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BENEFITS OF ULTRA HIGH PERFORMANCE CONCRETE (UHPC) IN
THE NUCLEAR INDUSTRY

Cédric Androuét!

! Civil Engineering Specialist, Canadian Nuclear Safety Commission, Ottawa, Canada
(cedric.androuet@cnsc-ccsn.gc.ca)

ABSTRACT

Ultra-High Performance Concretes (UHPC), or Ultra High Performance Fiber Reinforced Concretes
(UHPFRC), are cementitious composite materials with a very high compressive strength (typically higher
than 150 MPa) incorporating fibers, providing the material with a high tensile strength, a very high ductility
as well as an extremely low permeability. These properties, along with their exceptional resistance to blast
and impact, make UHPC excellent candidates for various possible applications and use in the nuclear
industry, for which safety requirements are paramount. A wide range of potential applications and concepts
of UHPC for new structures and retrofitting solutions in the nuclear industry is conceivable. Some of these
applications have been proven to be feasible through experimental work, mock-ups and industrial projects.
This paper focuses first on a description of the key characteristics of UHPC that are relevant for its use in
the nuclear industry, amongst which are blast and impact resistance, shielding and confinement properties,
durability properties as well as fire resistance capabilities. Next, the paper presents several existing
applications of UHPC in the nuclear industry, along with potential future applications and concepts of
UHPC for new structures and retrofitting solutions in the nuclear industry, and for nuclear waste
management concepts.

INTRODUCTION

Ultra High Performance Fiber Reinforced Concretes (UHPFRC) are cementitious composite materials with
a very high compressive strength (typically higher than 150 MPa) incorporating fibers, which provide the
material with a high tensile strength, a very high ductility and an extremely low permeability. These
properties, along with their exceptional resistance to blast and impact, make UHPFRC excellent candidates
for various possible applications and use in the nuclear industry, for which safety requirements are
paramount. Ultra High Performance Concrete (UHPC) and UHPFRC differ in that UHPC may or may not
contain fibers. In this paper, UHPC will refer to UHPFRC as per common industry practice.

The main advantage of fiber-reinforced concretes (FRC), and of UHPC in particular, over
traditional concretes is their tensile strength and ductility. When using a sufficient amount of fibers, UHPC
present a high tensile strength (typically between 8 and 15 MPa) as well as a strain-hardening behavior
followed by a strain softening behavior after macrocrack localization. UHPC strength and ductility allow
them to develop very high-energy absorption and dissipation capacities, and post-cracking tensile stress
transferring capability. Thus, UHPC exhibit an outstanding resistance to blast, impact and ballistic loads
(Das and Nanthagopalan, 2022; Sherif et al., 2020). This makes them excellent candidates for use in the
protection of strategic structures for which blast, impact and ballistic resistance is paramount, such as
nuclear power plants (NPPs). Furthermore, because the amount and size of their pores are significantly
reduced in comparison to traditional concretes, UHPC have exceptional durability properties (very low
porosity and permeability, outstanding resistance to freeze-thaw cycles, enhanced corrosion resistance of
steel rebars, etc.). Some other key characteristics of UHPC relevant for their use in the nuclear industry
encompass their shielding and confinement properties as well as their capability to reduce rebar congestion.
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A wide range of potential applications and concepts of UHPC for new structures and retrofitting
solutions in the nuclear industry is conceivable. Some of these applications have been proven to be feasible
through experimental work, mock-ups, and industrial projects. Amongst these are the precast prestressed
UHPC beams and girders at Cattenom NPP (France), several design of spent fuel casks incorporating
UHPC, retrofitting solutions for nuclear reactor containment walls, and steel plate UHPC composite
modules for Small Modular Reactor (SMR) construction.

This paper will first describe the key characteristics of UHPC that are relevant for its use in the
nuclear industry. Next, it will present several existing applications of UHPC in the nuclear industry, which
will further pave the way to present potential future applications and concepts of UHPC for new structures
and retrofitting solutions in the nuclear industry, and UHPC’s potential contribution to nuclear waste
management concepts.

OVERVIEW OF SOME UHPC PROPERTIES RELEVANT FOR THE NUCLEAR INDUSTRY

The Danish researcher Hans Hendrik Bache was the first to recognize and apply the core basic principles
for developing UHPC (Buitelaar, 2018), amongst which the fundamentals are reducing the water-binder
ratio, optimizing the particle packing density, minimizing the size of flaws, and improving the ductility by
including a sufficient amount of fibers (Bache, 1981; Richard and Cheyrezy, 1995; Rossi, 2013; Shah and
Weiss, 1998; Wille et al., 2011). The UHPC developed by applying these basic principles are characterized
by their exceptional mechanical properties and durability. In addition to their fresh state properties being
optimizable depending on the application (e.g. from a self-leveling to a highly thixotropic behavior), one
of the most known characteristics of UHPC is their ultra high compressive strength, typically higher than
120 or 150 MPa (American Concrete Institute, 2018; CSA Group, 2019; SIA, 2016). However, the main
advantage of UHPC is their tensile strength and ductility. When using a sufficient amount of fibers, UHPC
present a high tensile strength (typically between 8 and 15 MPa) as well as a strain-hardening behavior,
followed by a strain softening behavior after macrocrack localization. This behavior is illustrated in
Figure 1.
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Figure 1: Typical tensile stress-strain behavior of FRC and UHPC (Naaman, 2003)
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The tensile stress-strain behavior of UHPC can be divided into three main phases (SIA, 2016).
Phase [ is the elastic phase, when the cementitious-based matrix withstands the loads. In phase II, following
the exceedance of the matrix tensile strength, multiple microcracks start to develop, and fibers dispersed
throughout the UHPC allow it to develop a strain-hardening phase, due to the fibers’ bonding effect within
the matrix. In phase III, a macrocrack typically localises and fibers are getting pulled out from the matrix
until it fails in a ductile manner (Gu et al., 2015; Naaman, 2003). The tensile capabilities of UHPC in terms
of strength and ductility depend significantly on a number of different factors such as fiber shape, fiber
dispersion, fiber aspect ratio, fiber orientation and fiber surface condition (Abbas et al., 2016; Delsol and
Charron, 2013). Curing conditions also showed to have a significant importance in the development of
mechanical and long-term properties of UHPC (Abbas et al., 2016; Androuét and Charron, 2021; Androuét
et al., 2022).

Another essential advantage of UHPC is their exceptional durability. Because of their very high
particle packing and low water content, the amount and size of their pores are significantly reduced in
comparison to traditional concretes, which provide UHPC with a very dense microstructure, a very low
water absorption and a very low chloride diffusion coefficient, thus drastically reducing the corrosion risk
(Abbas et al., 2016). The low permeability and porosity of UHPC also enhances UHPC’s resistance to
freezing-thawing cycles (Abbas et al., 2016). The durability performance of UHPC when exposed to a
marine environment was demonstrated by (Moffatt et al., 2020) for up to 21 years of exposition: UHPC
exhibited significantly enhanced durability performance compared to typical high-performance concrete
(HPC) and normal-strength concretes. Only minimal surface damage was observed, chloride profiles
revealed penetration to a depth of approximately 10 mm only, regardless of the exposure duration, and
electrochemical corrosion monitoring showed passivity for reinforcement at a cover depth of 25 mm after
20 years of exposition.

Blast Resistance

Nuclear structures must be designed against blast and explosions which may occur for a variety of reasons,
both from the inside (accidental pressure, pipe rupture reaction, etc.) and outside (terrorist or military attack)
of nuclear structures. Several researchers assessed UHPC performance against blast loads in the past two
decades (Cavill et al., 2006; Das and Nanthagopalan, 2022; De Carufel et al., 2016; Sherif et al., 2020).
Concrete structures submitted to blast loading may experience several failure modes (shear damage,
flexural damage, spalling damage, etc.) (Das and Nanthagopalan, 2022) against which UHPC exhibit
outstanding performance (Cavill et al., 2006; Sherif et al., 2020).

Amongst the number of experiments conducted to demonstrate the superior performance of UHPC
against blast loadings, Cavill et al. (2006) illustrated the very significant difference between the behavior
of UHPC panels vs standard reinforced 50-MPa concrete (SRC) against blast loads, the former showing
almost no damage after being submitted to blast, while the latter exhibited heavy scabbing, reinforcing bars
exposed and cavities of approximately 480 mm x 300 mm with a depth of about 50 mm. De Carufel et al.
(2016) also showed that, while specimens made of standard reinforced 50-MPa concrete showed extensive
concrete damage and buckling of compression steel reinforcement after being submitted to a reflected
pressure of 80 kPa, specimens made of UHPC showed minor damage and prevented rebar buckling at the
same reflected pressure. A reflected pressure of 97 kPa was required to cause failure of the UHPC specimen,
which was due to rupture of tension steel. Also, while the SRC specimen showed significant fragmentation,
the UHPC specimen showed an ability to eliminate secondary blast fragments. (Astarlioglu and
Krauthammer, 2014) showed that UHPC specimens can resist four times higher impulsive loadings before
failure compared to that of SRC specimens, in addition to exhibiting 30% smaller displacements. Similar
observations were made by (Ngo et al., 2007). When subjected to blast loadings, because of their increased
energy absorption capacity and improved ductility, UHPC structures allow for the development of multiple
micro-cracks without fragmentation or spalling, preventing global structural damages (Abbas et al., 2016).
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Impact Resistance

A very significant amount of research was performed to evaluate the impact and ballistic resistance of
UHPC (Abbas et al., 2016; Cavill et al., 2006; Das and Nanthagopalan, 2022; Kodera et al., 2022; Othman
and Marzouk, 2016; Tremblay et al., 2021).

Because of the complex nature of the material and distinct characteristics under compression and
tension, the mechanisms of penetration and perforation in concrete are relatively more complicated than in
metals (Das and Nanthagopalan, 2022). It is however admitted that the effect of a projectile on the front
side of a target plate causes compressive shock waves, which spread and transmit over the thickness as
tensile waves on the rear free surface. When the combined pressure of the compression waves and the
reflected tension waves surpass the concrete’s tensile capacity at the rear free surface, then concrete
scabbing is expected (Das and Nanthagopalan, 2022). Such effect of the projectile impact on concrete is
illustrated in (Lu, 2018).

UHPC’s high strength and ductility properties provide structures made of UHPC with the ability to
dissipate high energy under impact loads (Abbas et al., 2016). Also, the synergistic effects of high matrix
strength, homogenous mixture, high volume fibre content and fibres bonding with matrix also contribute to
UHPC’s higher impact resistance than SRC (Gu et al., 2015). Because of these properties and their superior
resistance to deterioration due to impact such as spalling, scabbing and cracking, UHPC have a
demonstrated significant ability to resist impact loadings (Das and Nanthagopalan, 2022; Liu et al., 2022).

Fire And High Temperatures

UHPC may be more susceptible to fire and potentially explosive spalling during heating than conventional
concretes (Abbas et al., 2016; Banerji et al., 2019; Gu et al., 2015). In addition to stresses due to significant
thermal gradients potentially generating spalling, it is generally accepted that spalling of concrete submitted
to high temperatures is due to the vaporisation of porewater, itself increasing the vapour pore pressure
(Abbas et al., 2016; Bensalem et al., 2021). Releasing the increased vapour pore pressure is difficult due to
the very small porosity and dense microstructure of UHPC, which makes UHPC more prone to explosive
spalling under high temperatures and fire conditions (Banerji et al., 2019; Bensalem et al., 2021).

A very well-known solution to enhance the resistance of UHPC to fire and high temperatures, and
mitigate the issue described above, is to incorporate polypropylene fibers in the UHPC mix (Abbas et al.,
2016; Bensalem et al., 2021; Gu et al., 2015). Melting of polypropylene fibers occur at a temperature of
about 160-170°C, which allows interconnection of the pore system, providing it with the ability to distribute
and release the build-up of vapour pore pressure (Abbas et al., 2016; Gu et al., 2015). (Zhang et al., 2018)
also suggest that the creation of microcracks (due to the difference between the thermal expansion
coefficients of the fibers and the UHPC matrix) may provide additional interconnectivity to the pore system,
hence improving UHPC’s resistance to fire and high temperatures. Furthermore, the Canadian standard
includes a requirement for a minimum amount of polypropylene fibers in UHPC mixes exposed to fire
(CSA Group, 2019). Finally, while this is less systematic than for polypropylene fibers, some researchers
have seen an improvement of the behavior at high temperatures thanks to the addition of steel fibers which
may reduce and delay spalling (Abbas et al., 2016), most likely due to the degraded bond strength between
the steel fibers and the UHPC matrix (Abdallah et al., 2017). A combined use of both polypropylene and
steel fibers also showed a synergistic effect in improving the resistance of UHPC to fire and high
temperatures (Li et al., 2019). Combining both polypropylene fibers and steel fibers may typically be the
most interesting solution to prevent damages due to fire and high temperatures, considering the combined
overall benefits provided by both types of fibers.
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Shielding

A growing interest in assessing the radiation shielding capabilities of UHPC and in developing high
radiation shielding UHPC mix-designs was observed over the past five years. While typical UHPC has
good radiation shielding capability (Khan et al., 2020), the use of alternative minerals, partially or totally
replacing the aggregates in the mix-designs, has been investigated to increase the UHPC density and
enhance its radiation shielding capability.

Amongst the various minerals considered as a partial or total replacement of the aggregates in the
UHPC mix-designs, hematite, barite, magnetite and ilmenite have been studied the most (Azreen et al.,
2020; Han et al., 2022; Heniegal et al., 2022; Khan et al., 2020; Zeyad et al., 2022). The radiation shielding
capabilities of the UHPC was shown to be typically increasing through a linear relationship with the
increasing density of the UHPC mixes (Han et al., 2022; Heniegal et al., 2022; Khan et al., 2020; Zeyad et
al., 2022).. Heavy iron (amang) and lead glass were investigated as replacements to aggregates but were
found unsuitable mainly due to issues related to radiological safety and to decrease of the compression
strength, respectively (Azreen et al., 2018). Finally, the radiation shielding of a UHPC and of a typical
concrete with similar densities were compared, and it was shown that, at a same dry density, the thickness
required to obtain a similar degree of radiation shielding was about 40% lower for UHPC than for traditional
concrete, mainly due to their very high particle packing and very dense microstructure (Khan et al., 2020),
which would provide very substantial benefits in terms of dead loads and foundation design of NPP
structures.

APPLICATIONS OF UHPC IN THE NUCLEAR INDUSTRY

A variety of existing applications using UHPC in the nuclear industry have demonstrated its capabilities.
An even wider diversity of potential applications is conceivable.

One of the first applications of UHPC in NPPs is the development and installation of precast,
prestressed UHPC girders at the Cattenom NPP (France). Built during the 1980s, the Cattenom NPP
crossflow cooling towers have since been exposed to an aggressive environment (water with significant
sulphates and chlorides content, freeze-thaw cycles, etc.) which caused the structures supporting the splash
fill to be damaged in their early age. As part of their restoration, the durability properties of UHPC and its
capabilities to reduce the section dimensions were instrumental in the design of the additional required
superstructure (Lion et al., 2020; Toutlemonde et al., 2010). The two different girder designs (lengths of
14.3 m and 6 m) were optimized with prestressing reinforcement only, and it was shown that no transverse
reinforcement was required, as illustrated in Figure 2 (Birelli, 2009). Samples were extracted from the
structures 10 and 20 years after their installation. Tests showed that the mechanical properties of the UHPC
are stable (and even slightly increase) after 23 years, indicating good stability of the hydrates. The
characterization performed also showed that the ingress of chlorides is so small that it can’t even be
measured, and that the fibers are homogeneously distributed within the elements and are not corroded (even
close to the surface), reflecting an absence of carbonation and chlorides in the UHPC (Lion et al., 2020;
Toutlemonde et al., 2010).

Several designs of containment structures for advanced nuclear reactors technologies and SMRs
(e.g. Westinghouse AP1000® Pressurized Water Reactor, GEH BWR-X300® Boiling Water Reactor, etc.)
include the use of Steel Plate Concrete (SC) Composite Structures, where concrete is sandwiched between
two cross tied steel plates to which it is connected by shear studs. A number of authors have proposed to
use UHPC for the concrete infill of SC structures, to take advantage of UHPC’s enhanced performance. (Li
et al., 2015; Sawab et al., 2016) developed a UHPC mix-design and demonstrated the superior structural
performance of large-scale SC beams designed to be representative of typical nuclear containment
structures of NPPs, using the newly developed UHPC for the concrete infill. In particular, it was highlighted
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that UHPC provided a very significantly higher contribution to the overall shear strength of the tested
elements (both in plane and out of plane) in comparison to traditional concrete. (Wang et al., 2023) assessed
the dynamic behavior of SC structures with a UHPC core when subjected to impact loads. The use of UHPC
with 2% of steel fibers (length of 13 mm and diameter of 0.18 mm) proved to be effective in the
improvement of material utilization and energy dissipation.
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Figure 2: Cross-sections of the UHPC prestressed girders at Cattenom NPP (Birelli, 2009)

(Kang et al., 2022) proposed a novel containment design methodology based on the utilization of
UHPC. Thanks to the UHPC very high compressive strength, it was possible to increase the levels of
prestressing by a factor of 3 (in comparison with traditional prestressed containment structures). The
UHPC’s tensile ductility and strain hardening properties provided resistance against radial tensile forces as
well as resistance against impact and impulsive loadings without requiring excessive transverse
reinforcement. This allowed to significantly reduce rebar volume requirements, thus reducing rebar
congestion, improving constructability and decreasing construction schedule. (Nagashima et al., 2022)
assessed the feasibility of using UHPC for reactor buildings of NPPs and showed that the use of UHPC
may result in buildings with an improved structural integrity and a reduced construction duration. (Qiao et
al., 2022) also demonstrated through large-scale cast-in-place experimentations that UHPC may be used
for nuclear reactor buildings. Moreover, (Masaki et al., 2022) performed in-plane loading tests for shear
walls made with UHPC, for the purpose of applying UHPC to nuclear reactor buildings, and the series of
experiments and modelling analyses they conducted confirmed its effectiveness. In particular, it was
demonstrated that the seismic resistance performance of the shear walls made with UHPC was significantly
improved thanks to the superior mechanical properties of the material.

(Rossi, 2021) suggested to implement the utilization of UHPC in the design of the inner structure
of the double-wall containment structures to replace the metallic liner, through what may be called a load-
bearing contributing formwork technique. Such innovation would have the triple benefit of significantly
increasing the durability of the wall thanks to the extreme durability of the UHPC panel (constituting a “lost
formwork™), significantly contributing to the mechanical performance of the structure, and reducing the
construction time by keeping the formwork in place. In the same vein, one could imagine a concept similar
to the SC composite structures, where the steel plates would be replaced by UHPC panels, thus creating a
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hybrid structure composed of traditional concrete sandwiched between two UHPC panels. By being
prefabricated, these panels would present not only superior mechanical and durability properties, but also
superior quality. This concept would also allow the optimization of the construction process, therefore
reducing construction schedules.

UHPC may be used in a variety of strengthening and retrofitting applications. (Corvez and Masson,
2013) proposed two approaches for retrofitting NPPs’ containment walls with UHPC (cast-in place and
prefabrication) and showed that UHPC may be a promising solution for retrofitting nuclear reactor
containment walls in order to extend their operating lifetime. In a slightly different approach, (Massicotte
et al., 2017) demonstrated that replacing ordinary concrete by UHPC in the deficient lap splice zones of
elements subjected to shear forces have the potential to develop plastic hinges and eliminate brittle failures
of such elements.

Nuclear waste management may also benefit from the use of UHPC. Several designs of radioactive
waste containers and spent fuel storage concrete casks were developed in the past years (Jia et al., 2022;
Othman and Sabrah, 2022; Othman et al., 2019). A waste unit made of Densit®, the first ever commercially
available UHPC designed by Hans Hendrik Bache (Bache, 1981), was even developed for use in shallow
land burial of low and medium level radioactive waste in 1986 (Brodersen, 1986). UHPC was demonstrated
to present a high degree of corrosion protection for steel reinforcement, mainly thanks to their demonstrated
high electrical resistivity, low diffusion coefficient and low permeability. (Othman et al., 2019) designed a
waste container using UHPC as an alternative to traditional steel-concrete-steel containers, with the aim to
overcome drawbacks of traditional containers such as heaviness, expensiveness and difficulty to fabricate.
The waste container developed for low, intermediate and high level radioactive wastes has been optimized
to have a structural stiffness at least equivalent to that of the existing steel-concrete-steel container under
various loading scenarios that would arise during the container’s normal activities (e.g. waste conditioning,
transportation, handling) and accidental events (drops, collisions). While the shielding effectiveness of the
proposed design has yet to be examined (Othman et al., 2019), the use of UHPC for the design of the waste
container allowed to decrease the damage levels at lid to body interface and the thermal stresses and
associated damage following an exposition to elevated temperatures (Othman and Sabrah, 2022). (Jia et al.,
2022) performed a feasibility study exploring the potential for using UHPC in vertical concrete cask for
storage of nuclear spent fuel. Experimental and numerical modelling were performed as part of the design
process of the UHPC concrete cask, and it was shown that the UHPC concrete cask would reduce the shield
damage observed on traditional concrete casks submitted to tip-over and end-drop impact loadings.

CONCLUSION

With their outstanding mechanical properties, extremely low permeability and exceptional resistance to
blast and impact, UHPC have the potential to be used for a wide variety of nuclear applications. Some of
these have been demonstrated to be feasible through a series of experimental work, mock-ups and industrial
projects. Such projects include the precast prestressed UHPC beams and girders at Cattenom NPP, several
designs of spent fuel casks incorporating UHPC, retrofitting solutions for nuclear reactor containment walls,
and steel plate UHPC composite modules for Small Modular Reactor (SMR) construction, to name a few.
Several potential future applications and concepts of UHPC for new structures and retrofitting solutions in
the nuclear industry, as well as UHPC potential contribution to nuclear waste management concepts, may
also be envisioned. Because of their exceptional properties, it is expected that an increasing number of
projects involving UHPC in the nuclear industry will emerge in the near future.

DISCLAIMER

The views expressed in this paper are those of the Author and do not necessarily reflect official positions
of the Canadian Nuclear Safety Commission (CNSC), the nuclear regulatory authority in Canada.



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division X

REFERENCES

Abbas, S., Nehdi, M.L., and Saleem, M. A. (2016). “Ultra-High Performance Concrete: Mechanical
Performance, Durability, Sustainability and Implementation Challenges,” International Journal of
Concrete Structures and Materials, 10, 271-295.

Abdallah, S., Fan, M., and Cashell, K.A. (2017). “Bond-slip behaviour of steel fibres in concrete after
exposure to elevated temperatures,” Construction and Building Materials, 140, 542-551.

American Concrete Institute (2018). Ultra-High-Performance Concrete: An Emerging Technology
Report. 239R-18, American Concrete Institute.

Androuét, C., and Charron, J.-P. (2021). “Shrinkage Mitigation of an Ultra-High Performance Concrete
Submitted to Various Mixing and Curing Conditions,” Materials, 14 (14).

Androuét, C., Deaux, O., and Charron, J.-P. (2022). “Impact of mixing and curing temperatures on fresh
and hardened states’ properties of UHPC,” Canadian Journal of Civil Engineering, 49 (4).

Astarlioglu, S., and Krauthammer, T. (2014). “Response of normal-strength and ultra-high-performance
fiber-reinforced concrete columns to idealized blast loads,” Engineering Structures, 61, 1-12.

Azreen, N.M., Rashid, R.S.M., Haniza, M., Voo, Y.L., and Mugahed Amran, Y .H. (2018). “Radiation
shielding of ultra-high-performance concrete with silica sand, amang and lead glass,” Construction
and Building Materials, 172, 370-377.

Azreen, N.M., Rashid, R.S.M., Mugahed Amran, Y.H., Voo, Y.L., Haniza, M., Hairie, M., Alyousef, R.,
and Alabduljabbar, H. (2020). “Simulation of ultra-high-performance concrete mixed with hematite
and barite aggregates using Monte Carlo for dry cask storage,” Construction and Building
Materials, 263 (120161).

Bache, H.H. (1981). “Densified cement ultra-fine particle-based materials,” Proceedings of the 2nd
International conference on superplasticizers in concrete, Ottawa, Canada.

Banerji, S., Solhmirzaei, R., and Kodur, V.R. (2019). “Fire Response of Ultra High Performance
Concrete Beams,” Proceedings of the Second International Interactive Symposium on UHPC,
Albany, NY, USA.

Bensalem, H., Samira, D., Ouedraogo, E., and Amrouche, R. (2021). “Analysis of thermal-induced
spalling tests on high to ultra-high performance concrete subjected to standard fire,” Case Studies in
Construction Materials, 15, e00704.

Birelli, G. (2009). “UHPFRC Development: Review of a Determining Application,” Proceedings of the
AFGC-fib International Workshop on Designing and Building with Ultra-High Performance Fibre-
Reinforced Concrete (UHPFRC): State of the Art and Development, John Wiley & Sons, Inc.,
Marseille, France.

Brodersen, K. (1986). Development of waste unit for use in shallow land burial. 195-81-6 WASDK, 331-
83-63 WASDK, RIS National Laboratory, Chemistry Department.

Buitelaar, P. (2018). 35 years of HPC and UHPC toppings for industrial floors, Concrete. The Concrete
Society, pp. 26-31.

Cavill, B., Rebentrost, M., and Perry, V.H. (2006). “Ductal® - An Ultra-High Performance Material for
Resistance to Blasts and Impacts,” Proceedings of the 1st Specialty Conference on Disaster
Mitigation, Calgary, Alberta, Canada.

Corvez, D., and Masson, B. (2013). “UHPFRC solutions for the retrofit of nuclear reactor containment
walls,” Proceedings of the RILEM-fib-AFGC International Symposium on Ultra-High Performance
Fibre-Reinforced Concrete, RILEM Publications S.A.R.L., Marseille, France.

CSA Group (2019). Concrete materials and methods of concrete construction/Test methods and standard
practices for concrete. A23.1:19/A23.2:19, Toronto, Ontario, Canada.

Das, N., and Nanthagopalan, P. (2022). “State-of-the-art review on ultra high performance concrete -
Ballistic and blast perspective,” Cement and Concrete Composites, 127, 104383.

De Carufel, S., Dagenais, F., Melancon, C., and Aoude, H. (2016). “Effect of Design Parameters on the
Blast Response of Ultra-High Performance Concrete Columns,” Proceedings of the Ist First
International Interactive Symposium on UHPC, Des Moines, 1A, USA.



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division X

Delsol, S., and Charron, J.-P. (2013). “Numerical modeling of UHPFRC mechanical behavior based on
fibre orientation,” Proceedings of the RILEM-fib-AFGC International Symposium on Ultra-High
Performance Fibre-Reinforced Concrete, RILEM Publications S.A.R.L., Marseille, France.

Gu, C, Ye, G., and Sun, W. (2015). “Ultrahigh performance concrete-properties, applications and
perspectives,” Science China Technological Sciences, 58, 587-599.

Han, J., Xi, Z., Yu, R., Guan, J., Lv, Y., and Li, G. (2022). “Preparation and Comprehensive Properties of
a High-Radiation-Shielding UHPC by Using Magnetite Fine Aggregate,” Materials, 15 (3).

Heniegal, A.M., Amin, M., Nagib, S.H., Youssef, H., and Agwa, 1.S. (2022). “Effect of nano ferrosilicon
and heavyweight fine aggregates on the properties and radiation shielding of ultra-high
performance heavyweight concrete,” Case Studies in Construction Materials, 17, €01543.

Jia, P.C., Wu, H., Ma, L.L., and Peng, Q. (2022). “Feasibility of UHPC shields in spent fuel vertical
concrete cask to resist accidental drop impact,” Nuclear Engineering and Technology, 54, 4146-
4158.

Kang, T., Lee, S.H., Jones, C., and Munshi, J. (2022). “A novel UHPC based containement design
methodology,” Proceedings of the 26th International Conference on Structural Mechanics in
Reactor Technology (SMiRT26), Berlin/Postdam, Germany.

Khan, M.U., Ahmad, S., Naqvi, A.A., and Al-Gahtani, H.J. (2020). “Shielding performance of heavy-
weight ultra-high-performance concrete against nuclear radiation,” Progress in Nuclear Energy,
130, 103550.

Kodera, K., Kamito, K., Morita, K., Hagiwara, R., Watanabe, H., and Takezaki, S. (2022).
“Characteristics of an Ultra-High-Performance-Concrete (UHPC) against impact loading Part 1:
Basic characteristics test and evaluation of bearing force of UHPCS,” Proceedings of the 26th
International Conference on Structural Mechanics in Reactor Technology (SMiRT26),
Berlin/Postdam, Germany.

Li, M., Lim, 1., Sawab, J., and Mo, Y.-L. (2015). “Self-Consolidating Ultra-High Performance Concrete
for Small Modular Reactor Construction,” Proceedings of the 23rd International Conference on
Structural Mechanics in Reactor Technology (SMiRT23), Manchester, United Kingdom.

Li, Y., Pimienta, P., Pinoteau, N., and Tan, K.H. (2019). “Effect of aggregate size and inclusion of
polypropylene and steel fibers on explosive spalling and pore pressure in ultra-high-performance
concrete (UHPC) at elevated temperature,” Cement and Concrete Composites, 99, 62-71.

Lion, M., Toutlemonde, F., Vidal, T., Simon, A., and Derimey, J. (2020). “Rénovation en BFUP a
Cattenom : 20 ans apres (UHPFRC renovation at Cattenom: 20 years on),” Travaux, 960, 58-63.

Liu, J., Li, J., Fang, J., Su, Y., and Wu, C. (2022). “Ultra-high performance concrete targets against high
velocity projectile impact — a-state-of-the-art review,” International Journal of Impact Engineering,
160, 104080.

Lu, Y. (2018). Impact on Reinforced Concrete Structures, Encyclopedia of Continuum Mechanics.
Springer, pp. 1-24.

Masaki, Y., Takami, S., Taheuchi, Y., Yabuuchi, K., Mori, K., Nakayama, Y., and Hagiwara, R. (2022).
“Loading tests and seismic analysis for shear wall composed of Ultra-High-Performance-Concrete,”
Proceedings of the 26th International Conference on Structural Mechanics in Reactor Technology
(SMiRT26), Berlin/Postdam, Germany.

Massicotte, B., Jolicoeur, O., Ben Ftima, M., and Lagier, F. (2017). “Effectiveness of UHPFRC cover for
the seismic strengthening of deficient bridge piers,” Proceedings of the IABSE Symposium:
Engineering the Future, Vancouver, Canada.

Moffatt, E.G., Thomas, M.D.A., Fahim, A., and Moser, R.D. (2020). “Performance of Ultra-High-
Performance Concrete in Harsh Marine Environment for 21 Years,” ACI Materials Journal, 117
(5), 105-112.

Naaman, A.E. (2003). “Strain hardening and deflection hardening fiber reinforced cement composites,”
Proceedings of the 4th International RILEM Workshop on High Performance Fiber-Reinforced
Cement Composites (HPFRCC4), Ann Arbor, Michigan, USA.



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division X

Nagashima, G., Yamamoto, T., Morita, K., and Hagiwara, R. (2022). “Feasibility assessment of Ultra-
Hihh-Performance-Concrete application to NPPs,” Proceedings of the 26th International
Conference on Structural Mechanics in Reactor Technology (SMiRT26), Berlin/Postdam, Germany.

Ngo, T., Mendia, P., and Krauthammer, T. (2007). “Behavior of Ultrahigh-Strength Prestressed Concrete
Panels Subjected to Blast Loading,” Journal of Structural Engineering, 133 (11).

Othman, H., and Marzouk, H. (2016). “Impact Response of Ultra-High-Performance Reinforced Concrete
Plates,” ACI Structural Journal, 113 (6), 1325-1334.

Othman, H., and Sabrah, T. (2022). “Design of Ultra-High Performance Fiber Reinforced Concrete Waste
Container: Thermal Stress Analysis,” Proceedings of the 26th International Conference on
Structural Mechanics in Reactor Technology (SMiRT26), Berlin/Postdam, Germany.

Othman, H., Sabrah, T., and Marzouk, H. (2019). “Conceptual design of ultra-high performance fiber
reinforced concrete nuclear waste container,” Nuclear Engineering and Technology, 51, 588-599.

Qiao, D., Nishioka, Y., Kojima, M., Honma, D., Torii, K., Nagashima, G., Morita, K., and Hagiwara, R.
(2022). “Large-scale Cast-in-Place practice of special concrete for nuclear reactor buildings - Ultra-
High-Performance Concrete with a specified compressive strength of 150 MPa,” Proceedings of the
26th International Conference on Structural Mechanics in Reactor Technology (SMiRT26),
Berlin/Postdam, Germany.

Rashid, R.S.M., Mohammed Salem, S., Azreen, N.M., Voo, Y.L., Haniza, M., Shukri, A.A., and Mohd-
Syukri, Y. (2020). “Effect of elevated temperature to radiation shielding of ultra-high performance
concrete with silica sand or magnetite,” Construction and Building Materials, 262 (120567).

Richard, P., and Cheyrezy, M. (1995). “Composition of reactive powder concretes,” Cement and
Concrete Research, 25 (7), 1501-1511.

Rossi, P. (2013). “Influence of fibre geometry and matrix maturity on the mechanical performance of
ultra high-performance cement-based composites,” Cement and Concrete Composites, 37, 246-248.

Rossi, P. (2021). Concevoir autrement les enceintes de centrales nucléaires (An alternative approach to
design Nuclear Power Plants containment structures), in French, Béton[s] le Magazine. ACPresse.

Sawab, J., Lim, 1., Mo, Y.-L., Li, M., Wang, H., and Guimaraes, M. (2016). Ultra-High-Performance
Concrete And Advanced Manufacturing Methods For Modular Construction. FY-ID-13-5282, CA-
13-TX-UH-0606-0122, 1253019, U.S. Department of Energy Office of Nuclear Energy (NE).

Shah, S.P., and Weiss, W.J. (1998). “Ultra high strength concrete; Looking toward the future,” 4C/
Special Proceedings from the Paul Zia Symposium, Atlanta, GA, USA.

Sherif, M., Othman, H., Marzouk, H., and Aoude, H. (2020). “Design guidelines and optimization of
ultra-high-performance fire-reinforced concrete blast protection wall panels,” International Journal
of Protective Structures, 11 (4).

SIA (2016). UHPFRC: Materials, Design and Application. 2052, Zurich, Swiss.

Toutlemonde, F., Bouteiller, V., Platrer, G., Carcasses, and M., Lion, M. (2010). “Field Demonstration of
UHPFRC Durability,” Concrete International, 32 (11), 39-45.

Tremblay, J.S., Dagenais, M.-A., and Wight, G. (2021). “Ballistic Resistance of UHPFRC Panels
Subjected to Armor-Piercing Projectiles,” Journal of Materials in Civil Engineering, 33 (3),
04020503.

Wang, Z., Yan, J., Lin, Y., Fan, F., and Sun, M. (2023). “Experimental and analytical study on the double
steel plates-UHPC sandwich slabs under low-velocity impact,” Thin-Walled Structures, 184,
110548.

Wille, K., Naaman, A.E., and Parra-Montesinos, G.J. (2011). “Ultra-High Performance Concrete with
Compressive Strength Exceeding 150 MPa (22 ksi): A Simpler Way,” ACI Materials Journal, 108,
46-54.

Zeyad, A.M., Hakeem, 1.Y., Amin, M., Tayeh, B.A., and Agwa, L.S. (2022). “Effect of aggregate and
fibre types on ultra-high-performance concrete designed for radiation shielding,” Journal of
Building Engineering, 58, 104960.

Zhang, D., Dasari, A., and Tan, K.H. (2018). “On the mechanism of prevention of explosive spalling in
ultra-high performance concrete with polymer fibers,” Cement and Concrete Research, 113, 169-177.


https://www.researchgate.net/publication/378742390

