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ABSTRACT 

 
The unique foundation conditions at a nuclear power plant site will lead to replacing 35ft. of the 

underlying material below the foundation mat of a nuclear island (NI) with material that is competent to 

meet the requirements of the certified AP1000 reactor design. This paper discusses the geologic conditions 

at the site which led to the planning of this massive removal and replacement of foundation material, the 

selection of the fill material, and the development of a design and testing program for this unique application 

of fill material for a nuclear power plant construction. The application of roller compacted concrete fill that 

provided the required support for the nuclear island foundation has been used for other applications such 

as dam construction; but for the first time in nuclear power plant construction. Hence all design demands 

of this unique application had to be ensured using rigorous testing and construction procedures. 

 

INTRODUCTION 

 
Duke Energy Florida (DEF) submitted an application to the US Nuclear Regulatory Commission 

(USNRC) to construct and operate two nuclear power plant reactors of the Westinghouse AP1000 design 

in Levy County, Florida. The Levy Nuclear Plant Units 1 and 2 (LNP) site, is located in a primarily rural 

area southwest of Gainesville and northeast of the Crystal River Energy Complex owned by DEF. The LNP 

site is geologically situated within the Limestone Shelf and Hammocks subzone which is characterized by 

the presence of karstic zones and erosional limestones plains. Seismological investigations for the site and 

its regional area using current and past published reports did not provided any indication of capable seismic 

sources.  Therefore, the seismic hazard for the site was considered as a “non-issue,” for the entire site is 

situated on the Florida Platform which has tectonic structures and surface faulting capabilities of negligible 

potential; and has been stable for the last 145.5 million years. It was concluded that seismic activity related 

to surface deformation would not influence the design of the nuclear power plants. However, the presence 

of the karstic zones and the presence of shallow “subsidences’ at the surface indicated the potential for 

progressive surface subsidence from long term dissolution of the limestone. 

 

FOUNDATION  

 
      A nuclear plant is typically founded on competent material such that the material behaviour does not 

change over time and its response to external hazards remains as predicted during design. If such competent 

material is not available at the founding level then the ground below is modified or deep foundations are 

utilized to reach competent material. The AP1000 certified design requires that the foundation have a 

minimum embedment of 40 feet and rest on competent foundation material.  The AP1000 design document 

identifies those foundation parameters that are needed to be fulfilled by the foundation material in order for 

that layer to be considered as a competent founding layer for a certified AP1000 reactor design.  It was 
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therefore necessary for Levy to demonstrate that the nuclear island was supported by a subsurface layer that 

could deliver the loading demands for the AP1000 nuclear island. Table 1 below list the different demands 

made on the foundation material by the AP1000 nuclear island.  

 
Table 1: Required parameters of the foundation layer 

 

Settlement Total settlement of mat up to 152 mm (6in). Differential 

Settlement up to 13mm (0.5 in) in 15.2 m (50 ft.). 

Differential Settlement between nuclear island and adjacent 

structures up to 76mm (3 in). 

 Shear Wave Velocity Shear wave velocity (Vs) greater than or equal to 1,000 ft. 

/sec based on minimum low-strain soil properties over the 

footprint of the nuclear island at its excavation depth. 

Materials below nuclear island subgrades have Vs greater 

than 1000 ft./sec. 

Average Allowable 

Static Bearing 

Capacity 

The allowable bearing capacity, including a factor of safety 

appropriate for the design load combination, shall be 

greater than or equal to the average bearing demand of 

8,900 lb./ft2 over the footprint of the nuclear island at its 

excavation depth. Allowable static bearing capacity for 

LNP 1 and LNP 2: 108,000 lb/ft2. 

 

Dynamic Bearing 

Capacity for Normal 

Plus SSE 

The allowable bearing capacity, including a factor of safety 

appropriate for the design load combination, shall be 

greater than or equal to the maximum bearing demand of 

35,000 lb./ft2 at the edge of the nuclear island at its 

excavation depth, or site-specific analyses demonstrate 

factor of safety appropriate for normal plus safe shutdown 

earthquake (SSE) loads. Allowable dynamic bearing 

capacity for LNP 1 and LNP 2: 108,000 lb/ft2. 

 

 
Site Geology  
 
     The top horizon of the Quaternary (2.6Ma to present) deposits range from a depth of 3m (10 ft.) to 24 

m (80 ft.) at the site.  Since the upper Quaternary sands have low shear wave velocities with shallow 

sinkhole depressions which are found across the site, it is not considered a competent layer for establishing 

the ground motion response spectra (GMRS).  The next competent layer was established as the top of the 

Avon Park Formation. The Avon Park Formation is from the Middle Eocene (48.6 – 40.4 Ma). The upper 

500ft (150m) of the Avon Park Formation consists of dolomitized limestone (dolostone) which is less 

susceptible to dissolution than pure limestone. With the absence of competent material above the Avon 

Park formation and the presence of dolomitized limestone in the Avon Park formation, the applicant decided 

to excavate the incompetent material up to the top layer of the Avon Park formation, up to an average depth 

of -7m (-24 ft.).  Borings at the site indicate the presence of small areas of dissolution in the upper layers 

of the Avon park formation and as a result, the applicant decided to grout this area to minimize the 

percolation of water into the formation during excavation; and to mitigate the future potential of dissolution 

by reducing the pathways for water ingress. 

     Initial site exploration cores and geophysical bore logs indicated the potential of karst- an irregular 

formation caused by the dissolution of soluble rocks such as limestone, dolomite, and gypsum. The 

dissolution process causes voids in the rock and depending on the size and extent of such voids, there exist 

a potential for a collapse of such karstic features during seismic or under overburden loading.  In considering 
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such collapse potential one evaluates the dissolution of the limestone by the inflow and migration of water 

through the karstic zones.  A collapse may lead to a reduction in the support foundation and an unacceptable 

foundation settlement limit.  The worst foundation collapse is the foundation not having the desired strength 

to bridge the potential voids below the foundation. For the Levy site, the potential seismic loading was 

evaluated to be small and not to result in any surface deformation; any potential surface subsidence could 

only result from the collapse of the karstic formations abundant in the region. The site characterization was 

directed to establish the size and extent of areas that had dissolution features and ascertain the extent of 

connectivity been the dissolution zones. 

      

 
 

Figure 1 Disconnected voids in the core extracted at the Levy site. 

     

     The LNP site characterization borings, showed a few voids, which tend to be small. Examination of 

these core logs, photographs, and descriptions likewise did not reveal the presence of either subsurface 

faulting or extensive dissolution cavities at the site. These investigations yielded information that did not 

indicate the presence of large cavities or any significant interconnection between the areas where calcareous 

material had dissolved.  The investigation confirms the absence of interconnected underground conduits 

capable of accommodating rapid groundwater flow at or near the LNP site.  

     The size and areal extent of such cavities were established from the grout uptake.  The conservative 

estimates of the void size were assumed by increasing the grout volumes above the grout uptake calculated 

from borehole data, by 50-percent for the vertical fractures and 100-percent for the horizontal bedding 

planes. The use of these parameters resulted in defining a dissolution cavity with a maximum lateral 

dimension of 3 m (10 ft.), whereas the maximum void size calculated from actual borehole data was 1.6 m 

(5.3 ft.) in lateral extent. 

     This paper discusses how the non-competent material was replaced with engineered material to provide 

the necessary competent layer as the foundation for the AP1000 plant. Major systems of the nuclear plant 

are housed in buildings that utilize a common mat foundation.  The collection of buildings and the common 

mat is termed as the Nuclear Island and is the heaviest of all buildings in the nuclear power plant. The mass 

of the AP1000 is approximately 287,000 kips. 
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Excavation 

 
 

Figure 2 Excavated area 

 

     The open excavation is retained by a diaphragm wall that forms a continuous boundary around the 

perimeter of the excavation. The diaphragm wall is to be constructed with 3000 psi concrete with 1% steel 

reinforcement on either side and would have a minimum wall thickness of 3.5 ft. (1.1 m). The diaphragm 

wall will be approximately 96 ft. in height and down to about -54 ft. (-16.5 m) from grade.  A system of 

prestressed anchors inclined at 45 degrees will serve as tie- backs bonded to the Avon Park Formation. To 

have a relatively dry environment for the construction of the engineered backfill and to reduce the 

percolation of water into the foundation area of the Avon Park Formation, grouting will be conducted from 

the bottom of the excavation at -24ft to a depth of -99 ft. to provide a 75 ft. thick grouted zone. This 

arrangement is shown in Figure 3. 

 

 
  Figure 3 Arrangement or tie backs and grouting to form the “bathtub” excavation 

   

This leaves an open excavation from -24 ft. to +11 ft. to be filled by the engineered fill and allow the 

necessary embedment depth for the AP1000 nuclear island. The engineered fill with a depth of 35 ft. 

requires a material such that it would provide the foundation design parameters required by the AP1000 

certified design. The selection of the appropriate engineered fill for the foundation of the AP1000 design 

was challenging. The engineered material to be used for the fill needed to meet a set of plant specific 

demands. It should be able to support the weight of the nuclear island while meeting the specified bearing 

capacity. In spite of all the field exploration, the evaluation of the rate of dissolution and a conservative 

estimate of the size of a cavity under the foundation postulated for design, the engineered material should 



 

24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 

Division VI 

be able to bridge a 3-m (10-ft.) air-filled cavity located immediately beneath the fill. In addition, a base 

shear load of 136,000 kips based on the AP1000 generic analysis needs be applied at the top of the fill.  

     In consideration of all these requirements, traditional engineered fill material using different proportions 

of soil cement mix, was deemed to be inadequate. In addition, the mat created by the fill material should 

serve as a “bridging mat,” that can span over postulated cavities that may exist immediately below or at 

depth below the proposed foundation mat of the nuclear island for Units 1 and 2 of the Levy plant. 

     Roller compacted concrete which is used in many dam constructions and other application designs was 

selected. However, there was no experience in using RRC in the nuclear industry; and a design and 

acceptance criteria needed to be established for such an application especially if the structure was to be 

considered as a Seismic Category 1 structure. 

     Models of the proposed roller compacted concrete “bridging mat” were analysed using three different 

analysis methods (Finite Element, AASHTO 2002 and Elastic Theory) to establish the elastic settlement of 

the RCC mat. The objective being to establish the required modulus of the RCC such that the settlement is 

within the limits of the AP1000 design.  

 

ROLLER COMPACTED DESIGN 

 
     Based on a design grade elevation of 15.5 m (51 ft.), the elevation of the NI mudmat was set at 3.4m 

(11ft.). As shown in Fig. 3.  The depth between the excavation bottom elevation -7.3m [-24ft.] and the 

bottom of the mudmat is to be spanned by the RCC bridging mat. A waterproofing membrane was placed 

between the mudmat and the RCC bridging mat which meets the AP1000 design requirement for having a 

static friction co-efficient of 0.5 between the two layers. 

     The RCC is designed to provide two functions: provide increased bearing capacity required by the 

AP1000 design, replacing the existing undifferentiated Tertiary sedimentary layers, above the excavation 

bottom; and serve as a bridge to span over postulated karstic features. 

 

Analysis Model 

 
     The RCC bridging mat was analyzed using the Finite Element Model (FEM) method from the SAP 2000 

computer code. The model considered the bridging of a 3m (10 ft.) wide air filled cavity located anywhere 

in the NI footprint immediately below the bottom of the excavation. The model external loads where defined 

by the loads applied on the NI foundation.  The NI load considered in the analysis accounted for a total 

vertical load of 287,000 kips which is equivalent to an average uniform load of 8.93 kips per square feet. 

This exceeded the design bearing capacity requirement for the founding layer. The analysis considered that 

70 percent of load was dead load while 30 percent of the applied load was considered as live load.   In 

addition, a base shear load of 136,000 kips was applied to the top of the RCC bridging mat as required by 

the AP1000 generic design. All the shear was assumed to be transferred from the RCC bridging mat to the 

subsurface rock. 

     The assumed properties for the RCC bridging mat where a 1year compressive strength of 2500 psi and 

a nominal tensile strength of 250 psi. The FEM was created using the site specific rock properties and their 

elastic modulus with the layering information collected during the site investigation. To ensure that all the 

zones affected by the applied load were included in the model, the boundaries of the model were extend in 

all directions such that the stress levels in the border elements were small.  Even though the upper 75 ft. of 

the base of the excavation was grouted, the increase in the elastic modules due to this was not accounted 

for in the model. The model conservatively used the elastic modules of the ungrouted limestone. 

     The foundation mat was modeled with the applied loads to address the areal distribution of the loads on 

the RCC bridging mat. Hypothetical configurations of karstic cavities were added at the base of the model 

to analyze the stresses in the RCC bridging mat. Three specific conditions were evaluated: 
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1. Cavities located immediately below the grouted limestone (75 ft.) below the RCC 

2. Cavities located immediately below the RCC 

3. Cavities located 125 ft. below the RCC 

 

The stresses in the RCC were reviewed from these analysis models and the maximum stresses for the 

different cases were established considering that the bridging mat is unreinforced RCC. 

 

Acceptance Criteria 
 

     The RCC is a Seismic Category I structural component and requires the same treatment as the other 

Seismic Category I structures. Seismic Category I structures other than Concrete Containment are designed 

to American Concrete Institute (ACI) 349 code.  However, ACI 349 does not address unreinforced concrete. 

Design methodology for unreinforced (plain) concrete is provided in ACI 318.  The design methodology 

for the RCC was based on combining the load factors and strength reduction factors of ACI 349 with the 

design methodology of ACI 318 for establishing the compressive and tensile capacities. Since the RCC is 

constructed in lifts, a criteria for shear stress across lift joints was adopted from the United States Army 

Corps of Engineers Engineering Manual (USACE EM) 1110-2-2006, “Roller Compacted Concrete.”  A 

factor of safety of 2.17 was applied to accommodate the load reduction and strength reduction factor for 

the RCC. 

 

Programs for Testing of RCC 

 
     The RCC mix has to be designed in such a way that it provides the required shear and tensile strength, 

along with the shear wave velocity necessary for a competent foundation layer for the AP1000 plant. To 

achieve this task, a set of programs were developed for pre and post testing of the RCC bridging mat. The 

pre-construction test program plans for the mix design using cement, Fly ash, water, admixtures and 

aggregates consistent with American Society for Testing and Materials (ASTM) standards C150, C618, 

C494, C1602 and C33.  A suite of mixes will be designed using varying proportions of water and 

cementitious material. The RCC will be overdesigned to accommodate the variability in the strength. A 

specified compressive strength of 2500 psi and a tensile strength of 250 psi at 365 days is required. The 

average compressive strength will be as required by ACI 349.  

     A set cylinders in accordance with ASTM C1435 will be cast for each batch. The hardened cylinders 

will be tested in accordance with ASTM C39, C469 and C496. In addition two cylinders will be cured using 

accelerated curing to capture the compressive strength at later ages. 

      In addition to these strength tests a set of tests are prescribed to ensure that the strength demands across 

joints are maintain in the RCC bridging material. A similar program for establishing the mix design for the 

RCC is to be undertaken for the bedding mix design. This part of the program is to include a suite of five 

mixes with varying proportions of water and cementitious material. The required compressive strength of 

the bedding mix is greater than 4000 psi.  

          One of the key test programs for this application of RCC was the strength of the joints that would be 

formed during placement; and the thermal properties of the RCC as the RCC bridging mat will be mass 

concreting and involve placement in lifts. It is essential to ensure bonding at the mating surfaces at the 

joints.  The bond between joint surfaces is estimated by its joint maturity value (JMV). An RCC placement 

at 83.33℉  with a 24 hours delay between lifts will have a JMV of 2000 degree-hour.  A lower value of 

joint maturity indicates increased bond between successive lifts and a higher values indicate the opposite. 

In the testing program two values of JMV to cover the range of waiting time between placement times were 

selected. The joints were tested for strength (direct shear and tension) for JMV’s of 2000 and 3000 degree-

hours, which would allow for 24 hours to 36 hours between lifts. 
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Figure 4    Vertical Block Sample 

 

     Vertical block samples as shown in Figure 4 are to be tested for direct shear, shear wave velocities and 

direct tension. 

 

CONCLUSION 
 

     The paper has established that a conventional building product can be successfully used in the 

construction of nuclear power plants with some modification of the material codes and the establishment 

of a strict quality enforcement program and testing procedures. The paper has shown how the needs of the 

certified design were met through the establishment of modified design parameters and modifying the 

testing methods for RCC. It is expected that future use of this method of ground modification when needed 

will benefit from the work done for the Levy NPP.  

 

DISCLAIMER 

  
Any opinion, findings, and conclusions expressed in this paper are those of the authors and do not 

necessarily reflect the views of the USNRC 
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