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INTRODUCTION 

We have reached a point in nuclear construction where the amount of reinforcement required in concrete is 

seriously threatening the viability of nuclear power plant (NPP) construction. Use of very dense cages (No. 

11 or larger bundled within closely spaced ties/hairpins) with rebar densities of over 400 pounds per cubic 

yard of concrete are common.  The current nuclear construction has experienced this issue and is faced with 

its serious implications on cost, schedule and the long-term performance of concrete.   

This paper reviews the history of NPP design and construction for the extent of rebar and typical 

details used. Some of the major contributors leading to the current situation include the regulatory 

environment, Codes/Standards and the overreliance on the automated computer-based analysis and design 

process all of which results in many layers of conservatism.   

The objective of this paper is to highlight the side effects of abusing the reinforcement especially 

its implications on construction process, project cost and schedule and possible performance. Suggestions 

are made to help reduce the layers of conservatism and improve the transparency of the design process 

through a “balanced” approach to accommodate the competing demands for reinforcement and 

constructability. Additional considerations including use of high-strength reinforcement and/or self-

consolidating concrete and 3D rebar modeling are also discussed. 

CONTRIBUTORS 

People 

Human factors play a role in causing the rebar congestion issues. Since the last set of nuclear power plants 

in the United States were built more than 30 years ago, there is a significant talent and experience gap in 

the nuclear industry. Most of the engineers involved in the new designs are young and, thus, new to the 

industry.  In absence of proper expert guidance and oversight and not having a clear understanding of 

structural behaviour and load paths, the human factors can lead to complex designs. In addition, the 

combined effect of lack of confidence and regulatory emphasis for extra safety, the designs often tend to 

be over conservative. Note that because the design process is generally separated from construction, it is 

not easy for this new generation of engineers to fully appreciate the downstream consequences of rebar 

congestion.   

. 
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Process 

The contribution of human factors to rebar congestion is further aggravated by the analysis and design 

process typically used for the design of the nuclear power plant structures. The seismic analysis and design 

process for nuclear safety-related structures generally involves use of a two-step approach wherein the 

enveloping seismic demands from the soil-structure interaction (SSI) analyses are imposed on the static 

structural analysis model for the design of structural elements. Although some designers nowadays use the 

same analytical model for seismic and static analyses, the use of the two-step methodology is still widely 

used. The design of the reinforced concrete elements such as walls and slabs is typically performed by using 

element level design based on refined finite element models and adopting the design of the most critical 

element for the entire panels, at times based on simultaneous consideration of maximum enveloping forces 

in different directions. Although this brute force method is amenable to automation, the resulting design is 

reliably over-conservative and leads to significant overdesign and rebar congestion in these elements and 

the corresponding joints. 

Regulation 

The regulatory requirements and expectations also contribute to the epidemic of rebar congestion in the 

nuclear construction. The conservatisms are written in to the nuclear regulatory requirements and built into 

the development of seismic ground motions and techniques and methodologies for analysis and design. In 

addition, the culture of using previously successful (from regulatory approval point of view) “go-by” design 

approaches force applicants to follow on and stay away from changes that could improve design efficiencies 

and construction quality.  

Lack of Incentive 

Since the process of design generally begins well ahead of, and involves entities which are separate and 

removed from the, construction process, there is generally no meaningful oversight on the design to make 

it constructible. Also, there are no incentives for the designer to develop efficient designs nor penalties for 

designs that may not be easy to construct.   

The combination of human factors (lack of confidence), overreliance on automated processes, regulatory 

pressures for extra safety and lack of incentives for the designer to drive efficiency create a perfect storm 

of over conservatism. This generally translates into the attitude of “when in doubt, make it stout” 

manifesting itself mostly in terms of excess reinforcement as the dimensional parameters are relatively 

difficult to change during the design process. 

CONSEQUENCES 

The consequences of the above contributors invariably result in high rebar densities in excess of 400 pounds 

per cubic yard (Figs. 1, 2). This high rebar density has a multi-prong ripple effect which impacts cost, 

schedule and quality of the product.  Note that cost of transportation, fabrication and placement of the rebar 

increases as does the labor needed for vibrating concrete. Many times, a special mix (such as SCC) or 

additional admixtures may be required to help consolidate concrete in such congested situations resulting 

in extra cost and time. Where care is not exercised, consolidation issues like voids, honeycombing etc. (Fig. 

3) may result which needs to be addressed through repair. Besides the construction related problems that

influence the durability, the excess rebar may have an adverse impact on the structural ductility, which is

implicitly expected of safety-related nuclear structures, and, thus, affecting the long-term structural

performance.
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Figure 1. Examples of rebar congestion during construction 

Figure 2. Examples of rebar congestion during design. 
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Figure 3. Consequences of rebar congestion. 

The bottomline is that all these negative aspects of excess reinforcement are not fully appreciated 

during the design process to help improve quality, speed and cost of construction. In a long run, these 

consequences have a significant impact on the economics of nuclear projects, creating a negative perception 

for the customer and for the viability of the nuclear industry.  

SOLUTIONS 

Balanced Approach- Design vs. Constructability 

The amount of rebar has a direct and negative impact on constructability and lower the rebar amount, better 

the constructability.  The excess rebar comes primarily from the traditional analysis and design 

methodology (two-step approach) which introduces multiple layers of conservatism into the design.  It is 

necessary to peel off some of this unnecessary conservatism through an improved analysis and design 

process (Coronado, et al, 2009; Moreschi, et al, 2018). The goal should be to minimize the reinforcement 

ratio and keep it within balanced conditions to facilitate both better concrete placement and performance. 

The amount of reinforcement used should be able to adequately bond with a well consolidated matrix of 

good quality concrete to produce a robust concrete section that guarantees not only sufficient strength and 

ductility but also long-term durability. 

Early Trigger Review- Rebar Density 

To facilitate early insight and course correction before it is too late, it is advisable to include a detailed 

review of the design developments in early stages of design to ensure that the design criteria, assumptions, 

processes and methods are yielding reasonable design and reinforcement. A review of the rebar densities 

should be carried out at this early stage to help identify potential areas of high rebar densities that need to 

be critically evaluated to understand the root-cause and corrected in time before the design is finalized. As 

a matter of general thumb rule, rebar densities exceeding 200 pounds per cubic yard can be used as a trigger 

point to evaluate the designs at early stages.  
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3D Modeling 

3D modeling involving rebar modelling software tool such as TEKLA is now becoming a mainstream work 

process to head off potential interferences and congestion. The idea is to develop tools that would allow 

designers to model all the components/embedments from various trades within concrete elements. Figure 

4(a) shows a sample of TEKLA model with rebar and embeds. This tool offers great early insights to 

potential interferences and congestion that can be addressed before construction. 

High Strength Rebar 

For the same design forces, substituting higher Grade reinforcement for conventional Gr 60 rebar reduces 

the amount of reinforcement and allows larger spacing between bars which has a direct impact on reducing 

rebar congestion. This substitution also helps reduce cost of transportation and labour involved in placement 

thus reducing the overall carbon foot-print. Fortunately, the industry has recognized these potential benefits 

of high strength rebar and is actively moving towards adoption of Gr 80 and Gr 100 rebar with many 

instances of successful use. ACI 349 and ASME Section III, Div. 2 have adopted Gr 80 reinforcement for 

nuclear construction while ACI 318 has adopted use of Gr 80 for seismic applications and up to Gr 100 for 

non-seismic applications. Note also that both ACI 349 and ASME Section III, Div. 2 Codes closely follow 

the developments in ACI 318 and as such the changes adopted therein are likely to be also applied and be 

formally approved through the regulatory process for nuclear construction. From a construction stand point, 

it is much advantageous to use higher grade (such as 80 ksi) ASTM A706 as one “Q” rebar for the whole 

nuclear project. This rebar would have the right chemical and mechanical properties to meet both the 

toughness as well as welding requirements.   

Combination of Post-Tensioning and Fiber Reinforcement 

In situations where tensile forces (either due to flexure or direct tension) are limited, it is probable to use a 

combination of post-tensioning and steel fiber reinforcement to minimize or eliminate conventional 

reinforcing which will greatly enhance quality of placement as well as cost and schedule of the project. The 

post-tensioning provides the necessary load carrying capacity through pre-compression while steel fibers 

improve the shear and flexural capacity. This option is increasingly being explored on component bases in 

the commercial construction and has a great potential to replace rebar especially with use of ultra high-

strength concretes which also tends to have higher tensile capacities. 

High Performance and Self-Consolidating Concrete 

After all the other ways and means of reducing rebar congestion discussed above have been implemented 

to the extent possible, nuclear construction is still expected to be difficult from concrete placement point of 

view given the amount of reinforcement and embeds involved.  This is particularly true around penetrations.  

Under these circumstances, it makes sense to use high performance self-consolidating concrete to ensure 

quality placements and long-term durability.  The goal of the specification for concrete should include ease 

of placement and consolidation without affecting strength, long-term mechanical properties, early high 

strength to improve schedule, toughness, volume stability, and extended service life. 

Headed Rebar and Mechanical Splices 

ACI 318 has adopted the headed reinforcement per ASTM A970 which has been also picked up by the 

nuclear codes (ACI 349 and ASME Section III, Div. 2). Use of mechanical splicing as well as appropriate 

welding, where feasible, are also likely to help relieve the overall congestion (Fig. 4b).  
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Figure 4. Methods to mitigate rebar congestion: (a) 3D modeling; (b) use of headed bars 

CONCLUSIONS 

There is an epidemic of reinforcement congestion in nuclear construction that is impacting the very viability 

of new nuclear builds and future of nuclear industry. The reason is a combination of human factors, 

overreliance on black box automated processes, regulatory pressures for extra safety, and lack of incentives 

for the designer to drive efficiency, all of which lead to an attitude of “when in doubt, make it stout”.  This 

high rebar density has a multi-prong ripple effect which impacts cost, schedule and quality of the project 

which are not fully appreciated during the design process. A multi-faceted approach is required to control 

this situation which involves use of efficient (balanced) designs by eliminating excess conservatism, 

transparency in automation and data processing, early trigger review of design process and use of 3D 

modeling, SCC, high-strength reinforcement, and headed bars and couplers.    
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