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Abstract: Dry storage systems are used for interim storage of spent nuclear 

fuel (SNF). However, with the growing need to extend the operational periods 

of these systems, there are concerns about the degradation of their concrete 

overpacks, which could compromise the system's structural integrity and 

safety during hazardous events. Traditional concrete mixtures used in SNF dry 

storage systems have remained largely unchanged since their inception and 

often use conventional ingredients. These materials are susceptible to 

degradation mechanisms such as chemical attacks, alkali-silica reactions 

(ASR), and freeze–thaw cycles, which can lead to a loss of strength and 

durability over time. To address these challenges, this paper reviews the 

application of ultra-high-performance concrete (UHPC) as a promising 

alternative for spent nuclear fuel dry storage system overpacks. UHPC offers 

superior mechanical properties, exceptional durability, and reduced 

susceptibility to degradation mechanisms compared to conventional concrete. 

This paper focuses on the role of supplementary cementitious materials 

(SCMs) such as silica fume, fly ash, and metakaolin in enhancing UHPC 

performance for SNF storage applications. These SCMs have been shown to 

significantly improve the material’s microstructure, strength, and resistance to 

environmental stressors typically encountered in SNF storage environments. 

Moreover, incorporating SCMs supports sustainable construction by reducing 

cement consumption and associated carbon emissions. The review brings 

together existing research and experimental data, providing insights for 

engineers and researchers on developing UHPC mixtures that meet the 

rigorous demands of spent nuclear fuel dry storage systems, extending their 

service life and minimizing inspection intervals. 

Keywords: UHPC, concrete, spent nuclear fuel (SNF) 

1 Introduction 

The safe and long-term disposal of radioactive waste remains a critical challenge for the nuclear 

industry, as demanding engineering requirements must be met to prevent environmental contamination 

and structural degradation [1, 2]. Following reactor discharge, spent nuclear fuel (SNF) is initially 
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stored in water-filled pools for cooling. However, due to the limited capacity of these pools, alternative 

storage solutions became necessary. Consequently, dry cask storage (DCS) systems were introduced in 

the mid-1980s as an interim solution [3, 4]. A permanent geological repository at Yucca Mountain, 

Nevada, was initially proposed in 1986, but its future remains uncertain due to political and technical 

challenges [5]. In the absence of a permanent disposal facility and the lack of fuel reprocessing, dry 

storage remains the primary method for managing SNF in the U.S. The Nuclear Energy Institute projects 

that the total amount of SNF will more than double, reaching 140,000 metric tons by 2055 [6], 

necessitating the long-term reliability of dry cask storage.  

Concrete DCS systems for SNF typically consist of a metal canister that is enclosed within a 

concrete overpack, as shown in Fig. 1. Depending on site constraints and design considerations, these 

casks can be positioned either vertically or horizontally [7]. In concrete overpack designs, the shielding 

envelope may consist of reinforced concrete, concrete with an inner steel liner, or a hybrid configuration 

featuring both inner and exterior steel liners with a concrete-filled core [8]. While concrete has a lower 

density compared to metal, requiring thicker shielding components, it is highly effective in attenuating 

gamma rays and slowing down fast neutrons, making it a viable material for radiation protection [9]. 

Furthermore, the thermal properties of concrete contribute to the dissipation of decay heat from the SNF, 

ensuring the long-term stability of the storage system. 

Available literature has documented various cases of concrete degradation in nuclear power plant 

structures and dry cask storage systems. For example, in the Three Mile Island (TMI) storage casks, 

freeze-thaw cycles trapped water in bolt-hole voids, causing cracks in the concrete roof slabs [9, 10]. 

Degradation mechanisms identified in our previous study—driven by factors such as chemical attacks, 

alkali-silica reaction (concrete cancer), and freeze-thaw (F-T) cycles—pose a significant risk to the 

structural integrity of storage modules, particularly during long-term dry storage or seismic events [9]. 

Traditionally, the concrete mixtures utilized in these systems have seen little evolution, often utilizing 

the same compositions as of conventional concrete. However, recent advances in material science 

present numerous potentials to improve the performance of these structures.  

 
Fig. 1. A representation of the continuous particle packing model  

By utilizing advanced concrete mixtures developed in the past decade, SNF structures can achieve 

improved durability and mechanical performance, whether applied in new construction projects or in 

the rehabilitation of existing concrete elements [11]. Ultra-high-performance concrete (UHPC) is 

among the concrete materials that have demonstrated superior mechanical properties and remarkable 

long-term durability [12, 13]. Recently, UHPC has emerged as a highly promising construction material 

with enormous potential to advance the future development of resilient and sustainable infrastructure 

[14–18].  

UHPC represents a recent advance in cementitious materials characterized by exceptional strength, 

ductility, and durability [19]. Despite the interchangeability of the terms high-performance concrete 

(HPC) and high-strength concrete (HSC), there is a significant difference between them [20]. Concrete 

strength alone does not guarantee durability. UHPC, especially when reinforced with fibers, can be 

considered as a combination of three concrete technologies: self-compacting concrete (SCC), fiber-
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reinforced concrete (FRC), and high-performance concrete (HPC) [21, 22]. For UHPC, numerous 

definitions have been introduced. The American Concrete Institute (ACI) defines UHPC as concrete 

that satisfies specialized combinations of performance and uniformity requirements, often unattainable 

through conventional constituents and normal mixing, placing, and curing practices [20]. According to 

UK standards, UHPC improves features such as placement and compaction without segregation, long-

term mechanical properties, early age strength, toughness, and volume stability in harsh environments 

[20]. French interim recommendations (AFGC 2002) define UHPC as concrete reinforced with fibers 

that can achieve a compressive strength of at least 150 MPa [23].  

The research presents a comprehensive review of recent advances in UHPC and investigates its 

potential to enhance mechanical and durability properties, thereby offering a viable solution for 

extending the service life of DCS’s concrete overpack. By addressing the primary degradation 

mechanisms identified in our previous research [9]—including freeze-thaw (F- T) cycles, alkali-

aggregate reaction (AAR), reinforcement corrosion, and radiation-induced damage—UHPC’s superior 

resistance to environmental and chemical stressors makes it a promising material for mitigating 

deterioration and ensuring the long-term structural integrity of spent nuclear fuel storage systems.  

2 The development of UHPC  

The goal of UHPC mixtures is to create a densely compacted cementitious matrix with good 

workability and strength [24]. Most publications provide the proportions of UHPC mixtures without 

providing any design procedures or explanation. However, two design models were developed in the 

literature: the particle packing model and the performance model. Fig. 2 shows a representation of a 

continuous particle packing model. The high particle packing density is achieved in the particle packing 

model by introducing particle size distributions P(D), which contribute to low porosity, high mechanical 

strengths, and impermeability [25–27]. The modified Andersen and Andreasen model [28–30] are the 

most widely used target function for optimizing the composition of a mixture of granular materials, 

using Eq. (1).  

( ) min

max min

q q

i

i q q

D D
P D

D D

−
=

−
        (1) 

Where P(Di) represents the proportion of total solids that have a size smaller than Di, Dmax and 

Dmin are the maximum and minimum particle sizes (in units of μm), respectively, and q signifies the 

distribution modulus. 

 
Fig. 2. A representation of the continuous particle packing model  

Eq. (1) can be used to design UHPC through the application of different distribution moduli q, 

which govern the ratio of fine to coarse particles in the mixture. The q value for UHPC was suggested 

to be in the range of 0.21-0.25 [24, 31]. Hunger, (2010) [32] and Yu et al., (2015) [33] suggested 

employing a q value of 0.23 in UHPC to ensure a substantial quantity of fine particles [34]. Using an 

optimization process based on the Least Squares Method (LSM), Eq. (2), the proportions of each 

individual constituent in the mixture are modified until an optimum match between the constructed 

mixture and the target curves is achieved. This model has been utilized and verified using experimental 

work.  
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where Pmix is the constructed mixture, and Ptar is the target grading calculated from Equation 1. 

The packing density of particles in the Andersen and Andreasen model is based on dry conditions, 

which may not accurately represent the packing density of particles in UHPC due to the impact of water 

and other liquids [35]. The presence of water can reduce friction force. The force can be removed when 

the fine particles are saturated [36]. As a result, the wet particle packing model achieves a higher particle 

packing density than the dry packing model. A high wet packing density improves the macro-meso-

micropore structure of UHPC and compressive strength [37]. To obtain the maximum packing density, 

solid concentrations (φ) and void ratios (u) are optimized using Eq. (3) – (5) [24].  
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Where M and V represent the mass and volume of paste, respectively, in a cylindrical mold with 

62 mm diameter and 60 mm height; ρw denotes the density of water; ρα, ρβ, and ργ represent the solid 

densities of various cementitious materials; and Rα, Rβ, and Rγ represent the volumetric ratios of the 

different cementitious materials.  

The maximum packing density does not necessarily result in the best UHPC performance; therefore, 

the performance-based method was developed. Meng et al. (2017) [38] proposed a performance-based 

approach to optimize UHPC mixtures. The approach considers particle packing, workability, and 

mechanical properties. Based on the relationship established between the variables and the target 

performance, the mixture design parameters such as the water-to-binder ratio (w/b), fiber content, and 

binder-to-sand ratio can be directly and correctly determined.  

Over the last three decades, the evolution of UHPC can be traced through different stages. Initially, 

high-strength concrete (HSC) was produced in laboratories using vacuum mixing and heat curing. Then, 

micro-defect free cement (MDF) was introduced, enabling the development of UHPC with compressive 

strength exceeding 200 MPa. However, high material costs and complicated production techniques 

limited its utilization. Subsequently, in Denmark, dense silica particle (DSP) cement was developed to 

enhance concrete’s particle packing density, offering a more accessible production method than MDF 

cement. By incorporating silica fume, superplasticizer, and employing pressure curing conditions, DSP- 

incorporated concrete achieved an impressive maximum compressive strength of 345 MPa. Steel fibers 

were added to this concrete to reduce brittleness. These advancements produced slurry infiltrated fiber 

concrete (SIFCON) with up to 20% steel fibers by volume. SIFCON’s lack of workability limited its 

use, despite its flexural strength of 25–70 MPa.  

3. Typical ingredients of UHPC  

UHPC is typically made using a combination of high-quality materials to achieve exceptional 

strength and durability. A typical UHPC formulation incorporates high-strength Portland cement as the 

primary binder, supplemented by silica fume to enhance overall strength [39–42]. Fine aggregates, such 

as finely graded sand or quartz powder, contribute. 

to the dense and compact structure of concrete [43–45]. Superplasticizers are used to improve 

workability without compromising strength, while steel or polymer fibers are used to increase tensile 

strength and toughness [46–48]. Chemical admixtures can also be used to achieve specific properties, 

such as accelerators or retarders, to control set time [49, 50]. Furthermore, recent research incorporated 

nanomaterials, such as nano-silica, nano-alumina, and carbon nanotubes, which represents a cutting-

edge strategy to enhance the material properties [51– 53]. These nanomaterials contribute to improved 

strength, durability, thermal resistance, and improved electrical conductivity [54–56]. The proportions 
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and types of these ingredients can vary to tailor the UHPC mix to specific performance requirements, 

and ongoing research may introduce new materials or modifications for further enhancement.  

The cement content in UHPC typically ranges from 800 to 1000 kg/m3 [39, 57, 58], enabling the 

material to achieve its ultra-high strength and dense microstructure. However, this high cement dosage 

significantly increases production costs and also influences hydration heat and dimensional stability [33, 

59, 60]. The elevated heat of hydration can create thermal gradients within the concrete matrix, raising 

the risk of early-age cracking. Additionally, the high cement content can lead to substantial autogenous 

shrinkage, which may compromise the dimensional stability of the UHPC. Previous studies have 

recommended the use of ASTM Type I or II cements for UHPC [39, 57] due to their balanced hydration 

characteristics and moderate heat evolution. To address the cost and sustainability challenges associated 

with high cement use, Portland cement is increasingly being partially substituted with supplementary 

cementitious materials (SCMs) such as silica fume (SF), fly ash (FA), granulated blast furnace slag 

(GGBFS), and metakaolin (MK), which enhance the overall efficiency and performance of UHPC. 

4. Mechanical properties  

Numerous studies have been conducted to identify optimal mixture proportions and assess the 

mechanical properties of UHPC [58, 61–64]. A wide range of approaches are used to improve the 

mechanical properties of concrete, including the use of supplementary cementitious materials, 

optimizing concrete design, incorporating fine minerals, and integrating fibers. This section provides a 

comprehensive review of the effects of various parameters on the mechanical properties of UHPC.  

4.1. Supplementary Cementitious Materials (SCMs)  

Supplementary Cementitious Materials (SCMs), such as silica fume (SF), fly ash (FA), metakaolin 

(MK), and ground granulated blast furnace slag (GGBFS), have been extensively used to improve the 

mechanical properties of concrete [65]. Table 1 summarize the key findings from previous research 

work.  

Silica fume (SF) is a widely used SCM that has been increasingly adopted for the last thirty years. 

Incorporating SF has been shown to speed up the hydration process, resulting in significant increases 

in concrete strength development [65]. Various studies explored different SF contents ranging from 0% 

to 35% [19, 66]. It has been consistently reported that the optimal replacement of Ordinary Portland 

Cement (OPC) with SF is around 10% [67–69]. Moreover, exceeding a replacement rate of 20% has 

been found to have negligible effect. From a cost perspective, SF is generally more expensive than 

traditional cement due to its limited availability and the processing required for use in concrete. 

However, its high reactivity allows for lower dosages compared to cement, which can offset some of 

the cost increase at the mixture level. In addition, the use of SF contributes to environmental 

sustainability because it is an industrial byproduct of silicon and ferrosilicon alloy production. Diverting 

SF from landfilling reduces waste, lowers the demand for clinker production, and decreases the carbon 

footprint of UHPC mixtures. Therefore, although SF increases unit material costs, its environmental 

benefits and contribution to long-term durability and reduced maintenance costs make it a cost-effective 

and sustainable choice for UHPC in critical applications such as spent nuclear fuel storage. 

Fly Ash (FA) is a byproduct from coal power plants. Typically, it is mixed with GGBFS, SF, and/or 

steel slag powder (SS) in binary, ternary, or quaternary systems [70, 71]. The combination of GGBFS 

and FA has been found to increase flexural strength and significantly improve concrete toughness under 

varied curing conditions [72–74]. However, it tends to reduce the modulus of elasticity, especially when 

the cement replacement exceeds 30%.  

Metakaolin (MK) is made by calcining natural clay. Its pozzolanic reactivity is primarily 

influenced by the calcining temperature [75]. Metakaolin powder has been demonstrated to reduce 

autogenous shrinkage, refine pore structure, and increase early strength in concrete [75–77]. The 

optimal MK content has been consistently reported between 10% and 15% [78–80].  

Granulated blast furnace slag (GGBFS) has been used as a supplementary cementitious material 

in concrete for many years. Replacing cement with GGBFS resulted in increased strength up to a certain 

replacement content limit. Optimum replacement was identified at 10% [81–83]. When used as a 
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replacement for Portland cement at varying pro- portions and water to cement ratio (w/c) ratios of 0.4 

and 0.45, GGBFS exhibited improved strength after 28 days of curing. However, at a w/c ratio of 0.4, 

strength decreased at 7 days compared to a w/c ratio of 0.45. A replacement level of 30% was 

determined to be optimal for both w/c ratios of 0.40 and 0.45 [84].  

4.2. Water-to-Binder (w/b) Ratio  

The water-to-binder ratio has a considerable impact on the mechanical properties of UHPC [65]. 

To achieve the desired mechanical and durability properties, the water-to-binder ratio in HPC should 

be kept low. Several investigations have used a variety of water-to-binder ratios, including 0.4 [100, 

101], 0.35 [101], 0.3 [102], 0.27 [103], 0.25 [104],0.18 [105], and 0.15 [106]. Studies have shown that 

as the water-to-binder ratio decreases, the strength of concrete typically increases [107–109]. A study 

[110] on HPC mix proportioning concluded that increasing the binder content while maintaining the 

effective water-to-binder ratio and water content can help overcome the difficulty of producing slower 

early-age strength. Furthermore, the increase in the compressive strength was found to be more 

dependent on the water-to- binder ratio than on silica fume [109]. In terms of optimum values [100-

109], most studies on UHPC report that w/b ratios in the range of 0.18–0.25 provide the best balance 

between compressive strength and durability. Ratios below 0.18 may enhance strength but significantly 

increase autogenous shrinkage and cracking risk, while ratios above 0.25 generally reduce density and 

long-term durability. Therefore, an optimum w/b of approximately 0.20–0.22 is often recommended for 

UHPC to ensure both high strength and resistance to durability-related degradation mechanisms. Thus, 

it can be concluded that the water-to-binder ratio is one of the key factors causing strength variation in 

HPC.  

4.3. Aggregate  

High strength aggregate should be used to develop UHPC. Various types of aggregates have been 

used in concrete manufacturing, ranging from lightweight [91, 111, 112] to recycled aggregates [106, 

113, 114]. According to research, high quality aggregates that are free of alkali-aggregate reactivity are 

essential to produce HPC [65]. The majority of research recommended the utilization of fine aggregates 

to decrease the porosity of concrete, thereby enhancing its mechanical and durability properties, Fig. 3. 

Initially, refined quartz sand with a diameter less than 0.6 mm was employed in early UHPC 

formulations to achieve superior performance, despite its high cost [39]. However, to mitigate the 

expense associated with UHPC production, alternative materials such as recycled glass cullet, natural 

sands, and artificial aggregates have been investigated as replacements for refined quartz sand [115, 

116].  

 
Fig. 3. Cross-sectional views of normal concrete (NC), high-performance concrete (HPC), and ultra-high- 

performance concrete (UHPC) cylinders [119] 

A previous study [117] used crushed basalt with a diameter less than 8 mm to partially replace 

refined quartz sand in UHPC. Similarly, another study [118] used crushed basalt and limestone with 

diameters less than 20 mm as coarse aggregates and reported promising results. Specifically, these 

replacements reduced the overall material cost while maintaining compressive strengths above 150 MPa 

and flexural strengths exceeding 20 MPa. The use of basalt aggregate improved the interfacial transition 

zone (ITZ) due to its rough surface texture, enhancing bond strength, while limestone contributed to 

improved workability and reduced autogenous shrinkage. In both cases, durability indicators such as 
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resistance to chloride penetration and freeze–thaw cycles were comparable to or better than mixtures 

containing refined quartz sand, making these alternatives attractive for more economical and sustainable 

UHPC production. 

Table 1. Sample of prior research on the effect of SCMs on the strength of UHPC 

CONSTITUENT 

SUMMARY 

REFERENCES 

SILICA FUME 

(SF) 

The optimal SF content, which maximizes bonding and compressive strength in 

UHPC, depends on the water-to-cement (w/c) ratio. Lower w/c requires lower silica 

fume content [85]. 

SF concrete composite strength exceeds SF paste strength, deviating from 

conventional concrete trends [86]. 

A 21% increase in compressive strength was observed as SF content increased from 

0% to 15% [87]. 

SF has no significant effect on split tensile strength [88]. 

Some studies report tensile strength reduction at high temperatures [89]. 

SF has a pronounced effect on flexural strength compared to splitting tensile strength, 

with most studies reporting a greater relative increase in flexural strength due to the 

improved bond at the paste–aggregate and paste–fiber interfaces [90]. 

Elastic modulus of SF concrete matches conventional concrete at 28 days but 

continues to rise with age [88]. 

FLY ASH (FA) FA can be used to produce lightweight HPC [91]. 

A 22% weight reduction was achieved alongside a 20% increase in compressive 

strength [91]. 

Combining GGBFS and FA improves flexural strength and concrete toughness [39]. 

For instance, studies have shown that binary and ternary blends with 10–20% GGBFS 

and 15–25% FA (as partial cement replacement) can increase flexural strength by 

approximately 10–20% and enhance fracture toughness by up to 30% compared to 

control mixtures. Beyond these levels, the improvements diminish, and excessive 

replacement may reduce early-age strength. 

The combination of GGBFS and SF should not exceed 30% of cement content to 

avoid modulus of elasticity loss [72]. 

METAKAOLIN 

(MK) 

Three primary factors influence MK’s contribution: immediate filler effect 

(accelerating hydration), pozzolanic reaction (peaks within 14 days), and age strength 

(no enhancement beyond 14 days) [92, 93]. 

Replacing 5% OPC with MK increased compressive strength by ~7% [94]. 

Using 15% MK optimally enhanced compressive strength (~22% increase) [80]. 

Replacing SF with MK reduced compressive strength by ~7% [95]. 

High temperature curing of MK concrete increases early strength [96]. This 

enhancement is attributed to accelerated pozzolanic reactions of MK and faster 

hydration kinetics under elevated temperatures. For example, curing at 60–80 °C has 

been reported to increase 7-day compressive strength by 15–25% compared to 

specimens cured at ambient conditions, while also refining pore structure and 

reducing permeability. However, excessively high curing temperatures (>90 °C) may 

cause microcracking and negatively affect long-term strength development. 

MK is favored for its affordability and availability over other SCMs [39]. Compared 

to SF, which is a byproduct of silicon and ferrosilicon alloy production and is limited 

to regions with such industries, MK is produced from abundant natural kaolinite clays 

available worldwide. Production costs of MK are typically 20–40% lower than silica 

fume on a per-ton basis, and its supply chain is less restricted, making it more 

consistently available in both developed and developing regions.  

4.4. Fibers  

Fibers are commonly integrated into concrete to bridge cracking and enhance strength properties. 

Research indicates that while the addition of a single type of fiber to HPC may improve specific aspects, 

optimal performance is often achieved by incorporating various types of fibers [120, 121]. The 

introduction of fibers transforms the brittle failure of into a more ductile behavior [122–124], see Fig. 

4. A range of fiber types, including steel, basalt, synthetic, and polypropylene fibers, have been studied. 
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Table 2 provides a summary of the key findings regarding the utilization of fibers in UHPC. In addition 

to fiber type and content, fiber length plays a critical role in ductility. Shorter fibers (<10 mm) are more 

effective at controlling microcracks and improving post-cracking stiffness, but they provide limited 

pull-out resistance. Longer fibers (13–20 mm for steel and basalt fibers) enhance crack-bridging 

capacity and energy absorption, resulting in higher ductility and toughness indices. However, 

excessively long fibers may cause fiber balling during mixing and reduce workability, which can 

compromise uniform dispersion. Studies generally report that optimum fiber lengths for UHPC are 

around 13 mm for steel fibers and 12–18 mm for basalt fibers, balancing workability and ductility 

improvements. 

Unlike conventional reinforced concrete, where rebar corrosion can propagate and cause 

significant structural deterioration, steel fibers in UHPC are short, discontinuous, and well-embedded 

within an ultra-dense, low-permeability matrix. This matrix greatly limits chloride ion penetration and 

moisture ingress, which are the primary triggers of corrosion. As a result, most studies report that steel 

fibers in UHPC show minimal or no corrosion even after extended chloride exposure or accelerated 

aging tests [153, 156]. In fact, some researchers have observed that the dense hydration products 

surrounding fibers provide a passivating effect, delaying corrosion initiation. However, when fibers are 

cut or exposed at the surface during mixing or finishing, localized rust staining can occur, although this 

has little effect on mechanical performance. Therefore, while UHPC with steel fibers is not immune to 

corrosion, its high compactness and low porosity significantly mitigate the risk compared to 

conventional concrete. 

 
Without fibers            With Fibers 

Fig. 4. Concrete failure with and without fibers [122] 

Table 2. Sample of prior research on the effect of fibers on the strength of UHPC 

CONSTITUENT SUMMARY REFERENCES 

STEEL FIBERS The addition of steel fibers can considerably enhance split tensile [45,116,117] 

Steel fibers are commonly utilized with volume fractions, ranging 

from 1% to 3% 

[30] 

Concrete compressive strength improved by around 70% when 

adding 3% steel fibers. 

[96] 

Although steel fibers have demonstrated a significant impact on 

tensile and flexural strength, their content has a limited effect on 

compressive strength 

[118] 

BASALT 

FIBERS 

Hybrid of basalt fibers and polypropylene decreased compressive 

strength, but increased split tensile strength. 

[119] 

The use of presoaked basalt fibers had no significant influence on 

the compressive strength. 

[120] 

SYNTHETIC 

FIBERS 

Synthetic fibers can improve the split tensile and flexural strength [121] 

POLYPROPYL

ENE 

FIBERS 

Polypropylene fibers exhibit a superior effect in enhancing the 

tensile and flexural strength of concrete compared to basalt fibers 

[111] 

Utilizing polypropylene with 7.2% volume fraction significantly 

improved tensile and flexural strength 

[111] 

5. Durability properties  
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5.1. Freeze and Thaw  

Freeze and thaw damage has emerged as a significant concern in the overpack concrete utilized in 

dry storage systems [9]. Evidence of freeze and thaw damage has been observed in various external 

concrete structures of nuclear power plants (Commission, 2019), including the outer surfaces of dry 

cask storage for spent nuclear fuel (SNF), the roofs of concrete storage modules at Three Mile Island 

Unit 2 (TMI-2), and the Millstone independent spent fuel storage installation during operation [9, 131]. 

In DCS’s overpack, when freeze and thaw conditions are met, the degradation process would initiate at 

the outer surface of the overpack. The results of freeze and thaw action are often seen as random 

cracking, surface scaling, and joint degradation [9, 132, 133]. This degradation has a significant impact 

on the service life of DCS  

The advancement of UHPC holds great promise in extending the service life of DCSS. The 

improved composition can reduce capillary porosity, allowing for greater resistance to freeze- thaw 

cycles [134–138]. Typically, concrete exposed to freeze and thaw cycles experiences material spalling 

and a reduction in relative dynamic modulus as a result of micro-cracking. However, multiple studies 

have demonstrated that UHPC is exceptionally resistant to freeze and thaw degradation. UHPC has 

been shown to have low mass loss even after 300 or 600 freeze and thaw cycles, with a high durability 

compared to conventional concrete [139–141]. Moreover, several studies showed no detectable damage 

after 800 freeze-thaw cycles [142].  

A previous study [143] investigated the effects of using an air-entrained agent on four different 

concrete mixtures: normal concrete (NC), high-strength concrete (HSC), silica fume concrete (SFC), 

and fly ash concrete (FAC). As can be seen in Fig. 5, air entrained agents showed a considerable effect 

in reducing the surface scaling. Among all the concrete mixtures, HSC showed the lowest surface 

scaling. This can be attributed to the higher compressive strength obtained by HSC. On the other hand, 

the surface of silica fume concrete was more severely damaged than other concrete mixtures. 

       
Fig. 5. Effect of air-entrained agent on the surface 

scaling of UHPC (Based on [143]) 
Fig. 6. Effect of w/b ratio on the mass loss rate of 

UHPC (Based on [144]) 

 
Fig. 7. Effect of SF and FA content on the mass loss rate of UHPC (Based on [144]) 
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Another key factor influencing freeze-thaw resistance is the water-to-binder (w/b) ratio [144]. As 

can be seen in Fig. 6, it was observed that the mass loss rate of UHPC gradually increased with the 

increase in the number of freeze and thaw cycles. Additionally, the mass loss rate of UHPC 

demonstrated an increasing trend with higher w/b ratios. Freeze-thaw resistance is also affected by the 

content of SCMs [145, 146]. As illustrated in Fig. 7, the mass loss rate decreased as the content of SF 

and FA increased, until reaching a certain content, beyond which the loss rate began to rise.  

5.2. Alkali-Aggregate Reaction (AAR)  

Alkali-aggregate reaction (AAR) represents a credible risk in concrete exposed to any environment 

with available moisture, a concern reported in Dry Cask Storage (DCS) [9]. Recent operational 

experiences have highlighted ASR-induced concrete degradation in the Seabrook reactor enclosure. 

Despite passing all industry-standard ASR screening tests during construction, observations of ASR-

induced degradation were made in August 2010 at the Seabrook plant [9].  

In 1995, Ferraris [147] raised a question regarding the susceptibility of HPC to AAR. By this time, 

researchers have not reached an agreement on this matter, as factors be- yond the three primary ones, 

pore solution alkalinity, aggregate morphology, and water presence, also significantly influence ASR 

occurrence. These additional factors include aggregate gradation, water-to-cement ratio (w/c), and 

compressive strength. It has been found that air content is a crucial parameter, besides the three primary 

factors mentioned above, that can increase expansion in concretes affected by ASR. According to this 

study, even HPC may be susceptible to ASR if reactive aggregates are utilized.  

Limited research has been conducted to investigate the resistance of HPC to AAR. However, some 

studies suggest that incorporating filling materials, such as SCMs, and employing methods to reduce 

permeability may enhance concrete’s resistance to AAR [9]. For instance, the inclusion of FA decreases 

the CaO−SiO2 ratio of Calcium-Silicate-Hydrate (C-S-H) gel, thereby enhancing its ability to retain 

alkalis. Additionally, the incorporation of alumina helps to reduce ASR by allowing the formation of 

calcium aluminum silicate hydrate (C- A-S-H). This compound possesses distinct properties compared 

to the C-S-H and enhances the binding of alkali ions from pore solutions, thereby preventing the 

continual recycling of these ions and the formation of the swelling complex [148, 149].  

Recent research [150] revealed that concrete containing nanoparticles showed a reduced expansion 

and higher sonic velocity compared to plain concrete. This suggests that nano − SiO2 and nano − Fe2O3 

can effectively mitigate ASR damage, with optimal contents of 2% and 1% respectively. The common 

mechanisms by which nano − SiO2 and nano − Fe2O3 mitigate ASR include their ultra-microsize, high 

activity, high-specific surface area, and surface hydrophilicity, allowing water consumption and 

hydration product occupation to reduce porosity. Additionally, nano − SiO2 exhibits pozzolanic activity, 

consuming released CH during hydration, while nano−Fe2O3 has intense absorbability, forming block 

structures among hydration products. Consequently, concrete containing nano−SiO2 or nano−Fe2O3 

demonstrates a more compact microstructure and lower Ca2+ concentration in pore solution. 

5.3. Corrosion  

Corrosion of steel bars in a chlorine salt environment greatly affects the bearing capacity and 

service life of concrete structures [151]. Reinforcement corrosion has been identified as a major problem 

in DCS’s overpack [9]. Both chloride ion penetration and reinforcement corrosion are closely related 

to concrete porosity [152]. Therefore, the improved composition of UHPC can effectively reduce 

corrosion probability.  

Previous research has shown that UHPC is very resistant to chloride ion penetration. Mosavinejad 

et al. [153] proposed that adding polyvinyl alcohol fibers might effectively improve UHPC’s resistance 

to chloride ion penetration by increasing electrical resistivity. Dieb et al. [154] found that increasing the 

steel fiber volume fraction from 0.08% to 0.52% resulted in greater chloride permeability in UHPC.  

Chen et al. [155] studied various types of fiber-reinforced concrete to determine chloride 

penetration resistance. The results showed that a low volume fraction of microfibers improved 

concrete’s resistance to chloride penetration, whereas a higher volume fraction in- creased chloride ion 

diffusion. The ideal microfibre volume fraction was determined to be less than 0.1%. However, Abbas 

et al. [156] claimed that the length and content of steel fibers had no detectable effect on the chloride 
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ion permeability of UHPC  

5.4. Radiation  

Researchers in concrete technology have investigated the possibility of employing specific 

concrete kinds to reduce or eliminate radiation transmission through structural parts. This focus has led 

to the development of radiation shielding concrete (RSC), which offers reliable protection against 

gamma rays and high-energy gamma-rays [157]. RSC, a composite concrete composition, may be 

designed to withstand both neutron and gamma radiation [158, 159]. However, standard radiation 

shielding materials such as lead have limitations, directing research into new materials such as 

heavyweight aggregate, pozzolanic additives, and fibers to improve RSC efficiency. Concrete’s ability 

to shield against radiation is determined by factors such as mass density of the material of the protective 

material (which depends mainly on the aggregate), the atomic number of elements forming the 

aggregate and the radiation energy [158]. In general, increasing material density and atomic number 

enhance radiation attenuation, whereas higher radiation energy reduces the attenuation coefficient.  

6. Advancing UHPC development  

The utilization of advanced technologies, such as 3D printing in concrete production represents a 

transformative shift in construction methodology. By harnessing the precision and flexibility of 3D 

printing, concrete structures can be intricately designed and efficiently fabricated, offering 

unprecedented opportunities for architectural innovation and customization, Fig. 8. This technology 

enables the creation of complex geometries and intricate patterns that would be challenging or 

impossible to achieve with traditional construction methods [160]. Moreover, 3D printing facilitates 

enhanced material utilization and reduces construction waste, contributing to sustainability efforts 

within the industry. For example, eliminating conventional formwork, a major component of concrete 

casting, can reduce material use by up to 60% in optimized architectural applications like DFAB House 

(ETH Zurich). In reinforced concrete slabs, 3D-printed recesses enabled up to 40% volume savings and 

as much as 50% reduction in CO₂-equivalent emissions. Additionally, using advanced low-carbon 

printable mixtures (e.g., graphene-enhanced LC²) has been shown to reduce greenhouse gas emissions 

by approximately 31% compared to traditional printable concrete designs. As the capabilities of 3D 

printing continue to evolve, its integration into concrete production holds immense promise for 

streamlining construction processes, reducing costs, and pushing the boundaries of design possibilities 

in the built environment.  

       
Fig. 8. Architectural context of 3D printing for 

complex geometries [160] 
Fig. 9. 3D printed damping wall [160] 

To facilitate concrete for additive manufacturing, achieving a balance between a low water-to-

cement ratio and maintaining workability poses a significant challenge. Numerous researchers have 

endeavored to address this complexity by developing and testing various cementitious mixtures tailored 

for 3D printing applications. For instance, Zhang et al. [161] successfully formulated two cementitious 

materials using 3D printing, meeting crucial rheological requirements such as yield stresses and velocity. 
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Liu et al. [162] developed different mix designs by assessing rheological properties based on static and 

dynamic yield stresses to optimize flow and printing consistency. Tay et al. [163] investigated the bond 

strength be- tween printed layers and the impact of time intervals between successive prints, ensuring 

the mixture’s pumpability while enhancing structural integrity. Moreover, Kazemian et al. [164] 

proposed four distinct cementitious formulations, incorporating high-range water-reducing admixtures 

alongside traditional components like cement, sand, and water, to address both printability and 

performance requirements.  

In [165], an innovative automated 3D-printing concept was introduced, offering a versatile solution 

for fabricating various bridge components with UHPC, Fig. 9. This system particularly emphasizes the 

creation of UHPC shells, serving as stay-in-place formwork for bridge columns and beams [166]. 

Notably, the proposed 3D-printing system incorporates accelerated curing methods, leveraging heat 

curing techniques to expedite the curing process of the UHPC material.  

7. Cost analysis  

The goal of this research effort was to build cost-effective UHPC that is applicable to 

implementation in nuclear structures. One of the initial efforts to promote the use of UHPC in the United 

States was a project conducted in 2013 by Federal Highway Administration (FHWA) [63]. The 

objective was to create a non-proprietary, cost-effective UHPC with good durability qualities, a 

minimum compressive strength of 137.90 MPa, and a tensile strength of 4.96 MPa. Three geographical 

areas provided materials: (1) the New York, Connecticut, and New Jersey region; (2) the Upper 

Midwest, including the areas around Iowa, Minnesota, and Michigan; and (3) the Northwest, including 

the areas around Washington and Oregon. The cost of proprietary UHPC, including fiber and delivery, 

was over $2,000 per cubic yard at the time of the report (2013), which is roughly 20 times more than 

the standard.  

FHWA [63] concentrated on the development of UHPC without fibers because the cost per cubic 

yard increased by around $470 when steel fibers were added to the mix. Cements (12 varieties), silica 

fumes (5 types), additional materials (13 types), high-range water reducers (8 types), HRWRs (8 types), 

and aggregates (10 variations) were among the locally accessible resources in the three zones. Four 

categories of aggregates were chosen: volcanic rock (VR), limestone (L), basalt (B), and quartz (Q). 

There are various US regions where Q can be ordered. Three people were chosen: L from the upper 

Midwest, VR from the Northwest, and B from the Northeast. Two distinct mixtures were made, one 

consisting solely of fine aggregates and the other of both fine and coarse particles. The ideal UHPC 

mixtures with just fine particles are displayed in Table 3. The material costs are displayed in the table’s 

final row. The prices per cubic yard, in 2013 USD, varied from $472 to $652.  

Table 3. UHPC mixtures with fine aggregates only and no fibers (FHWA 2013) [63] 

Material/Topic UHPC-1 UHPC-2 UHPC-3 UHPC-4 

White Cement (lb./yd3) 1,311 1,268 1,256 1,248 

Silica Fume (lb./yd3) 328 317 314 312 

Fly Ash (lb./yd3) 318 308 305 303 

HRWR (lb./yd3) 48 46 45 45 

Fine Aggregates (lb./yd3)  1,966 1,903 1,884 1,871 

Aggregated-to-Cement Ration (lb./yd3) 1.5 1.5 1.5 1.5 

w/c ratio 0.23 0.24 0.23 0.23 

Spread (in) 11.4 10.4 11.3 12.4 

Average Compressive Strength-28 days (ksi) 26.9 24.1 23.5 29 

Cost ($/yd3) 494 472 496 652 

Montana Department of Transportation [167] was able to create and describe non- proprietary 

UHPC mix designs utilizing readily available local materials. When this project is finished, traditional 

UHPC qualities can be used in concrete at a lower cost (Montana DOT 2017) [167]. The Montana 

Department of Transportation plans to include this new non-proprietary UHPC mix design into their 

building practices—such as field-cast connections between precast concrete deck panels and between 

the flanges of adjacent girders—once this material is more widely available. Mixes that met design 

goals were found to be less than $1,000/yd3 using materials found within Montana. The material and 
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labor cost for the Montana UHPC (MT-UHPC) used in this bridge construction was found to be $4,560 

per cubic yard, as outlined in Table 4, and non-proprietary UHPC, as Table 5 illustrates. 

Table 4. Cost of MT-UHPC per cubic yard 

Item Cost ($/yd3) 

Cement  237 

Silica Fume 174 

Fly Ash  204 

HRWR 68 

Steel Fibers 790 

Sand 77 

Material Subtotal 1,550 

Mixing  850 

Total Materials Cost 2,400 

Grinding 370 

Placement 1,790 

Total 4,560 

The interface bond strength between UHPC and precast concrete was tested. Shokrgozar examined 

interface bond using 8 ksi (55.16 MPa), 10 ksi (68.95 MPa), and 12 ksi (82.74 MPa) concrete, in contrast 

to Haber et al.’s (FHWA 2018) experiments that used 6 ksi (41.37 MPa) precast concrete. All interface 

failures in this investigation happened at the interface where precast concrete and UHPC met, and the 

strength rose as precast compressive strength rose.  

Table 5. Material comparison (Shokrgozar 2023) [169] 

 Non-Proprietary Proprietary UHPC 

Flow Table Test, (in) 10 10 

Compressive Strength, (ksi) 18.1 20.1 

Tensile Strength, (ksi) 2.8 2.9 

Average Interface Bond Strength   

Precast Concrete with 8 ksi, 10 ksi, and 12 ksi, psi 651 696 

Shrinkage (336 days), Micro-strain  290 410 

Modulus of Elasticity  6,950 7,370 

Poisson’ Ratio 0.19 0.2 

Bridge Deck Connection Ultimate Moment, (k-ft) 61 67 

Material Cost ($/yd3) $350 $2,000 

 

El-Tawil et al. [168] at the University of Michigan developed a non-proprietary UHPC that worked 

well in the lab as part of their initial project phase. A Michigan bridge restoration project used one of 

the mixtures created during this study. The average 28-day compressive strength and tensile strength of 

the field UHPC mix were 148.24 MPa and 8.27 MPa, respectively. The material cost per cubic yard, as 

recorded, was $890 in 2017 USD.  

Ali Shokrgozar (2023) [169] at Idaho State University created a non-proprietary UHPC utilizing 

locally accessible materials in Idaho and contrasted its characteristics with a widely used proprietary 

UHPC. Fine aggregates, Type I/II Portland cement, silica fume, Type F fly ash, HRWR, and steel fibers 

were the materials utilized. The steel fibers came from within the country. The development of non-

proprietary UHPC at Idaho State University, with a focus on closing connections for bridge deck-level 

precast components, is covered in detail in the paper's conclusion. Compared to proprietary UHPC, 

which costs more than $2,000 per cubic yard, the estimated material cost of $350 per cubic yard is 

substantially lower. Compressive strength, splitting tensile strength, four-point flexural strength, 

shrinkage, modulus of elasticity, and Poisson's ratio were all tested experimentally. To assess the 

closing pour connection's moment capacity, extensive bridge deck connection tests were also carried 

out. The findings show that non-proprietary UHPC behaves in a manner that is strikingly comparable 

to proprietary UHPC. 

8 Conclusions 
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The findings of this study reaffirm the substantial benefits of incorporating supplementary 

cementitious materials into ultra-high-performance concrete. The use of silica fume, fly ash, and 

metakaolin not only enhances the mechanical properties of UHPC but also improves its durability, 

sustainability, and overall performance in demanding structural applications. Silica fume, due to its high 

pozzolanic reactivity, plays a crucial role in refining microstructure and increasing compressive strength. 

Fly ash, when used in appropriate proportions, enhances long-term strength development while 

improving workability and reducing permeability. Metakaolin, recognized for its ability to refine pore 

structure, further contributes to enhanced durability and mechanical performance. The synergistic effect 

of these SCMs enables the development of UHPC with optimized properties, catering to the increasing 

demand for high-strength, long-lasting construction materials. 

Despite these advancements, further research is warranted to explore the combined effects of 

multiple SCMs and their influence on large-scale structural performance. Additionally, studies on the 

economic feasibility, life-cycle assessment, and environmental impact of SCM-integrated UHPC are 

essential to maximize its adoption in the construction industry. The continuous innovation in UHPC 

formulation and material technology will play a pivotal role in shaping the future of sustainable 

infrastructure, paving the way for more resilient, efficient, and environmentally responsible 

construction solutions. 
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