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Abstract 

   To investigate the suitability of siting a nuclear power plant structure on a non-bedrock site and to 

understand the dynamic response behavior of the whole structure during an earthquake, a shaking-table 

test simulating a soil–structure interaction (SSI) system, modeled on the CAP1400 nuclear power plant 

structure, was performed. To determine the response behavior and safety of the nuclear power plant 

structure system under safe-shutdown earthquake (SSE) ground motion conditions, test results obtained 

under three-dimensional SSE conditions with the AP1000 artificial earthquake ground motion spectrum 

as the input were analyzed. The test results indicated that under the design basis SSE conditions, the 

structure had a relatively significant impact on the response spectrum of the site in the mid- and low-

frequency ranges. Separation between the foundation and its surrounding soil mass occurred, and cracks 

formed on the surface of the model site; the structure, however, remained in a linear elastic state under the 

SSE conditions. The stress on the structure was lower than the design stress limit of concrete specified by 

the American Concrete Institute and thus met the elastic design requirements.  

Keywords: soil-structure interaction; non-bedrock site; safe-shutdown earthquake; shaking table 
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Introduction 

The International Atomic Energy Agency (Agency, I. A. E. 2007 )has specified safety 

requirements for nuclear and radiation facilities to evaluate their safety at the stages of site selection, 

design, construction, trial, operation and decommissioning. Site conditions determine whether the 

construction of a nuclear power plant is feasible.  Because nuclear power plants are being constructed 

at an increasing rate, ideal bedrock sites will inevitably become fewer in number. One effective 

approach for mitigating the shortage of bedrock sites for nuclear power plants is to construct the 

facilities on non-bedrock sites, which has been performed in several countries(Chen,Z.B.2013). The 

AP1000 Design and Control Document (Westinghouse, L. L. C. 2008)approved by the U.S. Nuclear 
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Regulatory Commission described the characteristics of six standard soil profiles and increased the 

shear-wave velocity of a bedrock site to 2,438.40 m/s (8,000 ft/s), which allows for a wider range of 

non-bedrock sites. China acquired the AP1000 nuclear power technology developed by the 

Westinghouse Electric Company in the U.S. to advance the development of third-generation nuclear 

power technology.  

The new CAP1400 reactor was developed based on the concept of passive control. Compared to 

conventional reactors, the CAP1400 reactor has a simplified system redundancy design and considerably 

higher safety and reliability and is a milestone in the development of nuclear power technology. Because 

of its passive control system, the structural design and general layout of the new nuclear plant also differ 

significantly from those of conventional reactors. Li et al(Xiao-Jun, L. I.elt. 2001). noted that site 

conditions significantly affect earthquake ground motions, and this effect varies from one site to the next. 

Therefore, the seismic design and analysis of nuclear power structures under various site conditions, 

particularly those of non-bedrock sites, are highly important. Thus, it is necessary to perform detailed 

analysis of nuclear plant structures on non-bedrock sites to understand their seismic response behavior 

and comprehensively evaluate their seismic performance. 

1. Test conduction 

1.1 Three-dimensional laminar shear container 

To better eliminate the boundary effects of the soil box, a three-dimensional (3D) layered shear box 

was designed. This cylindrical box had a height of 1.80 m and an inner diameter of 4.5 m and consisted of 

a bottom plate, a 3D mobile support(Xiao-jun Li.elt. 2015), an H-shaped frame, a column and a rubber 

mold, as shown in Figure 1. 

 
Fig.1 Three-dimensional laminar shear container 

1.2 model of soil  

The sandy silt was subjected to a series of tests using the methods described in the Standard Soil 

Test Methods》(PRC. 1989). The main parameters of the sandy silt are as follows: a uniformity coefficient 

(Cu) of 5.4, a coefficient of curvature (Cc) of 2.74, a liquid limit of 29.2%, a plastic limit of 15.9%, a 

plasticity index of 13.3, an optimum moisture content of 14.8% and a maximum dry density of 1.820 

g/cm3. The soil collected from the construction site was used to prepare the model soil, and the particle-

size distribution, moisture content and compaction of the model soil were the main parameters that were 

controlled. To prepare a well-compacted model foundation soil and thereby obtain a relatively high shear-
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wave velocity, the moisture content, the thickness of each compacted layer, the compaction equipment 

and the number of compaction impacts were controlled. The moisture content was controlled to be within 

±1% of the optimum moisture content. Each 100-mm-thick soil layer was manually compacted three 

times with a 20-kg hammer.  

1.3 model of nuclear island 

The CAP1400 nuclear power plant structure consists of two parts: a shield building and an auxiliary 

building. The shield building consists of three parts: a cylindrical reinforced concrete (steel-plate-

reinforced concrete) structure, a steel girder–concrete composite roof and a passive containment cooling 

system (including a water storage tank). The auxiliary building is C shaped and partially encircles the 

shield building, as shown in Figure 2. Compared to first- and second-generation nuclear power plants, the 

CAP1400 reactor, which has a higher installed capacity and power output and uses a large passive 

advanced pressurized-water reactor, is more complex. In particular, the shield building of the CAP1400 

reactor is designed as a double-steel-plate concrete wall structure. 

 

Fig.2  CAP1400 nuclear power plant 

      The CAP1400 nuclear power plant structure was scaled down in accordance with a similarity ratio

（Meymand,P.J.1998）. Micro-concrete was used to simulate the concrete. A mesh produced by welding 

galvanized iron wire was used to simulate the reinforcing bars in the shear walls and floor slabs of the 

auxiliary building and in the cylindrical structure of the shield building. The reinforcement ratios of all 

the components of the model structure were consistent with those of the original structure.  

1.4 Earthquake ground motion input 

In this work, a damping ratio of 5% was selected for the artificial time history of the AP1000 

standard design response spectrum (Chunlin, Hou. et al. 2013) (Dai, Z. et al. 2014).The AP1000 standard 

design  stipulates that the peak ground acceleration (PGA) under safe-shutdown earthquake (SSE) ground 

motion conditions is 0.30 g. It is conservatively assumed that the vertical PGA is the same as the 

horizontal PGA. Thus, three directions (two horizontal directions and one vertical direction) should be 

taken into consideration in the shaking-table input, and the ratio of the peak accelerations in these three 

directions is 1:1:1. 

 2. Test method 

The test was conducted mainly to determine the acceleration response, vertical settlement and 

surface motion of the model foundation; the acceleration response, displacement and strain response of 

the model structure and the variations in pressures where the model soil was in contact with the model 

structure under non-bedrock site conditions. Therefore, the following sensors were used in the test: 
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accelerometers, strain gauges and piezoresistive soil pressure sensors. The test was conducted on a 3D 

high-performance earthquake simulation shaking table with six degrees of freedom (manufactured by 

MTS Systems Corporation, U.S.) in the large-scale shaking-table laboratory at the Institute of Earthquake 

Engineering of the China Academy of Building Research.  

3.Test results 

3.1 Comparison of the acceleration of the model foundation soil and the model structure  

Figure 3 shows a comparison of the response spectra of the accelerations of the foundation and the 

underlying model soil mass under the 3D SSE conditions. The spectral values in the three directions 

around the foundation (22X, 26Y and 22Z) were greater than the respective corresponding spectral values 

(21X, 27Y and 21Z) in the high-frequency range, particularly in the range greater than 33 Hz, but were 

lower than the respective corresponding spectral values in the low-frequency range. This difference 

indicates that the foundation had a relatively large impact on the surrounding soil mass in the low-

frequency range. 
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Fig.3  Comparison between foundation and soil 

 

3.2 Dynamic soil pressure response between the soil mass and the foundation  

Figure 4 shows that the maximum pressure increase at the measuring point at the protruding part of 

the shield building was 9.20 kPa and that this increase did not result in separation at the contact surface. 

In addition, the dynamic soil pressure at measuring point 27 at the corner of the shield building decreased 

to a maximum (4.29 kPa) after 6 s and reached 2.73 kPa when the SSE load was removed; both of these 

pressures were lower than the static soil pressure. Separation at the contact surface occurred at measuring 

point 27, whereas no separation at the contact surface was observed at the other measuring points. 
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Fig.4 Soil pressure 

 

3.3 Surface behavior and settlement of the soil mass  
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After the 3D SSE load was removed, a relatively noticeable crack was observed on the surface of the 

model soil. The maximum width of the crack was 10 mm, and the crack widened toward the shield 

building. The crack also extended to the outer edge of the auxiliary building. However, no cracks formed 

in the soil mass at the outer edge of the auxiliary building. An 8-mm-wide, 500 mm-long crack formed at 

the protruding part of the shield building and extended outward from the edge of the shield building at a 

distance of 300 mm from the auxiliary building but did not reach the outer edge of the auxiliary building 

and cross the cracks at the corner of the auxiliary building. In the area involving only the auxiliary 

building, micro-cracks parallel to the wall formed on the soil surface a distance of 300 mm from the wall. 

These micro-cracks did not cross the cracks at the corner of the auxiliary building. The surface of the 

model soil settled a maximum of 2 mm. 

3.4 Acceleration response of the nuclear power plant structure  

 The peak acceleration gradually amplified during the upward transmission of the earthquake ground 

motion. The peak acceleration was particularly amplified in the horizontal direction. This amplification is 

also reflected in the corresponding response spectrum. The peak acceleration was relatively high in the 

mid- and high-frequency ranges and relatively low in the low-frequency range. The peak acceleration was 

amplified very little in the vertical direction, and the variation in the corresponding response spectrum 

was very small in all the frequency ranges. This pattern occurred because the structure was relatively stiff 

and the upward transmission of the earthquake ground motion was almost vertical. The effects of vertical 

earthquake ground motion on a nuclear power plant structure on a non-bedrock site will be analyzed in 

the future. 

3.5 Strain and cracking of the nuclear power plant structure  

Based on the material properties of the nuclear plant structure model and the strain similarity relation 

of the model, the peak tensile cracking strain of the concrete used to construct the original structure is 

approximately 1,120×10-6. Under the design SSE conditions, the maximum dynamic strain was 24×10-6, 

and the structure as a whole did not crack; thus, its response was limited to the linear elastic range. 

Overall, the stress on the building structure was lower than the design stress limit for concrete specified 

by the American Concrete Institute (American Concrete Institute, 2006) and thus met the elastic design 

requirements. 

4. Conclusion 

The main patterns in the response of the dynamic soil–structure interaction (SSI) system to the 

earthquake ground motion obtained from the shaking-table test simulating a nuclear power plant on a 

non-bedrock site in which site effects are considered are as follows: 

(1) Under the 3D SSE conditions, the model structure had a relatively large impact on the 

surrounding soil mass in the low-frequency range. 

(2) After the 3D SSE load was removed, noticeable cracks on the surface of the model soil and 

separation between the model structure and the foundation at the contact surface were observed. The 

model foundation soil settled 2 mm. 

(3) Under SSE conditions, the responses of both the model structure and the model foundation to the 

earthquake ground motion in the high-frequency range became more sensitive. 



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division D6 06-04-02) 

Thus, a nuclear plant structure system on a non-bedrock site is significantly affected by the site 

conditions. By performing the shaking-table test simulating a nuclear power plant on a non-bedrock site, 

we obtained data required for analyzing and evaluating dynamic SSIs. These test data can be used to 

verify theoretical and computational analysis results and improve or formulate reasonable SSI calculation 

models and analytical methods. This work lays the foundation for selecting non-bedrock sites for the 

CAP1400 nuclear power plant structure. 
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