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ABSTRACT

The paper provides an overview of selected fresh and hardened states properties of a special form of Ultra
High Performance Concrete (UHPC) that differs from conventional High Performance Concrete in that it does
not contain coarse aggregate. It addresses a comprehensive panorama on the key characteristics of raw
materials, as well as a general discussion of rheological properties, mechanical strength, and microstructure
features. The balanced mix of low water/binder ratios, fine particles, reactive powders, fibres and chemical
admixtures leads to a tightly packed matrix. This must reflect not only in low porosity and significant high
strength, but also in adequate workability and superior durability for this advanced cement-based material.
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1 Introduction

Ultra high performance concrete (UHPC) is an advanced cementitious material, which emerged as an
innovative and promising solution in the construction industry to overcome the limitations of conventional
concretes. It was developed by the Danish innovator Hans Henrik Bache in 1986, who created a compound
with high particle packing density by mixing fine powders, plasticizers and dispersed fibres. This innovation
consisted of concrete with fine (but no coarse) aggregates, an optimized granular mix, and pressure applied
before and during setting. It has been used since the 1990s, and it is a well-known material with great
versatility in application, excellent workability, high mechanical properties and superior durability 3,

This innovative material cannot be considered as synonymous with high-strength concretes only 2. It is
characterized by having ductile behaviour and significantly higher compressive strength compared to
conventional concretes, ranging from 150 to 810 MPa 1. UHPC also exhibits remarkable stiffness, i.e., enabling
it to withstand significant stress even under substantial deformation caused by dynamic loading conditions
(e.g., earthquake) ®. It also has low porosity, resulting in a material with exceptional resistance to aggressive
agents, such as carbon dioxide, chlorides and sulphates. However, despite these advantages, this concrete
becomes limited due to the high cost of production, which includes specialized and controlled materials (e.g.,
reactive powders and additives), advanced curing processes, as well as some uncertainties related to

adequate dosage and manufacturing, such as differences in mixing equipment and environmental conditions
1,5

Microstructural analysis of UHPC is very complex, which is surrounded by its high compactness and
densification. This is because of reduced number of voids and pores by using fine reactive materials and by
eliminating coarse aggregates. In this respect, interfacial transition zones, characterized by a fragile area
between cementitious matrix and aggregates, are substantially decreased. Moreover, composition of UHPC
includes high binder content, low water/binder ratio, use of supplementary cementitious materials, chemical
admixtures and, eventually, fibres. Fibres are commonly employed with the objective to provide greater
ductility and toughness, i.e., the energy absorption capacity during the fracture of a material, as measured
by the area under the entire engineering stress—strain curve ©.

Therefore, to enhance the technical community's understanding of this advanced cementitious material, this
paper provides an overview of selected fresh and hardened state properties of a special form of Ultra High
Performance Concrete. This differs from conventional High Performance Concrete in that it does not contain
coarse aggregate. The paper addresses the key characteristics of raw materials, and explores the properties
of rheology, mechanical strength, and microstructure features. This was done by a comprehensive literature
review of recent publications, by using the Systematic Search Flow (SSF) method .

2 Characteristics of raw materials

For the past five decades, researchers around the world have been trying to develop high-performance
cement-based compounds by mixing various materials with different particle sizes, compositions, reactivities
and proportions 8. It should be noted that UHPC, unlike other concretes, shows characteristics similar to
mortars by not using coarse aggregates. This has generated a great deal of discussion about the most
appropriate nomenclature for this new material, which has focused not on the composition itself but rather
on its exhibited properties #1°. According to Scrivener, Caviron and Letourneux ! the absence of coarse
aggregates leads to mitigation of the interfacial transition zone. This results in a denser cementitious matrix
with superior hardened state properties compared to other conventional concrete and mortars, such as
higher compressive and tensile strengths, toughness and impact strength, as well as lower porosity and
permeability to gases and liquids 2.

Consequently, UHPC has greater durability and mechanical performance due to the lower amount of capillary
pores obtained by very low water consumption during casting (water/binder ratio usually below 0.3).
However, fresh state properties are still characterized by an excellent fluidity and cohesion, due to the
addition of superplasticizers and adequate granular packing °.

It is valid to stress the importance of admixture compatibility with raw materials. UHPC often relies on
superplasticizers or viscosity-modifying agents (VMAs), and the compatibility and dosage of these admixtures



can significantly affect workability. This should be strictly considered during production of this special
material.

According to Scrivener et al. 3, UHPC is a designed cementitious material with low water/binder ratio, which
results in low rates of hydration (about 30 to 40%) and, consequently, a high amount of dehydrated clinker.
Thus, supplementary cementitious materials can be efficiently used to replace clinker. Kamyab et al.
suggests the use of silica fume and other fine reactive materials can reduce the excess of clinker and does
not cause loss of UHPC properties.

UHPC exhibits the theory of maximum densified particle packing, obtained by the lack of coarse aggregates
and combination of fine particles with varying sizes . The gaps between millimetre-sized particles (fine
aggregates) are filled with micrometre-sized particles, such as cement and mineral admixtures. Micrometric
gaps are filled with nanoscale reactive powders, such as silica fume or nanosilica. Reactive powders
contribute to hydration reactions with cement by producing compounds to increase strength 1.

The decrease in the number and size of voids and pores is one of the main factors that provide increased
mechanical performance and durability. The fewer pores the greater the ability of cementitious material to
withstand stresses imposed on it 14, This can be obtained, in turn, by the theory of particle packing, which
is intrinsically related to the classical idea of the Apollonian concept. The packing occurs due to small particles
filling empty spaces and gaps, i.e., granular packing occurs through different particle sizes, well distributed
up to a given volume is completed and fully filled >°.

Different models have been developed, which can be classified as discrete or continuous. Discrete models
adopt idealized sets, while the basic multimodal continuous model considers the interactions of material
sizes 8. Christ et al. ° shows that theoretical methods are excellent for a first approximation of packing,
allowing greater condensation of grains sizes, and decreased separation of compounds.

The use of silica fume, for example, refines and densifies the microstructure of the matrix due to its finer
particles compared to those of Portland cement. However, the greater the quantity of finer material, the
lower the coefficient of particles distribution in the mixtures, resulting in a decreased packing effect 1* This
may lead to rheological issues, especially affecting workability of UHPC. The high density of finer particles in
the mix can compromise the free movement of particles and decrease workability of concrete, as discussed
in the following section.

3  Rheological properties

Rheological properties directly determine the fresh state behaviour of concretes, and they are mainly related
to particle packing and workability. Different grain sizes fill the voids of mixtures, with the intention of
reducing porosity. However, the more fine particles are added, the more water is demanded. This is due to
adsorption of grains with a high superficial area that requires more water to keep the same workability of
the mixture. This becomes a complex issue when UHPC is considered, where a very low water/binder ratio is
applied. 1>1618

Concrete is described by rheologists as one of the most difficult materials to be studied, due to its high
heterogeneity and complexity in the fresh state. According to Giineyisi et al.  UHPC can be considered as a
thixotropic material. Characteristics of thixotropies are related to the yield stress and viscosity of the
analysed materials. However, the mix of diverse particles and liquids creates a complex network of
interactions between their constituents. Moreover, the process is dynamic due to hydration reaction taking
place over the time. All these issues lead to modified properties, either in the hardened and fresh states,
according to the materials used, method of mixing, vibration, and external factors (temperature, relative
humidity) among others %,

Superplasticizers are commonly used in UHPC to compensate impaired workability due to low water/binder
ratio. The challenge is to combine fluidity and cohesion, i.e., the ability to flow without segregation 1.
According to Scrivener °the extent to which the amount of mixing water can be reduced is limited by the
need to have a workable concrete that can be laid compacted. It is a fact that the workability of a concrete
indicates its performance in the fresh state, being one of the main criteria considered when designing a type



of cementitious mixture 8. The workability of UHPC is also affected by the addition of fibres. Aswathy et al
16 shows that UHPC mixtures incorporating fibres with smaller aspect ratio are more workable even at higher
fibre dosage.

Workability of UHPC is still a challenge to rheological and technological issues, especially for theoretical
approaches. Zhuguo ?° affirms that it is necessary to create models to represent the actual behaviour of this
concrete in the fresh state, and thus establish an adequate flow analysis. Various material compositions,
mixing methods, and application types should be carefully considered to better understand the model's
suitability and how to adapt it to this complex material.

Alternatively, some authors % 1 20 suggest that rheological properties can be distinguished through
standardized methods or empirically. However, it is valid to remember that this specific type of concrete
does not follow the characteristics of a Newtonian model for flow, due to its different viscosity and yield
stress. Thus, UHPC can be analysed by the Bingham model, since it has a rheological property similar to that
of self-compacting concrete (CAA).

For the Bingham model, the most commonly applied for concretes in the fresh state, considers that yield
stresses and plastic viscosity are constant over time 7. Equation 1 describes the Bingham model.

T=To+ Uy (1)

Where: t = shear stress applied to the material; 1o = yield stress; u = plastic viscosity; y = shear strain rate.

Rheological properties of UHPC can be indirectly evaluated by workability tests, which allows the assessment
of its ease of mixing, placing, and compacting, given its unique properties such as low water-to-binder ratio,
high viscosity, and fine particle composition. Traditional workability tests, like the slump test, often do not
work well for UHPC, so alternative methods are generally used: mini-slump flow test, flow table test, V-funnel
test, L-box test, rheometer testing, as well as setting time and workability retention tests 4.

4  Mechanical strength

It is well known that UHPC has very high compressive strength. The values can be compared to the strength
of artificial rocks, and can exceed the compressive strength of basalt and some granites *. According to Wang
et al. ¥ structures with UHPC can decrease by 1/3 or 1/2 of their self-weight, when compared with
conventional concrete structures, due to its capacity to withstand higher loads.

Scrivener and Kirkpatrick ® report that strength is a function of empty spaces between grains, which must be
filled during the hydration process, and consequently forming a dense cementitious matrix. Thus, one of the
reasons to higher strength of UHPC is removal of large number of pores, attributed to high compaction and
consequently refined and dense microstructure. As discussed above, this is mainly obtained by low
water/binder ratios, use of fine aggregates only (instead of coarse aggregates), superplasticizers and addition
of very reactive fine particles, such as silica fume 2!-1% 1213 The addition of reactive powders modifies the
hydration process, which leads to changes in degree and rate of reactions and, consequently, in the formation
of further hydration products, such as additional C-S-H 22 1%1° Moreover, the well-compacted mixture given
by a proper analysis of packing particle also significantly contributes to higher compressive strengths.
Moreover, the use of some additions, such as fibres, can contribute to the hardening of UHPC concrete, by
increasing stresses and strain, and converting brittle failure into ductile failure 2.

Faults can be represented by cracks in concrete surfaces and consequently these cracks reduce the
mechanical properties of the mass. Another problem is related to the ingress of various aggressive agents,
which can leach cementitious matrix or trigger expansion reactions of confinement pressure, generating an
increase in the propagation of the crack 2>1°. Some durability problems can be associated with increased void
rates, chloride diffusion and apparent permeability to gases.



Zhao et al. 2 indicates a correlation existing in materials with rocky behaviour and stress fields due to
compression loads. The evolution of cracking propagation is associated with additional stress at the cusp of
the branching crack, considering the damage (Figure 1a).

03—

Figure 1: Correlation between stress and cracking: (a) representation of the stress field in the cracks of
a section subject to compression; (b) representation of the stress tensor.

Source: adapted from Xie et al. 22 Mal et al. 23

The stress tensor can be observed in a region of the surface of the components used in UHPC composition
(Figure 2b). Microstructure directly affects the macrostructure properties of elements and, consequently,
enlarges or hinders crack formation inside the material or around the interfacial transition zones.
Microstructural characteristics of UHPC are not yet well known, which makes it difficult to understand tensor
fields acting and the way each force is transferred to every single component. However, due to their high
matrix densification, it can be understood that UHPC is an orthotropic material, with mitigated interfacial
transition zone. The marked increase in the absorption rate of tensile stresses requires careful attention,
especially given the progressive nature of this absorption, which closely resembles the phenomenon of
deformation softening 2% 2% 23,

5 Microstructure

According to Wang et al. 1°, the microstructure of UHPC is characterized by its very high density and very low
porosity, which contributes to higher mechanical properties, as discussed above. A comprehensive study of
the microstructure features is extremely important due to the high complexity and heterogeneity of this type
of concrete °.

UHPC contains a highly refined mix of fine particles, including silica fume, very fine sand, the absence of
coarse aggregates, and low water/binder ratios, resulting in minimal porosity and a highly compacted, dense
and homogenous matrix.

The hydration of plain or blended cements involves a series of dependent and coupled chemical reactions,
each of them proceeding at a rate influenced by both the specific reaction dynamics and the current state of
the system 24, The microstructure of a cementitious material develops through hydration processes between
powder materials and water, forming hydrated products that are responsible for filling empty spaces and
creating a solid mass (Figure 2). In case of UHPC, Reges et al. % show that any fine material can affect the
rate and degree of hydration, which modifies clinker reactions through dilution, nucleation sites, or even
reacting itself (as with silica fume).



Figure 2: SEM image demonstrating a dense matrix of an autoclaved UHPC. Images indicates the presence
of crystals of :(a) tobermorite (C-S-H) and portlantite (CH), (b) ettringite (AFt)

Source: adapted from Garcia ?°

The addition of fine pozzolanic materials (such as silica fume) not only densifies the microstructure of cement
pastes by filling pores, but also by forming further calcium silicate hydrate (C-S-H) matrix with fewer capillary
pores. This densification significantly reduces microcracking and improves the interfacial transition zone (ITZ)
between cement paste and aggregates, enhancing bond strength and reducing weak points in the matrix.
Furthermore, UHPC often incorporates steel or synthetic fibres, which reinforce the matrix and control the
propagation of cracks, contributing to its superior tensile strength and toughness.

The formation of hydration products is still very complex considering different types of raw materials used
and different rates of reaction. However, their influence on the durability of cementitious materials is widely
reported. As UHPC has very low porosity and permeability, given by the reduced number and size of pores,
durability is expected to be superior to a conventional concrete. According to Christ et al. ° carbonation and
chloride ion diffusion, apparent gas permeability, and abrasion resistance are some of durability parameters
with better performance in UHPC due to its refined microstructure. The combination of reduced porosity,
refined ITZ and fibre reinforcement endows UHPC with remarkable mechanical performance and resistance
to environmental degradation and abrasion.

In this regard, microstructure formation is directly related to hardened-state properties of UHPC. It reflects
in beneficial ways to macrostructure, such as increased mechanical strength, and helps to maintain the
integrity of microstructure itself over the time, even under diverse exposure conditions, due to elevated
durability levels.

6 Final remarks

Ultra high performance concrete (UHPC) is an advanced cement-based material known for its tightly packed
matrix and dense microstructure, which contributes to its low porosity and exceptional mechanical strength
and durability. It is carefully designed with an adequate proportion of suitable and selected raw materials
that includes very low water/binder ratios, fine particles (with no coarse aggregates), reactive powders (as
silica fume), steel or polymeric fibres, and chemical admixtures. This mix results in satisfactory workability in
the fresh state, and offers superior compressive and tensile strengths, usually compared to rocks. It also
demonstrates excellent crack resistance and reduced porosity, contributing to the material's superior
durability. These characteristics make UHPC ideal for challenging applications, such as infrastructure
constructions and aggressive exposure conditions, where resilience against environmental degradation is
critical.



REFERENCES
1. AITCIN, Pierre Claude. High Performance Concrete. 1. ed. London and New York, 1998

2. HYPERION NEW MATERIAL. The History of Ultra High Performance Concrete (UHPC).
https://www.hyperionmaterial.com/news/The-History-of-Ultra-High-Performance-Concrete.html

3 SCRIVENER, Karen et al. Advances in understanding cement hydration mechanisms. Cement and Concrete
Research, v. 124, p. 105823, 2019.

4. DAS, Nabodyuti; NANTHAGOPALAN, Prakash. State-of-the-art review on ultra high performance concrete-
Ballistic and blast perspective. Cement and Concrete Composites, v. 127, p. 104383, 2022.

5. YINGXIONG, Wu et al. Experimental and numerical analysis of shear bonding behavior of interface between
stone and ultra-high performance concrete made with POM fiber. Engineering Structures, v. 286, p. 116142,
2023.

6. SCRIVENER, Karen L.; KIRKPATRICK, R. James. Innovation in use and research on cementitious material.
Cement and Concrete Research, v. 38, n. 2, p. 128-136, 2008.

7. PAGE, M. J.; MCKENZIE, J. E.; BOSSUYT, P. M.; BOUTRON, |.; HOFFMANN, T. C.; et al. The PRISMA 2020
statement: an updated guideline for reporting systematic reviews. BMJ, 2021, 372, n.71.

8. SHI, Caijun et al. A review on ultra high performance concrete: Part I. Raw materials and mixture design.
Construction and Building Materials, v. 101, p. 741-751, 2015.

9. CHRIST, R.; TUTIKIAN, B. F.; HELENE, P. Concreto de ultra alto desempenho—UHPC: Fundamentos,
propriedades e dosagem. Editora LEUD, Sao Paulo, 2022 [in Portuguese].

10. WANG, Dehui et al. A review on ultra high performance concrete: Part Il. Hydration, microstructure and
properties. Construction and Building Materials, v. 96, p. 368-377, 2015.

11. SCRIVENER, Karen L.; CABIRON, Jean-Louis; LETOURNEUX, Roger. High performance concretes from
calcium aluminate cements. Cement and Concrete Research, v. 29, n. 8, p. 1215-1223, 1999

12. KAZEMI-KAMYAB, Hadi et al. Kinetics of mixing-water repartition in UHPFRC paste and its effect on
hydration and microstructural development. Cement and Concrete Research, v. 124, p. 105784, 2019.

13. HUANG, Wei et al. Effect of cement substitution by limestone on the hydration and microstructural
development of ultra-high performance concrete (UHPC). Cement and Concrete Composites, v. 77, p. 86-101,
2017.

14. LIV, Jian et al. A comprehensive review of ultra-high performance concrete (UHPC) behaviour under blast
loads. Cement and Concrete Composites, p. 105449, 2024.

15. SOJA, Wioletta, SCRIVENER, Karen L, et al., Evolution of microstructural changes in cement paste during
environmental drying. Cement and Concrete Research, v. 134, p. 106093, 2020.

16. AWASTHY, Nikhil et al. The role of eigen-stresses on apparent strength and stiffness of normal, high
strength, and ultra-high performance fibre reinforced concrete. Developments in the Built Environment, v.
16, p. 100277, 2023.

17. GUNEYISI, E. et al. Evaluation of the rheological behavior of fresh self-compacting rubberized concrete
by using the Herschel-Bulkley and modified Bingham models. Archives of Civil and Mechanical Engineering,
v. 16, p. 9-19, 2016.



18. DUTTA, Shuvom; SINGH, Navdeep. A brief review on workability characteristics of iron slag concrete.
Materials Today: Proceedings, 2023.

19. ABBAS, S. M. L. N.; NEHDI, M. L.; SALEEM, M. A. Ultra-high performance concrete: Mechanical
performance, durability, sustainability and implementation challenges. International Journal of Concrete
Structures and Materials, v. 10, p. 271-295, 2016.

20. LI, Zhuguo. State of workability design technology for fresh concrete in Japan. Cement and Concrete
Research,v.37,n.9, p. 1308-1320, 2007.

21. TAYEH, Bassam A. et al. Ultra-high-performance concrete: Impacts of steel fibre shape and content on
flowability, compressive strength and modulus of rupture. Case Studies in Construction Materials, v. 17, p.
e01615, 2022

22. MAL, Ajit K.; SINGH, Sarva J. Deformation of Elastic Solids. First Edition, Prentice-Hall, 1991.

23. XIE, Yajuan et al. Theoretical analysis and experimental verification of crack initiation characteristics of
compression-shear plane crack with hydraulic pressure. World Journal of Mechanics, v. 8, n. 09, p. 378-386,
2018.

24. ZHAOQ, Yanlin et al. Experimental study of fracture toughness and subcritical crack growth of three rocks
under different environments. International Journal of Geomechanics, v. 20, n. 8, p. 04020128, 2020.

25. REGES, Pamela DN; PITANGUEIRA, Roque LS; SILVA, Leandro L. Elastic degradation models for the
micromorphic continuum. International Journal of Non-Linear Mechanics, v. 154, p. 104450, 2023.

26. BULLARD, Jeffrey W. et al. Mechanisms of cement hydration. Cement and Concrete Research,v.41,n. 12,
p.1208-1223, 2011.

27. SCRIVENER, Karen L. et al. Advances in hydration and thermodynamics of cementitious systems. Cement
and Concrete Research, v. 174, p. 107332, 2023.

28.LAM, Y. C. Mixed mode fatigue crack growth and the strain energy density factor. Theoretical and Applied
Fracture Mechanics,v.12,n. 1, p. 67-72, 1989.

29. GARCIA, Dayana Cristina Silva. Influéncia da cura em autoclave na microestrutura, na resisténcia mecdnica
e na fotoatividade de recobrimento de TIO2 de materiais cimenticios. Tese de Doutorado. Universidade
Federal de Minas Gerais. 2019 [in Portuguese].

ICT Technical Papers

A peer-reviewed contribution to the literature of concrete technology
Details and downloadable copies of other papers are available on www.theict.org.uk

The Institute of Concrete Technology, Sandhurst House, 297 Yorktown Road, Sandhurst, Berks., GU47 0QA, UK.

T: +44 (0)1276 607 140. E: ExecutiveOfficer@theict.org.uk



