectively, with a w/p
ratio of 0.2. Then, to evaluate the water content sensitivity, the w/p ratios are increased to
0.22 at the SP dosage of 2.2%.


Reaction kinetics

To analyse the effect of superplasticizer on the hydration kinetics, an isothermal calorimeter
(TAM Air, Thermometric) is employed to measure the heat evolution of UHPC pastes, with
the set temperature of 20 ℃. The samples are mixed manually, and then vibrated to ensure
a good homogeneity. The prepared pastes are filled into an ampoule which is then loaded to
the calorimeter, which means that the sampling time (4~6 mins) is not recorded. The samples
are fixed at w/p ratios of 0.2, and added four different types of SP at the dosage of 0.4%,
0.8%, 1.2%, 1.6% and 2.0%, respectively.


Setting time

The setting times of pastes are evaluated by using the Vicat apparatus based on EN 196-3:
2005. The w/p ratios for all pastes are fixed at 0.2. The PCE-type SPs are added to the pastes
at the dosage of 0.4%, 0.8% and 1.2%, respectively. The setting time is tested under the
room temperature of approximately 20 ± 1 ℃.


Chemical and autogenous shrinkage

The chemical shrinkage of pastes is tested by a vial-capillary setup based on ASTM C 160805, completely filled by paraffin oil without water in the capillary tube in order to keep the
w/p ratio at constant of 0.2. The autogenous shrinkage of pastes is obtained by using the
digital dilatometer bench and sealing corrugated tubes following ASTM C 1698-09, while
the zero-time of measurement is defined as the final setting time. The samples are firstly
tested under different SP types with a constant dosage of 0.8%, then the samples containing
SP3 with different dosages (0.4% and 1.2%) are measured. All the specimens are stored at
room temperature 20 ± 1 ℃ and data is collected for 72 h.


Strength

The fresh UHPC is cast into plastic moulds (40×40×160 mm3), and covered with plastic film
to prevent moisture loss. All the samples are demoulded approximately 24 h after casting
and then cured in water under room temperature of 20 ± 1 ℃. The compressive and flexural
strength of UHPC samples are tested after 1 day, 3 days, and 7 days respectively, based on
EN 196-1: 2005. To investigate the SP type effect on the early age strength, the UHPCs are
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cast with all SPs under dosage of 2.2% (close to saturation dosages). Then, the UHPCs are
also prepared using SP3 with a dosage of 1.8%, 2.6% and 3.0%, respectively.

2.3 Results and discussion
2.3.1


Dispersing ability of SP
Zeta potential

The zeta potential measurement has been proven to be an effective method to characterise
the interaction between powder particles and PCEs [31,55–58]. Figure 2.3 shows the pH and
zeta potential of the particles in water and organic solvent (2-propanol). The cement
suspension in water shows a high pH, and is slightly acidic in 2-propanol. The zeta potential
changes from -1.42 mV to 0.91 mV. The limestone powder and nano-silica have a similar
pH and zeta potential in water, approximately 9 and -23 mV, respectively. The limestone
powder in 2-propanol shows a comparable result to cement, about 6.1 (pH) and 3.1 mV (zeta
potential). The pure cement particles in water without PCE shows a negative zeta potential,
which is in line with the reported researches [55,56,58,59]. Nevertheless, some researchers
reported a positive zeta potential for cement pastes without SP, and then it changes from
positive to negative with the addition of SP [30,33,57]. These differences may be caused by
the particle concentration, chemical composition, conductivity, ion characteristic and pH
value of suspension, and testing methods. Normally, higher magnitudes of zeta potential
values occur at higher cement concentrations [56,60]. Lower zeta potentials could be caused
by high pH and high clinker phases of C3S and C2S, while higher contents of Ca2+, C3A and
C4AF lead to relatively higher zeta potentials [55,61]. The limestone powder and nano-silica
have higher negative zeta potentials than cement in water, which may indicate that they
generate more anions in water. As a similar explanation, it was also pointed out that a great
amount of silica powder could produce a large amount of dissociated silanol site [SiO-],
which results in higher negative zeta potentials [55].
Figure 2.4 presents the zeta potential of different powder suspensions with SP1 and SP3.
With the addition of SP, the zeta potential of cement suspension decreases sharply, due to
the adsorption of carboxylic acids groups on cement particles. Conversely, the zeta potential
values of limestone powder and nano-silica suspension have a rapid increase. These
increases are probably caused by the better adsorption ability and lower charge density of
PCE molecules than the previous anions on the particles. A similar hypothesis was used to
explain the relationship between zeta potential of synthesized ettringite and PCE
concentration [62]. With the continuous increase of SP, all suspensions tend to be stable
beyond SP concentrations of 0.05 g/L, which confirms the existence of saturation dosages.
Because no further PCE molecules are adsorbed on particles above the saturation dosage,
which contributes to unchanged zeta potential.
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Figure 2.3: Zeta potential of particles without SP.
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Figure 2.4: Zeta potential of particles with SPs.


Spread flow and water demand of paste

The critical dosage of SP can be defined as the dosage that begins to provide obvious
dispersing effect, while the saturation dosage means that the fluidity will not or just change
very slightly beyond this dosage [29]. Figure 2.5(a) depicts the spread flow of pastes
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2.2

35

1.8
No SP

30
Vw/Vp

Flow diameter (cm)

incorporating different types and dosages of SP. The relationship between the flow ability
of pastes and SP dosages shows an exponential trend in this study, which means the spread
flow diameters have a rapid increase at relatively low dosages of SP, and then typical
plateaus occur after the saturation dosages. It shows that the maximum flow diameters of
pastes with different SP types are approximately 35 cm. The critical (saturation) dosages of
SP1, SP2, SP3 and SP4 for paste are approximately 0.6% (1.4%), 0.4% (0.8%), 0.6% (1.2%)
and 0.4% (1.2%), respectively. It can be concluded that SP2 and SP3 have a much higher
dispersing ability for pastes with dosages ranging from 0.4% to 1.2%. However, with the
increase of SP dosages, the dispersing ability of SP3 and SP4 are only a bit higher than that
of SP2 and SP1.
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Figure 2.5: Spread flow and water demand of pastes
To reduce the porosity, it is necessary to limit the w/p for a fluid paste at a certain dosage of
SP. To investigate the effect of SP on the water demand of UHPC paste, the relative slump
Γp was calculated according to Okamura and Ozawa [63,64]:
𝑑
𝑑1 + 𝑑2
𝛤𝑝 = ( )2 − 1; 𝑑 =
𝑑0
2

(2.1)

where d1 and d2 are the perpendicular diameters of the spread flow, d0 is the cone base
diameter (100 mm). The relative slump can be plotted versus w/p and a linear trend line can
be plotted thus [65,66]:
𝑉𝑤
= 𝛽𝑝 + 𝐸𝑝 𝛤𝑝
𝑉𝑝

(2.2)

where Vw and Vp presents the volume of water and powder. βp is as water demand and
represents the minimum water content to assure a fluid paste. The deformation coefficient
(Ep) is derived from the slope of the linear regression line, which indicates the sensitivity of
the materials on the water demand for a specified workability. In this research, Figure 2.5(b)
shows that water demand of UHPC paste reduces from 1.07 (without SP) to 0.45 (with
enough SP), which means the water reduction of demand water is approximately 58%. It
also shows a very small deformation coefficient when using sufficient dosage of SP, which
indicates that the relative slump is very sensitive to w/p and will increase dramatically with
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a further addition of water. Thus, all four PCE-type SPs have a good water reduction ability
and it is possible to utilize it to achieve a very low w/p ratio for UHPC.


Spread flow of UHPC

Figure 2.6 presents the spread flows of UHPC incorporating different types and dosages of
SP. The spread flows of UHPC with SP2, SP3 and SP4 show a typical plateau at high dosages,
which are similar to that of pastes. However, the SP1 presents more like a linear increase,
which indicates that SP1 increases the flow ability very slowly at the investigated dosage
range. The critical dosages of SP2, SP3 and SP4 for UHPC are similar, about 1.0%,
meanwhile the saturation dosages are about 2.2%. The critical dosage of SP1 for UHPC is
approximately 1.0%, but it does not show a clear saturation dosage till 3.0%. Generally, SP3
and SP4 have a higher dispersing ability than SP1 and SP2 for UHPC.
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22
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14
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1.0

1.4
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2.2
SP dosage (%)
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Figure 2.6: Spread flow of UHPCs versus SP dosage.
It shows a lower flow diameter of UHPCs than that of pastes at the same dosage of SP, the
reduction is particularly high for SP1 and SP2 at the saturation dosage. SP3 shows excellent
effect on spread flow in both pastes and concrete. On the contrary, the SP2 presents a good
ability on spread flow in pastes, but cannot keep this ability in UHPCs when aggregates are
used as well.


Dispersing mechanisms

It is believed that the dispersing forces between particles are generated by steric hindrance
and electrostatic force after adsorption of PCE-type SP molecules [30,33]. Some researchers
noted that the PCE-type SP begins to disperse the particles when it causes the zeta-potential
of the pastes to change [58]. A larger magnitude negative value of zeta potential means a
higher electrostatic repulsion, which may contribute to a higher fluidity [57]. Obviously, the
suspensions of all powders with SP1 have more negative zeta potentials than that of SP3 (see
Figure 2.4), which means that SP1 has a larger electrostatic repulsion force than SP3.
However, SP1 has a worse dispersing ability than SP3, as seen in Figure 2.5 and Figure 2.6.
Thus, the dispersing ability of PCE-type SP is more dependent on the steric hindrance of
adsorbed molecules rather than the electrostatic repulsion force.
The amount of adsorbed molecules depends on their structure and dosages, and a higher
adsorption on particle surface usually occurs with a higher molecular weight, lower side
chain density and shorter side chains [31,36]. The typical plateau occurs after the saturation
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dosage as shown in Figure 2.5, whose existence is confirmed by the results of zeta potential
of particles (see Figure 2.4). This typical plateau at high dosages can be also observed from
the relationships between the SP adsorption on particles and SP dosages [29,33,36,67]. It
manifests that SP works only after the adsorption on the particles, which corresponds to the
surface coverage [29,68]. When the used SP reaches the saturation dosage, a complete
surface coverage will be obtained. Then the dispersing ability of SP will not increase
anymore, which results in the occurrence of the typical plateau at high dosages.
Figure 2.6 shows considerably lower flow diameters at the same dosage usage of all SPs
compared to the results shown in Figure 2.5(a), owing to the addition of aggregates. The
decrease tendency of flow is possibly due to the high content of clay inside the used microsand by X-ray diffraction analysis, which can occur as an impurity in aggregates [69]. The
clay can absorb SP and free water, and then the spread flow is reduced. The negative
influence of clay on flow ability might originate from the following aspects: 1) the clay can
absorb the free water and reduce the spread flow; 2) some clays (e.g. kaolinite clay) reduce
the dispersing effectiveness of SP due to strong electrostatic interaction or formation of clayPCE “network” via hydrogen bonding [43]; 3) some clays (e.g. montmorillonite clay) exhibit
much higher affinity for PCE than cement, which means the adsorption of SP on powders
will be decreased [45,46]. Some researchers suggested modifying the polyethylene oxide
side chain to obtain a more clay tolerant PCE [44]. It is worth to point out that SP2 possesses
the best dispersing ability for paste below the saturation dosage, but has a relatively weak
dispersing ability for UHPC. It indicates that SP2 has a poor adsorption effect on UHPC than
on paste, which indicates that SP2 is incompatible with the micro-sand in this study.
2.3.2

Slump life and fluid-retaining ability

Fresh concrete is well known to lose its workability with time, which is called “slump flow
loss” [32,70,71]. Figure 2.7(a) presents the slump life of the fresh UHPC in 4 hours. It shows
that the UHPCs with SP1 and SP2 have a short slump life, which have a linear decrease
relationship between the flow and elapsed time. The UHPC with SP4 can only keep a good
slump life for about 1 h, then the spread flow decreases quickly. UHPC with SP3 presents
the best slump life, nearly without any slump flow loss in the testing period of 4 h.
Figure 2.7(b) shows the spread flow of the UHPCs within 4 hours above the saturation
dosages. Compared to the results shown in Figure 2.7(a), the fluid-retaining abilities are not
improved or just have a slight increase for SP4 after 2 h, which indicates that the further
addition of PCEs cannot increase the slump life. Beyond the saturation dosages of SPs, the
completed surface coverage of particles has already been produced and it will not adsorb the
PCEs anymore, which results in the same fluid-retaining ability. It also indicates that the
slump life is mainly dependent on the adsorbed PCEs rather than PCEs in aqueous solution.
Nevertheless, the retention effects can be enhanced greatly when a slightly more amount of
water is added, as shown in Figure 2.7(c), indicating a very sensitive role of water in UHPC.
More alite hydrates and more Ca2+ ions are generated, and lime saturation in the pore solution
increases, which will retard the hydration and then enhance the fluidity retention [32].

35

35

30

30

Flow diameter (cm)

Flow diameter (cm)

18

25
20
15
10

SP1
SP3
0

40

25
20
15

SP2
SP4
80
120
160
Elapsed time (min)

200

240

10

SP1
SP3
0

(a) w/p=0.20,SP=2.2%

40

SP2
SP4
80
120
160
Elapsed time (min)

200

240

(b) w/p=0.20,SP=2.6%

Flow diameter (cm)

35
30
25
20
15
10

SP1
SP3
0

40

SP2
SP4
80
120
160
Elapsed time (min)

200

240

(c) w/p=0.22,SP=2.2%

Figure 2.7: Spread flow of UHPCs versus time.
The fluid-retaining ability is an important index to describe the workability of concrete,
which is usually measured by slump flow loss. The previous researches imply that slump
flow loss involves chemical and physical processes [32], which is mainly attributed to the
w/p ratio, type and dosage of SP, as well as SO3, alkali content, C-S-H formation, charge
characteristic, C3S/C2S ratio [32,72,73]. UHPC with SP1 has the shortest slump life, even
though SP1 shows the highest retardation effect on the paste setting. The possible reason is
that SP1 has a low adsorption ability, which induces an uncompleted surface coverage.
Uncompleted surface coverage (below saturation dosage) results in a rapid stiffening of the
concrete [29]. UHPC with SP2 has a poor slump life probably due to its weak retardation
effect on paste hydration and uncompleted surface coverage. The UHPC with SP3 shows an
excellent slump life in the whole testing time (4 h) because of good adsorption ability. UHPC
with SP4 can maintain a good slump life up to 1 h, which then experiences a sharp decrease
after that time. The fluid-retaining ability is mainly determined by the adsorbed PCEs rather
than the PCEs in the aqueous solution, which is similar to the dispersing ability.
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2.3.3

Retardation effect



Hydration kinetics of paste
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Figure 2.8: Calorimetry test results of pastes.
Figure 2.8(f) gives the normalized heat flow of pastes using different contents of nano-silica.
The normalized heat flow curves indicate the time to reach the peak reduces from about 40
h to 20 h, with the increase of nano-silica addition from 0 to 4%. Nano-silica can act as
nucleation sites for the precipitation of hydration products, thus accelerating the hydration
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reactions of cement [65]. Thus, it is feasible to add an appropriate content of nano-materials
to decrease the retardation effect when a high dosage of PCE is used. In this study, 3% of
nano-silica is observed to be the optimal content on providing accelerating effect on the
hydration process.


Setting time of paste

Figure 2.9 presents the initial and final setting times of pastes incorporating SP1, SP2, SP3
and SP4. It is obvious that the setting times are affected by both SP types and dosages. For
all those four SPs, high dosages always increase the setting times. It is also clear that pastes
with SP1 have the longest setting times, reaching at about 7.8 h of initial and 11.2 h of final
setting time at a dosage of 1.2%. The pastes with SP2 show the shortest setting times, which
are approximately 4.25 h (6.5 h) of initial (final) setting time at the dosage of 1.2%.
Compared with SP1 and SP2, medium setting times are observed for the pastes containing
SP3 and SP4.
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Figure 2.9: Setting time of pastes.


Early-age strength of UHPC

The retardation effect of PCE polymers leads to the delay of the hydration process, which
would consequently lead to a slower development of early-age strength of UHPC. Figure
2.10(a) presents the compressive strengths of UHPC with different SPs at a fixed dosage of
2.2%. The 1-day compressive strengths of the UHPCs containing different types of SPs are
about 3.2 MPa, 71.1 MPa, 70.9 MPa, and 46.6 MPa, respectively. The 3-day and 7-day
compressive strengths are approximately close to 80.9 MPa and 93.3 MPa, respectively.
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Figure 2.10(b) shows the compressive strength of UHPC with SP3 at different dosages. With
the increase of SP3 dosage, the 1-day compressive strengths sharply decrease from 75.8 MPa
to 1.1 MPa. While the 3-day compressive strengths have a smaller difference, changing from
82.0 MPa to 68.3 MPa. The 7-day compressive strengths are near to 91.8 MPa. It can be
concluded that different types and dosages of SPs contribute to a large different early-age
strength development, especially for 1-day strength. The differences become smaller after 3
days, and comparative strengths are obtained after 7 days.
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Figure 2.10: Compressive strength of UHPCs.


Retardation mechanisms

The retardation effect of SP can be observed and reflected by the hydration kinetics and
setting of pastes, as well as flow retention and early-age strength development of concretes.
Some researchers described the retardation effect of PCEs as following: adding PCEs
prevents solid phase nucleation and hydration products growths, then leads to retardation of
cement hydration [31].
The results of hydration kinetics of pastes show that the retardation effects of PCEs on
hydration are greatly attributed by types and dosages of PCEs. It should be noted that the
normalized heat flow of all pastes (approximately 1.2%) is still delayed after saturation
dosage (Figure 2.8). It indicates the retardation effect is not only affected by the adsorbed
PCEs but also the PCEs in the aqueous phase, which is different from the mechanism of
fluid-retaining effect. Generally, a larger retardation effect is probably resulted from a
shorter side chain [44], higher concentrations of the carboxylic groups in the aqueous phase,
higher adsorption amount of PCE on cement particle, and different charge characteristics of
SP molecules (-COO- > -SO3- > ≡N+ [47]. Some researchers illustrated the retarding effect
of PCEs to three aspects [33,74]: 1) hindering the diffusion of water and ions at the particlesolution interface by adsorbed polymer layers; 2) inhibiting the nucleation and precipitation
of hydrates through chelating the Ca2+ ions in the aqueous solution by -COO- groups in PCE
molecules; 3) changing the growth kinetics and morphology of hydrate phases by better
dispersion of particle grains.
From the results of setting time of pastes, it indicates that those PCEs have a retardation
effect on the setting of pastes, and the retardation effect is higher with the increase of SP
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dosages. The results indicate that SP1 is not suitable to obtain a high early age strength for
paste or concrete due to the high retardation effect, which is confirmed by the strength results
as shown in Figure 2.10. The low retardation effect of SP2 makes it possible to achieve a
relatively high early age strength for paste or concrete.
From the early-age strength development of view, it is obvious to observe the retardation
effect of PCEs on the development of strength during the early curing age. The retardation
effect on the early-age strength of UHPC is in line with the results form hydration kinetics
and setting times of paste. A higher dosage always shows a lower strength before 3 days,
and the differences turn to be smaller with the increasing curing time. From Figure 2.10, it
also indicates that the retardation effect has limited influence on the strength development
after 3 days.
2.3.4


Physical and chemical process effects
Correlation between final setting and hydration

Some researchers pointed out that the final setting time of paste (tfinal) is closest to the
inflection point of the heat flow curve in the accelerating stage, which means the correlation
coefficient is close to 1.0 [75]. To analyse the correlation and understand the physical
meaning of the inflection point, the first derivative 𝑄̈(𝑡) of the heat flow curve 𝑄̇(𝑡) is
calculated by:
𝑄̈ (𝑡) =

𝜕𝑄̇ (𝑡)
𝜕𝑡

(2.3)

where 𝑄̈(𝑡) is the heat flow rate [J/s2], 𝑄̇(𝑡) is the heat flow [J/s], t is the time [s]. As shown
in Figure 2.11, these heat flow rate curves can be interpreted as the energy acceleration
curves. The vertical lines present the times 𝑡𝑄̈=𝑚𝑎𝑥 under the maximum heat flow rates
(inflection points of the accelerated heat flow curves).
The relationship between tfinal and 𝑡𝑄̈=𝑚𝑎𝑥 of all pastes are shown in Figure 2.11(c). Linear
relationships for all PCEs under different dosages are observed, which means that there is a
good correlation between tfinal and 𝑡𝑄̈=𝑚𝑎𝑥 . Meanwhile, the four linear trend lines cross the
same point at (4.6, 0.9), which represents the theoretical value of tfinal versus 𝑡𝑄̈=𝑚𝑎𝑥 of paste
without SP. A time difference between tfinal and 𝑡𝑄̈=𝑚𝑎𝑥 clearly exists, which changes with
different type and dosage of PCE. These differences occur due to different mechanisms for
setting and hydration kinetics of pastes. Namely, hydration is mainly affected by chemical
processes, while the setting time is determined by both chemical process and physical
coagulation, especially under the use of PCEs. The physical coagulation effect makes the
tfinal smaller than 𝑡𝑄̈=𝑚𝑎𝑥 , and a larger time difference indicates a higher physical coagulation
effect. A smaller slope of the trend line indicates that the SP has a larger delay effect on the
chemical process than the physical coagulation.
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Figure 2.11: Normalized heat flow rates and tfinal versus 𝑡𝑄̈=𝑚𝑎𝑥 .


Correlation between shrinkage and retardation

The early-age shrinkages of UHPC, including the chemical and autogenous shrinkage, are
particularly high because of the low w/p and large amount of powders [76,77]. Those
shrinkages producing early-age cracks have been important issues for structural concretes,
especially for their long-term durability, which are mainly resulted from moisture loss and
self-desiccation [38,78]. Usually, the chemical and autogenous shrinkage of cement is
considered as an internal (absolute) and external (apparent) volume reduction, respectively.
Some researchers believe that the initial cracking may already exist due to autogenous
shrinkage [77]. If it is free, the autogenous shrinkage deformation increases as hydration
progresses after the final setting. If it is restrained, significant tensile stress and cracks may
arise.
Figure 2.12(a) shows the chemical shrinkages of pastes with different SP types, while Figure
2.12(b) presents the chemical shrinkages of pastes incorporating different dosages of SP3. It
is obvious that different types of PCE mainly influence the chemical shrinkage development
rate before 24 h, after that they are almost the same. Incorporating a higher dosage of PCE,
the paste shows a slower developing rate of chemical shrinkage before 24 h.
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Figure 2.13(a) and Figure 2.13(b) present the autogenous shrinkage of pastes with different
SP types and dosages, respectively. It can be concluded that SP3 and SP4 contribute to a
smaller absolute value of autogenous shrinkage than that of SP1 and SP2. The absolute value
of autogenous shrinkage decreases continuously from 0.4% to 1.2% of SP3.
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Figure 2.12: Chemical shrinkage of pastes.
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Figure 2.13: Autogenous shrinkage of pastes.
The chemical shrinkage of paste is generated by the absolute volume change during the
hydration. Therefore, it should be influenced by the retardation effect of PCEs on the
hydration of paste, which is mainly determined by chemical process. Comparing the results
shown in Figure 2.8 and Figure 2.12, there is a correlation between chemical shrinkage and
hydration delay, a longer delay results in a faster developing rate of chemical shrinkage
before about 24 h. After that, the chemical shrinkages are almost the same, which indicates
that the retardation of PCEs mainly affects the hydration rate in the early age, and possesses
little influence on the final total hydration, which is consistent with the findings of the earlyage strength development of UHPC.
The autogenous shrinkage of pastes was measured based on the final setting time, which was
considered as the zero time of autogenous shrinkage. Hence, the autogenous shrinkage
results are affected by the retardation effect of PCEs on the setting of paste, namely, both
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chemical process and physical coagulation. For the pastes with the same type of PCEs, the
absolute autogenous shrinkage value can be reduced with the increase of SP dosage, as seen
from Figure 2.13(b), which means a slower physical coagulation and chemical process
within a certain period could result in a smaller autogenous shrinkage. However, there is no
obvious correlation between autogenous shrinkage and setting with the addition of different
type of PCEs from Figure 2.13(a). This is probably because the physical coagulation and
chemical process have different influence on the final setting time and autogenous shrinkage.

2.4 Conclusions
This chapter investigates the effect of PCE-type SP on the early-age behaviour of UHPC.
Zeta potential of powder suspensions, setting, hydration kinetics, early-age shrinkages,
spread flow and water demand of pastes, spread flow, slump life and early-age strength
development of UHPC are measured. The dispersing and fluid-retaining ability, retardation
effect of PCEs, as well as physical coagulation and chemical process with PCEs are analysed
and discussed. The results indicate that appropriate types and dosages of PCE-type SP should
be carefully selected for the design of UHPC. Based on the obtained results, the following
conclusions can be drawn:












The zeta potential of different powder suspension shows large difference under the
addition of PCE-type SP. It proves the existence of the saturation dosages and shows
steric hindrance as the main influence factor on the dispersing ability of PCE-type SP.
The dispersing ability of PCE-type SP is greatly dependent on its chemical structure and
adsorption ability on particles. The flow ability of paste increases continuously from
critical dosage to saturation dosage and will not increase after obtaining a complete
surface coverage of particles above the saturation dosage.
The fluid-retaining ability is mainly determined by the adsorbed PCEs and it will not
increase after saturation dosages of SPs due to the complete coverage of particles, but
the water content plays a very sensitive role on the fluid-retaining ability of UHPC.
Both the adsorbed PCEs and the PCEs remaining in the aqueous phase contribute to the
retardation effect. The retardation effect mainly influences the early-age strength before
3 days. 3% of nano-silica as cement replacement is found as the optimal content to reduce
the retardation effect.
A linear correlation between tfinal and 𝑡𝑄̈=𝑚𝑎𝑥 is observed. The 𝑡𝑄̈=𝑚𝑎𝑥 is mainly
resulting from hydration, while the tfinal can be influenced by both coagulation and
hydration rates.
The chemical shrinkage of paste is mainly generated by chemical process, which only
influences the chemical shrinkage developing rate for about 1 day with PCEs. But
autogenous shrinkage is affected by both coagulation and hydration rates.
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Chapter 3
3

Binder optimization for UHPC by using mineral admixtures

This chapter aims to optimize the binder by mineral admixtures addition to the UHPC system
to reduce cement content, for environmentally sustainable and cost-efficient purposes. Two
methods are proposed, namely utilizing high-volume limestone powder to replace cement
and developing quaternary binders with cement-slag-limestone-silica. The roles of limestone
powder on sustainability, plasticization effect, hydration kinetics, microstructure and
hardened properties are investigated, as well as the synergistic effect of quaternary blends
with cement-slag-limestone-silica. Results show that limestone powder shows a positive
mineral plasticization effect that should be considered in designing UHPC. The degree of
secondary pozzolanic hydration is more intensive than C3S/C2S hydration, which can
enhance the later-age strength development potential. The optimum content of limestone
powder appears to be 50 vol.% of the total powder content in UHPC, and contribute to a
higher strength, denser pore structure, diminished total free shrinkage and higher
sustainability efficiency. Quaternary blends with cement-slag-limestone-silica in UHPC
pastes have considerable advantage of reducing embodied energy and improving
sustainability efficiency. Furthermore, positive synergies in term of strength, fibre-to-matrix
bond and total free shrinkage are observed in UHPC pastes with quaternary binders
compared to binary and ternary ones.

This chapter is partially published elsewhere:
P.P. Li, H.J.H. Brouwers, W. Chen, Qingliang Yu. Optimization and characterization of
high-volume limestone powder in sustainable ultra-high performance concrete. Submitted.
P.P. Li, Y.Y.Y. Cao, H.J.H. Brouwers, W. Chen, Q.L. Yu. Development and properties
evaluation of sustainable ultra-high performance pastes with quaternary blends. Journal
Cleaner Production. 240 (2019) 118124.
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3.1 Introduction
UHPC is an advanced and promising construction material with excellent fresh and hardened
properties [6,10,79,80], characterized by a very low water amount and a high binder content
[28]. Although the structures made by UHPC are sustainable when considering the less
concrete demand and longer service life due to the higher strength and better durability, the
binder or cement consumption in UHPC itself is often more than 900 kg/m3, e.g. 37.9% by
the total mass as illustrated in Figure 3.1 [5], which is approximately three times as that in
normal strength concrete [81]. Generally, commercial UHPC is usually twenty times more
expensive than the normal strength concrete, and three times greater in terms of the cement
consumption [19]. Those drawbacks of large environmental footprint and high cost currently
limit the use of UHPC. Therefore, it is motivated to develop eco-friendly and low-cost
UHPC for greater acceptance and wider engineering application.

Figure 3.1: Average composition (by mass) of UHPC from 75 references [5].
Currently, attempts have been made to reduce the cost and embodied energy by using less
expensive and locally available eco-friendly constituents. Limestone powder shows great
potential due to its very low embodied energy, abundant reserve on earth and low cost [82].
Furthermore, an appropriate content of limestone powder can provide some positive
influence on the properties of concrete as filler, nucleation and chemical effects, as well as
improving workability [83]. However, both roles and optimum content of limestone powder
still need further study in UHPC systems with relatively low water-to-binder ratio and high
superplasticizer dosage. For example, researches have already indicated that limestone
powder has a positive effect on workability and mixing time [84,85], but some minerals
addition could cause incompatibility problem in a UHPC system with low water and high
PCE superplasticizer content [42,46]. The compatibility and synergic effect between
limestone powder addition and superplasticizer and/or water amount is very rarely
investigated. The mechanism of the mineral plasticization effect of limestone powder is not
systematically researched. Since the compactness and porosity of UHPC are very sensitive
to the water amount and superplasticizer dosage, how to make full use of this positive effect
and reduce water addition is of great significance. Besides, the substitution content of cement
by limestone powder in normal concrete is usually less than 30% without sacrificing too
much of the hardened properties [86–88]. Limestone powder was suggested to replace
cement up to 15% or 100% of silica powder in UHPC [84], and it was also used to replace
quartz powder in UHPC without any negative impact on strength or dimensional stability
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[89]. Furthermore, limits or allowable contents of limestone powder in cement have a large
difference based on different standards, such as 35% in European standard (EN 197-1: 2000),
15% in Canadian standard (CSA A3001: 2010), 25% in Chinese standard (JC/T 600: 2010)
and 15% in American standard (ASTM C595: 2012). It was pointed out that a reasonable
range should be considered during the utilization of limestone powder [82]. However, the
optimum amount of limestone powder in UHPC is still not determined yet.
Furthermore, some researches on developing sustainable UHPC, through substituting
Portland cement by some supplementary cementitious materials (SCMs), are mainly
concentrating on binary and ternary blends [90–93]. Positive synergistic effects of ternary
binder with cement-silica fume-slag has been demonstrated on workability and early-age
strength due to the accelerated hydration by silica fume and low water demand of slag, but
shows negative synergistic effects on porosity and later-age strength because of dilution
effect [90]. It showed that ternary binder with cement-silica-limestone has great potential to
benefit sustainability and strength of UHPC mixtures by replacing some cement and silica
powder, because of pozzolanic effect of silica, and filler effect and high sustainability of
limestone powder [84]. Several researchers also reported benefits of quaternary binders in
ordinary mortar and concrete, such as positive effect on strength and chloride resistance with
cement-fly ash-silica fume-metakaolin/slag/limestone by optimum composition
combination [94,95]; good sulfuric acid resistance under drying-immersion cycles with
cement-slag-limestone-pozzolana by reducing portlandite and degradation of hydrated
compounds of cement, attributed to the dilution effect of limestone and pozzolanic reactions
by slag and pozzolana [96,97], improvement on shrinkage and permeability in hot climate
with cement-fly ash-slag-silica fume by accelerating the hydration process [98].
Nevertheless, there is no study yet on quaternary system by adding cement-slag-limestonemicro/nano silica in UHPC. The probable positive or negative synergy of quaternary binder
with cement-slag-limestone-silica is not clear in the special system of UHPC characterized
with low water and high superplasticizer amount. In addition, most of the studies on
environmental sustainability evaluation of concrete applying supplementary cementitious
materials were performed by comparing only one or two materials [99] and a sound analysis
of whole binding materials on environmental sustainability is of highly significance.
Therefore, this chapter aims to optimize high-volume limestone powder content and
understand the synergistic effect of quaternary binders with cement-slag-limestonemicro/nano silica in developing sustainable UHPC system. The roles of limestone powder
on plasticization, hydration process and hardened properties of UHPC are analysed by
investigating the fluidity, phase composition, pore structure, compressive strength and
shrinkage. The positive synergies in terms of strength, bond and shrinkage are assessed to
demonstrate the reasonability of quaternary blends in sustainable UHPC instead of binary or
ternary ones.

30

3.2 Optimization of high-volume limestone in UHPC
3.2.1

Materials and mixtures

The mixtures are designed including following materials, Portland cement CEM I 52.5 R
(PC), micro-silica, limestone powder (LP), fine sand (S), water (W) and PCE-type
superplasticizer (SP) with the solid content of 35% (SP3 from Chapter 2 is used). To avoid
any large difference of physical packing density by the size effect, in this research, the
particle sizes (Blaine surface area of around 570 m2/kg) and morphology of limestone
powder are similar and/or comparable to those of cement (Blaine surface area of around 520
m2/kg), as shown in Figure 3.2.

(a)

(b)

Figure 3.2: Particle morphologies of (a) cement and (b) limestone powder by SEM.
Table 3.1: Proportion of ingredients for designed UHPC.
Mix
M0
M20
M40
M60
M80

Powder (P)
S/P
PC
mS
LP
(by volume)
86.9% 13.1% 0%
0.85
69.5% 10.5% 20% 0.85
52.1% 7.9%
40% 0.85
34.8% 5.2%
60% 0.85
17.4% 2.6%
80% 0.85

W/P
0.67
0.63
0.60
0.57
0.55

SP/P
0.042
0.037
0.031
0.026
0.021

PC
1072
871
664
448
227

mS

LP

S

119
97
74
50
25

(kg/m3)
0.0 885
216 899
439 914
666 925
898 936

W

SP

261
251
241
234
227

19.6
17.4
15.2
12.8
10.4

Note: In this study, the total of PC and mS is considered as binder, while the powder includes binder and LP.

A total of 5 UHPC mixtures are designed in this study, and the detailed mix proportions can
be seen in Table 3.1. Utilizing the key components’ proportions by volume instead of by
mass is more reasonable and useful in mix design [64,100]. The content of micro-silica is
fixed at 13.1% by the total volume of binders (cement plus micro-silica in this study), as 10%
by mass. The volume of sand-to-powder ratio is fixed at 0.846. The volume substitution of
binder by limestone powder ranges from 0 to 80 vol.%, with an increment frequency of 20
vol.%. The water including water in superplasticizer and externally added tap water, and
solid superplasticizer dosage by volume of powder (bvop), are adjusted to achieve a minislump spread flow of 30 ± 2 cm, which meets self-compacting property without having too
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much surplus fluidity [100,101]. The determining method on minimum required water
content and superplasticizer dosage will be discussed and described in Section 3.2.3.
3.2.2

Experimental methods

The isothermal calorimetry, spread flow and free shrinkage are tested based on the methods
as mentioned in Section 2.2.2. Other experimental methods are described below.


Thermal gravimetry

In order to research the effect of limestone powder on the cement hydration degree, the
thermal gravimetric (TG) and differential thermal gravimetric (DTG) results of the 5
hardened UHPC at the age of 28 days are recorded by a Netzsch simultaneous analyser
(model STA 449 C). The heating rate during this measurement is 10 ℃/min, from 20 ℃ to
1000 ℃ under the flowing nitrogen environment. The hardened UHPC is first ground. Then,
the powder is collected by using a 63 𝜇𝑚 sieve and used for the thermal gravimetric test.


Water-permeable porosity

The water permeable porosity of the designed UHPC is measured by using the vacuumsaturation technique [102]. The samples are cut from the 50 mm × 50 mm × 50 mm cubic
specimens after 28 days with a thickness of about 20 mm. The water permeable porosity φ
(%) can be calculated as,
𝜑=

𝑚𝑠 − 𝑚𝑑
× 100
𝑚𝑠 − 𝑚𝑤

(3.1)

where ms, md and mw are the masses of sample measured in air after water saturation by
vacuum condition, in air after oven drying, in water after water saturation by vacuum
condition, respectively.


Mercury intrusion porosimetry

The pore size distributions are measured by mercury intrusion porosimetry (MIP,
Micromeritics AutoPore IV). The hardened specimens are crushed into small pieces of 2 - 4
mm, and approximately 1.5 g dried samples are used for measurement. The intrusion
pressure changed from 0 to 227 MPa, with an Hg surface tension of 485 dynes/cm and
contact angle of 130 degrees.


Nitrogen sorption

To further analyse the gel pores in the designed UHPC, nitrogen sorption analysis is carried
out with a micromeritics instrument, TriStar II 3020, at the boiling temperature of liquid
nitrogen (77 K). After 28 days water curing, the hardened UHPC is crushed into small pieces
with diameter less than 1 mm, following oven drying at 40 ℃ for 3 days [103]. The specific
surface area can be measured by the Brunauer-Emmett-Teller (BET) method [104].
Meanwhile, the pore size distribution can be calculated by the Barrett-Joyner-Hallenda (BJH)
method [105] from the desorption isotherm [106].
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Compressive strength

The compressive strength of UHPC is tested after 7 and 28 days in accordance with [107],
by 50 mm × 50 mm × 50 mm cubic samples. The fresh UHPC mixtures are poured into steel
mould, then covered by plastic film to keep moisture for approximately 24 hours under room
temperature around 20 ℃. After that, all samples are demoulded and cured in water.
3.2.3


Experimental results
Plasticization effect of limestone powder

To explore the mineral plasticization effect of limestone powder in the UHPC system,
characterized with low water-to-powder ratio and relatively high superplasticizer dosage
utilization, the spread flow of cement-limestone paste is investigated under different
superplasticizer dosages and limestone powder contents, as shown in Figure 3.3. With the
continuous addition of PCE-type superplasticizer, the mini-slump flow diameters of cementlimestone pastes firstly increase rapidly at relatively low dosages, up to the maximum values
at saturation dosages (i.e. saturation point shown in Figure 3.3), subsequently typical
plateaus occur. This trend is attributed to the adsorption of PCE molecules that disperse the
solid particles by steric and/or electrostatic forces, thus releasing free water and
strengthening fluidity [33]. After achieving the saturation adsorption, extra superplasticizer
only remains in free water and does not enhance fluidity anymore [108].
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Figure 3.3: Spread flow of cement-limestone pastes.
The saturation dosage of superplasticizer has a great application significance in UHPC,
which can achieve the best workability with the lowest superplasticizer addition at a fixed
water amount, or the lowest water utilization for a desired workability. With the replacement
of cement by limestone powder from 0 to 100 vol.% in the cement-limestone pastes, the
superplasticizer saturation dosage diminishes from approximately 2.5% to 0.6% by the
volume of total powder (bvop), as shown in Figure 3.4. The correlation between limestone
powder content and superplasticizer saturation dosage indicates that less superplasticizer can
be used in UHPC system in the presence of limestone powder, resulting in environmental
and economic benefits. For example, the SP demand decreases from 2.2% to 0.2% for a
desired mini slump flow of 30 cm, as shown in Figure 3.4. Although a less superplasticizer
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saturation dosage is needed, the maximum flow diameter (at saturation dosage of
superplasticizer) improved from about 31.2 cm to 53.5 cm, as shown in Figure 3.5. The
correlation between limestone powder content and maximum flow diameter indicates that
introducing limestone powder can improve the potential of workability in UHPC system. On
the other hand, the mini slump flow between 24 cm to 26 cm already meets the requirement
of self-compacting property [100,101]. Hence, the fluidity could probably be surplus when
a high volume of binder is replaced by limestone powder. In other words, the water content
could be further reduced, which certainly tends to improve the hardened properties of UHPC,
such as the compactness, pore structure, strength, shrinkage, etc.
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Figure 3.4: SP at saturation and demand dosages. Figure 3.5: Maximum flow diameter.
Based on the observation on fluidity of cement-limestone pastes, limestone powder can be
regarded as a mineral plasticizer that improves the fluidity of UHPC system. The
plasticization effect is mainly attributed to the following factors: (a) nucleation and chemical
effects of limestone powder with comparable particle sizes to binders are quite limited or
will occur after several hours of hydration [82], thus reducing the inter-particles fraction and
resulting in very limited negative effect on the workability compared to reactive binders; (b)
limestone powder is characterized as a neutral surface with Ca2+ and CO32- ions, and OHgroups tend to localize over the Ca2+ surface [86,109], which contributes to electrostatic
repulsion between particles, then decreasing particle flocculation and increasing the fluidity;
(c) limestone powder has weaker adsorption ability than cement and micro-silica because of
a lower solubility and lower surface charge, leading to a reduced adsorption of PCE
molecules and consequently reduced superplasticizer saturation dosages, as shown in Figure
3.4, which is in line with the observation by [110] and [111].
Therefore, it is recommended to make full use of the positive plasticization effect of
limestone powder on workability in the mix design of UHPC incorporating limestone
powder, namely, using a lower water amount and superplasticizer dosage with the increase
of limestone powder amount. Hence, in the mix design of UHPC with different limestone
powder contents in this study, the water content and superplasticizer dosage are adjusted to
achieve a comparable fluidity, in accordance with the following method: (a) predefine the
mini-slump flow at 30 ± 2 cm as a precondition that is derived based on our preliminary tests,
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which can meet the self-compacting property without having too much surplus fluidity; (b)
set initial superplasticizer dosage at relatively large value of 5% bovp (≥ saturation dosage),
then add the water content up to Wi to reach the predefined flow as the lowest water demand;
(c) prepare another mixture with Wi and add the superplasticizer dosage gradually from zero
to SPi to reach the predefined flow again. By this suggested method, the lowest water amount
(Wi) and corresponding most efficient superplasticizer dosage (SPi) can be obtained for a
specific UHPC with the desirable fluidity.


Thermogravimetric analysis

Figure 3.6 shows the TG and DTG results of the designed UHPC with different limestone
powder contents. Three dominant peaks can be observed in Figure 3.6(b), which are in
accordance with the three drastic decrease of TG curves in Figure 3.6(a). They are
respectively related to the free water loss, dehydration of ettringite, AFm and some C-S-H
(30 - 200 ℃); portlandite (CH) decomposition (400 - 500 ℃; mainly during 400 - 450 ℃);
calcium carbonate (CaCO3) decarbonation (600 - 800 ℃)[112,113]. The first and second
peaks tend to be weaker and narrower with the increase of limestone powder amount,
because of the dilution effect of limestone powder on the active binders. While, the third
peak tends to be stronger and broader, attributed to the limestone powder addition.
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Figure 3.6: TG results of UHPC.
To further determine the hydration products and hydration degree of binders in the presence
of limestone powder, the C-S-H and CH are calculated and analysed based on the TG curves.
The C-S-H and CH are mainly formed from the hydration of C3S and C2S, and secondary
(pozzolanic) reaction between CH and SiO2 [114]:
C3S + 5.3H → C1.7SH4 + 1.3CH

(3.2)

C2S + 4.3H → C1.7SH4 + 0.3CH

(3.3)

1.1CH + S + 2.8H → C1.1SH3.9

(3.4)

Then, the C-S-H and CH contents can be estimated as [114],
C-S-H(%) = MC-S-H ÷ (2.1MH) × ΔmC-S-H(%)

(3.5)

CH(%) = MCH ÷ MH × ΔmCH(%)

(3.6)
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where MC-S-H, MH, and MCH are the molar masses of C-S-H gel, water and calcium hydroxide,
respectively. ΔmC-S-H and ΔmCH are the TG mass loss during 400 - 450 ℃ and 150 - 400 ℃.
The water content in C-S-H gel greatly depends on mineral condition, relative humidity and
temperature [115–117], and the stoichiometric amount of water in this study is taken as 2.1
in Eq. (3.5), as suggested in [115], because some water of the 4 moles has already been lost
below 150 ℃.

42.6

(13.6%)

40

35
30.8

20

15

(67.2%)
by total mass of UHPC
51.5
by mass of binder
(38.3%) (43.5%)
44.2

15.6

14.4

13.4

(86.2%)

by total mass of UHPC
by mass of binder

CH content (%)

C-S-H content (%)

60

10

(27.7%)

12.1

(35.4%)
8.8

8.3

(4.6%)
6.8

6.5

5
3.3

9.4

2.8

2.6

5.6

1.9

1.3

0

0
M0

M20

M40

M60

M80

Figure 3.7: C-S-H contents of UHPC.
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Figure 3.8: CH contents of UHPC.

The total contents of both C-S-H and CH in the designed UHPC are gradually reduced from
15.6% to 5.6% and 3.3% to 1.3%, respectively, with the increase of limestone powder
amount from 0 to 80 vol.%, as shown in Figure 3.7 and Figure 3.8. Those diminished
hydration products are due to the dilution effect of reactive binders by limestone powder.
However, it is remarkable that the normalized C-S-H and CH contents by mass of binders
show continuous increases from 30.8% to 51.5% and from 6.5% to 12.1%, respectively. It
means that the hydration degree of binders in UHPC system is considerably improved by the
volume substitution of binders by limestone powder due to the increased water-to-binders,
consequently enhancing binder efficiency and decreasing the environmental and economic
impact. Furthermore, in the presence of limestone powder below 60 vol.%, the increase
ratios of normalized C-S-H contents (13.6%, 38.3% and 43.5%) in designed UHPC
compared to the reference mixture (M0) are larger than those of CH (4.6%, 27.7% and
35.4%), which imply that the hydration degree of secondary (pozzolanic) reaction in Eq.
(3.4) is larger than that of C3S and C2S hydration in Eqs. (3.2) - (3.3), resulting in more
formation of C-S-H rather than CH. The much higher hydration degree of secondary reaction
is probably attributed to preferable formation of pozzolanic products under relatively higher
water-to-binder ratio and nucleation effect of limestone powder. However, UHPC with too
much limestone powder content, e.g. 80 vol.%, shows a lower hydration degree of secondary
reaction, due to the overlarge dilution of CH and mS by limestone powder, consequently
making them difficult to contact to each other.


Pore structure analysis

To understand the substitution effect of binder by limestone powder on pore structure in
sustainable UHPC, three experimental methods are jointly employed, including vacuumsaturation porosity, MIP and BJH pore size distributions. The vacuum-saturation method is
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a relatively easy way to determine the total water-permeable “open porosity”, as shown in
Figure 3.9. With the increase of limestone powder content from 0 to 80 vol.%, waterpermeable porosity is firstly improved from 6.87% to 4.87%, after reaching to the lowest
porosity of 4.52% at M40, a slight increase occurs at M60, afterwards experiences a sharp
increase up to 12.15% at M80. Although the absolute intensity of hydration products is
diluted by limestone powder, as confirmed in Figure 3.6 & 3.7, an appropriate limestone
powder volume substitution (20 - 60 vol.%) shows a positive effect on the water-permeable
porosity of the UHPC. It proves that the negative dilution can be compensated by reducing
the water amount and enhancing the compactness by utilizing the mineral plasticization of
limestone powder, as analysed above. Other researchers also pointed out that water reduction
was an efficient way to decrease porosity of UHPC [28]. Furthermore, the higher hydration
degree of UHPC with limestone powder addition can also provide some positive
compensation. However, too much limestone powder addition in UHPC, more than 60 vol.%,
leads to significantly increased water-permeable porosity that cannot be completely
compensated, which certainly weakens the macro-scope properties in hardened UHPC, such
as mechanical properties and durability.
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Figure 3.9: Water-permeable porosity of UHPC.
The MIP and BJH methods can further characterize the differential pore size distribution and
cumulative pore volume, which cover pore sizes between 5 nm and 100 µm as shown in
Figure 3.10, and those between 3 nm to 100 nm as shown in Figure 3.11. The critical pore
diameter is defined as when the pore achieves the highest rate of mercury intrusion and
begins to penetrate the interior of sample [112,118], illustrated by the peak in the differential
pore size distribution curves. The first critical pore diameters and intensities by MIP shown
in Figure 3.10(a) are very similar when the limestone powder content is less than 40 vol.%.
As the limestone powder volume substitution ratio further increases up to 80 vol.%, the first
critical peak tends to be broader and more intensive, shifting from around 13.7 nm to 26.3
nm. The cumulative pore volume by MIP is first improved at M20 and then slightly
weakened at M40 and M60, followed an almost triple pore volume at M80, compared to the
UHPC without limestone powder. The second critical peaks of the 5 mixtures by BJH in
Figure 3.11(a) share the same pore diameter at around 3.9 nm, only the intensities differ,
first decreasing from M0 to M40 and subsequently increasing considerably till M80. The
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cumulative pore volume by BJH has a similar change tendency to that by MIP when
increasing the limestone powder volume substitution. While, the BJH method usually
possesses a larger cumulative pore volume due to more efficient to detect gel pores, which
occupy a large part of the total pores in UHPC.
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Figure 3.11: Pore structure by BJH of different mixes (Table 3.1).
0.05
M0 M20 M40 M60 M80

Increnental pore volume (mL/g)

dV/dlog(D) (mL/g)

0.20

Cumulative pore volume, V (mL/g)
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Different pore types in cementitious materials affect different macro properties, which
usually are summarized into slightly different categories by different researchers [106,119–
123]. The total pores in UHPC can be classified and suggested into four categories as
illustrated in Figure 3.12: (a) gel pores from 2 nm to 8 nm, intrinsic to internal porosity of
reaction products, e.g. C-S-H gel phase [121]; (b) small capillary pores from 8 nm to 50 nm,
mainly controlled by the water amount and hydration products [106]; (c) large capillary
pores from 50 nm to 10 µm, corresponding to evaporable bulk water [119]; (d) macro pores
larger than 10 µm, linked to entrained air voids and initial defects [122]. With the volume
replacement of binders by limestone powder within 20 - 60 vol.%, whereas the second
critical peaks vary in Figure 3.11(a), the total gel pores are almost the same at 0.0171 mL/g,
which is a slight improvement compared to the reference UHPC without limestone powder.
The reduced total gel pores are attributed to the decreased hydration products, confirmed by
Figure 3.7 and Figure 3.8. However, the M80 shows significantly more gel pores in Figure
3.12, but less C-S-H gel phase in Figure 3.7, which indicates that more low-density and
porous C-S-H gel are preferably formed in the presence of large contents of limestone
powder. The MIP method usually acquires more small capillary pores than the BJH method,
especially for the UHPC incorporating limestone powder. The small capillary pores of
UHPC with limestone powder less than 60 vol.% can be slightly decreased based on the
BJH analysis, while they are increased by the MIP method. The pores larger than 50 nm in
the five UHPC mixtures are comparable to each other, accounting for about 10% of total
pore volume.
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Figure 3.13: Compressive strength and binder efficiency.
Figure 3.13 presents the compressive strength of UHPC with different limestone powder
contents after 7 and 28 days, as well as binder efficiencies. The 7 days compressive strength
shows a continuous reduction from 132.3 MPa to 53.8 MPa with the limestone powder
substitution ratio changing from 0 to 80 vol.%, mainly due to the dilution effect instead of
the filler or nucleation effects. The 28 days compressive strength firstly shows a slight
increase from 152.9 MPa at M0 to 159.5 MPa at M40, then sharply decreases to 75.5 MPa
at M80. UHPC without limestone powder shows relatively high early-age strength, but an
appropriate limestone powder content (less than 60 vol.%) contributes to a larger strength
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development potential at a later age. The higher secondary (pozzolanic) reaction of UHPC
incorporating limestone powder, as analysed by ghermogravimetric results, contributes to
C-S-H formation at later ages and then improves the mentioned strength development
potential. Figure 3.13 also indicates that ultra-high strength more than 150 MPa can be
achieved in eco-friendly and low-cost UHPC incorporating high-volume of limestone
powder. Normally, common sustainable UHPC needs special curing regimes or extra
chemical activators [124], which certainly cause extra environmental and economic impacts.
The binder efficiency is defined as normalized compressive strength (σc) after 28 days by
binder mass (mbinder),
X = σc / mbinder

(3.7)

It is greatly improved in the presence of limestone powder, from 0.128 MPa/(kg/m3) at M0
to 0.286 MPa/(kg/m3) at M60, afterwards keeping at a stable level till M80. Based on the
results shown in Figure 3.10, the maximum compressive strength occurs at 40 vol.%, while
the largest binder efficiency is achieved at 60 vol.%. Hence, 50 vol.% is suggested as
optimum content for limestone powder in UHPC, considering both compressive strength and
binder efficiency, namely around 156 MPa and 0.255 MPa/(kg/m3), respectively.
The compressive strength of cementitious material is greatly dependent on the porosity,
which can be significantly improved by controlling the porosity under 30% [122]. The
correlations between compressive strength and porosities by the three different methods are
presented in Figure 3.14. Linear trends are observed, which is in line with other researches
[123]. The quality of the line fit is assessed by the coefficient of determination (R2), and the
porosity determined by MIP shows the best correlation to compressive strength with the
maximum coefficient value of 0.983. In addition, the water-permeable porosity is usually
lower than that measured by BJH or MIP.
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Figure 3.14: Correlation between compressive strength and porosity.


Total free shrinkage

The total free shrinkage is attributed to synergetic effect of both self-desiccation induced
autogenous shrinkage caused by binder hydration and water-loss induced drying shrinkage.
Figure 3.15 presents the total free shrinkage and water loss in UHPC within 56 days with
different limestone powder contents. At relatively early age, Figure 3.15(a) shows a slower
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total free shrinkage development for UHPC with more limestone powder, due to a smaller
absolute amount of hydration products formation and hence smaller autogenous shrinkage
generation. However, at later ages, e.g. 56 days, M20 and M40 have enlarged total free
shrinkages than M0 without limestone powder, while M60 and M80 tend to have diminished
total free shrinkages. Because the water-to-binder ratio in UHPC with more limestone
powder is higher, e.g. 0.9 in the mixture of M80, which is far more than the water needed
for complete cement hydration. More free water remains in the pores and tends to evaporate
in the drying environment, as shown in Figure 3.15(b), consequently leading to larger waterloss induced drying shrinkage at later ages. Hence, UHPC with more limestone powder
shows diminished autogenous shrinkage but enlarged drying shrinkage, and the total free
shrinkage can be decreased or just slightly increased by using limestone powder.
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Our previous study showed that mass replacement of cement by 20% limestone powder has
a considerably negative effect on UHPC paste at a fixed water-to-powder ratio [125].
However, the presence of limestone powder in this study shows comparable or even
diminished total free shrinkage, which is due to the decreased absolute water amount with
increased limestone powder content (see Table 3.1), thus improving the volumetric stability
of UHPC [87]. It indicates that simply replacing binders by limestone powder with a fixed
absolute water amount is not reasonable and negative to the total free shrinkage. While, the
designed UHPC system in this study can overcome this shortage by using less water and
superplasticizer amount to achieve a comparable fluidity as the precondition. It it concluded
that the mineral plasticization effect of limestone powder should be considered in the mix
design of UHPC based on evaluation of shrinkage, rather than simple mass substitution at a
fixed water-to-binder ratio.
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Figure 3.15: Total free shrinkage and mass loss.
3.2.4


Discussion and summary
Role of limestone powder in UHPC

Based on the results and analysis above, the role of limestone powder in UHPC can be
summarized from three main aspects, namely fresh behaviour, hydration kinetics and
hardened properties. The fluidity of UHPC should be considered during comparative studies,
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because it influences the pore structure in the hardened state [102]. Insufficient or over use
of superplasticizer could lead to enlarged macro porosity, lower compactness, segregation
problems [6]. Limestone powder contributes to enhanced fluidity by reducing inter-particles
fraction due to limited chemical interaction, increasing inter-particle electrostatic repulsion
due to OH- groups’ localization over the Ca2+ surface, and lowering adsorption and
consumption of PCE molecules of superplasticizer due to lower surface charge. Thus, the
mineral plasticization effect of limestone powder should not be neglected in the mix design
of UHPC. Namely, using a lower water content and superplasticizer dosage to achieve a
comparable fluidity (30 ± 2 cm) as precondition is proposed.
Even through there exists a dilution effect on hydration process of a reactive binder by
limestone powder that results in less formation of hydration products, its positive functions
can partly compensate or even overcome the negative dilution effect. The dilution conversely
increases the water-to-binder ratio in the UHPC system where generally rather low water
content is applied, which is beneficial to improve the hydration degree. In addition, the
results in this study also show that hydration degree of the secondary (pozzolanic) reaction
with micro-silica is more intensive than C3S and C2S hydration in the presence of limestone
powder, which means more CH is consumed to form C-S-H gel. Furthermore, the filler and
nucleation effect of limestone powder could also show certain positive significances, which
tend to accelerate the hydration kinetics and generate more C-S-H gel. Meanwhile, the
limestone powder can be somewhat soluble and conduce to preferably form the
carboaluminate rather than monosulfate [82,86].
The hardened properties, e.g. pore structure, strength, shrinkage of UHPC with limestone
powder are intrinsic to the fresh behaviour and hydration process. Generally, the dilution
effect of limestone powder plays the main negative influence on the hardened properties of
UHPC because of less hydration products. While, the improved pozzolanic reaction degree,
formation of more and stiffer carboaluminate, filler and nucleation effects by limestone
powder can provide certain extent positive effects on pore structure and compressive
strength, especially in the situation of a relatively low volume replacement. Furthermore, the
reduced absolute water amount can improve the compactness of UHPC, which is beneficial
to the hardened properties. Generally, the hardened properties of UHPC can be enhanced
with limestone powder up to 60 vol.%.


Sustainability evaluation

To better understand the sustainability of the designed sustainable UHPC, environmental
and economic significances are evaluated by comparing the embedded CO2 emission and
unit cost of designed UHPC. The embedded CO2 emission of raw materials are referred to
[126] and [127], and prices are based on European market provided by ENCI. without the
inclusion of transportation cost, as shown in Table 3.2. The incorporated limestone powder
in UHPC can reduce the consumption of cement and superplasticizer, which occupy the two
largest unit embedded CO2 emission, thus contributing to considerable reduction of total
embedded CO2 emission of UHPC. As shown in Figure 3.16, the total embedded CO2
emission of UHPC linearly decreases from 1011 to 234 kg/m3 with the limestone powder
increasing from 0 to 80 vol.%. The eco-efficiency, defined as 28 days compressive strength
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normalized by CO2 emission, is in line with the binder efficiency in Figure 3.13. It increases
continually at relatively low limestone powder content till 60 vol.%, then staying at a stable
level. The total cost of UHPC is mainly dependent on the price of powders. Due to the large
variations in different countries/areas and time-dependent characteristics, only prices of
cement and limestone powder are compared to illustrate the economic significance of the
designed UHPC. The unit price of cement is twice as that of limestone powder, which means
the total cost of UHPC could be greatly reduced with incorporating high-volume of
limestone powder. For example, UHPC with around 50 vol.% limestone powder can
decrease 47% of the embedded CO2 emission (474 kg/m3), and reduce the cost by about
25.5 €/m3 without sacrificing the macro performance. Hence, eco-friendly and low-cost
UHPC can be successfully developed by incorporating high-volume limestone powder
contents.
Table 3.2: Embedded CO2 emission and price of raw materials.
Raw materials
CO2 emission (kg/ton)
Price (€/kg)

PC
930
0.090

mS
28
-

LP
17
0.045

S
4
-

SP
378
-

0.35
0.30

900

0.25
600
0.20
300
CO2 emission

0.15

Eco-efficiency (MPa/kg/m3)

CO2 emission (kg/m3)

1200

W
0
0

Eco-efficiency

0

0
20
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80
Limestone powder volume fraction (% bvop)

0.10

Figure 3.16: Environmental significance.


Optimum content of limestone powder

Even though limestone powder has been extensively applied in concrete, the optimum
content of limestone powder has rarely been investigated, especially in the UHPC system
with relatively low water-to-binder ratio and high superplasticizer dosage. Furthermore, the
content limit of limestone powder by mass is suggested varying from 15% to 35%, based on
different standards [82,128].
A higher content of limestone powder in UHPC shows improved fluidity (or less water
demand to a comparable fluidity), an increased hydration degree of the binder and a
diminished self-desiccation induced autogenous shrinkage caused by binder hydration, but
reduced absolute hydration products and enlarged water loss. 20 vol.% replacement of binder
by limestone powder in UHPC can slightly improve the pore structure, compressive strength,
binder efficiency, but slightly enlarge the total free shrinkage. 40 vol.% of limestone powder
can further strengthen compressive strength and binder efficiency with comparable pore
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structure and total free shrinkage. 60 vol.% of limestone powder tends to weaken both pore
structure and strength, but decrease total free shrinkage. 80 vol.% of limestone powder
contributes to a further decrease of total free shrinkage without any further improvement of
binder efficiency, but the UHPC gets a rather weak pore structure and cannot meet the
demand of high strength (75.5 MPa).
To sum up, considering the main roles of limestone powder on fresh behaviour, hydration,
hardened properties, as well as sustainability, 50 vol.% is suggested as the optimum content
of limestone powder in UHPC, achieving compressive strength of 153 MPa with the
significantly low cement content of 560 kg/m3.








 Summary
Limestone powder shows a mineral plasticization effect in UHPC by reducing interparticles fraction due to limited chemical reaction, increasing inter-particle electrostatic
repulsion due to OH- groups’ localization over the Ca2+ surface, and lowering adsorption
and consumption of PCE molecules of superplasticizer due to lower surface charge.
Although less absolute hydration products are formed due to dilution effect by limestone
powder, positive effects simultaneously work to compensate or even overcome its
negative influence, including enlarged hydration degree, increased formation of stiffer
carboaluminates, and promoted C-S-H gel by the filler and nucleation effect. The degree
of secondary pozzolanic hydration with micro-silica is more intensive than C3S/C2S
hydration, which enhances the later-age strength development potential.
An appropriate limestone powder content contributes to a denser pore structures,
enhanced strengths and comparable total free shrinkages. 50 vol.% is suggested as the
optimum content for the limestone powder with comparable size and morphology to
cement, by considering both performance and sustainability.
UHPC incorporating the suggested optimum limestone powder content (50 vol.%) can
reduce 47% of the embedded CO2 emission (474 kg/m3) and the cost by about 25.5 €/m3,
with 28 days compressive strength of 153 MPa and a low cement content of 560 kg/m3.

3.3 Development of UHPC paste with quaternary blends
3.3.1

Materials and mixtures

Several initial materials are used, including cement CEM I 52.5 R (PC), ground granulated
blast furnace slag (GGBS) cement CEM III/A 52.5 N (SC) with 50% of slag by mass,
limestone powder (LP), densified micro-silica from Elkem Grade 920E D (mS), aqueous
dispersion of colloidal nano-silica (nS), water, PCE-based superplasticizer (SP3 from
Chapter 2 is used). Both Portland cement and slag cement are from the same manufacturer
(ENCI), and slag cement is chosen as binary binder considering its already optimized particle
size distribution and homogeneous mixing during the manufacture instead of blending
GGBS into the Portland cement by ourselves. The particle size distributions of powders are
shown in Figure 3.17, except for mS due to the densified process makes it difficult to be
measured. A 3D hook ended steel fibre (Dramix RC-80/30-BP) is used to research the fibreto-matrix bonding effect by single fibre pull-out test. Table 3.3 shows the chemical and
physical properties of powders, respectively.
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Figure 3.17: Particle size distribution of powders.
Table 3.3: Chemical and physical properties of the PC, SC, ms, nS, LP.
Substituent (%)
CaO
SiO2
Al2O3
Fe2O3
K2O
Na2O
SO3
MgO
TiO2
MnO
Specific density (g/cm3)
BET surface area (m2/kg)

PC
64.60
20.08
4.98
3.24
0.53
0.27
3.13
1.98
0.30
0.10
3.15
1420

SC
54.54
22.27
7.64
1.61
0.42
5.52
5.35
0.83
0.19
3.03
1590

mS
0.90
93.06
2.06
1.15
0.63
1.28
0.70
0.07
2.32
18400

nS
0.08
98.68
0.37
0.35
0.32
0.01
2.22
22700

LP
97.21
0.87
0.17
0.13
0.11
1.17
0.01
0.01
2.71
1080

A total of 14 pastes with a low water-to-powder ratio of 0.2 are produced to simulate the
UHPC system, and the water-to-powder ratio is chosen based on the previous research
[108,125]. The pure PC is applied as the reference binder, while the remaining binders are
binary (SC), ternary (PC + mS/nS + LP) and quaternary (SC + mS/nS + LP) cementitious
blends. The SC contains 50% GGBS which is therefore regarded as binary binder. The
replacement levels for LP are 10%, 20% and 30% by the total mass of powders, while those
of mS and nS are 5% and 3%, respectively, based on the previous studies [102,125]. The
difference between the dosage of nano-silica and micro-silica is caused by the higher
pozzolanic, filler and nucleation effects with clearly finer particle size and larger specific
surface area of nano-silica. In addition, excessive nano-silica addition would cause
significant issues on water demand and resulting workability. A polycarboxylic ether type
superplasticizer (SP3 in Chapter 2) with a solid content of 35% is applied with a fixed
content (1% by mass of powders) to adjust the flow ability of the mixtures. The mixture
proportions are summarized in Table 3.4. The mixing procedure of UHPC pastes is
illustrated in Figure 3.18. For hardened properties assessment, samples are cast and
demoulded after 24 hours and then cured in water under ambient conditions (20 ± 1 ℃) till
the testing age.
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Figure 3.18. Mixing procedure of mixtures.
Table 3.4: Mix proportions of UHPC pastes (w/p=0.2, SP 1%).

3.3.2

Mix

Note

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14

PC
PC5mS10LP
PC5mS20LP
PC5mS30LP
PC3nS20LP
PC3nS20LP
PC3nS20LP
SC
SC5mS10LP
SC5mS20LP
SC5mS30LP
SC3nS20LP
SC3nS20LP
SC3nS20LP

PC
(%)
100
85
75
65
87
77
67
-

SC
(%)
100
85
75
65
87
77
67

mS
(%)
5
5
5
5
5
5
-

nS (%)
3
3
3
3
3
3

LP
(%)
10
20
30
10
20
30
10
20
30
10
20
30

Experimental methods

The isothermal calorimetry, mercury intrusion porosimetry, spread flow, compressive
strength, free shrinkage are tested based on the methods as mentioned in Sections 2.2.2 and
3.2.2. Other experimental methods are described below.


Wet packing density

The fresh sample is filled in a container with a known volume to determine its fresh density
ρ. Most packing densities are measured under dry condition based on codified test methods
[129,130], which cannot reflect the real compactness in the real wet condition, especially in
the presence of superplasticizer in UHPC. In order to research the compactness under real
wet condition, a wet packing density is proposed and described by the solid concentration
[130], as,
𝜙𝑝 =

𝑉𝑠𝑜𝑙𝑖𝑑𝑠
𝑉𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟

∑𝑛𝑖
=

𝑟𝑖
1
𝑚
𝑛𝑟
𝜌
𝜌𝑖 (1 + 𝑤/𝑝)
𝑖
=∑
𝑉𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟
𝑖 𝜌𝑖 (1 + 𝑤/𝑝)

(3.8)

where ϕp is the wet packing density, Vsolids is the solid volume of the particles, Vcontainer is the
volume of testing container (bulk volume of mixture), m is the mass of paste, ri and ρi are
the mass fraction and density of powder i, w/p is the water-to-powder ratio as 0.2 in this
study.
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Fibre-to-matrix bond

Dog-bone shape moulds following the standard ASTM C307-03 [131] are used to cast the
specimens for carrying out the steel fibre pull-out tests. A piece of hard foam is put in the
middle of the mould, separating the mould into two parts. A half-length embedded hookedend steel fibre is held by the hard foam in Figure 3.19(a), then the fresh paste is poured into
one half of the mould, shown in Figure 3.19(b). Similar curing regime is applied as that in
compressive strength tests. The pull-out tests are performed after 56 days, under the
displacement control (0.5 mm/min) with a 30 kN load cell, illustrated in Figure 3.19(c).

(a)
(b)
(c)
Figure 3.19: (a) fixed steel fibre, (b) sample and (c) set-up for fibre pull-out test.
3.3.3


Results and discussion
Hydration kinetics and pore structures

Figure 3.20 shows the influence of different blends on the hydration kinetics of UHPC pastes.
The heat flow is characterized by the time to reach the maximum peak (TRMP) and the
maximum heat flow (MHF). The pure PC paste has the longest TRMP (17 h) and highest
MHF (3.7 mW/g). More LP addition shows a slightly faster hydration but lower normalized
heat flow and normalized total heat when comparing the mixtures of M2 and M4, which
indicates that LP addition mainly shows dilution effect on the cement clinker, but as well as
somewhat acceleration effect due to nucleation sites for hydration products. While, the
normalized total heat by cement before the 7 days of M4 is much larger than that of M2,
which means the hydration degree of cement can be improved with more LP addition. The
mixtures of M7 and M14 show much earlier TRMP compared to the M4 and M11, which is
attributed to the higher surface area and increased number of nucleation sites by 3% nS than
the 5% mS. The GGBS in SC further enlarges the dilution effect on hydration, as confirmed
by the much lower normalized heat flow and total heat of M11 and M14 compared to the
M4 and M7.

47

Normalized heat flow (mW/g)
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Figure 3.20: (a) normalized heat flow and (b) normalized heat of mixes (Table 3.4).
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Figure 3.21: Differential pore size distribution of mixes (Table 3.4).
Figure 3.21 presents the pore size distribution of the designed hardened pastes after 56 days.
This study mainly focuses on the pore sizes ranging from 5 nm to 100 nm, because the pore
size distributions of all designed mixtures between 100 nm to 100 µm are very low and
similar to each other. The critical pore diameters (the peak in the differential pore size
distribution curve) of the designed mixtures range between 30 nm and 50 nm. With the
inclusion of 5% mS and 10% LP in PC, the pore structure of M2 with ternary binder is
densified compared to M1, especially for pore sizes between 30 nm and 60 nm. While, more
addition of LP up to 30% (M4) results in a shift of the critical pore diameter to a smaller size
and causes a large amount smaller pores, which is due to the dilution effect and generates
low-density and porous C-S-H gel phases [120]. When the PC is replaced by the SC, the
pore size distribution of M11 with quaternary binder tends to a shift towards larger diameters
and the pore volume is enlarged compared to M7 with ternary binder. While, the pore
structure of mixture with quaternary binder can be considerably improved by using 3% nS
instead of 5% mS, namely extending M11 to M14.
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Fresh behaviour

The spread flow and wet packing density results are summarized in Figure 3.22. According
to our previous study, the PCE-type superplasticizer (SP) is one of the most important factors
and has a great influence on the fresh behaviours of UHPC [108]. Both water and
superplasticizer contents have very important effect on the particle packing of matrix under
real wet conditions [130]. In this study, SP with a dosage of 1% can provide the system with
an excellent workability and self-compacting characteristics, namely mini slump flow more
than 35 mm. The excellent fresh behaviour is due to the adsorption of PCE molecules on
particles and consequently dispersing the particles by mainly electrostatic repulsion and
steric effect. Furthermore, our previous study confirmed that the saturation dosage of UHPC
paste is around 1% with water-to-powder ratio of 0.2. the spread flow cannot be further
improved beyond the saturation dosage [108].
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Figure 3.22: Fresh behaviour of UHPC pastes.
The quaternary binder tends to possess large wet packing density, with a maximum value of
0.636 in the case of M14. Mixtures with Portland cement (M1) and Slag cement (M8) result
in similar wet packing densities, around 0.617. LP contributes to an increased compactness,
probably due to better fresh behaviour and particle size distribution. A good fresh behaviour
means a sufficient free water to fill the voids in the bulk volume of the matrix that avoids
entrapping air in the voids, which efficiently decreases the larger pores. Furthermore, it is
hypothesized that cement incorporating limestone powder can optimized the total particle
size distribution and increase the compactness compared to the pure cement [84,132]. As
seen in Figure 3.22, 3% nS leads to a better compactness than 5% mS under the same other
conditions, because of its finer particle size and better filling effect.
The SC pastes (M8) have a slightly smaller spread flow compared to PC pastes (M1), 42.1
cm vs. 43.5 cm. It indicates that the SC shares similar overall integrated effects by water
demand and adsorption ability of PCE-type superplasticizer as PC clinker. With the increase
of LP from 10% to 30%, the spread flow of mixtures is improved significantly, e.g. 36 cm
(M5) to 41.2 cm (M7). The LP is mainly composed of Ca2+ and CO32- ions, which result in
a neutral surface. In aqueous solution, the OH- groups preferably concentrate on the Ca2+
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surface, resulting in electrostatic repulsion between particles, which consequently improves
the fluidity and decreases particle flocculation [109]. Moreover, the lower water demand of
LP than those of PC, GGBS and mS/nS benefits better fluidity of UHPC pastes [125,133].
Normally, the mS and nS have negative effects on the fresh behaviour of cementitious
materials [102,125]. They have quite high water demand and consume large amount of
superplasticizer, leading to the reduction of effective lubricating water content between the
particle voids [42]. As seen in Figure 3.22, the spread flow of pastes with nS is always worse
than that of similar mixtures with mS, e.g. with spread flow from M2 of 45 cm to M5 of 36
cm, because of the higher fineness and pozzolanic effect, which enlarges the inter-particles
friction [134].


Compressive strength

The compressive strength of UHPC pastes, measured after 28 days and 56 days, are shown
in Figure 3.23. At 28 days, the compressive strengths vary between 131.3 MPa and 153.8
MPa. 20% LP addition to the system shows a positive contribution on the 28 days
compressive strength of mixtures with PC. The strengths further increase up to the range
from 137.2 MPa to 181.8 MPa, with the maximum strength at pure PC paste (M1), at the
curing age of 56 days.
185
PC
SC

PC+5% mS+LP
SC+5% mS+LP

PC+3% nS+LP
SC+3% nS+LP

165

145

125

0

10

20

LP content (%)
(a) 28 days

30

Compressive strength (MPa)

Compressive strength (MPa)

185

165

145
PC
SC

125

0

PC+5% mS+LP
SC+5% mS+LP

10

PC+3% nS+LP
SC+3% nS+LP

20

30

LP content (%)
(b) 56 days

Figure 3.23: Compressive strengths of UHPC pastes.
The mixtures without GGBS (M1~M7), but with the same amount of mS/nS and LP, show
slightly higher compressive strength than the mixtures with GGBS (M8~M14) at both 28
days and 56 days, which indicates that GGBS results in lower strength development potential
for UHPC pastes. However, ordinary strength concrete incorporates GGBS often shows a
better compressive strength at later age due to the formation of C-S-H by consuming
portlandite, even for UHPC with GGBS substitution rate of 25% [90]. When adding a high
amount of GGBS in low water-to-binder system, such as 50% in this study, 30% and 60%
in [135], 50% in [90], and 31% in [136], the later age (e.g. 56 or 90 days) strengths are lower
than those of mixtures without GGBS. This is probably attributed to the low water amount
and dilution effect (as seen in Figure 3.20) of clinker by the high amount of GGBS, then the
produced portlandite from PC and free water to solute portlandite are quite limited. Thus, no
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saturated calcium hydration solution can contact and activate the GGBS, which results in
lower strength development potential at later age [90]. Some researchers also attributed this
phenomenon of lower later strength to the special UHPC system with a high superplasticizer
content and low water amount [136], which might significantly affect the pozzolanic
reaction and cause slow increase of strength development.
LP leads to lower compressive strength of UHPC paste due to dilution effect, leading to
weaker bonding force and less hydration products, as confirmed in Figure 3.20. But the
decrease is quite limited in the presence of mS/nS in this study, especially for the ternary
mixtures (M2~M7). Because LP also shows some benefits, such as increased water-toclinker ratio and then enhanced hydration potential of reactive binder (as illustrated by the
normalized heat by cement in Figure 3.20(b)), enlarged nucleation sites for the hydration
products of cement [137], preferably generated more stable carboaluminate hydrate [86,138].
In addition, the application of LP can also improve the flow ability and packing density
under real wet condition, which means decreased larger pores [130].
Due to the decrease of compressive strength by introducing LP and GGBS, it is wise to
compensate it adding more reactive pozzolans such as mS and/or nS. Because mS and nS
can strengthen the compressive strength of the mixtures attributed to their high pozzolanic
effect on consuming Ca(OH)2 to form C-S-H, filling internal pores with finer particle, and
nucleation effect [90,139]. In this paper, 5% mS and 3% nS are utilized by considering their
efficiency [102,125] and agglomeration issue [134,140]. Based on the results in Figure 3.23,
5% mS contributes higher strength than 3% nS for the mixtures containing PC, e.g. with
compressive strength from M2 of 175.8 MPa to M5 of 169.6 MPa after 56 days. While this
trend reverses for the mixture incorporating SC (M9~M14), e.g. with compressive strength
from M9 of 145.5 MPa to M12 of 161.3 MPa after 56 days. This is probably due to two
factors, namely different Ca/Si ratios with the different cementitious material blends and the
different fineness of silica powders [141]. The appropriate Ca/Si ratio has been reported to
be around 1.30 [142]. And both more silica amount (5%) and finer particle size (nS) promote
higher strength. Therefore, the PC with a higher Ca/Si ratio needs more silica (5% mS) even
coarser particle size, and the SC with a lower Ca/Si ratio are preferred to a lower amount but
more reactive and finer silica, i.e. better fineness (3% nS). It can be concluded that 5% mS
is more effective on Portland cement for the ternary binders (PC-mS-LP), while 3% nS on
slag cement for the quaternary (SC-nS-LP) binders.


Fibre-to-matrix bond characteristics

The fibre-to-matrix bond is also characterized in the present study considering the fact that
steel fibres are usually utilized in the UHPC system. Therefore, the bonding behaviour
contributes to the understanding of the investigated blended binders from the UHPC matrix
point of view. Two different responses are observed during the fibre pull-out tests, namely,
complete fibre pull-out and fibre breakage at the hook end, and the related two forcedisplacement curves are plotted in Figure 3.24(a). The curve representing the complete fibre
pull-out procedure can be divided into five phases [143]. In the initial phase P1, the response
of the curve is almost during elastic stage until fibre debonding. Thereafter, debonding phase
P2 takes place and the adhesion bond fails continuously. After the complete debonding of
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the fibre, anchorage phase P3 is activated, during which bending of the hook occurs. Plastic
hinges are formed due to the bending effects on the hook, inducing additional anchorage that
significantly amplifies the pull-out force. As the pull-out process continues, the force reaches
its maximum values, then the hook undergoes a straightening phase P4. In the last phase (P5),
the fully straightened fibre slips along the tunnel, the pull-out behaviour of which is
determined by the frictional force. The pull-out load reduces gradually with the decrease of
the remained embedded length.
In the pull-out tests, fibre breakage occurs frequently thanks to the strong bond between the
fibres and the designed UHPC pastes. Examples of the steel fibre before pull-out, after
complete pull-out and experienced fibre breakage are illustrated in Figure 3.24(b). The fibre
breaks at a location near the hook, which has more serious stress concentrations compared
to the straight part of the fibre. The critical pull-out force for the fibre breakage is
approximately 290-300 N in this study, which indicates the full utilization of the fibre tensile
capacity. As suggested by Robins et al. [144], the fibres breakage can be attributed to the
inter-crystal slippage in the material. At the hooked end, the localized stresses remarkably
accelerate the inter-crystal slip process. Consequently, the hook part reaches the yield
condition first and fibre breakage occurs.
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Figure 3.24: Typical force-displacement curves (a) and failure patterns of steel fibre (b).
Figure 3.25 summarizes the maximum pull-out forces of the designed UHPC matrices. It
can be obtained from the figure that the ternary binder pastes (M2~M7) has a higher
maximum pull-out force than that of the quaternary binder ones (M9~M14). This
observation can be related to the higher compressive strength of former groups (M2~M7),
resulting in a stronger fibre-matrix interface [145]. Moreover, the substitution of LP seems
to have no significant or just slight fluctuation on the bond properties. On the one hand,
replacing cement by LP can result in a weaker matrix strength in the interface zone due to
dilution effect of reactive clinker and thus a reduced bond force; on the other hand, the
enlarged shrinkage provides a confinement around the fibre [146] and formation of calcium
carboaluminate [82] in the presence of LP, which in turn improves the frictional resistance
during the fibre pull-out. Furthermore, the filling effects of the mS or nS between the
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interfaces also help to compensate the bond-strength reduction due to the LP. In addition,
the pozzolanic reactions of the mS and nS can further improve the fibre-matrix bond strength
by replacing calcium-hydroxide crystals with higher strength calcium silicate gels in the
interface zone [113]. In this study, 3% nS has limited difference in bonding effect compared
to 5% mS.

Maximum pullout force (N)

330
310
290
270
250
230

PC
SC

0

PC+5% mS+LP
SC+5% mS+LP

PC+3% nS+LP
SC+3% nS+LP

10
20
LP content (%)

30

Figure 3.25: Maximum pull-out force.

Figure 3.26: Total free shrinkage of pastes.


Total free shrinkage

The total free shrinkage is defined as the contracting of a sample due to both chemical
process of hydration (autogenous shrinkage) and loss of capillary water (drying shrinkage),
which is related to crack resistance and durability especially in arid and desert regions [147–
149]. Based on Mackenzie [150] and Kelvin-Laplace equation [38], the shrinkage strain is
given as:
1
1
𝜀𝑝 = 𝜎𝑐𝑎𝑝 (
− )
3𝐾 𝐾𝑠
𝜎𝑐𝑎𝑝 =

2𝛾𝑐𝑜𝑠𝛼 −ln(𝑅𝐻)𝜌𝑅𝑇
=
𝑟
𝑀

(3.9)
(3.10)
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where K and Ks bulk modulus of the whole matrix and solid material, respectively. σcap is
the capillary tensile stress. M and ρ are molar weight and density of water, respectively. RH
is the relative humidity. R is ideal gas constant. T is absolute temperature. According to Eqs.
(3.8) and (3.9), the quaternary blends effect on drying shrinkage is mainly influenced by the
different abilities of capillary water loss in different mixtures. The total free shrinkages of
14 mixtures are shown in Figure 3.26, ranging from about 720×10-6 (M1) to 1230×10-6
(M11).
Compared to that of PC paste, the total free shrinkage of SC paste grows faster at the first
week due to more free water loss and more capillary pores between 30 nm and 50 nm (drying
shrinkage) caused by dilution effect of PC clinker by GGBS. At later age, the total free
shrinkage of PC paste develops faster or with a comparable rate to SC paste, probably due
to higher further hydration process (autogenous shrinkage), which is in line with the strength
development. Normally, the LP generates an enlarged shrinkage due to increased water-toclinker ratio (see Table 3.4) and dilution of reactive binder (illustrated in Figure 3.20), which
results in less hydration product to fill the small pores (see Figure 3.21) and higher free water
content is left in the pores. It makes the relative humidity easily loss, consequently increasing
the capillary tensile stress and drying shrinkage. Hence, it is wise to apply mS or nS to
restrict the shrinkage development in the presence of LP utilization, by generation of more
C-S-H gel by pozzolanic reaction with calcium hydroxide and better pore structure
refinement [151]. It is clear that, the total free shrinkages increase rather limited with
relatively low LP contents under the condition of 5% mS or 3% nS addition. For example,
the increase of total free shrinkages of M2, M3, M5 are 1.5%, 19.8% and 20.1%, respectively,
compared with that of PC paste at the age of 91 days. While M9, M12, M13 show increase
proportions of 24.5%, 13.6% and 25.1%, respectively, compared with that of SC paste at the
age of 91 days. It should be noted that an addition of 5% mS is better for inhibiting the
shrinkage of ternary binder mixtures (PC + mS/nS + LP), while 3% mS is better for the
quaternary binder mixtures (SC + mS/nS + LP). This preferential combination of PC-mS
and SC-nS is in accordance with the results of compressive strength.


Environmental sustainability

Life cycle assessment (LCA) has been widely investigated and applied in construction
industry to evaluate the environmental sustainability of consumer products. A small scale
evaluation of materials level is appropriate to compare the different environmental
sustainability of concrete mixtures [152]. The total embedded CO2 emission for each UHPC
paste, based on 1 m3, is first calculated including all components as,
𝑖=𝑛

𝑚𝐶𝑂2 = ∑

𝑖=1

𝑟(𝑖) ∙ 𝑚𝐶𝑂2 (𝑖)

(3.11)

where r(i) represents the mass fraction of powder i, mCO2(i) is the embodied CO2 of powder
i based on [126,127,136] as presented in Table 3.5. The embedded CO2 emissions of the 14
UHPC pastes are shown in Table 3.6. With the addition of 50% GGBS in SC, its embedded
CO2 emission has a significant decrease to 1092 kg/m3, compared to the value of PC (1797
kg/m3). The environmental sustainability is further improved with the increasing content of
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LP, till 731 kg/m3 in the case of quaternary mixture of M14 with a reduction of 59% based
on the pure PC.
Table 3.5: Embedded CO2 emission of ingredients.
Material
CO2 emission
(kg/ton)

Portland cement

GGBS

Silica powder

Limestone powder

930

52

28

32

As shown in Figure 3.23 and Table 3.6, UHPC paste with a higher compressive strength
normally corresponds to a larger embedded CO2 emission. Hence, it is not comprehensive
to evaluate the environmental sustainability by only the absolute embedded CO2 emission.
One significant importance in environmental sustainability assessment is therefore the
definition of the functional unit. A good indicator is widely accepted that uses the normalized
strength by CO2 emission [153], which is adopted in the present study, as
𝛽𝐶𝑂2 = 𝜎𝑐 ⁄𝑚𝐶𝑂2

(3.12)

where βCO2 is the binder sustainability efficiency based on strength (MPa/(kg/m3)), a larger
value indicates a higher environmental sustainability efficiency. σc is the compressive
strength of UHPC paste after 28 days (MPa). The binder environmental sustainability
efficiencies of UHPC pastes are shown in Table 3.6. UHPC pastes with higher compressive
strength usually have relatively lower environmental sustainability efficiency. This is linked
to the relatively low hydration degree and cement efficiency when the cement amount is
relatively high at relatively low water-to-binder ratio. With the utilization of GGBS and LP,
the sustainability efficiency βCO2 is enhanced, from approximately 0.086 MPa/(kg/m3) at
mixture M1 to 0.198 MPa/(kg/m3) at mixture M14, with improvement of 130%.
Table 3.6: Embedded CO2 emission and sustainability efficiency.
Mix
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14

Note
PC
PC5mS10LP
PC5mS20LP
PC5mS30LP
PC3nS10LP
PC3nS20LP
PC3nS30LP
SC
PC5mS10LP
PC5mS20LP
PC5mS30LP
PC3nS10LP
PC3nS20LP
PC3nS30LP

CO2 emission
(kg/m3)
1797
1505
1322
1143
1546
1362
1181
1092
921
814
708
945
837
731

βCO2
(MPa/(kg/m3))
0.086
0.095
0.113
0.120
0.098
0.114
0.127
0.134
0.150
0.165
0.185
0.163
0.180
0.198

To sum up, the values of embedded CO2 emission and binder efficiency of UHPC pastes
with blended binders are significantly improved compared to the PC pastes, with maximum
improvements of 59% reduction and 130% respectively, which means the sustainable binder
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with quaternary blends has a lower environmental impact and higher sustainability
efficiency.


Synergy of quaternary blends

As illustrated above, the quaternary binders with cement-slag-limestone-silica can greatly
reduce the embedded CO2 emission and sustainability efficiency in UHPC system. However,
it also should be noted that binders including slag or limestone powder tend to dilute Portland
cement and show certain negative influence on compressive strength, fibre-to-matrix bond
and total free shrinkage. It is critical to calculate synergy to quantify if there has some
positive or negative combined effect in hybrid mixes [154,155]. Thus, it is important to
understand if the quaternary blends show diminished or enlarged negative dilution influence.
In this study, a synergy calculation method is adopted to assess the hybridization of
quaternary blends compared to binary (cement-slag) and ternary binders (cement-silicalimestone), based on the following formula:
(𝑋𝑟𝑒𝑓 − 𝑋𝐵 ) + (𝑋𝑟𝑒𝑓 − 𝑋𝑇 )
−1
𝑋𝑟𝑒𝑓 − 𝑋𝑄

𝑠𝑦𝑛𝑒𝑟𝑔𝑦 =

(3.13)

where X represents the properties of UHPC pastes, namely compressive strength, fibre-tomatrix bond and shrinkage in this study. To be specific, Xref, XB, XT, XQ are the property in
reference (cement), binary binder (cement-slag), ternary binder (cement-silica-limestone)
and quaternary binder (cement-slag-silica-limestone), respectively. A positive synergy (>0)
indicates that quaternary blends has less adverse influence than binary and ternary blends. A
negative synergy with a value between -1 and 0 represents the adverse influence is enlarged.
3
Compressive strength
Fibre-to-matrix bond
Total free shrinkage

Synergy

2

9.20

1.19

1.18

1

0.94

1.26

0.78
0.51

0.59
0.36

0.32
0.13

0.09

0

0.06
-0.37

-1

1.15

1.07

SC5mS10LP SC5mS20LP SC5mS30LP SC3nS10LP

0.17
-0.43
SC3nS20LP

SC3nS30LP

Figure 3.27: Synergy of quaternary binders compared to binary and ternary ones.
Figure 3.27 presents the synergies in terms of 28 days compressive strengths, fibre-to-matrix
bond and total free shrinkage calculated by Eq. (3.13). The synergy values in the quaternary
UHPC pastes are in general positive, except for only a few negative values. There exists
positive synergy in quaternary binders to compensate the negative dilution effect, compared
to binary or ternary ones. The quaternary blends probably optimize the total particle size
distribution [132] and then enhance the compactness that is confirmed by the wet packing
density in Figure 3.22, which contributes to the positive synergy values. Furthermore,
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compared to the binary blends (slag cement), introducing limestone powder into the
quaternary blends can increase the water-to-reactive binder ratio and improve the hydration
degree of both cement and slag. Incorporating slag into ternary blends (cement-silicalimestone) tends to optimize the Ca/Si ratio. Hence, it is reasonable to develop sustainable
UHPC pastes with quaternary blends instead of binary or ternary ones. In short, considering
fresh and hardened properties, environmental sustainability and synergy, the quaternary
binders of SC3nS10LP and SC3nS20LP are suggested for developing sustainable UHPC.
3.3.4

Summary

 Quaternary blends with cement-slag-silica-limestone have considerable advantage of
environmental sustainability for UHPC pastes compared to the pure Portland cement,
with maximum improvements of 59% CO2 emission reduction and 130% sustainability
efficiency based on strength.
 The designed quaternary binders in general slightly accelerate the hydration process and
dilute the heat flow and total heat, but significantly improves the hydration degree and
efficiency of cement in UHPC pastes. Furthermore, the pore structures of UHPC pastes
with quaternary binders are densified compared to the mixture with pure Portland cement.
 Limestone powder contributes to better environmental sustainability, spread flow and
wet packing density, but causes enlarged total free shrinkage and diminished strength of
UHPC pastes due to dilution effect, while application of silica powder is an effective
counter measure to overcome those disadvantages due to nucleation, pozzolanic and
filling effects.
 Slag cement possessing a relatively lower Ca/Si ratio is preferred to a lower amount but
finer silica in the presence of limestone powder to achieve enhanced hardened properties
(3% nano silica for the quaternary binders), compared to the Portland cement with a
higher Ca/Si that needs more silica even with coarser particle size (5% micro silica for
the ternary binders).
 Positive synergies in term of strength, fibre-to-matrix bond and total free shrinkage can
be observed in UHPC pastes with quaternary binders (cement-slag-silica-limestone)
compared to binary (cement-slag) and ternary (cement-silica-limestone) ones. It
demonstrates the reasonability of quaternary blends for developing sustainable UHPC
system instead of binary or ternary ones.

3.4 Conclusions
This chapter aims to optimize the binder by mineral admixtures addition with low cement
clinker consumption for UHPC system, towards environmentally sustainable and costefficient purposes. First, the roles and optimum content of limestone powder in eco-friendly
and low-cost UHPC are investigated. Then, the sustainable quaternary binder cement-slaglimestone-micro/nano silica are developed.


Limestone powder shows a positive mineral plasticization effect that should be
considered in designing UHPC. The degree of secondary pozzolanic hydration is more
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intensive than C3S/C2S hydration, which can enhance the later-age strength development
potential.
The optimum content of limestone powder appears to be 50 vol.% of the total powder
content in UHPC, and contribute to a higher strength, denser pore structure, diminished
total free shrinkage and higher sustainability efficiency.
Quaternary blends with cement-slag-limestone-silica in UHPC pastes have considerable
advantage of reducing embedded CO2 emission and improving sustainability efficiency.
Positive synergies in term of strength, fibre-to-matrix bond and total free shrinkage are
observed in UHPC pastes with quaternary binders compared to binary and ternary ones.
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Chapter 4
4

Introduction of coarse aggregate in UHPC system

Currently, most UHPC mixtures are designed without coarse aggregates to ensure the
homogeneity. This chapter attempts to introduce coarse aggregates into the UHPC system,
in order to reduce the powder content and costs, improve the volume stability and penetration
impact resistance, etc. Firstly, UHPC applying coarse basalt aggregates with a maximum
particle size Dmax of 16 mm are designed by using a particle packing model and considering
optimal powder proportion. The basalt aggregate size effect, powder content effect and fibre
reinforcing effect are analysed and discussed. The coarse basalt aggregates have limited
reducing effect on the mechanical strength of UHPC. The optimal powder content of about
800 kg/m3 and 700 kg/m3 is found for UHPC when the Dmax is 8 mm and 16 mm, respectively.
Furthermore, a distribution modulus q of 0.19 for the modified Andreasen and Andersen
packing model is recommended for designing UHPC with coarse aggregates. Secondly, a
novel concept of two-stage UHPC (TS-UHPC) is proposed towards maximum volume of
coarse aggregate utilization and ultra-low binder consumption. Results show that TS-UHPC
has a low binder amount (e.g. 364 kg/m3) and high binder efficiency (e.g. 0.417 MPa·m3/kg),
possessing an excellent compressive strength of up to 151.8 MPa at 91 days. New formulas
are proposed to describe correlation between compressive and splitting tensile strength of
TS-UHPC, and to predict the strength of TS-UHPC by grout strength.

This chapter is partially published elsewhere:
P.P. Li, Q.L. Yu, H.J.H. Brouwers. Effect of coarse basalt aggregates on the properties of
Ultra-high Performance Concrete (UHPC). Construction and Building Materials. 170 (2018)
649-659.
P.P. Li, Q.L. Yu, H.J.H. Brouwers, W. Chen. Conceptual design and performance evaluation
of two-stage ultra-low binder ultra-high performance concrete. Cement and Concrete
Research. 125 (2019) 105858.
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4.1 Introduction
To avoid the drawbacks of limited intrinsic strength of coarse aggregates, overcome the
inherent weakness between coarse aggregates and paste matrix, increase the homogeneity
and eliminate stress concentration at the contact points between those aggregates, most
UHPCs are designed by using only fine aggregates or refined aggregates [1,79,156].
However, concrete containing appropriate type and content of coarse aggregates can possess
certain advantages. Rozalija and Darwin [157] reported that high-strength concrete
containing basalt aggregates yields higher mechanical properties than high-strength concrete
containing limestone, which is attributed by the intrinsic strength of the rock. Ma et al. [158]
reported that coarse aggregates can improve the elastic modulus and alter the workability of
UHPC more easily, as well as reduce the cost. Some researchers presented that an addition
of coarse aggregates does not reduce or even exhibits a slightly higher compressive strength
[159,160]. With the utilization of coarse aggregates, the autogenous shrinkage was reduced
by approximately 40% [79]. Peng et al. [161] suggested to use coarse basalt aggregates to
improve the penetration impact resistance. Tai et al. [162] presented that at higher loading
rates (impact loading), the cracks form quickly and can propagate through the aggregates,
consequently increasing the impact resistance. Both the disadvantages and advantages are
very considerable for concrete incorporating coarse aggregates. To utilize coarse aggregates
in UHPC, these contradictions should be well balanced. Hence, it is of importance to study
the aggregate size effect in UHPC. In this study, basalt aggregates are used to match the high
strength of paste matrix of UHPC.
Currently, most UHPCs are designed with a high content of powder, which leads to poor
economic benefit and low efficiency [102]. On the other hand, a relatively high content of
powder is needed to fill the voids between the aggregates to reduce the contact stress
concentration and obtain a homogenous stress distribution through the matrix [163].
Normally, the powder volume fraction in UHPC containing coarse aggregates is lower than
that without coarse aggregates [158]. Some investigations show that the compressive
strength of self-compacting concrete (SCC) increases noticeably with the increase of powder
content, especially at lower water-to-cement ratios [164]. But Domone [165] pointed out that
there was no discernible trend of variation on the mechanical properties of SCC when
increasing the powder contents. Therefore, it is necessary to further understand the powder
content effect and find an optimal amount for UHPC when coarse basalt aggregates are
utilized. Steel fibre is a critical ingredient because of its considerable reinforcement on
mechanical properties, especially for tensile strength, ductility and energy dissipation. The
interaction effect between coarse aggregates and steel fibres is also researched on the UHPCs
with different powder contents in the present study, as well as the discussion of fibre length
for UHPC with coarser aggregates.
However, some attempts only used limited volume replacement levels (e.g. 25% by the
volume of UHPC matrix [166]) and maximum particle sizes (e.g. 5.2 mm [167]) of coarse
aggregates, and the powder contents are still quite large (e.g. 770 - 1100 kg/m3 [168]).
Besides, coarse aggregates with low density and strength is not compatible with the
relatively high strength of UHPC matrix. While high strength coarse aggregates usually have
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dense structure and high density, which more easily causes segregation problem in the
UHPC system. Hence, how to further increase the volume and size of coarse aggregates and
reduce the binder consumption in UHPC systems is still an issue and potential research
subject.
Two-stage (preplaced aggregate) concrete (TSC) is an effective way to extend the utilization
of coarse aggregates, which is produced by first preplacing aggregates in a formwork and
subsequently injecting grout [169,170]. High volumes of large size aggregates can be easily
used, due to its fabrication methodology without any segregation concerns [170]. A higher
volume (e.g. 53% - 59% [169,171]) means a much lower binder consumption. A larger
maximum particle size of the aggregates (e.g. 40 mm [172]) indicates a better resistance
against bullet or projectile impact [168]. TSC has already been successfully used in
applications including underwater concrete construction, massive concrete structure, casting
concrete in areas with narrowly spaced reinforcement, concrete repair, heavyweight concrete
and low-shrinkage concrete. Nevertheless, the strength of current TSC is relatively low,
usually ranging between 10 MPa to 60 MPa [169–175], which is probably attributed to low
intrinsic strength of coarse aggregates, relatively low strength of the grout, weak
homogeneity, stress concentration at the contact points between aggregates, inherent
weakness between coarse aggregates and paste matrix. To sum up, UHPC and TSC have
some complementary characteristics on coarse aggregate utilization, binder consumption
and mechanical properties. Hence, there is potential to design a novel building material to
make full use of advantages of TSC and UHPC and overcome their individual shortcomings.
The objective of this chapter is to investigate the effect of coarse aggregates and the
consequent alteration of powder content on the properties of UHPC. The basalt aggregate
size effect on mechanical strength is measured and analysed. The powder content effect on
compactness and strength of UHPC with coarse basalt aggregates is analysed and discussed,
and the optimum powder content and corresponding value of distribution modulus q are
suggested. Furthermore, two-stage UHPC as a novel building material is developed,
including fabrication methodology, excellent mechanical properties, high volume coarse
aggregates and very low binder consumption, possessing widely potential application, e.g.
impact resistant, underwater, massive, repaired, heavyweight, low-shrinkage and narrowly
spaced reinforced concrete. The compatibility between grout and aggregates is analysed by
assessing the interfacial transition zone (ITZ). New models are proposed and validated to
correlate the compressive strength and tensile splitting strength of TS-UHPC, and
compressive strength of TS-UHPC and grout. The proposed TS-UHPC concept further
contributes to sustainability development of advanced concrete materials and the proposed
models can be applied to predict the materials property.

4.2 Utilizing coarse aggregates by normal mixing
4.2.1

Materials

The raw materials used in this study are Portland Cement CEM I 52.5 R (PC), micro-silica
(mS), limestone powder (LP), sand 0-2 (S), basalts aggregate (BA), water (W), PCE-type
superplasticizer (SP3 from Chapter 2 is used). The steel fibre (SF) (length = 13 mm, diameter
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= 0.2 mm, tensile strength = 1100 MPa) is utilized to investigate the reinforcement ratio for
UHPC under different powder contents. The dosage of steel fibre is 2 vol.% of the UHPC,
which is proven to be an appropriate dosage for UHPC [7,156]. The specific densities of
those ingredients are measured by a gas pycnometer (AccuPyc 1340 II Pycnometer), shown
in Table 4.1. The particle size distributions (PSD) of the used materials are measured by the
sieve and laser diffraction analyses (Malvern Mastersizer 2000®), respectively, shown in
Figure 4.1. The particle morphologies and the chemical compositions of the used powders
can be seen in Sections 3.2.1 and 3.3.1.
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Figure 4.1: The PSDs of raw materials and mixtures.
Table 4.1: Specific densities of raw materials.

4.2.2

Materials

CEM

mS

LP

S

Specific density
(g/cm3)

3.15

2.32 2.71 2.72

BA
8-11

BA
8-16

BA
others

2.89

2.71

3.05

W

SP

SF

1.00 1.07 7.85

Mix design by a packing model

The recipes of UHPCs are shown in Table 4.2. The mS and LP are fixed at 5% and 20% by
mass of total powder, respectively. To research the effect of basalt aggregate size on the
strength of UHPC, the powder content of UHPC is fixed at 900 kg/m3, considering that most
UHPC incorporates powder more than 900 kg/m3 [90,176–181]. To investigate the effect of
powder content on the compactness and strength of UHPC, the powder contents are changed
from 900 kg/m3 to 650 kg/m3. The fraction of the basalt aggregates are calculated by using
the modified Andreasen and Andersen model as follows [64,65,182–184]:
𝑞

𝑛

𝑅𝑆𝑆 = ∑

𝐷𝑞 − 𝐷𝑚𝑖𝑛
𝑃(𝐷) = 𝑞
𝑞
𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

(4.1)

[𝑃𝑚𝑖𝑥 (𝐷𝑖𝑖+1 ) − 𝑃𝑡𝑎𝑟 (𝐷𝑖𝑖+1 )]2 → 𝑚𝑖𝑛

(4.2)

𝑖=1

in which D is the particle size, Dmin and Dmax represent the minimum and maximum particle
size, respectively; P(D) is the cumulative fraction of the total solids being smaller than size
D; q is the distribution modulus, and 0.22 is used in this study as recommended [185,186],
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Pmix is the designed mix, and the Ptar is the target grading calculated from Eq. (4.1). The
proportions of each basalt aggregate size fraction in the designed mixture are adjusted until
an optimum fit between Pmix (D) and Ptar (D), using an optimization algorithm based on the
Least Squares Method, as presented in Eq. (4.2). It should be pointed out that 750 kg/m3 and
650 kg/m3 are the optimum powder content for the UHPC with the maximum aggregate size
of 8 mm and 16 mm, respectively, based on the modified Andreasen and Andersen model
without any fixed condition of powder content. Examples of the PSDs of the target and
designed curve of UHPCs are shown in Figure 4.1. The quality of fit between the designed
and target lines is evaluated by the coefficient of determination,
𝑅2 = 1 −

∑𝑛𝑖=1[𝑃𝑚𝑖𝑥 (𝐷𝑖𝑖+1 ) − 𝑃𝑡𝑎𝑟 (𝐷𝑖𝑖+1 )]2
1
∑𝑛𝑖=1[𝑃𝑚𝑖𝑥 (𝐷𝑖𝑖+1 ) − ∑𝑛𝑖=1 𝑃𝑚𝑖𝑥 (𝐷𝑖𝑖+1 )]2
𝑛

(4.3)

To research the interaction between coarse aggregate and steel fibre, ultra-high performance
fibre reinforced concretes (UHPFRCs) are designed, based on the designed UHPCs (in Table
4.2) with reinforcement by 2 vol. % steel fibres.
Table 4.2: Recipes of UHPCs with different basalt sizes and powder contents (kg/m3).
No.
UHPC1
UHPC2
UHPC3
UHPC4
UHPC5
UHPC6
UHPC7
UHPC8
UHPC9
UHPC10
UHPC11
UHPC12

Note
a-b
3-900
8-900
16-900
8-850
8-800
8-750
16-900
16-850
16-800
16-750
16-700
16-650

PC
675
675
675
638
600
563
675
638
600
563
525
488

m
S
45
45
45
43
40
38
45
43
40
38
35
33

LP

S

180
180
180
170
160
150
180
170
160
150
140
130

865
588
305
700
812
904
243
355
467
579
699
783

BA
1-3
576
179
308
101
22
0
339
259
180
100
0.6
0.0

BA
2-5
0
403
307
436
468
319
279
315
352
389
445
407

BA
5-8
0
314
248
310
307
454
252
239
225
212
187
222

BA
8-11
0
0
121
0
0
0
110
118
126
135
148
136

BA
8-16
0
0
206
0
0
0
201
203
205
208
210
214

W

SP

180
180
180
170
160
150
207
196
184
173
161
150

10.8
10.8
10.8
10.2
9.6
9.0
5.4
5.1
4.8
5.3
4.9
4.6

a and b means the maximum particle size of used basalt and powder content, respectively. The water-to-powder
ratio of No. UHPC1 - UHPC6 is fixed at 0.2, while the water-to-powder ratio of No. UHPC7 - UHPC12 is
fixed at 0.23.

4.2.3

Testing methods

The fresh UHPCs are casted into steel cubic moulds (100 × 100 × 100 mm3). All samples
are covered with polyethylene film to prevent the moisture loss. They are demoulded
approximately 24 h after casting and then cured in water under room temperature of 20 ±
1 ℃. The compressive and tensile splitting strength of UHPC samples are measured after 28
days, based on EN 12390-3 [107] and EN 12390-6 [187].
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4.2.4


Results and discussion
Basalt aggregate size effect

Figure 4.2 presents the compressive and tensile splitting strengths of UHPCs versus the
maximum size of basalt after 7 days and 28 days, respectively. The results show that the 7
days compressive strength of UHPCs do not have an obvious difference, namely at about of
122 MPa, while the tensile splitting strength of UHPCs has a linear decrease from 9.1 MPa
to 6.1 MPa. At 28 days, the compressive strength has a linear decrease trend from 144 MPa
to 132 MPa, while the tensile splitting strength shows a slight decrease from 9.8 MPa to 8.2
MPa, with the maximum basalt size changing from 3 mm to 16 mm.

160

20

140

16

120
12
100
8
80
60

7-day c

7-day t

28-day c

28-day t

4

40

Tensile splitting strength t (MPa)

Compressive strength c (MPa)

The decrease tendency of strength caused by the larger basalt aggregate size fraction can
probably be attributed to the following reasons: some aggregates with lower strength than
paste, weaker interfacial transition zone (ITZ) between the aggregate and paste, and stress
concentration at the contact points between those aggregates. Nevertheless, the decrease
degree by basalt aggregate size effect is rather limited, which is similar to other researches
on reactive powder concrete with addition of graded natural aggregates (max size 8 mm)
[159]. It was even reported that the addition of coarse aggregates exhibits a slightly higher
compressive strength [160]. In this case, the intrinsic strength of basalt aggregates is higher
than ordinary aggregates, dense basalt can easily get a compressive strength more than 150
MPa. Besides, the ITZ between coarse basalt aggregates and paste can be stronger after
optimization of powder content. Furthermore, with an appropriate powder content, the stress
concentration can be improved by reducing contact points between the coarse aggregates. It
can be concluded that it is possible to design UHPC with inclusion of coarse basalt
aggregates.
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Figure 4.2: Strength of UHPCs with different basalt sizes.


Powder content effect

Packing density is defined as the ratio of the solid volume to bulk volume. Several models
can be utilized to describe the packing density, such as Furnas Model, Toufar Model, Dewar
Model, Linear Packing Density Model, Compressible Packing Model, etc. [188]. The
Compressible Packing Model can present the compactness of a mixture via the virtual
packing density β [189,190], calculated from:
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𝛽 = 𝑚𝑖𝑛 {

𝛽𝑖
} (4.4)
𝑛
1 − ∑𝑖−1
𝑗=1[1 − 𝛽𝑖 + 𝑏𝑖𝑗 𝛽𝑖 (1 − 1⁄𝛽𝑗 )]𝑟𝑗 − ∑𝑗=𝑖+1(1 − 𝑎𝑖𝑗 𝛽𝑖 ⁄𝛽𝑗 ) 𝑟𝑗
𝛽𝑗 = (1 + 1/𝐾𝑟 )𝛼𝑗

(4.5)

𝑎𝑖𝑗 = √1 − (1 − 𝑑𝑗 ⁄𝑑𝑖 )1.02

(4.6)

𝑏𝑖𝑗 = 1 − (1 − 𝑑𝑖 ⁄𝑑𝑗 )1.50

(4.7)

in which aij and bij are interaction coefficients representing loosening effect and wall effect,
respectively [189]; dj is average particle diameter of j-class particle and arranged in a
sequence dj > dj+1; βj is the virtual packing density of the j-class particle; αj is the
experimentally determined packing density of j-class particle based on the EN 1097-3 [129];
Kr is the compaction index to determine the real packing density, the Kr value equal to 4.1
is used in this study, indicating no compaction is applied; rj the volume fraction of j-class
particle.
The size class with the lowest β is called the dominant size class. In this study, the dominant
grain is found always to be the cement grain based on the calculation by Eq. (4.4), where the
packing density of individual ingredient is experimentally acquired. This also indicates that
the cement consumes more space than the interstitials available between the large particles.
Because the fractions of micro-silica and limestone powder are fixed based on the cement in
this study, it can be concluded that the powder content is the dominant factor which greatly
influences the compactness of the designed UHPC. The packing densities of the designed
UHPCs with basalt aggregates of 8 mm and 16 mm are shown in Figure 4.3. In this study, a
lower powder content contributes to a better compactness, which indicates a lower powder
content is preferably used to design UHPC incorporating coarse aggregates.
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Figure 4.3: Packing densities of UHPCs with different powder contents.
The above analysis shows great influence of powder content on the compactness of UHPC
with coarse basalt aggregates. Hence, it is of great significance to investigate the powder
content effect on the mechanical strength of UHPC. Figure 4.4 shows the 28-day strength of
UHPCs with different powder contents, using the maximum basalt size of 8 mm and 16 mm.
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Figure 4.4(a) presents the strength of UHPCs with maximum basalt size of 8 mm. With the
increase of powder content from 750 kg/m3 to 900 kg/m3, the compressive strength of UHPC
first increases and then decreases, reaching the maximum value of 143 MPa at the powder
content of 800 kg/m3. The tensile splitting strength only has a slight fluctuation between 8.4
MPa and 9.1 MPa. Figure 4.4(b) presents the strength of UHPCs with the maximum basalt
size of 16 mm, which has a similar tendency to Figure 4.4(a). The maximum compressive
strength of 140 MPa occurs at the powder content of 700 kg/m3, and the tensile splitting
strength fluctuates between 6.5 MPa and 8.7 MPa.
The results indicate that the powder content effect has a greater influence on compressive
strength rather than tensile strength of the designed UHPC. The optimal powder content
occurs at a moderate value, rather than the highest content (900 kg/m3) or the lowest content
based on the modified Andreasen and Andersen model. It indicates that the optimized mix
design of UHPC with coarse basalt aggregates should incorporate an appropriate amount of
powder to fill into the gaps between aggregates and avoid the possible stress concentration.
The optimal powder content of UHPC is reducing from 800 kg/m3 to 700 kg/m3, with the
maximum basalt size changing form 8 mm to 16 mm. It indicates that a lower powder dosage
is requested to design UHPC when coarser aggregates is applied, which is in accordance
with the results in Figure 4.3.

20

140

15
110
10
80

5

50

0
750

800
850
Powder content (kg/m3)
(a) Max. size = 8 mm

900

Compressive strength c (MPa)

t

25
c

t

20

140

15
110
10
80

5

50

Tensile splitting strength t (MPa)

170

25

c

Tensile splitting strength t (MPa)

Compressive strength c (MPa)

170

0
650

700
750
800
850
Powder content (kg/m3)
(b) Max. size = 16 mm

900

Figure 4.4. Strength of UHPCs with different powder contents.


Distribution modulus q

The modified Andreasen and Andersen model has already been successfully employed in
the optimization design for UHPC without coarse aggregates [186]. Different types of
concrete can be designed using Eq. (4.1) by different values of distribution modulus q, which
determines the proportion between fine and coarse particles. A smaller value of q contributes
to a mixture rich in fine particles. Brouwers theoretically demonstrated the q value ranging
of 0 - 0.28 [191], Hunger [185] and Yu [186] recommended using q in the range of 0.22 0.25 to design self-compacting concrete and UHPC with fine aggregates. However, an
appropriate q value has not been investigated for the UHPC incorporating coarse aggregates.
In this study, an initial q value of 0.22 is used to design UHPC with basalt aggregates. The
PSD of the target and designed curves of UHPCs are shown in Figure 4.5 (with the detailed
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mix proportion information in Table 4.2), according to Eq. (4.1). Based on the modified
Andreasen and Andersen model with q value of 0.22, the optimum powder contents can be
computed, around 750 kg/m3 and 650 kg/m3 for the designed UHPC with basalt aggregates
of 8 mm and 16 mm, respectively, as shown in Figure 4.5. However, the maximum strengths
occur at the powder contents of 800 kg/m3 and 700 kg/m3, respectively, which indicates that
the chosen q value of 0.22 is slightly too high in this study. In order to get appropriate powder
contents (800 kg/m3 and 700 kg/m3) for excellent mechanical strength of UHPCs with coarse
basalt aggregates, a lower distribution modulus q, is requested, yielding 0.19.
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Figure 4.5: PSDs of the target and designed curve of UHPCs.


Steel fibre reinforcement

Steel fibre is a critical parameter in designing UHPC because of its considerable
reinforcement of mechanical properties. The strength of designed UHPFRCs, reinforced by
2 vol. % steel fibre, are shown in Figure 4.6.
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Figure 4.6: Strength of UHPFRCs with different powder contents.
The steel fibre reinforcement is researched on UHPFRCs with different powder contents.
Compared the results in Figure 4.4 with those in Figure 4.6, the powder content has a similar
effect on mechanical strength, with and without 2 vol.% steel fibre. The optimum powder
contents still occur at 800 kg/m3 and 700 kg/m3, respectively. The increase of compressive
strength of UHPCs by the steel fibres are less than 25%. But, the increase ratios of tensile
splitting strength are considerable, due to the bridging effect of steel fibres [192], between
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83% and 131%. Figure 4.7 shows the strength improvement ratios of UHPCs at a favourable
powder content, 700 kg/m3 and 800 kg/m3. The strength improvement ratio of the mixture
UHPC5 is always higher than that of the mixture UHPC11. A lower utilization efficiency of
the 13 mm long steel fibre is observed for the UHPC containing coarser basalt aggregates,
which indicates that the fibre-bridging stress interlock between fibres and coarse aggregates
becomes worse. The steel fibre cannot completely overlay too large aggregate, subsequently
the combined effect between steel fibres and bigger aggregates is weaker. Hence, steel fibres
with a proper length is suggested when designing UHPC with inclusion of relatively big
aggregates.
Strength improvement rate (%)
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Figure 4.7: Strength improvement rate by steel fibres.
4.2.5

Summary

 The coarse basalt aggregates result in a decrease on mechanical strength, but the decrease
degree is rather limited. With the increase of particle size of basalt aggregate, both
compressive and tensile splitting strengths tend to decrease, from 144 MPa to 132 MPa
and 9.8 MPa to 8.2 MPa at 28 days, respectively.
 A reduced powder content is required to design UHPC when coarser aggregates are
applied. The optimal powder content of UHPC in this study is about 800 kg/m3 and 700
kg/m3 with the maximum basalt aggregate of 8 mm and 16 mm, respectively. In addition,
a distribution modulus q of 0.19 is recommended in the modified Andreasen and
Andersen model.
 The optimal powder contents are the same for UHPCs without and with 2 vol.% steel
fibre. The reinforcement effect is more pronounced on tensile strength than compressive
strength, ranging from 83% and 131%. Fibres with appropriate lengths should be
considered when designing UHPC with coarser aggregate.

4.3 Two-stage UHPC with high-volume coarse aggregate
4.3.1


Materials and mixtures
Materials

The raw materials include Portland cement CEM I 52.5 R (PC), densified micro-silica of
Elkem Grade 920E D (mS), limestone powder (LP), fine silica sand (S), coarse basalt
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aggregates (BA), PCE-based superplasticizer (SP3 from Chapter 2 is used) and tap water
(W). Figure 4.8 shows the particle size distribution of raw materials. The specific and bulk
densities are shown in Table 4.3.
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Figure 4.8: The PSDs of raw materials.
Table 4.3: Specific densities of raw materials.
Materials
Specific
density (kg/m3)
Bulk density
(kg/m3)



PC
3150
-

BA
8-16

BA
16-25

2320 2710 2670 1000 1200 3050 2890 2710

3050

mS

-

LP

-

S

-

W

-

SP

-

BA
5-8

BA
8-11

1715 1582 1514

1563

Mix design of grout and TS-UHPC

The properties of TS-UHPC are mainly determined by the two ingredients: grout and
aggregates. In this study, three ultra-high performance grouts are designed with relatively
low water-to-powder ratios, with different fine sand-to-powder ratios at 0, 0.5, and 1.0. The
proportion of powders is optimized at 5% of micro-silica and 20% of limestone powder by
mass of the total powder [125]. The water content and superplasticizer dosage are adjusted
to achieve a comparably desirable fluidity, with spread flow approximately between 35 cm
and 40 cm by using a Hägermann cone [108]. The detailed recipes for the designed grouts
are shown in Table 4.4.
Table 4.4: Recipes of designed grouts.
Mix
G1
G2
G3

PC

mS

LP
S
water SP
PC
mS
LP
S
water SP
3
Mass proportion
(kg/m )
0.75 0.05 0.20
0
0.200 1.3% 1378.0 91.9 367.5
0.0
367.5 23.9
0.75 0.05 0.20 0.50 0.215 1.7% 1000.2 66.7 266.7 666.8 286.7 22.7
0.75 0.05 0.20 1.00 0.240 2.0% 777.5 51.8 207.3 1036.6 248.8 20.7

Four coarse basalt aggregates with different sizes are utilized to produce TS-UHPC, as
shown in Figure 4.9. To pre-estimate the ingredient consumption of designed TS-UHPC
before concrete casting, the bulk densities of basalt aggregates are first measured in
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accordance with EN 1097-3 [129], shown in Table 4.3. Then the masses of ingredients can
be calculated as,
𝑚𝐵𝐴 = 𝜌𝑏𝑢𝑙𝑘 × 1𝑚3
𝑚𝑖 = 𝑚𝑖_𝑔𝑟𝑜𝑢𝑡 (1 −

𝜌𝑏𝑢𝑙𝑘
𝜌𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

(4.8)
)

(4.9)

where mBA is the mass of basalt aggregates in TS-UHPC (kg/m3), mi and mi_grout are the
masses of other raw material i in TS-UHPC and the used grout (kg/m3), respectively. ρbulk
and ρspecific are the bulk and specific densities of used basalt aggregates (kg/m3). The actual
raw material consumptions for 1 cubic meter during the tests are shown in Table 4.5. The
mix 1-4 contain grout of G2, and basalt aggregates of 5-8 mm, 8-11 mm, 8-16 mm and 1625 mm, respectively. Mix 5 and mix 6 include basalt aggregates of 8-16 mm, and grout of
G1 and G3, respectively. It should be noted that the volumes of coarse aggregates are around
55%, which is much higher than that in normal concrete. While, the total volume of fine
sands and coarse aggregates varies from about 55% to 73%.

Figure 4.9: The coarse basalt aggregates.
Table 4.5: Recipes of designed TS-UHPC (kg/m3).
Mix
No.
1
2
3
4
5
6

4.3.2


Note

PC

mS

LP

S

BA

G2A8
G2A11
G2A16
G2A25
G1A16
G3A16

430.9
450.8
426.1
478.9
625.7
341.5

28.7
30.1
28.4
31.9
41.7
22.8

114.9
120.2
113.6
127.7
166.9
91.1

287.2
300.5
284.1
319.3
0.0
455.3

1715
1582
1514
1563
1514
1514

water

SP

123.5 9.8
129.2 10.2
122.1 9.7
137.3 10.9
166.9 10.8
109.3 9.1

Density
2710
2623
2498
2669
2526
2543

Casting procedure and testing methods
Casting procedure

The coarse basalt aggregates are preplaced in a steel mould first. Then, the ultra-high
performance grout is prepared following the procedure: drying mixing (PC+mS+LP+S) for
2 min, adding 80% water and mixing for 3 min, sequentially adding remaining water
incorporated with SP and followed by mixing for about another 5 min. After that, the fresh
ultra-high performance grout is poured into the preplaced coarse basalt aggregates. Several
injecting methods can be found in literature, such as covering the top of moulds with a
perforated plate and pumping grout into moulds from the bottom (need extra pumping device
and energy) [193], pouring the grout from the top of aggregates by gravity effect (difficult

71
to observe any possible honeycombed problem at bottom for finer aggregates) [172],
injecting grout from bottom through a pipe by gravity effect (easy to adjust the injecting
pressure by different height) [170], or even scatting-filling coarse aggregate process [194].
Using an injecting pipe by gravity effect is chosen in this paper by considering quality
control, convenience of casting and economic benefit. The detail casting procedure for TSUHPC is illustrated in Figure 4.10(a). One example of the cross-section of hardened
concretes (100 × 100 mm2) by this casting procedure is shown in Figure 4.10(b), which
presents very homogeneous distribution of coarse basalt aggregates and densified matrix.

(a)

(b)

Figure 4.10: (a) casting procedure and (b) cross-section of TS-UHPC.


Testing methods

The spread flow, wet packing density, isothermal calorimetry, thermal gravimetry, mercury
intrusion porosimetry, mechanical strength and water permeable porosity are measured
based on the methods as mentioned in Sections 2.2.2, 3.2.2 and 3.3.2. The cube sizes for
grout and TS-UHPC are 50 × 50 × 50 mm3 and 100 × 100 × 100 mm3, respectively.
4.3.3


Results and discussion
Properties of grout
Table 4.6: Fresh behaviour of grouts.
Mix
G1
G2
G3

Flow
(cm)
41
38
36

Tv-funnel
(s)
5.5
9.2
9.7

Fresh density
(kg/m3)
2197
2253
2281

Wet packing
density
0.611
0.684
0.721

Air content
1.4%
2.4%
2.6%

The casting method and quality control of TS-UHPC are dependent on the excellent fresh
behaviour of ultra-high performance grout. The fresh behaviour of the three designed grouts
is shown in Table 4.6. The mini slump flow ranges from 41 cm to 36 cm, while the mini Vfunnel flow time changes from 5.5 s to 9.7 s, by adjusting the water content and SP dosage
to meet the required self-compacting properties (slump flow of 24 to 26 cm and V-funnel
time of 7 to 11 s) [100,101]. The fresh behaviour of the grouts is sufficient to fill the voids
between aggregates, by checking the apparent and cross-section, as shown in Figure 4.10(b).
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It also should be pointed out that the mini slump flow above 35 cm is appropriate for ultrahigh performance grout to fill the voids of aggregates in this study. The wet packing density
continuously increases from 0.611 to 0.721, which means an improved compactness in fresh
state for ultra-high performance grout with the addition of an appropriate fine sand content.
The air content of the grouts determined based on [102] vary from 1.4% to 2.6%.
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Figure 4.11: Calorimetric results of grouts.
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Normalized heat flow (mW/g_binder)

To understand the hydration and pore structure of the designed grouts, normalized heat flow,
TG-mass loss and pore size distribution are measured. Figure 4.11 shows the time-dependent
normalized heat flow of ultra-high performance grouts with different sand contents, water
amounts and PCE-type SP dosages. As seen from Table 4.4, the water proportion and SP
dosage continuously increase with the increase of the sand content from 0 to 1.0 (sand-topowder ratio), even though their absolute masses decrease. Compared to G1 without any
sand, G2 (0.5) exhibits a shorter time to reach the peak of heat flow curve and releases more
normalized heat, which is probably due to the nucleation effect of the very fine particles of
sand that accelerate the hydration of binders. However, with further increasing the water-tobinder ratio and SP dosage, G3 (1.0) shows a longer time to reach the peak, which indicates
a larger retardation effect due to a higher PCE-type SP dosage and a higher water-to-binder
ratio in UHPC system [33,47,108]. This retardation effect is dominant in the hydration of
binders, instead of the acceleration effect by the fine sand particles.

0
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G2

G3

400
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Temperature (C)

800

-1.0
1000

Figure 4.12: TG results of grouts.

Figure 4.12 presents the thermogravimetric results with TG and DTG curves. Three
dominant peaks can be observed, which are respectively linked to the water loss from free
water, C-S-H, ettringite and AFm dehydration (30 - 200 ℃); decomposition of portlandite
(CH) (400 - 500 ℃); decarbonation of CaCO3 (600 - 800 ℃)[112,113]. All the three peaks
tend to be weaker and sharper with the increased amount of fine sand, which indicates the
dilution effect of fine sand on active binders. The contents of C-S-H and CH, calculated from
Eqs. (3.5)-(3.6), are shown in Figure 4.13 and Figure 4.14, respectively. Even though the
absolute C-S-H (by total grout) decreases with the increasing sand content, the C-S-H
content by the mass of binder (PC+mS) keeps almost the same at around 34% from G1 to
G2, and finally reaches up to 37.7% for G3. It indicates a higher hydration degree of active
binder for G3 compared to G1, due to a higher water-to-binder ratio in G3. The higher
hydration degree of G3 can also be directly observed by the amount of unreactive cement
grains from the SEM observation that will be discussed in the following section. G3

73
possessing a higher hydration degree at a higher water-to-binder ratio should also generate
more CH content by the mass of binder. However, a continuous decrease of CH content by
the mass of binder is observed from G1 of 10% to G3 of 8.1%. It can probably be attributed
to a better pozzolanic effect of micro-silica in UHPC system with a higher water-to-binder
ratio and consumes more CH to form C-S-H gel.
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Figure 4.13: C-S-H contents of gouts.
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Figure 4.14: CH contents of grouts.
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Figure 4.15: Pore structure of grouts.
Figure 4.15 shows the cumulative pore volume and differential pore size distribution of the
grouts, which includes the pore size from 5 nm to 100 µm. It is clear that grout with a larger
fine sand-to-powder ratio (up to 1.0 in this study) has a lower cumulative pore volume,
namely a lower porosity. The critical or threshold pore diameter (the peak on the pore size
distribution curve in Figure 4.15(b)), defined as the pore when achieving the highest rate of
mercury intrusion and beginning to penetrate the interior of sample [112,118], decreases
from around 26 nm of G1 to 21 nm of G2 with the increase of fine sand addition, and further
keeps at 21 nm till G3. In this study, the pore size can be categorized into three parts as: (I)
large pore more than 40 nm (air pore and partly capillary pore), (II) medium pore from
around 20 nm to 40 nm (capillary pore), and (III) small pore from around 5 nm to 20 nm
(partly gel pores and capillary pores [120]). The three grouts share comparable pore volumes
from 40 nm to 100 nm, as shown in Figure 4.15(a). While, with the addition of fine sand as
filler, the grout of G2 (0.5), have a considerable decrease of the pores between 20 nm and
40 nm compared to that of G1, which can be attributed to the better compactness and reduced
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amount of the paste. As can be seen in Table 4.6, although G2 has a higher water-to-powder
ratio that increases the capillary pores in the paste, G2 has a clearly lower amount of paste.
Further addition of fine sand (G3) does not obviously increase the wet packing density, and
cannot further improve the pore size distribution from 20 nm and 40 nm. G2 has a higher
pore volume from 5 nm to 20 nm compared to G3, which can be explained by the relatively
high C-S-H gel content in the grout (see Figure 4.12). The G2 and G3 have more pores from
5 nm to 20 nm compared to G1, but less C-S-H gel (see Figure 4.12), which indicates that
more low-density and more porous C-S-H gels are preferably generated in G2 and G3 with
higher water-to-powder ratios [120]. In overall, grout with a higher sand-to-powder ratio,
1.0 in this study, has a denser microstructure.
Figure 4.16 shows the compressive strength development of grouts. The early age strengths
are very high, ranging between 66-100 MPa at 1 day, and then around 125 MPa at 7 days.
The strength reaches between 142 MPa and 148 MPa at 28 days, and even higher at 91 days
between 162 MPa and 173 MPa. These results confirm that ultra-high performance grouts
can be successfully developed by applying the concept of UHPC, with both high early and
later age strength. They could be used to design the TS-UHPC, and to predict the strength
by that of grout (analysed below). Grout with less fine sand possesses a higher early age
strength before 7 days, which is due to higher amount of active binders and hydration product,
as can be seen in Table 4.4 and Figure 4.13. After a longer curing time, all the grouts reach
comparable compressive strengths at 7 days. Later the grouts with more fine sand tend to
surpass, e.g. 6.8% higher for G3 compared to G1. Two main factors contribute to those
higher later compressive strengths, including better compactness and relatively higher
hydration degree of binders. In overall, adding an appropriate amount of fine sand in ultrahigh performance grout can improve its strength and reduce the binder consumption, which
obviously contributes to the sustainability development of advanced concrete materials.
Compressive strength (MPa)

180

150

120
G1
G2
G3

90

60

1

10
Age (d)

100

Figure 4.16: Compressive strength of grouts.
 Properties of TS-UHPC
Table 4.7 summarizes the compressive strength (σc) and splitting tensile strength (σt) of the
designed TS-UHPC. The size effect of basalt aggregate, grout type effect, correlation
between compressive and splitting tensile strength of TS-UHPC, and binder efficiency
compared to normal TSC and UHPC will be discussed in the following sections.
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Table 4.7: Strength of TS-UHPC (MPa).
Mix
G2A8
G2A11
G2A16
G2A25
G1A16
G3A16

Compressive strength 𝜎𝑐
1d
80.5
87.4
71.1

3d
105.3
109.5
103.2

7d
114.1
111.3
114.2

28d
142.1
131.0
116.2
121.8
113.0
121.1

Splitting tensile strength 𝜎𝑡

56d
124.0
118.1
133.9

91d
140.1
127.6
151.8

1d
4.0
4.5
4.2

3d
5.9
5.3
6.1

7d
6.3
5.6
6.8

28d
7.4
7.1
6.6
6.5
5.9
7.2

56d
6.9
6.1
7.8

91d
7.5
6.6
8.8

To analyse the size effect of coarse basalt aggregate, the mechanical strengths of TS-UHPC
incorporated with G2 and different aggregate sizes are measured at 28 days, as shown in
Figure 4.17. It should be noted that currently most UHPCs are designed without applying
any coarse aggregates to improve homogeneity and eliminate intrinsic weakness
[79,156,177,195]. However, introduction of coarse aggregates in normal concretes has
shown advantages, including decrease of powders, economic benefits, high impact
resistance [161,162] and low shrinkage [194,196]. The utilized powder contents of TSUHPC are very low compared to normal UHPC because the preplaced coarse basalt
aggregates already occupy rather large volume (around 55%). Although the coarser
aggregates are easily for grout to fill into the voids, the demanded powder contents are
comparable for coarse aggregates with different sizes. Figure 4.17 indicates a continuous
decrease of both compressive and splitting tensile strength of TS-UHPC when increasing the
maximum size of basalt aggregates, from 142.1 MPa to 121.8 MPa for compressive strength
and 7.4 MPa to 6.5 MPa for splitting tensile strength. Because the volume of basalt
aggregates are very similar, this reduction is mainly determined by the size effect of the
basalt aggregates. However, the reduction is not significant, about 14.3% and 12.2%
respectively, with the maximum size from 8 mm to 25 mm. This limited decreasing tendency
is in line with the conventional UHPC in Section 4.2. The compressive damage pattern of
the designed TS-UHPC usually shows an “explosive failure” as described in EN 12390-3:
2009 [107], which is similar to that of high strength concrete or plain UHPC.
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Figure 4.17: Strength of TS-UHPC with different aggregate sizes at the age of 28 days.
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Figure 4.18 shows the strength development of TS-UHPC with different types of grouts at
the maximum basalt size of 16 mm. The strength development of TS-UHPC follows the
similar trend as that of ultra-high performance grout, namely smaller early strengths before
7 days, and surpassed at later strengths, with higher fine sand contents. The development
rates of compressive and splitting tensile strength are not synchronized. TS-UHPC with
more fine sand develops a faster splitting tensile strength, which indicates that splitting
tensile strength is more positively sensitive to fine aggregates. The increase rate of tensile
strength is approximately 33% from 6.6 MPa (G1A16) to 8.8 MPa (G3A16) at 91 days,
while 19% for compressive strength from 127.6 MPa to 151.8 MPa.
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Figure 4.18: Strength of TS-UHPC with different grouts.
For certain engineering applications, both compressive strength and tensile strength are of
interest, such as the design of highway and airfield slabs, and cracking resistant component.
Normally, a TSC possessing a higher compressive strength has a larger splitting tensile
strength. Several empirical equations have been established to present the correlation
between the compressive strength (σc_concrete) and splitting tensile strength (σt_concrete) of
conventional TSC, such as Abdelgader and Ben-Zeitun [197], Rajabi and Omidi-Moaf. [173],
respectively, as,
0.441
σ𝑡_concrete = 0.768 ∙ 𝜎𝑐_concrete

(4.10)

0.460
σ𝑡_concrete = 0.638 ∙ 𝜎𝑐_concrete

(4.11)

Successful applications of those empirical equations have been confirmed by properties of
conventional TSC with relatively low strength. The empirical formulas usually follow the
𝑛
type of σ𝑡_𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝑘 ∙ 𝜎𝑐_𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
, where k and n are coefficients. Values of n for normal
concrete have been suggested below 0.75 by e.g. American Concrete Institute and Euro Code,
which indicates that σt_concrete-to-σc_concrete ratio decreases with an increase in σc_concrete [198].
However, those empirical predicting models are not appropriate for the TS-UHPC developed
in this study, as shown in Figure 4.19. Hence, a new model following the same format is
proposed to describe the correlation between compressive strength and splitting tensile
strength of TS-UHPC, yielding
σ𝑡_concrete = 0.029 ∙ 𝜎𝑐1.129
(𝑅2 = 0.81)
concrete

(4.12)
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Figure 4.19 shows a successful prediction on relationship between compressive and splitting
tensile strength of TS-UHPC, where the R2 value is 0.81. It can be seen that the experimental
results of the designed TS-UHPC are usually above the empirical curves of Eqs. (4.10) (4.11), especially when the compressive strength surpasses 120 MPa. The coefficient n is
1.129 (slightly larger than 1), which means that σt_concrete-to-σc_concrete ratio slightly increases
with an increase in σc_concrete. It is concluded that the designed TS-UHPC has a higher
σt_concrete-to-σc_concrete ratio compared to the conventional TSC, indicating a wider engineering
application potential thanks to the higher splitting tensile strength. The relatively higher
σt_concrete-to-σc_concrete ratio of TS-UHPC is probably attributed to the less shrinkage-induced
micro-cracks due to very low binder utilization, and the high intrinsic strength of basalt that
provides an aggregate bridging effect on tensile strength [199].
Splitting tensile strength (MPa)

10

Experimental results
Proposed model, Eq.(4.12)
Abdelgader and Ben-Zeitun model, Eq.(4.10)
Rajabi and Omidi-Moaf model, Eq.(4.11)

8
6
4
2
0

0

30
60
90
120
Compressive strength (MPa)

150

Figure 4.19: Compressive versus splitting tensile strength of TS-UHPC.
As can be seen in Table 4.7, the designed TS-UHPC has low binder consumption, ranging
between 364 kg/m3 and 667 kg/m3, which is significantly lower compared to conventional
UHPC mixtures (usually more than 900 kg/m3) [5]. To further analyse the advantage of
binder consumption and economic benefit of designed TS-UHPC, the binder efficiency X is
applied as in Eq. (3.7). In this study the binder efficiency after 91 days is also calculated.
mbinder is the total mass of binders (kg/m3), namely cement and micro-silica in this study.
Figure 4.20 shows the binder efficiencies of designed TS-UHPC compared to other reported
UHPC [10,156,186,200–202] and TSC [101] under similar curing condition. It indicates that
the designed TS-UHPC has a comparable compressive strength compared to other
conventional UHPC in literatures, but very low binder amount (as low as 364 kg/m3) and
high binder efficiency (as high as 0.417). The designed TS-UHPC shows similar low or even
lower binder consumption compared to normal TSC, approximately 350 - 700 kg/m3, which
can be attributed to the high volume coarse aggregates utilization. However, the designed
TS-UHPC can greatly overcome the relatively low strength of ordinary TSC (usually less
than 70 MPa), and results in a much higher binder efficiency. The high binder efficiency of
the designed TS-UHPC is attributed to very low water amount, pozzolanic addition and highstrength basalt aggregates. In overall, TS-UHPC is successfully developed combined with
the advantages of both TSC and UHPC, namely very low binder amount, high binder
efficiency, high volume of coarse aggregate, and ultra-high strength.
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Figure 4.20: Binder efficiency of the designed TS-UHPC.
 Compatibility between grout and aggregate
The mechanical properties of the developed concrete are determined by the inherent property
of the three phases: aggregates, grout and interfacial transition zone (ITZ). Normally, the
ITZ is regarded as the weakest part of matrix and has a great influence on the mechanical
and transport properties [139,203]. The ITZ is originally induced by water films around the
aggregates and normally characterized by a higher porosity and larger pores compared to the
paste, massive portlandite crystals precipitation, higher amount of porous ettringite and lowdensity C-S-H [139,203,204]. The ITZ of the designed TS-UHPC can be observed by SEM
images, as shown in Figure 4.21. Obviously, all the three ultra-high performance grouts can
contribute to a very tight ITZ with coarse basalt aggregates, compared to the ITZ in normal
TSC [174]. The very dense ITZ is probably due to the very low water-to-binder ratios and
excellent workability of the designed ultra-high performance grouts, which contribute to low
porosities for both hardened ITZ and paste.

Figure 4.21: SEM images of TS-UHPC, (a) G1A16, (b) G2A16, (c) G3A16.
Besides the SEM observation, some quantitative methods are also used to directly analyse
the ITZ, e.g. the statistical nano-indentation technique. However, they are usually complex
and rely on expensive testing device [205,206]. In this study, a simple quantitative method,
the water permeable porosity method, is utilized to further describe and analyse the ITZ. If
the water permeable porosity of basalt aggregate is regarded as zero, the part of water
permeable porosities in TS-UHPC caused by the ITZ can be deduced as,
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𝜑𝐼𝑇𝑍−𝑖𝑛𝑑𝑢𝑐𝑒𝑑 = 𝜑𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 − 𝜑𝑔𝑟𝑜𝑢𝑡 × 𝑟𝑔𝑟𝑜𝑢𝑡

(4.13)

where φITZ_induced is the ITZ-induced water permeable porosity; φconcrete and φgrout are the
water permeable porosities of TS-UHPC and grout, respectively; rgrout is the volume fraction
of grout in TS-UHPC. The φITZ_induced, φconcrete and φgrout at 91 days are shown in Figure 4.23,
respectively. Both grout and TS-UHPC have a diminished water permeable porosities with
the increasing content of fine sand, from 16.06% to 8.47% and 8.00% to 4.98%, respectively,
which are in line with the trends to wet packing densities and mechanical strengths. The
water permeable porosities of TS-UHPC can be greatly improved in comparison with the
corresponding grouts, due to the high content of aggregate utilization. However, the ITZinduced water permeable porosities have a converse trend, increasing from G1A16 of 0.91%
to G3A16 of 1.25%. The ITZ-induced porosity in the designed TS-UHPC (0.91% - 1.25%)
is much smaller compared to the normal concrete (1.7% - 2.8%) with a comparable aggregate
volume content (55%) [203], which demonstrates that the quality of the ITZ is very good.
The relatively low ITZ-induced water permeable porosities are attributed to the designed
ultra-high performance grouts with superior fluidity to avoid entraining air void, relatively
low water amount to reduce the water films around aggregates, addition of extra pozzolanic
material (5% of micro silica in this paper) in the grouts to enhance the C-S-H generation.
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Figure 4.23: Water-permeable porosity of grout, TS-UHPC and ITZ-induced.
To further analyse the influence of the ITZ-induced porosity (0.91% - 1.32%) on mechanical
properties of the designed TS-UHPC, the correlations between water-permeable porosity
and compressive strength are compared with the existing results from literature [136], as
shown in Figure 4.24. It can be found that the compressive strength of TS-UHPC has almost
a linear decrease with the increase of water-permeable porosity. Compared to the correlation
in conventional UHPC, the designed TS-UHPC has a lower water-permeable porosity owing
to the high volume of coarse aggregate utilization. Furthermore, all the experimental results
in this study are above the trend line of conventional UHPC, which means the waterpermeable porosity has relatively lower negative effect on compressive strength of TSUHPC compared to that of conventional UHPC. It also indicates the additional porosity
caused by the ITZ has rather limited negative effect on mechanical properties of TS-UHPC.
Those phenomena are probably due to the high intrinsic strength or bonding ability of the
basalt aggregates.
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Figure 4.24: Correlation between water-permeable porosity and compressive strength.
For a practical engineering application, it is wise to propose a model to predict the strength
of TS-UHPC by a simple and reliable formula. Except for ITZ, the aggregates and grout are
the other critical phases in concrete. Hence, the strength of aggregates and grout should be
compatible and match with each other. The compressive strength of TS-UHPC can
continuously increase when increasing the strength of grouts, which indicates that the limit
of inherent strength of basalt aggregates is not reached in this study, with the maximum
strength of grout at around 180 MPa. Some researchers reported that the strength of basalt
is usually more than 200 MPa [161,207]. Hence, we can conclude that basalt aggregate is a
good choice to produce TS-UHPC, which can match the strength of ultra-high performance
grout. It has to be noted that the strength of TS-UHPC is always lower than the corresponding
grout, due to the weakness of ITZ and the strength concentration by point-to-point contacts
between aggregates [170].
The strengths of both grout (σc_grout, MPa) and TSC (σc_concrete, MPa) depend on similar key
factors, including quality of mixing, binder amount, water content and fluidity [169], as well
as fine sand addition and SP dosage. This dependence has been investigated by Abdelgader
[169] as,
1.07
σ𝑐_concrete = 6.70 + 0.42 ∙ 𝜎𝑐_grout

(4.14)

The empirical relationship offers a potential method to estimate TSC strength by primary
grout strength. However, this empirical equation underestimates the compressive strength of
the designed TS-UHPC, which is due to the utilized UHPC grouts and high-strength of basalt
aggregates. Because the volumes of used grouts are in a very narrow range, around 45%, the
compressive strength is mostly determined by the strength of grouts and the particle size of
coarse aggregates. A new formula is proposed by considering both the effects of the used
ultra-high performance cement grouts and the maximum coarse aggregates size (Dmax, mm),
applying the regression analysis of the present results to predict the compressive strength of
TS-UHPC as,
0.64
σ𝑐_concrete = (5.8 − 0.05𝐷𝑚𝑎𝑥 ) ∙ 𝜎𝑐_grout
(𝑅2 = 0.85)

(4.15)

It can be seen from Eq. (4.15) that the compressive strength of TS-UHPC is mainly
dependent on the compressive strength of used grout, while the particle size (ranging from
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5 mm to 25 mm) also has slightly adverse influence. As shown in Figure 4.25, the
experimental results fit to the predicting results very well, confirming the validity of the
proposed model. Therefore, this model can be effectively applied to choose the proper grout
and aggregates to design TS-UHPC with a desired strength class. Nevertheless, further
studies are needed to take different aggregate types into consideration.
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Figure 4.25: Validation of predicting model.
4.3.4

Summary

 TS-UHPC is a pioneering material concept with very low binder amount (down to 364
kg/m3), a high volume of coarse aggregates and a high binder efficiency, according to
two-stage (preplaced aggregate) method and high performance grout, with a compressive
strength up to 151.8 MPa at the age of 91 days.
 When increasing the fine sand-to-powder ratio from 0 to 1.0, the grout tends to acquire
a higher binder hydration degree, denser pore structure and compactness, increased later
age strength and binder efficiency, and comparable fluidity.
 Coarser basalt aggregate tends to slightly lower the compressive and splitting tensile
strength, around 14.3% and 12.2% reduction with the maximum size from 8 mm to 25
mm, respectively. Basalt aggregates with maximum size of 25 mm are suggested in TSUHPC, due to the easier and faster grout injection during casting process, even though it
needs a slightly higher binder content and has a lower strength.
 The compatibility between grout and aggregate is analysed based on ITZ and correlation
between the strength of grout and TS-UHPC. The designed TS-UHPC has an excellent
ITZ quality, with low ITZ-induced porosity around 0.91% - 1.32% compared to 1.7% 2.8% in normal concrete.
 New formulas are proposed to describe the relationship between the compressive and
splitting tensile strength of TS-UHPC designed by ultra-high performance grouts and
basalt aggregates, and to predict the compressive strength of TS-UHPC by the applied
grout’s strength and aggregates’ size. The compressive of TS-UHPC is mainly
determined by the used grout, while the aggregate size also has slightly adverse influence.

82

4.4 Conclusions
This chapter attempts to introduce the coarse aggregate into UHPC system, in order to reduce
the powder content and cost, improve the volume stability and penetration impact resistance,
etc. Two methods are developed, i.e. utilizing coarse aggregate by normal mixing and
proposing two-stage UHPC with high-volume coarse aggregate. The following conclusions
can be drawn:










Coarse basalt aggregates are successfully introduced in UHPC systems by applying the
modified Andreasen and Andersen model with the normal mixing method. The
utilization volume of coarse basalt aggregates is up to 35% with a reduced powder
content.
With the increase of particle size of basalt aggregates, the mechanical strengths tend to
decrease. And the maximum decrease degrees of compressive and tensile strengths are
very limited, namely 8.3% and 16.3%, respectively.
The optimal powder content of UHPC in this study is about 800 kg/m3 and 700 kg/m3
with the maximum basalt aggregate of 8 mm and 16 mm, respectively. In addition, a
distribution modulus q of 0.19 is recommended for the modified Andreasen and
Andersen model.
The new concept of TS-UHPC with coarse basalt volume around 55% has a low binder
amount (e.g. 364 kg/m3) and high binder efficiency (e.g. 0.417 MPa·m3/kg), possessing
excellent compressive strength of up to 151.8 MPa at 91 days.
New formulas are proposed to describe correlation between compressive and splitting
tensile strength of TS-UHPC, and to predict strength of TS-UHPC by grout strength.
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Chapter 5
5

Application of steel fibres in UHPC

This chapter investigates the effect of steel fibres on the properties of ultra-high performance
fibre reinforced concrete (UHPFRC) in the presence of coarse aggregates. UHPFRC
matrices with a low cement content and maximum aggregate sizes of 8 mm and 25 mm are
designed by making use of a particle packing model. Three types of steel fibres (13 mm short
straight, 30 mm medium hook-ended and 60 mm long 5D) are studied in terms of the
utilization efficiencies. The results show that UHPFRC with coarser aggregates tends to have
a lower cement consumption but slightly weaker mechanical strength, and the largest
aggregate size is suggested to be 25 mm considering the reduction on mechanical strength
and flexural toughness. The medium and long fibres contribute to an excellent
deflection/strain hardening behaviour instead of short ones. A preferential synergistic effect
on flexural properties is observed between the medium fibres and the finer aggregates, while
the longer fibres are more compatible to the coarser aggregates. The length of steel fibre is
recommended between 2 and 5 times the maximum aggregate size.

This chapter is partially published elsewhere:
P.P. Li, Y.Y.Y. Cao, M.J.C. Sluijsmans, H.J.H. Brouwers, Qingliang Yu. Synergistic effect
of steel fibres and coarse aggregates on impact properties of ultra-high performance fibre
reinforced concrete. Submitted.
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5.1 Introduction
Ultra-high performance fibre reinforced concrete (UHPFRC) possesses superior properties
[6,9–11,208] due to its special mix design methods and utilized raw ingredients, usually
incorporating high steel fibre content and large amount of cement [1,28]. Chapter 4 has
demonstrated that high-strength coarse aggregates, e.g. basalt aggregates, can be
successfully introduced into a UHPC system, which greatly reduce the cement amount and
cost [10,125]. Furthermore, concrete incorporating coarse aggregates can also enhance
volume stability [209], improve projectile impact resistance [161], achieve better
workability, sometimes even a higher strength [159,160], and increase the transition point
of stress-strain curves under confined conditions [210]. In this study, coarse aggregates with
the maximum size (Dmax) from 8 mm to 25 mm are utilized to investigate the influence of
steel fibres on the mechanical properties of UHPFRC.
Steel fibres are considerably efficient to improve the mechanical properties of UHPFRC,
especially for enhancing the stress transfer capability beyond elastic state and then
strengthening the toughness and energy absorption capacity [7,211]. Nevertheless, high
strength steel fibres are much more expensive compared to the other solid ingredients in
UHPFRC. Furthermore, the reinforcement degree is significantly influenced by fibre
characteristics, such as fibre content [20,21], shape [22,23], orientation [24,25] and
hybridization [26]. Therefore, the appropriate type and content of steel fibre should be
carefully researched to achieve an optimal utilization efficiency. As previously reported
[7,212,213], two methods are well-known to enhance the flexural properties and energy
absorption ability, namely utilizing hook-ended or twisted steel fibres, and enlarging the
length of steel fibres. However, relevant research in UHPFRC also incorporating coarse
aggregates are very scarce.
The reinforcement of steel fibres is dependent on not only the fibre characteristics but also
matrix properties (e.g. particle size, strength, shrinkage) and fibre-to-matrix bond. The
presence of coarse aggregates in concrete has considerable effects on fibre distribution,
dispersion and interfacial bonds, consequently influencing the fibre utilization efficiency
[214]. Coarser aggregates tend to need longer steel fibres to overlay and provide enough
bridging effect between them [215]. But, too long fibres conversely cause mixing and casting
problems, as well as disturbance in compactness of the granular skeleton [186]. However,
how to use appropriate fibres to outbalance those benefits and drawbacks is very important
but still not clear, especially for the UHPFRC incorporating coarse aggregates. It is therefore
very important to research the synergistic effect between steel fibres and coarse aggregates
in UHPFRC systems for making full use of their potential.
The objective of this chapter is to explore the synergistic effect between steel fibres and
coarse aggregates on the mechanical properties of UHPFRC. The effect of the Dmax from 8
mm to 25 mm, steel fibre type (short straight, medium hook-ended and long 5D), and
interaction between coarse aggregates and steel fibres are analysed. Based on the results of
strengths and flexural behaviour, appropriate sizes of coarse aggregates and corresponding
suitable lengths of steel fibres are suggested.
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5.2 Materials and experiments
5.2.1

Materials

The ingredients of UHPFRC mixtures include Portland cement (PC), limestone powder (LP),
micro-silica (mS), normal sand (S), coarse basalt aggregates (BA) with different sizes, steel
fibres with different types (SF), superplasticizer (SP3 from Chapter 2 is used) and tap water
(W). The physical and chemical properties of powders can be found in Sections 3.2.1, 3.3.1
and 4.2.1. Figure 5.1 shows the utilized six coarse basalt aggregates with different particle
size fractions. Three different steel fibres are used, namely 13 mm (short) straight fibre, 30
mm (medium) hook-ended fibre and 60 mm (long) 5D fibre. Table 5.1 and Figure 5.2 present
the characteristics and shapes of steel fibres.

Figure 5.1: The basalt aggregates.

Figure 5.2: The steel fibres.

Table 5.1: Characteristics of steel fibres.
Length,
L
(mm)
13
30
60

5.2.2

Fibre
shape
Short
straight
Medium
hookended
Long 5D

Diameter,
df (mm)

Aspect
ratio,
L/df

Density
(kg/m3)

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Number
of fibres
per kg

0.21

62

7850

2750

200

27000

0.38

79

7850

2300

210

3600

0.9

65

7850

2300

210

2300

Mix design

Table 5.2 presents the recipes of UHPFRC matrices, Table 5.3 shows the research variables
including basalt aggregate sizes and steel fibres type used in UHPFRC. The limestone
powder and micro-silica contents are 20% and 5% of total powders’ mass, following our
previous study in Chapter 4. 900 kg/m3 powder are used in the mixtures incorporating the
maximum basalt size of 8 mm. While, the powder content is reduced to 700 kg/m3 for
UHPFRC with coarser basalt aggregates (maximum size of 25 mm), considering the fact that
coarse aggregates contribute to less powders in concrete [125,209,216]. The contents of
aggregates are calculated based on the particle packing model, as described in Section 4.2.2.
The key parameter in this model is the distribution modulus q, and a small q value of 0.19 is
proposed and utilized for UHPFRC mixtures with inclusion of coarse aggregates and low
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powder contents, based on Chapter 4. The PSD curves of the designed and target UHPFRC
matrices are shown in Figure 5.3. The water and superplasticizer amounts are adjusted to
achieve self-compacting. The dosages of different steel fibres are fixed at 2 vol.%.
Table 5.2: Recipes of designed UHPFRC matrixes (kg/m3).
LP

S
0-2

BA
1-3

BA
2-5

BA
5-8

BA
8-11

45

180

640

198

403

194

0

BA
816
0

35

140

667

0

367

173

121

64

Mix
No.

PC

mS

A8F0

675

A25F0

525

BA
16-25

W

SP

0

174.2

5.8

365

154.7

4.9

Table 5.3: Research variables for UHPFRC.
Mix No.
A8F0
A8F13
A8F30
A8F60
A25F0
A25F13
A25F30
A25F60

Short straight
fibre
(13 mm)

Medium hook
ended fibre
(30 mm)

Max. size of
aggregate, D
(mm)

Long 5D fibre
(60 mm)

2 vol.%

L/Dmax
0
1.625
3.75
7.5
0
0.52
1.2
2.4

8

2 vol.%
2 vol.%
2 vol.%

25

2 vol.%
2 vol.%

Note: the values in Mix No. respectively represent the maximum size of aggregate and the length of steel
fibre used in the designed UHPFRC, and 0 means plain UHPFRC without steel fibre.
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Figure 5.3: The PSDs of ingredients and UHPFRC matrices.
5.2.3


Testing methods
Compressive and tensile splitting test

The tensile splitting and compressive strengths of concrete samples are tested, in accordance
with EN 12390-6: 2009 [187] and EN 12390-3: 2009 [107], respectively. Fresh concrete is
cast into moulds (150 × 150 × 150 mm3) and demoulded after 1 day. After that, the samples
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are cured in water (around 20 ℃) for another 27 days before testing. The hardboard packing
strips in EN 12390-6: 2009 cannot withstand UHPFRC and are replaced by steel ones. The
specimens and set-ups are shown in Figure 5.4.

Figure 5.4: Specimens and set-ups of (a) compressive and (b) tensile splitting tests.


Central point flexural test

The central point flexural tests are conducted for UHPFRC beams (150 × 150 × 550 mm3)
with the span (l) of 450 mm, in accordance with EN 12390-5: 2009 [217], as shown in Figure
5.5(a). Based on the central point flexural tests, the load-deflection curves and corresponding
key parameters can be obtained, as illustrated in Figure 5.5(b), such as first crack load and
deflection, peak load and deflection, and toughness, as well as three stages (elastic stage,
deflection/strain hardening stage, deflection/strain softening stage).

Flexural Load (kN)

P

Pp, peak load
P1, first crack load
Toughness: area under load-deflection curve
II: strain hardening stage
III: strain softening stage
I: elastic stage

p, deflection at peak load
0 , deflection at first crack
Mid-span deflection (mm)

(a)



(b)

Figure 5.5: (a) flexural test device and (b) key parameters.

5.3 Results and discussion
5.3.1

Compressive and tensile splitting strengths

Figure 5.6 presents the compressive strength of the designed UHPFRC after 28 days. With
increasing the maximum size of coarse aggregate from 8 mm to 25 mm, the compressive
strength of the plain concrete reduces from 137.2 MPa to 124.3 MPa. Although the
compressive strength has a decrease trend because of the coarse aggregates, the decrease
degree is less than 10%, which is in line with results in Chapter 4. In addition, the UHPFRC
matrix with coarser basalt aggregates tends to have a lower powder demand with even a
better quality of fit, namely, powder content of 700 kg/m3 and a R2 of 0.995 for the mixture
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A25F0, compared to 900 kg/m3 and 0.986 for the mixture A8F0. Furthermore, the binder
efficiency, defined as 28 days compressive strength normalized by binder amount, can be
greatly improved from 0.152 MPa/(kg/m3) at the mixture A8F0 up to 0.178 MPa/(kg/m3) at
the mixture A25F0. With the inclusion of 2 vol.% steel fibres in the matrix (Dmax = 8 mm),
the compressive strength can be enhanced in the range between 10.4% to 15.7%. The 30 mm
medium hook-ended steel fibres show the best reinforcement, possessing slightly larger
compressive strength than the 13 mm short straight fibres, followed by the 60 mm long 5D
fibres. The reinforcement ratio in UHPFRC with coarser aggregates (Dmax = 25 mm) ranges
between 6.2% and 22.5%. Smaller steel fibres tend to contribute to a higher compressive
strength, probably due to their more homogenous distribution inside the concrete matrix.
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Figure 5.6: Compressive strength of mixes in Table 5.3.
Tensile splitting strength (MPa)
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Figure 5.7: Tensile splitting strength of mixes in Table 5.3.
Figure 5.7 shows the tensile strength of the designed UHPFRC after 28 days. The coarse
aggregates have a limited negative effect on the tensile strength, from 6.4 MPa to 6.2 MPa,
which is similar to that of the compressive strength. After incorporating 2 vol.% steel fibres,
the tensile strength is improved considerably, with increase ratios between 127% and 170%,
due to the bridging effect of steel fibres. However, the effects of reinforcement on tensile
strength between different fibre types are not very obvious in the same UHPFRC matrix.
The 30 mm medium hook-ended steel fibres show the best reinforcement, followed by the
60 mm long 5D fibres and the 13 mm short straight ones.
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5.3.2

Flexural behaviour



Load-deflection curves

The flexural behaviour of UHPFRC is illustrated by the load-deflection curves or stressnormalized deflection curves in Figure 5.8. As illustrated in Figure 5.5(b), all the loaddeflection curves experience three stages, namely elastic stage from zero point to the first
crack point, deflection or strain hardening stage from the first crack point to the peak point,
deflection or strain softening stage after peak point. The main key parameters in flexural
tests are summarized in Table 5.4. The slopes (respecting elastic modulus), loads and
deflections at the first cracks in the curves without or with different types of steel fibres are
very similar, which indicates that the elastic stages are mainly dependent on the UHPFRC
matrix instead of the steel fibres. With the inclusion of 2 vol.% steel fibres, all the UHPFRC
beams exhibit strain hardening behaviours, although it is not obvious in the case of 13 mm
short straight fibres. The peak deflection can be greatly enlarged from about 0.244 mm
(A8F0) up to 2.246 mm (A8F60), therefore the ductility of UHPFRC is greatly improved.
All the curves of the designed UHPFRC mixtures have long tails during the strain softening
stages, revealing the high residual strength and energy absorption ability of the designed
UHPFRC.
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Table 5.4: Key parameters of UHPFRC (shown in Table 5.3) in flexural test.
Mix No.
A8F0
A8F13
A8F30
A8F60
A25F0
A25F13
A25F30
A25F60

First crack
stress,
𝜎1 (MPa)
14.2
15.5
17.7
17.1
13.0
14.1
14.3
15.0

18

60

Figure 5.8: Flexural load vs. deflection curves.

First crack
load,
P1 (kN)
71.2
77.3
88.6
85.4
64.8
70.5
71.3
75.1

24

Peak
Load,
Pp (kN)
71.2
79.6
118.8
112.8
64.8
74.8
91.2
97.4

Peak
stress,
𝜎𝑝 (MPa)
14.2
15.9
23.8
22.6
13.0
15.0
18.2
19.5

Toughness,
𝑇𝑓 (J)
8.3
235.4
716.1
718.1
7.2
219.3
489.4
516.1

0
10

Flexural stress (MPa)

A8F0
A8F13
A8F30
A8F60

0.000
120

Flexural load (kN)

Normalized deflection, /span (mm/mm)
0.005
0.010
0.015
0.020

Flexural stress (MPa)

Flexural load (kN)

0.000
120
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Coarse aggregate effect

When coarse aggregates are introduced into UHPFRC systems, the interfaces around the
coarse aggregates could become the weakest part and be the inherent flaws [218]. Therefore,
the effect of coarse aggregates on flexural properties should be very carefully evaluated. As
mentioned above, in this study, the coarse basalt aggregates bring economic benefit by
decreasing the powder content and increasing the binder efficiency, without significantly
sacrificing the compressive and tensile strength. Figure 5.9 presents the size effect of coarse
basalt on the flexural strength and toughness of UHPFRC beams. The decrease ratios of
flexural strength are 8.5%, 5.7%, 23.5% and 13.7%, respectively, when increasing the Dmax
from 8 mm to 25 mm. Considering the benefits brought by coarse aggregates, the negative
effect of coarse aggregates is tolerable. While, the decrease ratios of flexural toughness are
13.3%, 6.8%, 31.7% and 28.1%, respectively. It indicates that the negative effect of coarse
aggregates size on toughness is more sensitive than the strength, which is probably attributed
to a faster damage development and lower residual flexural strength for an UHPFRC beam
with coarser aggregates. It should be noted that the decrease caused by coarse aggregates on
both flexural strength and toughness are simultaneously influenced by the types of steel
fibres, which will be discussed in the following sections.
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Figure 5.9: Aggregate size effect on flexural (a) strength and (b) toughness.


Steel fibre effect

As mentioned above, the type of steel fibre is another key factor on flexural behaviour of
UHPFRC beam. In this section, the effects of three different steel fibres are discussed with
a fixed dosage of 2 vol.%. Normally, the reinforcement of steel fibres is dependent on the
geometric and mechanical characters, utilized dosage and fibre-to-matrix bond. To assess
the overall effects of the three different steel fibres on flexural properties, a reinforcing factor
is introduced,
𝜂=

𝑋𝑈𝐻𝑃𝐹𝑅𝐶
𝑋𝑚𝑎𝑡𝑟𝑖𝑥

(5.1)

where XUHPFRC and Xmatrix the key flexural properties of UHPFRC with and without steel
fibres, respectively, such as first crack strength (σ1), peak strength (σp), and toughness (Tf).
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The reinforcing factors in terms of first crack strength, peak strength and toughness are
presented in Table 5.5. The reinforcing factor in terms of first crack strength (η_σ1) changes
in a relatively low and narrow range between 1.085 and 1.246, which indicates that the first
crack stress is not sensitive to the fibre type effect and is mainly determined by the UHPFRC
matrix. The reinforcing factor in terms of peak strength (η_σp) is always clearly larger than
that of first crack strength (η_σ1) for the same UHPFRC matrix, which means that the steel
fibres contribute more to the peak strength rather than the first crack strength. The fibre-tomatrix bonding force is triggered up to the maximum value during the strain hardening stage
[143], which results in more efficient reinforcement and thus a larger reinforcing factor η_σp.
The reinforcing factor in term of flexural toughness (η_Tf) is very considerable, namely
dozens of times the flexural strengths. In other words, the flexural toughness or energy
absorption ability of UHPFRC beam is mainly provided by the “bridge effect” of steel fibres,
instead of the UHPFRC matrix. Compared with the reinforcing factors of different steel
fibres, the 13 mm short straight fibres show the poorest reinforcement on both flexural
strength and toughness. The 30 mm medium hook-ended fibres provide the best
enhancement for UHPFRC with the finer aggregates (Dmax = 8 mm), while the 60 mm long
5D fibres are more suitable than the medium ones for the UHPFRC with the coarser basalt
aggregates (Dmax = 25 mm).
Table 5.5: Fibre reinforcing factors for UHPFRC mixtures in Table 5.3.
Mix No.

𝜂_𝜎1

𝜂_𝜎𝑝

𝜂_𝑇𝑓

A8F0
A8F13
A8F30
A8F60
A25F0
A25F13
A25F30
A25F60

1.000
1.092
1.246
1.204
1.000
1.085
1.100
1.154

1.000
1.120
1.676
1.592
1.000
1.154
1.400
1.500

1.000
28.36
86.28
86.52
1.000
30.46
67.97
71.68

To further characterize the steel fibre effect on strain hardening behaviour, the strain
hardening factor ϕ, defined as a ratio of peak stress σp to first crack strength σ1 [219], is
introduced as,
𝜙=

𝜎𝑝
𝜎1

(5.2)

The value of this factor is larger than 1.0 when a strain hardening phenomenon is triggered
by the utilized steel fibres, and a larger value means a stronger strain hardening behaviour.
The strain hardening factors of UHPFRC beams are shown in Figure 5.10. The strain
hardening factors are very close to each other with different UHPFRC matrices incorporating
the same type of steel fibres. UHPFRC incorporating the 13 mm short fibres shows a very
slight strain hardening behaviour, with a factor ϕ around 1.04. UHPFRC with the 30 mm
medium fibres acquires the strongest strain hardening behaviour incorporating the maximum
basalt size of 8 mm (ϕ = 1.345), followed by the 60 mm long 5D fibres (ϕ = 1.322). On the
one hand, the hook or 5D ends of steel fibres can provide an anchoring effect compared to
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the straight fibres. On the other hand, longer fibres can enhance the flexural strength and
energy absorption capacity by increasing the peak pull-out load and corresponding slip, due
to the improvement on effective bonding area of fibres at crack surfaces and fibre orientation
[213,220]. When coarser basalt aggregates are introduced, e.g. maximum size of 25 mm, the
long steel fibres show a slightly larger strain hardening factor (1.300) than the medium fibre
(1.291).
1.4
Strain hardening factor, 

1.345

1.322

1.3
1.300

1.291

1.2
1.1
1.026
1.000

1.049

1.0
1.000

0.9

Max. basalt size of 8 mm
Max. basalt size of 25 mm

No fibre

Short straight Medium hook-ended

Long 5D

Figure 5.10: Fibre type effect on strain hardening factor.
5.3.3

Synergistic effect between aggregate and fibre

The order of reinforcement on flexural properties is as follows: 30 mm medium hook-ended
fibre > 60 mm long 5D fibre > 13 mm short straight fibre for UHPFRC with the Dmax of 8
mm, while 60 mm long 5D fibre > 30 mm medium hook-ended fibre > 13 mm short straight
fibre for UHPFRC with the Dmax of 25 mm. To reveal the interaction between aggregates
and steel fibres, the relative size effect (ratio of fibre length to maximum aggregate size,
L/Dmax) on the fibre utilization factors (η_σ1, η_σp, η_Tf and ϕ) are illustrated in Figure 5.11.
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Figure 5.11: Correlation between L/Dmax and fibre utilization.
The lowest utilization efficiency is obtained with the short steel fibres, which is in line with
the results observed in the UHPFRC incorporating coarse aggregates [125]. Firstly, the
straight fibres have weaker bond compared to other fibres with anchoring effect at ends.
Additionally, the short fibres cannot completely overlay aggregates with a large size, thus
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providing a limited fibre-bridging interlock stress. Furthermore, if the size of coarse
aggregate is too large compared to the fibre length, the fibre distribution in matrix can be
significantly disturbed, as shown in Figure 5.12. The non-random orientation of steel fibres
adversely affects the reinforcement efficiency and decreases the compactness.

Figure 5.12: Interaction between aggregates and steel fibres on granular skeleton [214].
Preferential synergistic effects are observed between aggregates with the maximum size of
8 mm and 30 mm medium hook-ended fibres (A8F30), aggregates with the maximum size
of 25 mm and 60 mm long 5D fibres (A25F60), considering all fibre utilization factors (η_σ1,
η_σp, η_Tf and ϕ) in Figure 5.11. Thus, a longer fibre is not always better, and an appropriate
length of steel fibre is needed to match the size of coarse aggregate. On the one hand, longer
fibres are beneficial to overlay coarse aggregates, enhance the interlock between fibres and
coarse aggregates and then improve the flexural performance [213,218]. On the other hand,
limiting the particle size to half the fibre length is recommended from the workability point
of view [214], which can also decrease the probability of the ‘fibre balling’ phenomenon.
Han et al. indicated that the rational range of the ratio of steel fibre length to coarse aggregate
maximum size for steel fibre reinforced concrete is 1.25–3 by considering the reinforcements
on splitting tensile strength and flexural properties [215]. Rui et al. summarized that the fibre
length is mostly about 2-4 times of the maximum aggregate size in normal concrete, at least
not shorter than the aggregate size [221]. Based on the results acquired here, the length of
steel fibre (L) is recommended to be between 2 and 5 times the maximum size of aggregate
(Dmax) for UHPFRC systems, as illustrated in Figure 5.11.

5.4 Conclusions
This chapter studies the synergistic effect between steel fibres and aggregates on the
mechanical properties of UHPFRC. The aggregate size effect, steel fibre type effect, and
their interaction are analysed. The key conclusions can be summarized:




Coarse basalt aggregates up to 25 mm can be successfully introduced in UHPFRC with
a significantly lower cement consumption, designed by using a particle packing model,
with limited influence on compressive and tensile splitting strengths. However, the
negative influence of larger basalt size is more obvious on flexural toughness. The
maximum size of coarse aggregate is suggested to be no more than 25 mm.
The 13 mm short straight steel fibres show a good reinforcement on compressive strength
due to the more homogenous distribution in UHPFRC matrix. While, the 30 mm medium
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hook-ended or 60 mm long 5D fibres are more efficient in reinforcing tensile and flexural
properties.
Based on the analysis of fibre reinforcing factors, the flexural toughness is more sensitive
to the steel fibres, followed by the flexural peak strength, while the first crack strength
is mainly controlled by the UHPFRC matrix.
The deflection or strain hardening behaviour can be acquired by utilizing 2 vol.% of 30
mm medium hook-ended or 60 mm long 5D steel fibres, while the 13 mm short straight
fibres only trigger a very limited strain hardening behaviour.
A preferential synergistic effect is observed between the coarser aggregates and the
longer steel fibres. The length of steel fibre is suggested between 2 and 5 times the
maximum size of aggregate. The order of reinforcement on flexural properties is: 30 mm
hook-ended fibre > 60 mm 5D fibre > 13 straight fibre for UHPFRC with the Dmax of 8
mm, while 60 mm 5D fibre > 30 mm hook-ended fibre > 13 straight fibre for UHPFRC
with a Dmax of 25 mm.
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Chapter 6
6

Functionally graded UHPC beams

In this chapter, functionally graded ultra-high performance cementitious composite beams
are developed by applying the composite concepts of Ultra-high Performance Concrete
(UHPC), Two-stage Concrete (TSC) and Slurry-infiltrated Fibrous Concrete (SIFCON). The
functionally graded composite beam (FGCB) is fabricated with a bottom layer of SIFCON
and top layer of TSC, and the two layers are synchronously cast by using UHPC slurry. The
novel concept of FGCB is proposed towards more economical and high performance
structural systems, namely an excellent flexural bearing capacity and impact resistance, low
cement consumption and high steel fibre utilization efficiency. The fresh and hardened
properties of UHPC slurry, flexural properties of FGCB are measured (the impact resistance
will be analysed in following chapter). The results reveal that the designed FGCB has
superior flexural properties and energy absorption, without showing any interfacial bond
problems. The fibre utilization efficiency of the designed FGCB is very high compared to
the traditional UHPFRC and SIFCON beams. The 30 mm medium hook-ended steel fibres
show the best utilization efficiency compared to the 13 mm short straight and 60 mm long
5D steel fibres, and 3 vol.% medium fibres are optimum to design FGCB.

This chapter is partially published elsewhere:
P.P. Li, M.J.C. Sluijsmans, H.J.H. Brouwers, Qingliang Yu. Functionally graded ultra-high
performance cementitious composite with enhanced properties. Composites Part B:
Engineering. (2020) 107680.
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6.1 Introduction
Concrete is one of the most widely used construction building materials in civil engineering.
The brittle behaviour subjected to tensile or flexural loading is an adverse property, which
causes negative influences, e.g. abrupt failure without warning, reduced service life due to
crack formation and propagation. To overcome this shortcoming, fibre reinforced concrete
was proposed by adding discrete steel fibres into the plain concrete matrix [222,223]. In the
1990s, UHPFRC was invented and further extended to the concept of fibre reinforced
concrete, which is characterized by high dosages of steel fibres, large amounts of reactive
powders without any coarse aggregate, and a very low water content [1,2,28]. Although
UHPFRC already possesses excellent microstructure, strength, durability, ductility and
impact resistance [10,224,225], its tensile and flexural strengths are still relatively low,
especially compared to the compressive performance [6,79,226,227]. In addition, the high
content of steel fibres and reactive powders in UHPFRC have adverse impacts, causing
economic and environmental problems [27,228]. Thus, how to develop more eco-friendly
UHPFRC materials and components is of great interest for both researchers and engineers.
The aggregate-to-powder ratio is a key factor to determine the powder consumption and
control the cost of UHPC. Chapter 4 revealed that incorporating an appropriate amount of
coarse aggregates with proper sizes can significantly reduce the powder content of UHPC,
still possessing a comparable mechanical strength [125]. However, the coarse aggregates
usually occupy a limited volume by normal mixing methods, less than 40% of total UHPC
matrix. To further enlarge the volume of coarse aggregates and diminish the powder content,
we applied the two-stage concrete (TSC) concept in UHPC system, i.e. we first place coarse
aggregates in mould and subsequently inject ultra-high performance slurry into the voids by
gravity pressure. The designed two-stage UHPC can significantly enhance the utilization
potential of coarse aggregates, up to 55% - 60%, which consequently greatly decreases the
powder demand and creates great economic benefits.
The high strength steel fibre is another key factor to remarkably address the brittle behaviour
of UHPC, however it is much more expensive than the other ingredients. Thus, it is of great
significance to improve the fibre utilization efficiency of ultra-high performance fibre
reinforced concrete (UHPFRC). Meng et al. [229] studied the rheology to control fibre
dispersion uniformity, which improved the flexural performance of UHPFRC. Yoo et al.
[213] suggested to use long steel fibres to enhance flexural properties. Controlling fibre
orientation [24,25] and using hybridization [26] are also efficient measures to increase the
utilization efficiency, both static and dynamic. Another solution to efficiently utilize steel
fibres is to position more steel fibres into the tensile zones instead of compressive areas, due
to the more remarkable reinforcement of steel fibres on tensile behaviour rather than
compressive behaviour. According to this design concept, multiple layered (or functionally
graded) concrete composites have been developed with good flexural performance, fracture
energy, penetration impact resistance, as well as economical benefit [211,230–232].
However, the functionally graded concrete composites have potential interfacial bond
problems, namely weak bond or even delamination in the case of casting the top layer on the
hardened bottom layer [233], or wavy layers and uneven thicknesses in the case of casting
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the top layer onto the bottom layer, that is still not hardened due to gravity force from the
top layer [230]. Furthermore, sometimes high dosages of steel fibres are needed to achieve
stronger and energy absorptive UHPFRC beams, especially for protective structures
subjected to impact and blast loadings. It is rather difficult or even impossible to add a high
volume fraction of steel fibres in the bottom (tensile) layer because of the workability
reduction and ‘balling’ phenomenon [7]. Thus, it is reasonable to use Slurry-infiltrated Fibre
Concrete (SIFCON) in the tensile layer, which can easily achieve a fibre volume fraction up
to 10 vol.% [234].
To develop a superior cementitious composite beam subjected to flexural and impact
loadings, we propose a novel functionally graded composite beam (FGCB) concept by
applying the combined concepts of UHPC, TSC and SIFCON. The bottom layer consists of
SIFCON to withstand high tensile stress, while the top layer is designed by two-stage UHPC
to achieve an excellent compressive strength with very low cement consumption. The UHPC
slurry is injected into the voids of steel fibres (bottom layer) and coarse aggregates (top layer)
simultaneously to acquire superior interfacial bond. The 13 mm straight, 30 mm hook-ended
and 60 mm 5D steel fibres are investigated with volume fraction from 0 to 3 vol.%, in order
to find an optimal type and content of steel fibres on the flexural properties. Furthermore,
the superior performance, low cement consumption and high fibre utilization of FGCB are
revealed by comparing them with conventional UHPFRC and SIFCON beams.

6.2 Materials and experiments
6.2.1

Materials

The UHPC slurry is composed of Portland cement CEM I 52.5 R (PC), micro-silica (mS),
limestone powder (LP), fine sand (S), tap water (W) and PCE-type superplasticizer (SP3
from Chapter 2 is used). The physical and chemical properties of those raw materials can be
found in Section 3.2.1, 3.3.1, 4.2.1 and 4.3.1. The coarse basalt aggregate (BA) with particle
sizes between 16 and 25 mm is selected by considering its high inherent strength and passing
ability of slurry based on our preliminary tests. Three types of steel fibres (SF) are used to
investigate the type and dosage effect on the performance of FGCB, described in Section
5.2.1.
6.2.2

Fabrication of FGCB

As illustrated in Figure 6.1, the FGCB is fabricated by combining the bottom (SIFCON) and
top (TSC) layers. The steel fibres are firstly placed in the steel mould, followed by coarse
basalt aggregates on top of the steel fibres, then the UHPC slurry is injected into the voids
by gravity pressure. Vibration is also applied to ensure a good quality of compactness.
Because the steel fibres and coarse aggregates are well controlled and preplaced as a stiff
skeleton, the phenomena of wavy layers and uneven thicknesses that usually occurs in the
fresh state cast of conventional multi-layered concrete composites can be avoided.
Furthermore, the slurry in both bottom and top layers is cast simultaneously, the interfacial
bond strength should be much better than the cold bond in most multi-layered concrete
composites.
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Figure 6.1: Schematic picture of casting procedure.
Besides the properties of coarse aggregates and steel fibres, the performance of FGCB is
strongly dependent on the properties of the slurry. To acquire a superior FGCB, the slurry is
designed based on the UHPC system, which has both excellent fresh and hardened properties.
Table 6.1 shows the mix proportion of the designed UHPC slurry, based on the study in
Chapter 4.3 with a slight adjustment. A PCE-type superplasticizer (SP3) is utilized to achieve
a desired fluidity with a dosage of 2% by the weight of total powder [108]. The optimal
proportion of powders is 5% of micro-silica and 20% of limestone powder by mass of the
total powder, by considering the flow ability, mechanical strength and drying shrinkage of
UHPC pastes. The fraction of fine sand is calculated based on the particle packing model
(described in Section 4.2.2) to achieve a good packing density with a particle distribution q
of 0.22. The total particle size distribution of UHPC slurry is shown in Figure 6.2.
Table 6.1: Mix proportion of UHPC slurry.
Materials
Volume fraction (%)
Mass proportion
Mass (kg/m3)

PC
29.08
0.75
916.1

mS
2.63
0.05
61.1

LP
9.01
0.20
244.3

S
30.27
0.66
808.1

water
28.09
0.23
280.9

100

500

SP
1.76
0.02
21.1

100

Cumulative volume (%)

q = 0.22
80

60

40

20

0
0.1

1
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Limestone powder
Fine sand

Particle size (m)

Figure 6.2: The PSDs of raw materials and designed UHPC slurry.
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The recipes of the designed FGCB can be seen in Table 6.2. Although the first mixture is a
two-stage UHPC without fibre, it is also abbreviated as FGCB as a special case without
SIFCON layer. The research parameters include steel fibre dosage (from 0 to 3 vol.% by the
total volume of FGCB) and type (13 mm straight (short), 30 mm hook-ended (medium), 60
mm 5D (long)). The binder (cement and micro-silica) consumption ranges approximately
between 400 and 700 kg/m3, which is much lower than conventional UHPC [5,28]. The
cross-sections of the designed FGCB are presented in Figure 6.3, which are cut from the
hardened beams.
Table 6.2: Recipes of FGCB (UHPC slurry can be found in Table 6.1, BA is basalt
aggregate with particle sizes between 16 mm and 25 mm in Section 4.2).
Mix No.
FGCB1
FGCB2
FGCB3
FGCB4
FGCB5
FGCB6

UHPC slurry (binder)
(kg/m3)
976.9 (408.9)
1249.0 (522.7)
1447.3 (605.8)
1357.6 (568.2)
1274.2 (533.3)
1692.1 (708.2)

BA
(kg/m3)
1825.9
1427.8
1175.7
1278.3
1414.0
846.3

Fibre average
dosage (vol.) & type
0
2%, short
2%, medium
2%, long
1%, medium
3%, medium

Bottom layer to total
beam ratio, βlayer
0
0.21
0.31
0.25
0.12
0.46

Figure 6.3: Cross-sections of FGCB (top layer is TSC, bottom layer is SIFCON).
6.2.3

Experimental methods

The fresh and strength tests of slurry are measured based on the methods as mentioned in
Sections 2.22 and 3.23.
The central point flexural test is conducted for FGCB (100 × 100 × 500 mm3) with a span of
300 mm after 28 days, based on the EN 12390-5: 2009 [217]. Figure 6.4 shows the sample
and set-up of the central point flexural test. Figure 6.5 illustrates the key parameters derived
from the results of load-deflection curve. It can be divided into three stages, namely elastic
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stage (I), deflection hardening stage (II) and deflection softening stage (III). The elastic
strength (σe) and peak strength (σp) are calculated from the elastic (Pe) and peak loads (Pp)
respectively. The flexural toughness (T) is defined as the area under the load-deflection curve,
which represents the energy absorption ability. In comparison with Chapter 5,
P

I

III

II

0

Figure 6.4: Three-point flexural test.

deflection softening stage

elastic stage

Pe

deflection hardening stage

Flexural load (kN)

Pp

Mid-span deflection(mm)



Figure 6.5: Key parameters of flexural test.

6.3 Results and discussion
6.3.1

Fresh and hardened properties of slurry

The UHPC slurry is a critical factor for the overall performance of FGCB. The casting
method and quality control of TSC and SIFCON are dependent on the excellent fresh
behaviour of UHPC slurry. The fresh and hardened properties of UHPC slurry are presented
in Table 6.3. In this study, the designed UHPC slurry has a mini slump flow of 39 cm
(Hägermann cone) and mini V-funnel flow time of 7.1 s, which satisfy the requirement of
self-compacting, namely slump flow larger than 24 cm and V-funnel time shorter than 11 s
[100,101]. Based on our preliminary tests, a UHPC slurry possessing mini slump flow
beyond 35 cm has enough passing ability to fill the voids of aggregates by checking the
apparent and cross-section characters. The fresh density and 28d compressive strength are
approximately 2.3 g/cm3 and 144.6 MPa, respectively, which meet the required high strength
of UHPC systems. To sum up, the UHPC slurry is successfully developed with both very
good fresh and hardened properties, which will be utilized to design the FGCB.
Table 6.3: Fresh and hardened properties of UHPC slurry.

6.3.2

Mini slump
flow (cm)

Tv-funnel
(s)

Fresh density
(g/cm3)

28d compressive
strength (MPa)

39

7.1

2.3

144.6 ± 2.1

Flexural Load-deflection curves

Figure 6.6 presents the load-deflection curves of the designed FGCB based on central point
flexural test. As illustrated in Figure 6.5, a cementitious composite usually undergoes three
stages under a flexural loading till complete failure. The plain FGCB without SIFCON layer
only shows an elastic stage and ruptures abruptly when reaching the maximum flexural load
(20 kN). Other designed FGCBs almost experience three stages, including elastic,
deflection/strain hardening, and deflection/strain soften stages. The first crack loads of
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FGCB, defined as the elastic load in Figure 6.5, are not obvious. The elastic stage transits
into the deflection hardening stage gradually after elastic load, which indicates that the
ductility of the designed FGCB is good compared to other brittle cementitious composites.
The 2 vol.% short and long fibres only provide limited deflection hardening behaviours
compared to the medium fibres, and their residual bearing capacities remains until
deflections of approximately 4 mm. For the medium hook-ended steel fibre, 2 vol.% can
trigger a considerable deflection hardening behaviour, and 3 vol.% further improves this
behaviour, and the residual bearing capacity can remain until the deflection of around 8 mm.
100
FGCB1, no fibre
FGCB2, 2% short
FGCB3, 2% medium
FGCB4, 2% long

80

Flexural load (kN)
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Figure 6.6: Flexural load vs. deflection curves of FGCB.
With the inclusion of 2 vol.% steel fibres, the load-deflection curves of FGCB can be
significantly enhanced for both peak load and toughness, as shown in Figure 6.6(a). However,
the different steel fibre types show great differences. The 13 mm short straight fibres provide
the poorest enhancement, with about 2.4 times and 15.4 times of peak load and toughness,
respectively, compared to the plain FGCB without fibres. Followed by the 60 mm long 5D
fibres, they offer slightly higher reinforcements on both strength and toughness. The 30 mm
medium hook-ended steel fibres have the best reinforcing effect, presenting approximately
3.3 times and 48.8 times of peak load and toughness, respectively, compared to the reference
beam without fibre. The best reinforcing effect of medium fibres is attributed to the
following aspects: (1) a good anchorage effect due to the hook-ended shape; (2) the highest
aspect ratio that is usually positively linked to the reinforcement; (3) the largest distribution
space because of the moderate length and number of fibres per kilogram, as shown in Figure
6.3(c), contributing to the largest tension resistant zone (SIFCON layer).
As analysed above, the 30 mm medium hook-ended steel fibres provide the best
reinforcement on the flexural properties of FGCB. Hence, these steel fibres are chosen to
investigate the fibre dosage effect. Figure 6.6(b) presents the load-deflection curves of
FGCB with different medium steel fibre dosages. With the addition of fibre dosage from 1
vol.% to 3 vol.%, the maximum flexural strength of FGCB shows almost linear improvement
of 1.6 times, 3.3 times and 4.9 times as plain FGCB, while the enhancement on the flexural
toughness is much more remarkable, namely 9.5 times, 48.8 times and 79.0 times,
respectively. The thickness of the bottom (SIFCON) layer ranges from 12 mm with 1 vol.%
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fibres up to 46 mm with 3 vol.% fibres, so the bottom layer thickness ratio (βlayer) is increased
from 0.12 to 0.46. The βlayer of approximately 0.5 was theoretically and experimentally
confirmed to be the optimum by considering both flexural performance and fibre utilization,
as illustrated in Figure 6.7 [199,211]. Thus, 3 vol.% medium hook-ended steel fibres almost
achieve the optimum layer thickness ratio βlayer based on flexural properties and fibre
utilization, which is suggested for designing FGCB in engineering applications.
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Figure 6.7: Flexural strength/load and energy with different layer ratios.
6.3.3

Damage pattern and bond characteristic

The brittleness of conventional concrete beam usually results in one dominant crack damage
pattern subjected to flexural loading, which causes an abrupt failure of components or
structures without warning. Hence, a multiple cracks damage pattern is more desired for
cementitious composite beams, which is usually associated to the deflection or strain
hardening stage [235]. Figure 6.8 illustrates the damage patterns of the designed FGCB.
FGCB with 2 vol.% short or long steel fibres has only one dominant crack from the centre
of beam, which is similar to plain FGCB. It agrees with the fact that the deflection hardening
behaviour of this FGCB is not obvious, as shown in Figure 6.6. With the inclusion of 1 vol.%
medium steel fibres, the multiple cracks damage pattern or deflection hardening behaviour
cannot be triggered. While, a number of micro-cracks can be observed for the FGCB with 2
vol.% medium steel fibres, as plotted by the red lines in Figure 6.8. When 3 vol.% medium
fibres are added, a much denser micro cracks on the surface occur, which is confirmed by
the excellent deflection hardening behaviour and ductility.
The normal multiple layered or functionally graded concrete composites usually exhibit
interfacial bond problems. The top layer is normally cast 24 hours after the cast of the bottom
layer (so called cold cast), resulting in a weaker interfacial bonding strength or even
delamination due to different shrinkages and poor old-to-new hydration production
integration [233]. Casting the two layers simultaneously or within a very short time interval
(so called hot cast) can achieve a higher interfacial bond than the cold cast [211]. But it is
well possible that wavy layers and uneven thicknesses are generated, because of the gravity
load from the top layer on the bottom layer [230]. Those adverse interfacial problems could
possibly cause debond phenomenon (delamination) and influence the flexural bearing
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capacity [236]. The delamination has never occurred during the flexural tests for all the
designed FGCB in this study, as shown in Figure 6.8. The excellent interfacial bond of the
designed FGCB is attributed to: (1) well controlled and preplaced stiff skeleton of the steel
fibres and coarse aggregates; (2) very low shrinkage of both TSC and SIFCON; (3) same
slurry and synchronous hydration for the two layers.

Figure 6.8: Damage patterns of FGCB after flexural tests.
6.3.4

Fibre utilization efficiency

As analysed above, the reinforcement degree of steel fibre on flexural properties is
significantly influenced by the fibre characteristics, such as fibre content and shape
[20,235,237,238]. Furthermore, the cost of 1 vol.% of fibre applied in concrete composites
is generally higher than that of the plain matrix [212]. Thus, it is important to maximize the
fibre utilization efficiency, or in other words, to minimize the amounts of fibre without
sacrificing the superior performance of concrete composites. To study the steel fibre
utilization efficiency on the flexural strength and toughness, a reinforcing factor η, defined
as the normalized improvement ratio by steel fibre volume content is proposed,
𝜂=

𝑋𝐹𝐺𝐶𝐵
1
∙
𝑋𝑝𝑙𝑎𝑖𝑛 𝑉𝑓𝑖𝑏𝑟𝑒

(6.1)

where XFGCB and Xplain represents the flexural properties with fibres and without fibres,
namely flexural strength and toughness in this study. Vfibre is the average volume content by
the total volume of whole FGCB beam.
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Figure 6.9: Steel fibre type effect on flexural strength and toughness of FGCB.
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Figure 6.9 shows the steel fibre type effect on the flexural strength and toughness of the
designed FGCB. The 2 vol.% medium steel fibres provide the largest flexural strength (29.8
MPa), followed by the long fibres (23.2 MPa) and short fibres (21.2 MPa). Based on the
flexural strength of the plain beam (9.0 MPa), the reinforcing factors in term of strength (ησ)
are ordered as 1.66×102, 1.29×102 and 1.18×102, respectively. The fibre reinforcing effect
on the flexural toughness has a similar trend to that of the flexural strength, while the
reinforcing factors in terms of toughness (ηT) are much more remarkable, namely 24.4×102,
10.6×102 and 7.7×102, respectively. It indicates that both flexural and toughness are greatly
dependent on the steel fibre types, while the contribution of fibres to toughness is more
prominent. Furthermore, the 30 mm medium hook-ended steel fibres is appropriate and
recommended to develop the FGCB, especially for the energy absorption ability.
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Figure 6.10: Steel fibre dosage effect on flexural strength and toughness of FGCB.
Figure 6.10 presents the dosage effect of 30 mm medium steel fibres on the flexural strength
and toughness of the designed FGCB. 1 vol.% medium fibres addition can improve the
flexural strength from 9 MPa to 14.4 MPa, while much more considerable flexural strength
is achieved up to 43.5 MPa with 3 vol.% medium fibres. The flexural properties of the
designed FGCB are more superior to those of most UHPFRC beams that usually have
flexural strengths around 20-30 MPa [26,27,213]. Furthermore, the reinforcing factor ησ
keeps a stable level in the range of 1.6×102 - 1.66×102, which indicates that the increased
dosage of medium fibres continuously improves the flexural strength without sacrificing
fibre utilization efficiency. As seen from the load-deflection curves in Figure 6.6, a much
more significant improvement of medium fibres on toughness rather than strength is
observed, with the reinforcing factor ηT increasing from 9.5×102 at 1 vol.% to 24.4×102 at 2
vol.%, then up to a slightly higher value of 26.3×102 at 3 vol.%. A higher dosage of medium
steel fibres in the studied range always gives a higher fibre utilization efficiency on
toughness. The 2 vol.% medium fibres increase the utilization efficiency significantly
compared to the 1 vol.%, but 3 vol.% addition seems not to enlarge the fibre utilization
efficiency much anymore. Yoo et al. also found that 3 vol.% steel fibre yielded the best
mechanical properties, volume stability and fibre-to-matrix interfacial bond [239]. Thus, an
average dosage between 2 vol.% and 3 vol.% medium fibres is recommended for designing
FGCB.
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Steel fibre reinforcing factor,  (×102)

As analysed above, 2 vol.% - 3 vol.% 30 mm medium hook-ended steel fibres are suggested
to develop FGCB, considering both performance and fibre utilization efficiency. Because
the steel fibres are added in the tension zone instead of the compression zone, the fibre
utilization efficiency of the designed FGCB would be very high, which certainly contributes
to the economic benefits and performance. To further demonstrate this advantage in FGCB,
the fibre reinforcing factors ησ of the designed FGCB are compared with other homogenous
UHPFRC [23,27,240,241] and SIFCON [242] beams, as shown in Figure 6.11. Normally,
with the increase of steel fibre dosage, the utilization efficiency of UHPFRC beam tends to
decrease, from approximately 1.32×102 at 1 vol.% to 0.63×102 at 6 vol.%. Additionally, the
mixing and workability usually would become an issue when the fibre addition is beyond 3
vol.% in UHPFRC. Although the SIFCON beams can utilize very high volumes of steel fibre
without mixing and workability problems, usually more than 6 vol.%, they achieve even
much lower utilization efficiencies. While, the utilization efficiency of the 30 mm medium
hook-ended steel fibres is very high compared to the UHPFRC and SIFCON beams, beyond
1.6×102 without any diminishing trend with the increase of fibre dosage from 1 vol.% to 3
vol.%. Therefore, the designed FGCB not only has superior performance but also possesses
excellent fibre utilization efficiency and economic benefits.
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Figure 6.11: Steel fibre utilization efficiency in term of flexural strength.

6.4 Conclusions
The chapter aims to develop a novel functionally graded composite component towards
superior flexural strength and toughness by applying the composite concepts of UHPC
(slurry), TSC (top layer) and SIFCON (bottom layer). The fresh and hardened properties of
UHPC slurry, flexural properties of the FGCB, cement consumption and steel fibre
utilization efficiency are explored and discussed. The following main conclusions can be
summarized based on the results:


A novel FGCB is successfully developed by combining the concrete of UHPC (slurry),
TSC (top layer) and SIFCON (bottom layer), which has superior flexural properties,
strong interfacial bond, very low cement consumption and high steel fibre utilization
efficiency.
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The UHPC slurry with excellent workability and strength is injected into the coarse
basalt aggregates and steel fibres synchronously, avoiding uneven thicknesses
phenomenon and weak interfacial bond problems that often occur in multi-layered
concrete composites.
The 30 mm medium hook-ended steel fibres show a better utilization efficiency than the
13 mm short straight and 60 mm long 5D steel fibres. 3 vol.% 30 mm hook-ended fibres
are suggested to design FGCB with an optimum bottom-to-total layer ratio 𝛽 of 0.46,
considering both performance and fibre utilization efficiency.
The binder consumption of FGCB is much lower than normal UHPFRC beam, ranging
between 400 and 700 kg/m3. The steel fibre utilization efficiency of FGCB is beyond
1.6×102, which is much higher compared to the homogenous UHPFRC and SIFCON
beams. Both low binder consumption and high steel fibre efficiency contribute to
economic benefits.
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Chapter 7
7

Pendulum and drop-weight impact resistance of UHPFRC

This chapter addresses the low-velocity impact resistance of designed ultra-high
performance cementitious materials under pendulum and drop-weight impacts. The effects
of steel fibres and coarse aggregates, damage development and post-impact properties, and
superiority of functionally graded composite components are investigated. The results again
show that coarse basalt aggregates improve the impact resistance and reduce the powder
content and cost. In the presence of coarse aggregates, the 30 mm medium hook-ended and
60 mm long 5D fibres are more efficient in reinforcing impact resistance than the 13 mm
short straight ones. The residual strength of UHPFRC beams follows a ‘-ex’ law with the
number of impacts, while the residual rigidity, toughness and impact resistance follow linear
law. The novel concept of FGCB is has superior impact resistance, as well as very low
cement consumption and high steel fibre utilization efficiency. Here, 3 vol.% 30 mm hookended fibres are suggested to design FGCB with an optimum bottom-to-top layer ratio βlayer
of 0.46. The toughness is a good indicator to reflect the low-velocity impact resistance of
UHPFRC beams. While, the impact resistance is also greatly influenced by the flexural
strength when subjected to impacts with the impact energies below the threshold energy.

This chapter is partially published elsewhere:
P.P. Li, Y.Y.Y. Cao, M.J.C. Sluijsmans, H.J.H. Brouwers, Qingliang Yu. Synergistic effect
of steel fibres and coarse aggregates on impact properties of ultra-high performance fibre
reinforced concrete. Submitted.
P.P. Li, Q.L. Yu. Responses and post-impact properties of ultra-high performance fibre
reinforced concrete under pendulum impact. Composite Structures. 208 (2019) 806-815.
P.P. Li, M.J.C. Sluijsmans, H.J.H. Brouwers, Qingliang Yu. Functionally graded ultra-high
performance cementitious composite with enhanced properties. Composites Part B:
Engineering. (2020) 107680.
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7.1 Introduction
UHPFRC is a relatively new building composite material, which has superior mechanical
strength, impact resistance, fatigue resistance and durability [1,11,79,80,156,176]. Those
excellent characters and properties make it suitable to be used in impact resistant components
and structures, such as protective elements in military and municipal engineering.
The impact responses and post-impact properties of UHPFRC under low-velocity impact
loading are of great significance and can provide insights on specific practical problems,
such as vehicle impact on concrete infrastructure during a traffic accident, the ship collision
on bridges’ pillars or offshore structures, falling object impact on a concrete slab, wheel-rail
interaction on concrete sleepers [243,244], etc. However, it is noticed that no standard lowvelocity impact testing methods for UHPFRC are available currently. The drop-weight test
and the modified Charpy system recommended by ACI Committee 544 are widely used
[245–249]. However, these low-velocity impact testing methods are not appropriate for
evaluating UHPFRC because of certain drawbacks. A high standard deviation and
coefficient of variation from ACI repeated drop-weight impact test are usually observed,
even more than 50% of coefficients of variation [246]. Furthermore, the number of impacts
is too large for fibre reinforced concrete, sometimes as high as 1000 blows [247]. The Charpy
type impact test can only measure small geometrical sizes of specimen containing short
fibres [249]. The drop-weight impact test usually has a rebound and secondary impact effect,
when the specimens do not completely damage [250]. Hence, it is necessary to develop a
new low-velocity impact experimental method for UHPFRC.
Besides, the majority of current studies only place emphasis on investigating the total impact
number and energy absorption under repeated low-velocity impact loading. Researches
concerning impact responses and post-impact properties assessment are rather scarce. Both
crack propagation and damage pattern are critical factors to interpret impact response and
the resistant mechanism of UHPFRC. Furthermore, residual property (e.g. compressive
strength after impact) is one of the most crucial parameters for damaged composite materials
[251], which is widely used to evaluate the damage degree and health status of structures
and components under extreme conditions, such as residual strength after fatigue loading,
freeze-thaw cycles or high temperature exposure [252–254]. The investigation on postimpact properties (e.g. residual strength, stiffness, toughness, impact resistance) can provide
key parameters and bases for the design of protective elements and components.
Nevertheless, impact resistance (energy absorption capacity) of UHPFRC is much more
difficult to be determined than other static properties, due to the complexity of impact tests.
Some researchers revealed that strength is associated with impact resistance (e.g. projectile
penetration), while toughness is related to tension crack and scabbing [255]. The toughness
reflecting the energy absorption capacity should have a relation with impact resistance.
Another research tries to predict the initial impact behaviour (delamination damage) by
economical static tests (e.g. shear stress) [256]. For these reasons, is is necessary to
investigate the impact responses and post-impact properties of UHPFRC under repeated
low-velocity impact loading, and to propose a reliable analytical model to predict the impact
resistance by several key variables based on simple static tests.
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The objective of this chapter is to developed a reliable repeated low-velocity impact testing
device and method, investigate the impact responses and post-impact properties of UHPFRC
designed in Chapters 4, 5, 6. The effects of coarse basalt aggregates and steel fibres, and the
functionally graded composite component will be analysed. Furthermore, an analytical
model is proposed to predict the impact resistance of UHPFRC based the static flexural
toughness, and successfully validated against the experimental data.

7.2 Specimens and impact methods
7.2.1

Pendulum impact test

Impact tests can be divided into three categories (qualitative, semi quantitative and
quantitative), depending on the property measured by which the impact test is conducted.
But quantitative interpretation of impact testing results to derive inherent physical material
parameters has shown to be still quite difficult. Furthermore, impact tests should follow some
primary criterion and achieve goals as: (1) simple to handle; (2) energy sufficient to fracture
the specimen; and (3) number of blows to achieve a specified distress level [257].
A pendulum device is designed to investigate the low-velocity impact resistance of UHPFRC
beams. The pendulum device has a flexible impact mass (22 - 40 kg) and height (0 - 4 m),
as shown in Figure 7.1. First, the UHPFRC beam is hung by steel ropes with a specific span.
Then, the hammer is released from a fixed position and perpendicularly impacted on the
central point of UHPFRC beam at the lowest hammer position. Afterwards, both the highest
positions of sample and hammer are recorded during the first post-impact swing by a highspeed camera, as well as the velocities of hammer and specimen before and after impact.
The frame rate of high-speed camera is set at 5000 frames per second, and the displacement
of movement is measured based on a white board background with centimetre grids drawn
on it. The impact resistance of UHPFRC is described by the impact number and energy
absorption E (J) for each impact is obtained by
𝑀ℎ 𝑔(𝐻ℎ − ℎℎ ) − 𝑀𝑠 𝑔ℎ𝑠
𝐸 = {1
⁄2 𝑀ℎ 𝑉02 − 1⁄2 𝑀ℎ 𝑉𝑟2 − 1⁄2 𝑀𝑠 𝑉𝑠2

(7.1)

where Mh and Hh are the mass and initial height of the hammer, the specimen mass Ms varies,
gravity acceleration g = 9.8 m/s2, the maximum heights of hammer (hh) and beam (hs) are
measured after impact, V0 and Vr are the velocities of hammer before and after impact (m/s),
Vs is the velocity of the concrete beam after impact (m/s). To obtain a moderate impact
number, the pendulum hammer mass and its initial height in this study are chosen after
preliminary trials. The impact is repeated till the complete failure (fracture) of UHPFRC
beam, and the total absorbed energy E can be obtained.
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Figure 7.1: Pendulum impact set-up: scheme (a), before (b) and after (c) impact.
To evaluate the synergistic effect of steel fibres and coarse aggregates on impact properties
of UHPFRC, the same mixtures and unnotched beams (size 150 × 150 × 550 mm3 and span
450 mm) are utilized to conduct pendulum impact test, as mentioned in Chapter 5. The initial
height of hammer (Mh) and the specimen mass (Hh) are 30.3 kg and 2.35 m, respectively.
The total impact number and energy dissipation are measured.
To further analyse the post-impact properties of UHPFRC, one mixture (see Table 7.1) is
used to measure the flexural behaviour of partially damaged beams after a certain impact
number. Standard notched beams (size 150 × 150 × 550 mm3 and span 450 mm) have been
recommended by various organizations such as RILEM TC 162 [258] and EN 14651 [259]
to test the impact resistance and post-impact flexural behaviour of UHPFRC [260]. The
initial height of hammer (Mh) and the specimen mass (Hh) are 30.3 kg and 1.4 m, respectively.
Table 7.1: Mixture for post-impact properties research.
Materials
Quantity

7.2.2

PC
mS
LP
S 0-2 BA 2-5 BA 5-8
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)
588
39.2
156.8
839.9
413.2
232.3
187.8
12.6

SF
vol.%
2

Drop-weight impact test

To measure the low-velocity impact resistance of cementitious based composites, the dropweight impact testing methods are also usually utilized. A drop-weight impact set-up is
designed to research the impact resistance of FGCB, as presented in Figure 7.2. A steel ball
weighted as approximately 4.01 kg is held up by a magnetic device, and released from the
height of 3.16 m. Then, the steel ball impacts on the top surface in the centre of FGCB with
a span of 300 mm. The drop-weight impact is repeated till the fracture of FGCB, and the
impact resistance can be described by the total absorbed energy (E)
E = n·mgh

(7.2)

where n is the total impact number till complete failure; m and h are the mass and impact
height of steel ball, respectively; g is the gravity acceleration, 9.8 m/s2. The specimens of
FGCB are same to those as mentioned in Chapter 6 (Table 6.2).
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Figure 7.2: Scheme of drop-weight impact set-up.

7.3 Results of pendulum impact tests
7.3.1

Synergistic effect of steel fibres and coarse aggregates

The impact resistance of UHPFRC beams is represented by the impact number and absorbed
energy. Table 7.2 shows the failure impact number and total absorbed energy calculated
based on Eq. (7.1). The two plain concrete can only suffer from one pendulum impact, which
indicates that they are very brittle and not suitable to be used for impact resistant elements
or structures. Incorporating 2 vol.% of 13 mm short straight fibres, the energy dissipation
ability of UHPFRC beams can be greatly enhanced, as high as about 5 to 6 times. The impact
resistance is further significantly increased with the inclusion of 2 vol.% of 30 mm medium
hook-ended or 60 long 5D steel fibres. Thus, the steel fibres are indispensable for UHPFRC
subjected to impact loading, due to an increase in fibre pull-out load and strain capacity
[10,213]. However, the improvement degrees are not the same for the different UHPFRC
matrices. A similar synergistic effect as shown in flexural behaviour is observed, namely
UHPFRC with the smaller basalt aggregates is preferred to the 30 mm medium hook-ended
fibres to achieve the best impact resistant mixture (A8F30), while the coarser basalt
aggregates need much longer steel fibres (60 mm long 5D) to acquire enough reinforcement
(A25F60).
To further analyse the impact resistance mechanism and damage propagation, the
development of energy absorption during each impact is investigated, as shown in Figure
7.3. In this study, the absorbed energy of UHPFRC beams during one impact usually ranges
between 35% and 50% of the initial impact energy of hammer (approximately 698 J). For
the UHPFRC beam reinforced with steel fibres, the energy absorption development suffers
through three stages, firstly dissipating relatively low energy at the initial several impacts,
afterwards keeping it at a higher and stable level at the following impacts, and then tending
to a further higher energy absorption and complete failure at the last few impacts. The first
stage is more like elastic collisions, transferring more gravitational potential energy into
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kinetic energy of the UHPFRC beam, thus resulting in less energy absorption by the material
itself. The second stage is mainly due to the fibre pull-out process. The partially damaged
UHPFRC beam tends to be ‘soft’ because of degeneration of stiffness, which contributes to
more impact energy transformation into the material deformation energy instead of the
kinetic energy. The third stage is a failure acceleration stage where the damage degree
develops faster and faster till the complete breakage from the centre occurs, and more impact
energy is absorbed due to the large deformation. An example is shown in Figure 7.3(a), in
which the three stages are indicated.
Table 7.2: Total impact number and energy dissipation.

A8F0

Failure impact
number, n
1

Energy dissipation,
E (J)
299

A8F13

6

1833

A8F30

93

27940

A8F60

17

5650

A25F0

1

325

A25F13

5

1561
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8

2519
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15
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Figure 7.3: Development of energy absorption, in (a) an example of 3 impact stages are
indicated.
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7.3.2


Post-impact properties of UHPFRC beams
Crack propagation

Figure 7.4 shows the crack propagation on the top surface. After the first impact, a long and
thin crack can be observed, and it develops further after the second impact. An obvious
macro crack can be seen after the third impact. It should be pointed out that the UHPFRC
beams are complete failed (broke into two parts) after repeated impact of 4 times.
The comparative analysis on the values of crack length and width is shown in Figure 7.5.
The crack depth and width of UHPFRC beam are not propagated simultaneously, which can
be classified into three stages. At the first stage, the crack resistance is mainly depending on
the brittle matrix of UHPFRC. Crack depth is developed more quickly at the initial impact,
while the crack width only increases slightly. At the second stage, the fibre bridge effect
begins to work and the crack resistance is highly dependent on the bonding force between
fibre and matrix. Both crack length and depth have a further increase and a macro crack
occurs with the further impact. At the third stage, the crack propagates rapidly till the
complete damage, due to the pull-out of steel fibres and simultaneously a drastic
degeneration of crack resistance. The sudden increase of crack width during the third impact
can be regarded as a threshold point and a good indicator to the coming complete damage.
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Figure 7.4: Crack propagation after impact number 0 (a), 1(b), 2(c) and 3(d) of UHPFRC
mixture in Table 7.1.
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Figure 7.5: Crack values vs. impact number of 150 mm notched UHPFRC (Table 7.1)
beams with notch of 25 mm.


Damage pattern

The fracture pattern of a completely damaged beam is evaluated, as shown in Figure 7.6, to
further understand the fracture mechanism of UHPFRC under low-velocity impact loading.
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The UHPFRC beams show a flexural-like fracture, only one dominant macro crack occurs
along the notch. There is almost no front face-crater and rear face-scabbing, punching
fracture or delamination, which can probably be observed in other composite materials under
impact, based on the different impact velocity and energy, size of specimen and impactor.
The fracture pattern of UHPFRC beam indicates that the crack always initiates and
propagates along the notch, contributing to reducing variations of testing results, which is in
line with [261]. Therefore, a notched beam is proposed and suggested for impact test,
attributed to certain fracture path along the notch plane. It can be concluded that the fracture
of UHPFRC beam is only generated in a limited local area, nearby the position of maximum
moment under impact loading.

Figure 7.6: Fracture pattern of completed damaged beams.
To explain the effect of steel fibres on impact resistance of UHPFRC, a qualitative
comparison of steel fibres surface under static flexural and impact loading is performed,
shown in Figure 7.7. It should be noted that fibres are pulled out from the matrix. Although
the fibre-matrix bonding surface of this thin steel fibre is large enough, no cut-off is
identified because of high intrinsic strength of the steel fibre, which proves that this type of
high-strength thin fibre is suitable to design impact resistant UHPFRC. In addition,
longitudinal scratches can be observed on the steel fibre surfaces, attributed to the abrasion
caused by the particles during the pull-out process.

Figure 7.7: Fibre surface at static (a) and impact (b) loading.
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The scratches subjected to impact loading are more extensive and severer than those under
static loading, which can be attributed to the loading rate effect. Because the matrix is
normally sensitive and enhanced under high loading rate, it leads to the increase of the
friction between the fibre surface and UHPFRC matrix [162]. It means that the steel fibre
works more efficient and is indispensable for UHPFRC subjected to impact loading.
A similar qualitative comparative analysis on coarse basalt aggregate fracture under static
flexural and impact loading is presented in Figure 7.8. A great difference between the
fracture patterns of coarse basalt aggregates under different loadings is clearly seen. Under
static flexural loading, more unbroken coarse basalt aggregates (bright) can be observed,
while more broken ones (dark, splitting into two parts) exist after impact loading. It is
hypothesized that cracks initiate at the relatively weaker interfacial transition zone (ITZ)
between coarse aggregate and UHPFRC matrix under static loading [162,262]. It does not
have sufficient time to seek the weak ITZ under impact loading, and directly develops
through the aggregates as the shortest fracture path, which is in line with [162]. This forced
fracture pattern under a higher loading rate contributes to enhanced fracture energy
absorption and corresponding higher impact resistance of UHPFRC in the presence of
relatively stiffer and stronger coarse basalt aggregates.

Figure 7.8: Aggregate under static (a) and impact (b) loading.


Energy dissipation

The impact resistance of UHPFRC under pendulum impact can be defined as energy
dissipation or energy absorption capacity. Figure 7.9 shows the absorbed energy of UHPFRC
beam during each impact, calculated by Eq. (7.1). During the first three impacts, the
UHPFRC beam can absorb approximately 160 J, which is about 46% of the total impact
energy of hammer (346 J). After the first impact, the UHPFRC beam still has relatively high
stiffness, which will be illustrated in the flowing analysis. The impact is more like an elastic
collision, which leads more gravitational potential energy of hammer to transfer into kinetic
energy of the UHPFRC beam. During the second impact, the stiffness of the partially
damaged beam degenerates, more energy is dissipated by the deformation energy and
fracture energy of concrete itself, leading to a slight increase of absorbed energy. With the
further increase of damage degree, more and more fibres are pulled out and cracks of the
matrix develop deeper and wider. The potential deformation energy and fracture energy
decrease, which results in the decrease of energy dissipation of the UHPFRC beam.
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Figure 7.9: Absorbed energy during each impact.


Residual load-deflection relationship

Residual properties are crucial parameters for damaged composite materials to evaluate the
damage degree and structural health status. The load-deflection curves in Figure 7.10
highlight the differences in behaviour between the original (reference) beam and partially
damaged beams. The curve of the reference beam can be divided into two phases of
behaviour: the first phase is the elastic region, where linear behaviour is shown and no
constituent materials are damaged; the second phase is the strain softening region, namely
the post-peak period. There is a very wide strain softening region after crack initiation and
propagation, due to the pull-out process of steel fibres without identification of any cut-off.
The behaviour of the partially damaged beam can be divided into three phases. An extra
short phase corresponds to the strain hardening region, which can be observed between
elastic and strain softening regions, from the end of the linear elastic region to the peak
flexural load. This extra strain hardening region indicates that the damaged beam undergoes
some certain elastic-plastic deformation during the fibre pull-out process under bending load.
The residual load-deflection curves of beams under the first and second impact still show a
very good remaining load bearing capacity.
The envelopes (area covered by multiple curves ) of the curves show the variation in results
of repeated tests, which is likely due to local variations in fibre density and orientation
[24,229]. It also should be noted that the strain hardening behaviour of the designed
UHPFRC is not obvious, and a long load-deflection plateau does not occur. It is probably
attributed to the utilized type and amount of steel fibres in this study [238]. Based on the
analysis on the load-deflection curves, it can be concluded that the designed UHPFRC beam
has an excellent ductility and residual bearing capacity, which indicates that it is suitable to
be used as impact resistant composite material.
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Figure 7.10: Load-deflection relationship after a certain impact number (I: elastic region,
II: strain hardening region, III: strain softening region).


Residual strength, rigidity, toughness, impact resistance

To further analyse and understand the post-impact properties, a number of key parameters
are deduced based on the load-deflection curves, including residual ultimate strength
(ultimate flexural bearing capacity), rigidity, toughness and impact resistance.
The ultimate strength or ultimate bearing capacity (Fu) is the peak load on the load-deflection
curve, which is a basic and crucial parameter of UHPFRC. The residual ultimate bearing
capacity is presented in Figure 7.11(a). An empirical relation is proposed by regression
analysis, following ‘-ex’ law with the number of impacts. The strength of UHPFRC beam
decreases slightly after the 2nd impact, which means the UHPFRC retain a large percentage
of its bearing capacity at the first several impacts.
The flexural rigidity (EI) is defined as the force couple to bend a non-rigid structure or
component in one unit of curvature, which can be deduced from the moment-curvature
relation,
1
𝑀(𝑥)
=
𝜌𝑟
𝐸𝑌 𝐼

(7.3)

where ρr is the radius of curvature, M(x) is the bending moment at the position of x along the
length, EY is the Young’s modulus, and I is the cross-section moment of inertia. The
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parameters in this paper are all in SI units. Considering the Bernoulli hypothesis (plane crosssection assumption), the small deformation theory and the boundary condition in this study
[263,264], the flexural rigidity can be determined from calculating the concentrated load and
corresponding deflection,
𝐸𝑌 𝐼 =

𝐹𝐿3𝑏
48𝛿

(7.4)

where F is the concentrated load at the elastic region from central point bending test, Lb is
the length of the beam, δ is the bending flexural deflection. A linear relation is obtained with
the number of impacts, as shown in Figure 7.11(b). Unlike the residual strength, the residual
flexural rigidity tends to decrease linearly.
The flexural toughness (Tf), representing energy absorption capacity, can be determined
from the area under the load-deflection curve from the flexural test,
𝛿𝑢

𝑇𝑓 = ∫ 𝐹(𝛿)𝑑𝛿

(7.5)

0

where δu is the maximum deflection, δu = 15 mm in this study. The residual flexural
toughness can be expressed by a regressed linear relation, as illustrated in Figure 7.11(c). It
is obvious that the residual toughness shares a similar decrease tendency as residual flexural
rigidity, which indicates the residual toughness is more relevant to the rigidity rather than
strength under low-velocity impact loading.
The residual impact resistance (Er) can be represented by the remaining energy dissipation
capacity, which is calculated as follows,
𝑛𝑢

𝐸𝑟 = ∑ 𝐸(𝑛)

(7.6)

𝑛
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where E(n) is the absorbed energy during the impact number of n, based on Eq. (7.1); nu is
the total impact number till to complete damage. The regressed relation shows an ideal linear
decrease, as shown in Figure 7.11(d). The similar linear decreases indicate that it is possible
to associate residual impact resistance with residual flexural rigidity and residual toughness.
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Figure 7.11: Residual strength (a), rigidity (b), toughness (c) and impact resistance (d).


Damage index and levels

It is of great significance to evaluate the damage degree and health status of protective
concrete structures or components after impact events. For instance, residual ultimate
bearing load and impact resistance can provide insights on assessment of the service ability
subjected to both static and impact loading. Hence, it is important to propose a damage index
to describe the damage degrees and levels of UHPFRC under repeated low-velocity impact
loading.
In order to analyse the damage degree development, regression analysis is used to develop
empirical relations, based on the collected experimental database. Empirical models are
proposed to predict the post-impact properties with the number of impacts (n) except for the
last impact, including residual strength, flexural rigidity, flexural toughness, and impact
resistance,
𝐹𝑢 (𝑛) = 61.7 − 9.8𝑒 𝑛/1.68

(7.7)

𝐸𝑌 𝐼(𝑛) = 130.9 − 40.1𝑛

(7.8)

𝑇𝑓 (𝑛) = 250 − 75.5𝑛

(7.9)

𝐸𝑟 (𝑛) = 511 − 160.6𝑛

(7.10)

A function of damage index is suggested to describe the damage degree in this study
[265,266],
𝐷(𝑛) = 1 −

𝐴(𝑛)
𝐴(0)

(7.11)

where A(n) represents a certain property of UHPFRC, such as ultimate bending load, flexural
rigidity, flexural toughness or impact resistance. A(0) is the initial property before any impact.
According to Eqs. (7.7) - (7.11), the damage indexes of different post-impact properties can
be written as,
𝐷(𝑛)|𝐹𝑢 = 0.189(𝑒 𝑛/1.68 − 1)

(7.12)
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𝐷(𝑛)|𝐸𝑌𝐼 = 0.306𝑛

(7.13)

𝐷(𝑛)| 𝑇𝑓 = 0.302𝑛

(7.14)

𝐷(𝑛)|𝐸𝑟 = 0.314𝑛

(7.15)

Based on these damage indexes, the impact damage degree can be classified mainly into
three levels [267]. The first level is light damage with a damage index of 0-0.5,
corresponding to the first impact in this study. Only micro cracks occur in the UHPFRC
beam at this stage. The UHPFRC beam is still usable, due to the large residual bearing
capacity and impact resistance. The second level is medium damage with a damage index of
0.5-0.75, corresponding to the second impact in this study. The crack propagates longer and
wider to a macro crack, and steel fibres slip from the matrix. The UHPFRC beam cannot be
used or maybe still usable in some unimportant component, attributed to the degeneration of
mechanical behaviour. The third level is severe damage with a damage index of 0.75-1,
corresponding to the third and last impact in this study. The crack grows rapidly till the
complete damage and steel fibres are pulled out. The UHPFRC beam cannot be used
anymore because of almost entire loss of mechanical properties.

7.4 Results of drop-weight impact tests
The excellent flexural toughness shown by the designed FGCBs demonstrates that they
possess excellent energy absorption capacities, which indicates that they are suitable to be
applied in impact resistant components and structures. The impact resistance of the designed
FGCB is described by the failure impact number and total energy dissipation under the dropweight impact test, as seen in Table 7.3. The reference FGCB is very brittle and broken into
two parts from the centre after only one impact (124 J), as shown in Figure 7.12(a).
Nevertheless, the impact resistance of the designed FGCB is considerably improved and can
withstand multiple impacts. An example of the failure pattern of FGCB with steel fibres is
illustrated in Figure 7.12(b). The 30 mm medium hook-ended steel fibres provide the best
reinforcement on the impact resistance of the designed FGCB, which is in line with the
results of flexural properties. The FGCB incorporating 13 mm short straight and 60 mm long
5D steel fibres only provide about half the energy dissipation of the 30 mm medium hookended fibres in the case of 2 vol.% volume dosage. With the increase of medium steel fibres
dosage from 1 vol.% to 3 vol.%, the failure impact number is enlarged from 8 times to 82
times. To sum up, the designed FGCB with 3 vol.% medium fibres has superior impact
resistance and is appropriate for applications in protective materials and structures.

Figure 7.12: Failure after impact tests: (a) FGCB1 and (b) FGCB5 (Table 6.2).
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Table 7.3: Failure impact number and total impact energy dissipation.
Mix No.
FGCB1
FGCB2
FGCB3
FGCB4
FGCB5
FGCB6

Fibre content
and type
0
2 vol.%, short
2 vol.%, medium
2 vol.%, long
1 vol.%, medium
3 vol.%, medium

Failure impact
number
1
30
64
29
8
82

Energy
dissipation (J)
124
3720
7936
3596
992
10168

7.5 Predicting low-velocity impact resistance by static properties
It is widely accepted that it is much more difficult to determine dynamic properties (e.g.
impact resistance or energy absorption capacity) of UHPFRC than its static properties, due
to the complexity of the required test. Until now there is no standard impact method to
measure the impact resistance of UHPFRC, most dynamic or impact testing methods
reported in literature are too complex and costly compared to the static properties tests. Thus,
it is of great significance if we can predict the impact resistance of UHPFRC by its static
properties.
When we compare the flexural properties and energy dissipation of UHPFRC beams
combined with steel fibres and coarse aggregates (as seen in Sections 7.3.1 and 5.3.2), the
impact resistance is greatly dependent on the flexural behaviour. Therefore, it is postulated
to predict the impact resistance by flexural properties, which is much easier and more
economical to provide guidance for both researchers and engineers. Furthermore, in Section
7.3.2, it was shown that the residual impact resistance in Eq. (7.15) shares a similar damage
index equation with residual rigidity and toughness by comparing with Eqs. (7.12) - (7.14),
as the degeneration rates are almost the same. Hence, the flexural rigidity and toughness are
more appropriate as indicators than ultimate bearing capacity, which can be used to predict
the residual impact resistance of UHPFRC beams. Considering the fact that both impact
resistance and flexural toughness reflect the energy absorption capacity, it is more reasonable
to predict the impact resistance by flexural toughness. In addition, the impact resistance of
the designed FGCBs are also associated to the flexural toughness, as shown in Sections 7.3.3
and 6.3.2. Hence, a linear empirical model is proposed to predict the impact resistance, based
on the acquired experimental database,
E = k·Tf

(7.16)

The correlation coefficient k should show a loading rate effect, which is mainly determined
by the hammer (e.g. mass, velocity, texture), specimen (e.g. shape, size, texture), support
and boundary condition. There are three different correlation coefficient values for the three
different cases of impact tests, as illustrated in Figure 7.13. Because the toughness should
vary at different impact conditions or loading rates [268], which could affect the energy
absorption and consequently the value of k.
The value of k is approximately 7.6 (R2 = 0.96) for the unnotched beam 150×150×550 mm3
under pendulum impact energy of 698 J, which is much larger than the notched beam with
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the same size but a smaller initial impact energy of 346 J, namely k = 2.0 (R2 = 0.96). This
enlarged k is probably due to the increased dynamic properties by the higher loading rates
under much stronger impacts [162,269,270]. And, the correlation coefficient k is around 21.0
(R2 = 0.97) for the unnotched FGCB beam under a drop-weight impact energy of 124 J.
Although the correlation coefficient changes subjected to different low-velocity impact
events, the proposed linear model always fits very well to the experimental results. Thus, the
flexural toughness seems always to be a good indicator for the impact resistance of an ultrahigh performance cementitious composite beam under different low-velocity impact tests,
and a linear correlation exists.
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Figure 7.13: Correlation between impact energy and flexural toughness.
It should be noted that the result of specimen A8F30 does not fit to this linear model, which
shows an impact resistance above the trend line. Because the beam of A8F30 possesses the
highest flexural strength as shown in Figure 5.8, the stress induced by impacts is possibly
below the elastic limits. Thus, the plastic deformation and damage is very limited, resulting
in a relatively high residual strength and impact resistance. Figure 7.14(a) illustrates the
residual strength of composites under different impact energy levels [271], with an obvious
threshold value of impact energy. Below the threshold energy, the residual strength remains
stable. Thus, there is almost no or only slight damage and the element can withstand many
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repeated impacts. Figure 7.14(b) shows a parabolic relationship between the impact number
and impact energy. Under the impact energy higher than the threshold, only a few impact
number is observed. When the impact energy value is lower than the threshold, the impact
responses behave elastically, resulting in a significant increase of impact numbers [251].
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Figure 7.14: Effect of impact energy on (a) residual strength and (b) impact number.
Hence, the impact resistance of UHPFRC beam (absorbed energy or impact number) is
greatly dependent on both flexural strength and toughness. It is mainly attributed to the
flexural strength when subjected to impacts with impact energies below the threshold energy.
While, flexural toughness determines the impact resistance and shows a linear correlation,
if the impact energy is beyond the threshold.

7.6 Conclusions
This chapter researches the low-velocity impact resistance of designed UHPFRC by
pendulum and drop-weight impact devices. The synergistic effect of steel fibres and coarse
aggregates, damage development and post-impact properties, and superiority of functionally
graded composite component are investigated and analysed. Finally, prediction of impact
resistance by static properties is proposed. The key conclusions can be summarized as below:






Coarse basalt aggregates up to 25 mm can be successfully introduced to reduce cement
consumption and cost in UHPFRC for developing impact resistant construction materials.
In the presence of coarse aggregates, the 30 mm medium hook-ended and 60 mm long
5D fibres are more efficient in reinforcing impact resistance than the 13 mm short
straight ones.
Damage of fibres and coarse aggregates under impact loading is severer than that under
static loading. Most aggregates are broken at the fracture cross-section, which directly
demonstrates that they contribute and improve the impact resistance under impact
loading.
Under the impact loading, the residual strength of UHPFRC beams follows ‘-ex’ law with
the number of impacts, while the residual rigidity, toughness and impact resistance
follow a linear decrease. The residual impact resistance has a similar damage index as
the residual flexural rigidity and toughness. The crack depth and width of UHPFRC
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beam are not propagated simultaneously, crack depth is developed more quickly at the
initial several impacts.
The novel concept of FGCB is has superior impact resistance, as well as high cement
and steel fibre utilization efficiencies. Here, 3 vol.% 30 mm hook-ended fibres are
suggested for FGCB to design impact resistant component with an optimum bottom-tototal layer ratio βlayer of 0.46, considering both performance and fibre utilization
efficiency.
The toughness is a good indicator to reflect the low-velocity impact resistance of
UHPFRC beams. A linear analytical model can be introduced to describe this correlation.
While, the low-velocity impact resistance is also greatly influenced by the flexural
strength when subjected to impacts with an impact energy below the threshold energy.
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Chapter 8
8

Bullet impact resistance of UHPFRC

This chapter investigates the key parameters concerning high-velocity impact resistance of
ultra-high performance fibre reinforced concrete (UHPFRC) by in-service bullet, with the
aim to provide design guidance for the engineering applications. The effects of steel fibre
type and dosage, matrix strength, coarse basalt aggregates, and target thickness are
researched by subjecting the UHPFRC to a 7.62 mm bullet shooting with velocities of 843926 m/s. The results show that the UHPFRC, designed by using a particle packing model
with compressive strength around 150 MPa, is appropriate to develop protective elements
considering both anti-penetration performance and cost-efficiency. The 13 mm short straight
steel fibres show better anti-penetration than the 30 mm hook-ended ones, and the optimum
volume dosage is approximately 2 vol.% by considering both the penetration and crack
inhibition. Introducing coarse basalt aggregates with particle sizes up to 25 mm into
UHPFRC reduces the powder consumption from 900 kg/m3 to 700 kg/m3, and results in
slightly higher mechanical strength and significantly enhanced bullet impact resistance (14.5%
reduction of penetration depth). The safe thicknesses (perforation limit) of the designed
UHPFRC slabs are approximately 85 mm and 95 mm to withstand the 7.62×51 mm NATO
armor-piercing bullet impact with velocity 843 mm/s and 926 mm/s, respectively.

This chapter is partially published elsewhere:
P.P. Li, H.J.H. Brouwers, Qingliang Yu. Influence of key design parameters of ultra-high
performance fibre reinforced concrete on in-service bullet resistance. Internal Journal of
Impact Engineering. 136 (2020) 103434.
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8.1 Introduction
Extreme conditions or accidental loadings surrounding our human life have attracted more
and more public attention, such as explosive or ballistic impact in terrorist attacks, natural
earthquake or hurricane disasters, vehicle impact in traffic accidents, and ship collisions on
offshore structures or bridges [7,8]. Concrete is one of the mostly widely utilized
construction materials in both civil and defence engineering, and its projectile impact
properties (e.g. penetration depth, perforation, crack propagation) are always an important
concern. Among the diverse types of concretes, ultra-high performance fibre reinforced
concrete (UHPFRC) has great potential for civil and military applications, owing to its
superior workability, mechanical strength, toughness and energy absorption capacity [6,9–
13]. UHPFRC has been developed since the 1990s, and its mix design and basic static
properties have been extensively investigated [1,2,28,79,160]. However, the phase
composition, microstructure and response behave very differently under impact loadings
compared to static load [14–17]. Furthermore, the dynamic properties and damage patterns
exhibit large differences when subjected to different impact loadings, such as drop-weight
or pendulum impact, seismic effect, projectile impact, blast, etc. [7,18]. Hence, the material
or even structural design principles should differ based on the different specific loading type,
instead of simply considering static performance. This study aims to optimize the mix design
of UHPFRC and research the influence of key parameters on ballistic impact properties
subjected to the in-service 7.62×51 mm NATO armor-piercing bullets.
The matrix strength class greatly influences the anti-penetration of concrete under the highvelocity projectile impact. Many experimental results and analytical models indicated that
the depth of penetration (DOP) under projectile impact has an inverse relationship with the
compressive strength [272,273], which means that concrete with a higher compressive
strength contributes to a better bullet impact resistance. Currently, the compressive strength
of UHPFRC is usually achieved within a large range from about 120 MPa to 200 MPa
[6,160]. The high strength of UHPFRC can be obtained by using some special design
principles, such as a low water amount with a high dosage of superplasticizer, a large amount
of cement, steel fibre addition, thermal and chemical activation, and extra pressurization
treatment before final setting [1,274]. All those methods tend to enlarge the cost of UHPFRC.
Thus, a better ballistic impact resistance normally goes with the sacrifice of economic
benefits. How to keep a balance between impact performance and strength/cost of UHPFRC
is of great significance for its wider engineering application. This study attempts to research
the effect of matrix strength on the projectile impact resistance, and suggests an appropriate
efficient matrix strength of UHPFRC in protective elements and structures.
Steel fibres are another key ingredient in UHPFRC to strengthen the bullet impact resistance.
They are considerably efficient to enhance the stress transfer capability beyond elastic state
and improve the energy absorption capacity [7,211]. The ‘bridge effect’ by the steel fibres
contributes to restraining crack propagation and benefits the multiple bullet striking bearing
capacity. Furthermore, steel fibres significantly reduce the fragments induced by the
scabbing and spalling, which consequently decreases the secondary harm by the concrete
fragments. Meanwhile, the enhanced crack inhibition capacity by steel fibres helps to
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maintain the integrity of concrete targets, which provides a certain confinement on the
impact position by the surrounding material, and ease the inner local impact damage.
However, the steel fibre reinforcement is greatly dependent on the fibre content and shape
[20,23]. Moreover, the utilized high-strength steel fibres in UHPFRC are much more
expensive compared to other raw materials. Therefore, steel fibres should be optimized in
UHPFRC in terms of type and content by comprehensively considering the DOP, crack
resistance and steel utilization efficiency, to achieve a cost-efficient protective component
and structure.
Conventional UHPFRC is usually developed without applying coarse aggregates to achieve
a better homogeneity and avoid inherent stress concentrations [1,2]. Coarse aggregates were
introduced into UHPC system, in order to reduce the cost and powder consumption, increase
volume stability and even mechanical strength. Furthermore, some researchers found that
concrete containing coarse aggregates contributes to enhanced high-velocity projectile
impact resistance, attributing to the mass abrasion and trajectory deviation of the projectile
by coarse aggregates with high hardness index [272]. Zhang et al. [273] reported that coarse
granite aggregates addition could reduce the DOP and crater diameter of high strength
concrete by a 12.6 mm ogive-nosed projectile. Wu et al. [166,168] investigated the effects
of coarse basalt and corundum aggregates on the impact resistance of UHPFRC by reducescaled (25.3 mm) ogive-nosed projectiles, and suggested that aggregate sizes should be 1.5
times larger than the diameter of projectile. However, the ballistic impact resistance of
UHPFRC with coarse aggregates by smaller projectiles (e.g. the in-service 7.62 mm NATO
armor-piercing bullet) should be more sensitive to the aggregates’ sizes and contents, due to
the high variability when hitting the mortar matrix or a coarse aggregate. Thus, the effect of
coarse aggregates on small bullet impact resistance should be researched and identified.
The objective of this study is to explore the influence of key parameters on impact resistance
of UHPFRC subjected to the in-service 7.62×51 mm NATO armor-piercing bullet with
velocities of 843-926 m/s, and propose a design guideline for relevant engineering
applications. Five UHPFRC matrixes are designed by using a particle packing model, and
37 cylindrical targets are prepared to study the effects of steel fibre type and dosage, matrix
strength, coarse basalt aggregate, and target thickness. The mechanical strength, penetration
depth and damage pattern are measured and analysed. The appropriate strength class, steel
fibre type and content, coarse aggregates addition are attained by comprehensively
considering penetration depth, crack inhibition and cost-efficiency. Furthermore, safety
thicknesses (perforation limit) of the designed UHPFRC slabs are suggested in order to
withstand the in-service 7.62×51 mm NATO armor-piercing bullet impact, which provides
guidance and reference to the future design of protective components and structures.

8.2 Materials and testing methods
8.2.1

Materials and mix design

The ingredients of UHPFRC mixtures include Portland cement (PC), limestone powder (LP),
micro-silica (mS), normal sand (S), coarse basalt aggregates (BA) with different sizes, steel
fibres with different types (SF), superplasticizer (SP3 from Chapter 2 is used) and tap water
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(W). The detailed physical and chemical properties of powders can be found in Section 3.2.1,
3.3.1, 4.2.1 and 4.3.1. Two different steel fibres are used, namely 13 mm (short) straight
fibre and 30 mm (long) hook-ended fibre, as described in Section 5.2.1.
Five UHPFRC matrices are designed with the maximum aggregate size (Dmax) ranging from
2 mm up to 25 mm, as presented in Table 8.1. 20% limestone powder and 5% micro-silica
are added to partially replace the cement by mass, considering both sustainability and
performance. The powder content is reduced from 900 kg/m3 to 700 kg/m3 with Dmax
increasing from 2 mm to 25 mm, due to the fact that coarse aggregates contribute to less
demand of powder in concrete [125,209,216]. The fractions of aggregates are determined
based on the particle packing model, as described in Section 4.2.2. UHPC incorporating
coarser aggregates tends to a smaller distribution modulus q in Chapter 4, and the specific q
values and PSD curves of designed UHPFRC matrixes are shown in Figure 8.1(b). The
match of the target lines and designed lines confirms the packing quality of the designed
mixes. The water and superplasticizer amounts are adjusted to achieve self-compacting.
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Figure 8.1: Particle size distributions of (a) ingredients and (b) designed mixtures.
Table 8.1: Recipes of designed UHPFRC matrixes (kg/m3).
S
0-0.2
276
-

Mix.

PC

mS

LP

M2
M5
M8
M16
M25

675.0
637.5
600.0
562.5
525.0

45.0
42.5
40.0
37.5
35.0

180
170
160
150
140

8.2.2

Specimens preparation

S
0-2
1067
988
911
743
667

BA
2-5
488
410
390
367

BA
5-8
249
195
173

BA
8-11
127
121

BA
8-16
192
64

BA
16-25
365

W

SP

182.0
174.3
168.0
161.3
154.0

9.0
8.5
8.0
7.5
7.0

To investigate the effects of steel fibre type and dosage, matrix strength, coarse aggregate
size, slab thickness, and impact velocity on the ballistic resistance, 37 cylindrical specimens
are prepared, as listed in Table 8.2. Some targets are duplicate to check the experimental
variation. The diameter of all targets are fixed at 300 mm, which is much more than 30 times
the projectile diameter, thus achieving negligible boundary effects [166]. All the samples are
cast in mould and covered by a plastic film, and demoulded after 24 hours. After curing for
another 27 days (see details in Table 8.2), the ballistic tests on all targets are conducted.
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Table 8.2: UHPFRC recipes and hardening.
Matrix
No.

Groups
Matrix
strength
effect

M2

Thickness
(mm)

120

Impact
velocity,
V (m/s)

Fiber type & dosage
(vol.)

Curing regime

843, 926

2% straight

1 d heat curing (60 ℃/80
RH), 26 d water curing.
5 d heat curing (60 ℃/80
RH), 22 d water curing.
27 d water curing

Fibre
effect

M2

120

843

0
1%, 2%, 3%, 5% straight
1%, 2%, 3% hook-ended

Aggregate
size effect

M5
M8
M16
M25

100

843, 926

2% straight

27 d water curing

Thickness
effect

M2

60 ~ 140

843, 926

2% straight

27 d water curing

8.2.3

Testing methods

The tensile splitting and compressive strengths of each UHPFRC mix are based on the
methods described in Section 4.2.3.
The in-service 7.62×51 mm NATO armor-piercing bullets are used for the ballistic impact
test on UHPFRC targets, as shown in Figure 8.2. Two striking velocities of the projectile,
recorded by a radar velocity system, are utilized in this study by changing the powder amount
in the shell case. The projectile consists of outside brass jacket (2.5 g) and inside hard steel
core (5.9 g). The 7.62 mm calibre launching device and target supporting frame are presented
in Figure 8.3. The distance between UHPFRC target and the launching device is around 30
m, based on the standard of NATO STANAG 2280 [276]. The target supporting frame is
fixed on the ground to avoid any variation or movement. A white paper board is placed
behind the supporting frame to witness any probable perforation.

(a) Whole bullet

(b) Projectile and hard core (c) Scheme of the projectile

Figure 8.2: 7.62×51 mm NATO armor-piercing bullet.
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(a) Launching device

(b) Front side of target

(c) Back side of target

Figure 8.3: Launching device (a), and front (b) and rear (c) side of target.
After the ballistic test, the UHPFRC target is cut from the centre of impact point along its
longitudinal direction (as semi-cylinder), in order to observe the cross-section damage
pattern and measure the penetration depth, as illustrated in Figure 8.4. In general, a crater is
observed on the impact side, while spalling and scabbing occurred on the rear side. The
outside brass jacket is usually destroyed and peeled off during the cratering process,
subsequently the hard steel core penetrates deeper and creates a tunnel. The depth of
penetration (DOP) of UHPFRC targets includes both crater depth and tunnel depth. The
projectile could perforate a target completely depending on the quality of concrete and speed
of bullet.

Figure 8.4: Typical damage pattern of UHPFRC target.

8.3 Results and discussion
8.3.1

Effect of matrix strength

The DOP is one of the most critical responses of UHPFRC under high-velocity projectile
impact, which is adversely related to the compressive strength. To identify the effect of
matrix strength, the different matrix strength classes of UHPFRC targets are achieved by
different curing regimes without changing other key parameters of the recipes, as illustrated
in Table 8.2. The correlations between DOP and UHPFRC compressive strength are shown
in Figure 8.5. For a reference UHPFRC mixture (M2 with 2 vol.% straight fibres) with
normal 27 d water curing after demoulding, the compressive strength reaches 143.3 MPa.
While, the compressive strength is enhanced to 154.3 MPa with 1-day extra thermal curing
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(60 ℃/80% RH), and further increased up to 162.9 MPa applying the same thermal curing
after demoulding but with a duration of 5 days.
For the mixtures with different strength classes, the DOP varies from around 62 mm to 57
mm at the striking velocity of 843 m/s, and between 76 mm and 73 mm under the striking
velocity of 926 m/s. Generally, a higher compressive strength tends to a better antipenetration capacity (smaller DOP), which is in line with other investigations about highvelocity projectile penetration of concretes [232,277,278]. Furthermore, many representative
DOP prediction models, such as U.S. Army Corps Engineers model, the National Defence
Research Committee model, and Li and Chen’s model, have indicated that DOP is correlated
to the square root of compressive strength [272,273,279]. Therefore, the trend lines are
regressed and plotted in Figure 8.5, as followed by
DOP = 𝑘/√𝜎𝑐 + 𝑑𝑝

(8.1)

where k is a content value, dp is the diameter of projectile. According to the fitting trend lines,
the values of DOP can be further reduced to as low as 55 mm and 69.4 mm with a
compressive strength of 180 MPa under the low and high striking velocities, respectively.
The improvement degrees of penetration resistance of UHPFRC are very limited, compared
to the UHPFRC mixture with the compressive strength of around 150 MPa. It also should
be noted that it is relatively easy to develop a ~150 MPa UHPFRC, while a higher strength
(e.g. 200 MPa) usually considerably sacrifices the cost and needs extra special treatments,
such as a very low water amount with a very high dosage of superplasticizer, a large amount
cement, high steel fibre addition, thermal and chemical activation, and extra pressurization
treatment before final setting. Hence, it is not efficient to use too high-strength UHPFRC to
develop protective elements by comprehensively considering both cost and anti-penetration
performance. Based on the analysis above, a compressive strength of around 150 MPa for
the bullet impact resistant UHPFRC is recommended.
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Figure 8.5: Correlation between DOP and M2 matrix strength.
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8.3.2


Effect of steel fibre type and content
Mechanical strengths

The mechanical strengths of UHPFRC are influenced by the steel fibre types and contents,
thus affecting the impact resistance [280–282]. Figure 8.6 shows the compressive and
splitting tensile strength of UHPFRC mixture with different types and contents of steel fibres.
Normally, hook-ended steel fibres with appropriate length are more suitable to reinforce the
mechanical properties especially for flexural strength, compared to shorter straight ones
[27,213]. While, UHPFRC incorporating short straight fibres possesses a slightly higher
compressive and splitting tensile strengths. This is probably attributed to the more
homogenous distribution of the smaller fibres in the matrix, thus providing a better
reinforcement. The compressive strength continuously increases from 130.9 MPa to 177.2
MPa when adding a straight fibre content from 0 to 5 vol.%, while the splitting tensile
strength ranges between 9.5 MPa and 25.7 MPa. Namely, the improvement ratios in the
presence of 5 vol.% straight fibres are 35.4% and 170.5% for compressive and splitting
tensile strengths, respectively. The different reinforcing effects on compressive and tensile
strengths probably indicate that the steel fibre addition preferably improves the crack
inhibition capacity rather than anti-penetration resistance, which will be discussed in the
following sections.
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Figure 8.6: Mechanical strengths of UHPFRC with different steel fibres.


Depth of penetration

The steel fibres in UHPFRC enhance the bullet impact resistance by inhibiting crack
propagation, diminishing the secondary harm induced by scabbing and spalling fragments,
and providing confinement on the inner local impact position. Figure 8.7 presents the DOP
of the designed UHPFRC targets with two kinds of high-strength steel fibres at the bullet
impact velocity of 843 m/s. The DOP of the plain target without fibre is very large, namely
78 mm. While, it sharply decreases to 66 mm and 62 mm when adding 1 vol.% 30 mm hookended and 13 mm straight steel fibres, namely a 15.4% and a 20.5% reduction, respectively.
After that, the penetration resistance can be further gradually improved with the increase of
steel fibres’ dosage, e.g. a DOP of 61 mm is achieved with 3 vol.% hook-ended fibres and
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58 mm with 5 vol.% straight ones. But, steel fibre addition beyond 1 vol.% seems to have
limited contribution to decrease the DOP, especially in the case of the 13 mm straight fibres.
It should be pointed out that the utilization of 13 mm straight fibres seems to be more
efficient to reinforce the bullet penetration resistance than the 30 mm hook-ended ones,
although a long and hook shape in some cases results in better mechanical properties (e.g.
flexural strength) in UHPFRC in Chapter 5. Yu et al. also revealed a similar high-velocity
projectile experimental result, where the DOP is smaller with hybrid fibres (0.5 vol.% small
and 1.5 vol.% large) compared to the pure 2 vol.% large ones [283]. On the one hand, the
smaller DOP for UHPFRC targets with straight fibres is attributed to the higher
reinforcement on both compressive and tensile strengths, as illustrated in Figure 8.6. On the
other hand, the quantity density (number of fibres per kg) of straight fibre is much larger and
the fibres can be distributed more homogeneously. It means that the projectile has a higher
probability to strike the high-strength fibres, and consequently being subjected to heavier
mass abrasion and penetration resistance. Thus, the 13 mm straight fibres are recommended
for bullet resistant UHPFRC.
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Figure 8.7: DOP of UHPFRC (M2) targets with different steel fibres.


Damage patterns

As analysed above, 1 vol.% 13 mm straight steel fibres are able to provide enough
reinforcement on the penetration resistance of the designed UHPFRC targets. A protective
UHPFRC element also needs to possess a good crack resistance, in order to remain sufficient
residual bearing capacity and relieve second harm induced by scabbing and spalling
fragments. Therefore, the damage patterns of UHPFRC are observed with different straight
steel fibre contents, through spraying the damage surfaces with white paint to make cracks
more visible, as illustrated in Figure 8.8.
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(a) 0

(b) 1 vol.%

(c) 2 vol.%

(d) 5 vol.%

Figure 8.8: Damage patterns with different straight fibre contents.
The plain target is extremely brittle and splits into several pieces, which indicates that it
cannot withstand the bullet impact. 1 vol.% steel fibres result in an integral specimen and no
obvious scabbing on the rear side, but a relatively large crater and many macro cracks are
observed on the impact side, as shown in Figure 8.8(b). 2 vol.% steel fibres considerably
diminish the crater diameter and only some hairline cracks are visible. Continuously
increasing the utilized fibre content can further improve the crack inhibition capacity, e.g.
almost no visible crack is seen with fibres up to 5 vol.%, and however the crater diameter
remains similar.
To sum up, the steel fibres are indispensable and play a critical role in UHPFRC towards
both penetration and crack resistance when subjected to high-velocity bullet impact. 2 vol.%
13 mm straight steel fibres are suggested by comprehensively considering DOP, damage
pattern and fibre utilization efficiency.
8.3.3


Effect of coarse aggregates
Mechanical strengths

Figure 8.9 shows the mechanical strengths of UHPFRC incorporating different Dmax in the
presence of 2 vol.% 13 mm straight steel fibres. For the UHPFRC with Dmax of 2 mm (sands),
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the 28 d compressive and splitting tensile strengths attain 143.3 MPa and 15.8 MPa,
respectively. The strengths fluctuate between 155.5 - 165.6 MPa and 17.5 - 19.1 MPa,
respectively, when coarse basalt aggregates are introduced with Dmax from 5 mm to 25 mm.
The coarser aggregates utilization in UHPFRC usually tends to a slightly lower mechanical
strength in Chapter 4. The enhanced mechanical properties probably owe to the lower
absolute water amount, as presented in Table 8.1, which tends to reduce the porosity and
consequently increases the packing density.
Based on the packing theory of particle size distribution, a lower fines content is needed for
a mixture with coarser particles. In this study, the powder content decreases from 900 kg/m3
to 700 kg/m3 with the increase of Dmax from 2 mm to 25 mm. Although the active binders
are diluted, the mechanical strength of UHPFRC is not sacrificed. Apart from the increased
packing density as mentioned above, the higher water-to-binder ratio for UHPFRC
incorporating coarser aggregates contributes to improving the binder hydration degree, and
thus compensating the reduction effect of absolute powder amount. Hence, introducing highstrength coarse aggregates could improve the cement utilization and economic benefits,
without sacrificing or even strengthening mechanical strength.
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Figure 8.9: Mechanical strengths of UHPFRC with different Dmax.


Depth of penetration

Many researchers believed that high-strength coarse aggregates are beneficial for
diminishing the DOP under high-velocity projectile impact, due to mass abrasion, trajectory
deviation of the projectile [166,168,232,273,284]. Furthermore, in the presence of hard
coarse aggregates in UHPFRC under impact loading, more fracture energy is dissipated
because more cracks going through the aggregates instead of initiating along the interfacial
transition zones [10,162]. But some researchers pointed out that this finding is questionable
when the projectile is very small (e.g. 7.62 mm [161,285]) relative to the size of aggregates
[286], because of the high variability of striking whether an aggregate or the mortar [272].
Figure 8.10 shows the DOP of UHPFRC targets with different Dmax by the in-service
7.62×51 mm NATO armor-piercing bullets. When increasing Dmax from 2 mm to 25 mm,
the values of DOP reduce from about 62 mm to 53 mm and from 75 mm to 64.5 mm under
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843 m/s and 926 m/s, respectively. Namely, the reduction ratios are approximately 14.5%,
which is more efficient and cost-effective compared to the measure of fibre addition, as
illustrated in Figure 8.7. The enhanced anti-penetration capacity of UHPFRC is attributed to
both the enlarged Dmax and the increased volume content of hard basalt aggregates. Wu et al.
[168] suggested the hard coarse aggregate size should be larger than 1.5 times of the
projectile diameter. Wang et al. [272] demonstrated critical contribution of the coarse
aggregate volume fraction and the hardness. Both the volume fraction and the hardness
contribute to the total effective hardness index, and this index has adversely linear
relationship with the DOP. The basalt aggregates usually have much higher hardness than
cementitious based mortar, which means that introducing coarse basalt aggregates
contributes to total effective hardness index and then reduces DOP. Thus, UHPFRC
incorporating Dmax of 25 mm is suggested to develop protective elements by considering
positive effects of both size and volume fraction of basalt aggregates.
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Figure 8.10: DOP of UHPFRC targets with different Dmax.
8.3.4


Effect of target thickness
Perforation limit

The perforation limit is defined as the minimum safe thickness of a target to avoid the
perforation under a specific projectile impact with a given striking velocity [278,287]. The
perforation limit has great significance for developing protective structures, which provides
guidance to engineers to design the safe and cost-efficient structures [288–290]. In this paper,
the perforation limit of the designed UHPFRC is determined from the damage observations
of the targets with different thicknesses. Figure 8.11 presents the DOP of UHPFRC targets
with thicknesses from 60 mm to 140 mm under striking velocities of 843 m/s and 926 m/s.
For a lower striking velocity of 843 m/s, the DOP is slightly enlarged from about 59 mm to
63 mm with the decrease of the target thickness from 130 mm to 90 mm. After that, the
UHPFRC target is perforated in the case of a thickness down to 80 mm, as represented by
the dash line. For a higher striking velocity of 926 m/s, the DOP experiences a similar
decreasing tendency, and the perforation phenomenon occurs at the thickness of 90 mm. The
accurate perforation limit cannot be directly measured due to the testing thickness interval
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of being 10 mm. Thus, the perforation limit is calculated as the average thicknesses of the
thickest perforated target and the thinnest unperforated target. In this study, the perforation
limits of the designed UHPFRC mixtures subjected to the in-service 7.62×51 mm NATO
armor-piercing bullet are derived as 85 mm and 95 mm for a given striking velocity of 843
m/s and 926 m/s, respectively.
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Figure 8.11: DOP and perforation limit with different target thicknesses (M2 with 2 vol.%
13 mm straight steel fibres).


Damage patterns

To reveal the mechanism of target thickness effect on high-velocity bullet impact resistance,
the cross-section damage patterns of UHPFRC targets with different thicknesses are
observed by cutting the tested samples into semi-cylinders. Because the effects of target
thickness on damage patterns at 843 m/s and 926 m/s share the same tendency, we only
present those at the higher striking velocity in this paper, as illustrated in Figure 8.12.
The targets with the thickness of both 80 mm and 90 mm are all perforated. While, the
damage of the thinner target is much severer, namely larger crater diameter and larger depth
on the impact side, and more spalling and scabbing on the rear side. When the target
thickness increases up to 100 mm, the inner hard core of projectile is stopped inside the
target. There is no obvious spalling and scabbing on the back side, but two dominant macro
cracks like inverted funnels are still observed inside the target. The crack resistance can be
further improved with the increase of the thickness, for example a much smaller crater and
no obvious macro cracks are observed in the case of a 110 mm target. The diminished
damage degree of a thicker UHPFRC target is attributed to a more remarkable confinement
of surrounding concrete on the inner local damage part. The impact bearing capacity of
concrete can be enhanced with confinement [291–293], which consequently reduces the
concrete damage degree, as well as the DOP shown in Figure 8.11.
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(a)
80 mm

(b)
90 mm

(c)
100 mm

(d)
110 mm

Figure 8.12: Cross-sections damage with different target thicknesses at 926 m/s (M2 with 2
vol.% 13 mm straight steel fibres).

8.4 Conclusions
This chapter investigates the key parameters of UHPFRC towards high-velocity impact
resistance by in-service 7.62×51 mm NATO armor-piercing bullet. The main key parameters
on penetration and crack resistance are studied, including matrix strength, steel fibre type
and content, aggregate size and target thickness. The present findings contribute to providing
reference and guidance to design the protective elements and structures. Based on the
obtained results, the following conclusions can be summarized:


The designed UHPFRC with the compressive strength at 140 -170 MPa by using a
particle packing model shows excellent high-velocity bullet impact resistance, and the
compressive strength class of 150 MPa is recommended for UHPFRC to design
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protective structures by considering both cost efficiency and anti-penetration
performance.
Steel fibres are indispensable and play a critical role in UHPFRC towards bullet impact
resistance, and 13 mm straight steel fibres show better contributions than 30 mm hookended ones. 2 vol.% is recommended as the optimum content to design impact resistant
UHPFRC by further concerning the crack inhibition.
Coarse basalt aggregates with particle size up to 25 mm are successfully introduced into
protective UHPFRC system, which results in a lower powder consumption (i.e. from 900
kg/m3 to 700 kg/m3) and lower cost, higher mechanical strength and stronger bullet
impact resistance. The DOP reduction is about 14.5% with the increase of the Dmax from
2 mm to 25 mm.
A UHPFRC target with a larger thickness tends to have a smaller DOP, attributed to the
better confinement by the surrounding material on the local damaged concrete.
Perforation limits (safe thicknesses) of the designed UHPFRC (M2 with 2 vol.% 13 mm
short steel fibres) are about 85 mm and 95 mm to withstand the 7.62×51 mm NATO
armor-piercing bullet at striking velocities of 843 m/s and 926 m/s, respectively.
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Chapter 9
9

Conclusions and recommendations
9.1 Conclusions
Ultra-high performance fibre reinforced concrete (UHPFRC) is a relatively new building
material, which has superior workability, mechanical properties, energy dissipation capacity
and durability. Those excellent characteristics and properties give it a great potential to be
used in impact resistant components and structures, such as protective elements in military
and civil engineering. However, the high cement consumption, large dosage of
superplasticizer and high content of steel fibre unitization cause some disadvantages, such
as high costs and a large embodied energy. Hence, optimization on UHPFRC mixtures is
needed to make them cheaper, more eco-friendly and higher impact resistance to broaden
the applications, and the static mechanical properties and impact resistance of UHPFRC are
necessary to be investigated to reveal the impact resistant mechanism and provide guidance
in the design of protective elements and structures. This research aims to optimize the mix
design of UHPFRC towards high impact resistance, cost-effectiveness and eco-friendliness,
and investigate its mechanical properties and impact resistance.
To approach the research targets, the most important and indispensable chemical additive
(superplasticizer) is researched during the early-age of UHPC. Then, the binder for UHPC
system is optimized by using high-volume limestone powder and developing quaternary
blends with cement-slag-silica-limestone. To further reduce the powder content and costs,
and to improve its properties, coarse aggregates are introduced in the UHPC system by
applying both a normal mixing method and a two-stage casting method. After that, the
homogeneous beams combined with steel fibres and coarse aggregates, and functionally
graded composite beams, are investigated to enhance the fibre utilization efficiency and
maximize mechanical and impact performances. Lastly, the impact resistance of the
designed UHPFRC mixtures and components are evaluated by low-velocity pendulum and
drop-weight impact tests, as well as high-velocity in-service bullet impact tests.
The main conclusions of this work drawn, based on the performed study, are summarized in
the following sections.
9.1.1

Superplasticizer effect on early-age behaviour

UHPC is developed after the invention of superplasticizer, which greatly influences the
dispersing, fluid-retaining and retardation performance. The dispersing ability of PCE-type
SP is determined by its chemical structure, which features an exponential relationship
between the flow ability of pastes and SP dosages. The fluid-retaining abilities of UHPC
mixtures are sensitive to the water-to-powder ratio, while the further addition of SP will not
enhance the slump life after reaching the saturation dosage. Both the adsorbed PCE and the
PCE remaining in the aqueous phase contribute to retardation effect. A linear correlation
between the final setting time (Tfinal) and the time of maximum heat flow rate ( 𝑡𝑄̈=𝑚𝑎𝑥 ) is
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derived. The types and dosages of SP primarily influence the absolute chemical shrinkage
of pastes within 1 day, and have a great effect on the autogenous shrinkage due to different
physical coagulation and chemical process.
9.1.2

Binder optimization towards low clinker content

The high cement clinker consumption is one of the most critical factors to limit the practical
applications, because it brings an environmental burden and cost problems. In the meanwhile,
a large proportion of binders cannot be completely hydrated under the relatively low waterto-binder ratio (usually less than 0.2) prevailing in a UHPC system. Thus, cheaper and more
sustainable mineral admixtures could be utilized to partly replace the cement clinker. Two
methods are used to modify the binder system, namely using high-volume limestone powder
and developing quaternary blends with cement-slag-silica-limestone.
The limestone powder shows a positive mineral plasticization effect that should be
considered in designing UHPC. The degree of secondary pozzolanic hydration is more
intensive than C3S/C2S hydration, which will enhance the later-age strength development.
The optimum content of limestone powder appears to be 50 vol.% of the total powder content
in UHPC, and contributes to a higher strength, denser pore structure, diminished total free
shrinkage and higher sustainability efficiency. Quaternary blends with cement-slaglimestone-silica in UHPC pastes have a considerable advantage of reducing embodied
energy and improving sustainability. Furthermore, positive synergies in term of strength,
fibre-to-matrix bond and total free shrinkage are observed in UHPC pastes with quaternary
binders compared to binary and ternary ones.
9.1.3

Introduction of coarse aggregates

Currently, most UHPC has been designed without coarse aggregates to ensure the
homogeneity. Introducing coarse aggregates into UHPC system could reduce the powder
content and cost, improve the volume stability and penetration impact resistance, etc.
Coarse basalt aggregates can be successfully introduced by applying the modified Andreasen
and Andersen model. The utilization volume of coarse basalt aggregates is up to 35% with
a reduced powder content. With the increase of particle size of basalt aggregate, the
mechanical strengths tend to decrease. Nevertheless, the maximum decrease degrees of
compressive and tensile strengths are very limited, namely 8.3% and 16.3%, respectively.
The optimal powder content of UHPC in this study is about 800 kg/m3 and 700 kg/m3 with
maximum basalt aggregate size of 8 mm and 16 mm, respectively. In addition, a distribution
modulus q of 0.19 is recommended for the modified Andreasen and Andersen model.
The new concept of TS-UHPC with coarse basalt volume around 55% has a low binder
amount (e.g. 364 kg/m3) and high binder efficiency (e.g. 0.417 MPa·m3/kg), possessing
excellent compressive strength of up to 151.8 MPa at 91 days. New formulas are proposed
to describe correlation between compressive and splitting tensile strength of TS-UHPC, and
to predict the strength of TS-UHPC by its grout strength.
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9.1.4

Efficient utilization of steel fibres

Medium and long fibres contribute to an excellent deflection/strain hardening behaviour
instead of short ones. A preferential synergistic effect on flexural properties is observed
between the medium fibres and the finer aggregates, while the longer fibres are more
compatible to the coarser aggregates. The length of steel fibre is recommended between 2
and 5 times as the Dmax (maximum size of aggregate).
The novel concept of functionally graded composite beam (FGCB) further improves steel
fibre utilization efficiency. It also has superior flexural properties and energy absorption,
without showing any interfacial bond problem. The fibre utilization efficiency of the
designed FGCB is much higher compared to the traditional UHPC and SIFCON beams. The
30 mm medium hook-ended steel fibres show the best utilization efficiency compared to the
13 mm short straight and 60 mm long 5D steel fibres, and 3 vol.% medium fibres are
optimum to design FGCB.
9.1.5

Resistance under low and high-velocity impact loadings

Both low-velocity and high-velocity impact tests are conducted in this study, including
pendulum, drop-weight and in-service bullet impacts.
Coarse basalt aggregates up to 25 mm can be successfully introduced to reduce cement
consumption and cost in UHPFRC for developing an impact resistant construction material.
In the presence of coarse aggregates, the 30 mm medium hook-ended and 60 mm long 5D
fibres are more efficient in improving the impact resistance than the 13 mm short straight
ones. The novel concept of FGCB results in superior impact resistance, as well as very low
cement consumption and a high steel fibre utilization efficiency. Hence, 3 vol.% 30 mm
hook-ended fibres are suggested for FGCB to design an impact resistant component with an
optimum bottom-to-top layer ratio βlayer of 0.46, considering both performance and fibre
utilization efficiency. The toughness can be used as a good indicator to reflect the lowvelocity impact resistance of UHPFRC beams. A linear analytical model is proposed to
describe this correlation. While, the low-velocity impact resistance is also greatly influenced
by the flexural strength when subjected to impacts with an impact energy below the threshold
energy.
The compressive strength class of 150 MPa is recommended for UHPFRC to design
protective structures by considering both cost efficiency and anti-penetration performance.
Steel fibres are indispensable and play a critical role towards bullet impact resistance, and
13 mm straight steel fibres show better contributions than 30 mm hook-ended ones. Hence,
2 vol.% is recommended as the optimum content to design impact resistant UHPFRC by
further concerning the crack inhibition. The DOP reduction is about 14.5% with the increase
of the maximum size of coarse aggregates from 2 mm to 25 mm. A UHPFRC target with a
larger thickness tends to show a smaller DOP, attributed to the better confinement of outer
material to the local damaged concrete. Perforation limits of the designed slabs are about 85
mm and 95 mm to withstand the 7.62×51 mm NATO armor-piercing bullet at the striking
velocity of 843 m/s and 926 m/s, respectively.

144

9.2 Recommendations for future research
This thesis focuses on the development of impact resistant ultra-high performance fibre
reinforced concrete (UHPFRC), from material design to component optimization to
properties evaluation. The presented results positively confirm the hypothesis of the
performed research. Nevertheless, further study is still needed on a number of issues and
remaining open questions. The following work is proposed as recommendations for the
future research.










The properties of UHPFRC are greatly dependent on the packing density or particle size
distribution. The distribution modulus q of the packing model for designing UHPFRC
should be further optimized and demonstrated, incorporating different maximum particle
sizes of aggregates.
Currently, there is no standard impact test to easily compare the impact resistance of
different UHPFRC materials. Cost-efficient and reliable impact testing methods are
necessary to be proposed and systematically validated.
The dynamic constitutive model under different strain-rates should be further understood,
for example seeking further research on impact resistance by applying the split
Hopkinson press bar tests. Then, one could propose dynamic compressive and tensile
strength-strain relations, which could be used to analytical and/or numerical calculation
on large-scale components or structures under impact loadings.
When the stress induced by especially repeated impact event is below the elastic limit of
UHPFRC, probably a so-called ‘fatigue-impact’ phenomenon occurs. Thus, the service
life and damage pattern of UHPFRC material and structure should receive enough
attention if they are subjected fatigue-impact loadings.
Impact resistance of UHPFRC under real service conditions is another very important
concern, because mostly impact event occurs to concrete structures in combination with
other service loadings, e.g. axial compression for bridge pillar.
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11 Abbreviations and symbols
Abbreviations
BA
BET
BJH
bvop
CH
C-S-H
DOP
DTG
FGCB
FTIR
GGBS
GPC
ITZ
LP
MHF
MIP
mS
MS
NATO
nS
PC
PCE
RH
PSD
RPC
S
SC
SCC
SCM
SEM
SF
SIFCON
SP
TG
TRMP
TSC
TS-UHPC
UHPC
UHPFRC
vol.
W
w/b
w/p
XRF

Basalts aggregate
Brunauer-Emmett-Teller
Barrett-Joyner-Hallenda
By the volume of powder
Calcium hydroxide
Calcium silicate hydrate
Depth of penetration
Differential thermal grvimetric
Functionally graded composite beam
Fourier transform infrared spectroscopy
Ground granulated blast furnace slag
Gel permeation chromatography
Interfacial transition zone
Limestone powder
Maximum heat flow
Mercury intrusion porosimetry
Micro-silica
Micro-sand
North Atlantic Treaty Organization
Nano-silica
Portland cement
Polycarboxylic ethers
Relative humidity
Particle size distribution
Reactive powder concrete
Sand
Slag cement
Self-compacting concrete
Supplementary cementitious material
Scanning electron microscope
Steel fibre
Slurry-infiltrated fibrous concrete
Superplasticizer
Thermal gravimetric
Time to reach the maximum peak
Two-stage concrete
Two-stage ultra-high performance concrete
Ultra-high performance concrete
Ultra-high performance fibre reinforced concrete
Volume fraction
Water
Water-to-binder ratio by mass
Water-to-powder ratio by mass
X-ray Fluorescence
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Roman symbols
aij
A(n)
bij
d
D
d0
df
dj
Dmax
Dmin
D(n)
dp
E
E(n)
Ep
Er
EY
F
g
h
hh
Hh
hs
I
k
K
Ks
Kr
L
Lb
m
Mw
mBA
mbinder
MCH
MC-S-H
mCO2
md
Mh
MH
mi
mi_grout
ms
Ms
mw
M(x)

Interaction coefficient of loosening effect
A certain property of UHPFRC
Interaction coefficient of wall effect
Spread flow diameter
Particle size
The cone base diameter
Diameter of fibre
Average particle diameter of j-class particle
Maximum particle size
Minimum particle size
Damage index after impact number of n
Diameter of projectile
Energy absorption
Absorbed energy during the impact number of n
Deformation coefficient on the water demand
Residual impact resistance
Young’s modulus
Concentrated load
Gravity
Height of drop-weight ball
Maximum height of hammer after impact
Initial height of impact hammer
Maximum height of specimen after impact
Cross-section moment of inertia
Correlation coefficient
Bulk modulus of the whole matrix
Bulk modulus of the solid material
Compaction index to determine the real packing density
Fibre length
Length of beam
Mass of drop-weight ball
Molecular weight
Mass of basalt aggregate
Mass of binder
Molar mass of calcium hydroxide
Molar mass of calcium silicate hydrate gel
Mass of embedded CO2 emission
Mass of sample in air after oven drying
Mass of impact hammer
Molar mass of water
Mass of material i
Mass of material i in grout
Mass of sample in air after water saturation
Mass of beam
Mass of sample in water after water saturation by vacuum
Bending moment at the position of x along the length

[-]
[-]
[-]
[cm]
[mm]
[cm]
[mm]
[mm]
[mm]
[mm]
[-]
[mm]
[J]
[J]
[-]
[J]
[GPa]
[kN]
[m/s2]
[m]
[m]
[m]
[m]
[m4]
[-]
[MPa]
[MPa]
[-]
[mm]
[mm]
[kg]
[g/mol]
[kg]
[kg]
[g/mol]
[g/mol]
[kg]
[kg]
[kg]
[g/mol]
[kg]
[kg]
[kg]
[kg]
[kg]
[m]
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n
nu
P1
P(D)
Pmix
Pp
Ptar
q
𝑄̇(𝑡)
𝑄̈(𝑡)
R
R2
rgrout
ri
t
T
Tf
tfinal
𝑡𝑄̈=𝑚𝑎𝑥
Tv-funnel
V0
Vcontainer
Vfibre
Vp
Vr
Vs
Vsolids
Vw
X
XB
XQ
Xref
XT

Impact number
Total impact number till to complete damage
First crack load
Cumulative fraction of total solids being smaller than D
Designed mix
Peak load
Target grading
Particle distribution modulus
Heat flow
Heat flow rate
Ideal gas constant
Coefficient of determination
Volume fraction of grout
Mass fraction of material i
Time
Temperature
Flexural toughness
Final setting time
Time of maximum heat flow rate
Mini V-funnel flow time
Velocity of hammer before impact
Volume of testing container
Volume content of fibre
Volume of powder
Velocity of hammer after impact
Velocity of specimen after impact
Solid volume
Volume of water
Binder efficiency
Property in binary binder
Property in quaternary binder
Property in reference
Property in ternary binder

[-]
[-]
[kN]
[-]
[-]
[kN]
[-]
[-]
[J/s]
[J/s2]
[-]
[-]
[-]
[-]
[s]
[℃]
[J]
[s]
[s]
[s]
[m/s]
[m3]
[%]
[m3]
[m/s]
[m/s]
[m3]
[m3]
[MPa/(kg/m3)]
[-]
[-]
[-]
[-]

Greek symbols
αj
β
βCO2
βj
βlayer
βp
Γp
δ
δu
ΔmC-S-H
ΔmCH
η
ηT
ησ

Packing density of j-class particle
Virtual packing density of total mixture
Binder sustainability efficiency
Virtual packing density of the j-class particle
Bottom layer to total beam thickness ratio
Water demand
Relative slump
Deflection
Maximum deflection
TG mass loss of calcium silicate hydrate gel
TG mass loss of calcium hydroxide
Fibre reinforced factor
Fibre reinforced factor in terms of toughness
Fibre reinforced factor in terms of flexural strength

[-]
[-]
[MPa/(kg/m3)]
[-]
[-]
[-]
[-]
[mm]
[mm]
[%]
[%]
[-]
[-]
[-]
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ρ
ρbulk
ρr
ρspecific
σ1
σc
σcap
σc_concrete
σc_grout
σe
σp
σt
σt_concrete
φ
φconcrete
φgrout
φITZ_induced
ϕ
ϕp

Density
Bulk density
Radius of curvature
Specific density
First crack stress
Compressive strength
Capillary tensile stress
Compressive strength of TSC
Compressive strength of grout
Elastic strength
Peak stress
Splitting tensile strength
Splitting tensile strength of TSC
Water permeable porosity
Water permeable porosity of TSC
Water permeable porosity of grout
ITZ-induced water permeable porosity
Strain hardening factor
Wet packing density

[kg/m3]
[kg/m3]
[m]
[kg/m3]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[%]
[%]
[%]
[%]
[-]
[-]
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13 Summary
Extreme conditions or accidental loadings surrounding our human life have attracted more
and more public attention. Examples are explosive or ballistic impact in terrorist attacks,
natural earthquakes or hurricanes, vehicle impact in traffic accidents, and ship collisions on
offshore structure or bridge. Ultra-high performance fibre reinforced concrete (UHPFRC) is
a relatively new building material, which has superior workability, mechanical properties,
energy dissipation capacity and durability. Those excellent characteristics and properties
give it a great potential to be used in impact resistant components and structures, such as
protective elements in military and civil engineering. However, the high cement
consumption, large dosage of superplasticizer and high content of steel fibre unitization
cause some disadvantages, such as high costs and a large embodied energy. Hence,
optimization of UHPFRC mixtures is needed to make them cheaper, more eco-friendly and
higher impact resistant to broaden the applications, and the static mechanical properties and
impact resistance of UHPFRC are necessary to be investigated to reveal the impact resistant
mechanism and provide guidance in the design of protective elements and structures.
To develop impact resistant UHPFRC mixtures, the key parameters in the mix design of
UHPFRC are investigated and further optimized. As an indispensable chemical additive,
superplasticizers are firstly studied in Chapter 2, including the effect of dispersing, fluidretaining and retardation on the early-age properties of ultra-high performance concrete
(UHPC). Then, the optimal type and dosage of superplasticizer can be obtained. Secondly,
the binder system in UHPC is further optimized towards low cement clinker consumption in
Chapter 3. Two methods are proposed, namely utilizing high-volume limestone powder to
replace cement and developing quaternary binders containing cement-slag-limestone-silica.
After that, coarse aggregates are introduced in the UHPC system in Chapter 4, to reduce the
powder content and cost, improve the volume stability and penetration impact resistance, etc.
UHPC mixtures incorporating coarse aggregates are successfully developed by applying a
particle packing model. And a novel concept of two-stage UHPC is proposed for maximum
volume of coarse aggregate utilization and ultra-low binder consumption. Furthermore, the
influence of steel fibres on the properties of UHPC are explored in Chapter 5. Three types
of steel fibres are studied in terms of the utilization efficiencies. Additionally, functionally
graded composite beams (FGCB) are developed in Chapter 6, to further increase impact
resistance and steel fibre utilization efficiency. They are designed by applying the composite
concepts of UHPC, two-stage concrete and slurry-infiltrated fibrous concrete.
To evaluate the impact resistance of the designed UHPFRC and get a better understanding
on the impact resistant mechanism, both low-velocity and high-velocity impact experiments
are conducted in Chapter 7 & Chapter 8, including pendulum, drop-weight and in-service
bullet impacts. The low-velocity impact testing results show that coarse basalt aggregates up
to 25 mm can be successfully introduced in developing an impact resistant UHPFRC. The
30 mm medium hook-ended are more efficient in improving the impact resistance than the
other ones. The novel concept of FGCB results in a superior impact resistance, as well as a
high cement and steel fibre utilization efficiency. The toughness can be used as a good
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indicator to reflect the low-velocity impact resistance of UHPFRC beams, while the flexural
strength also affects impact resistance when the impact energy is below the threshold energy.
The bullet testing results indicate that a compressive strength class of 150 MPa is
recommended for UHPFRC to design protective structures by considering both cost
efficiency and anti-penetration performance. And 2 vol.% 13 mm straight steel fibres are
recommended to design impact resistant UHPFRC by concerning the depth of penetration
(DOP) and crack inhibition. The DOP reduction is about 14.5% with the increase of the
maximum size of coarse aggregates from 2 mm to 25 mm. Perforation limits of the designed
slabs are about 85 mm and 95 mm to withstand the 7.62×51 mm NATO armor-piercing
bullet at the striking velocity of 843 m/s and 926 m/s, respectively.
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Ultra-high performance fibre reinforced concrete (UHPFRC) is a
relatively new building material, which has superior workability,
mechanical properties, energy dissipation capacity and
durability. Those excellent characteristics and properties give it a
great potential to be used in impact resistant components and
structures, such as protective elements in military and civil
engineering. However, the high cement consumption, large
dosage of superplasticizer and high content of steel fibre
unitization cause some disadvantages, such as high costs and a
large embodied energy. Hence, optimization on UHPFRC
mixtures is needed to make them cheaper, more eco-friendly
and higher impact resistance to broaden the applications, and
the static mechanical properties and impact resistance of
UHPFRC are necessary to be investigated to reveal the impact
resistant mechanism and provide guidance in the design of
protective elements and structures. This research aims to
optimize the mix design of UHPFRC towards high impact
resistance, cost-effectiveness and eco-friendliness, and
investigate its mechanical properties and impact resistance.
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