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INTRODUCTION ABSTRACT 

Soil-Structure Interaction (SSI) effects are required to be considered in the design of safety-related nuclear 

structures in accordance with U.S. Nuclear Regulatory Commission (NRC) Standard Review Plan NUREG-

0800 Section 3.7.2 and ASCE 4-16 Section 5.1. A full-blown SSI analysis, which involves the development 

of complex analytical models, consideration of the random nature of soil/rock configuration and material 

characteristics, as well as the nonlinear soil behaviour and coupling between structures and soil, is usually 

computationally expensive and time-consuming. Therefore, it may become impractical to perform SSI 

analysis during preliminary design stage when quick turnarounds are expected to support the development 

of concrete and reinforcement quantity estimates, which are primarily driven by seismic demands. 

This paper presents a simplified methodology used in the preliminary design phase of a partially 

embedded safety-related nuclear structure located at a hard rock site and subjected to seismic ground motion 

with high frequency contents (HRHF site). The structure is founded on competent in-situ rock with 

structural backfill present at the interfaces with adjacent structures. The preliminary seismic analyses were 

carried out by performing Response Spectra Analysis (RSA) with different fixed-base boundary conditions. 

Two bounding cases, one free-standing case with the basemat fixed and one embedded case with both the 

basemat and below-grade exterior walls fixed, were considered to simulate the behaviours of the structure 

with and without restraints from the surrounding rock/backfill material. A third case with the basemat 

supported on soil springs was introduced to capture seismic demands in the basemat of the structure, which 

were absent from the fixed-base models. The enveloped element forces/moments are used to perform 

preliminary member design for supporting early project needs.  

Additionally, preliminary SSI analysis results are presented for the structure considering three 

different site profiles for a partially embedded case.  The complete SSI analysis will include fully embedded 

and surface founded cases; the partially embedded case is presented herein to support conclusions made 

regarding the frequency characteristics of the structure and the site.  Results from the study case and 

recommendations for future application/study are presented. 

INTRODUCTION 

At the preliminary design stage of nuclear power generation facilities, the site layout, structure 

configuration and equipment specification are keeping evolving with close coordination between all 

stakeholders (owners, engineering team, construction team and equipment vendors, etc.). However, one of 

the major aspects of the project at that stage is to provide concrete, reinforcement and steel estimates to 

support the development of project schedule and budget.  
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Typical nuclear power plant structures are box-type reinforced concrete structures, of which walls 

and slabs are sized to provide radiation shielding, tornado/internal missile protection and resistance to site-

specific seismic events. Consideration of Soil-Structure Interaction (SSI) effects are generally required for 

the seismic analysis of safety-related nuclear structures. However, a complete SSI analysis is 

computationally expensive and time-consuming, since it involves the development of complex analytical 

models, consideration of the random nature of soil/rock configuration and material characteristics, as well 

as the nonlinear soil behaviour and coupling between structures and soil, and et. It often becomes 

impractical to perform a complete SSI analysis during preliminary design stage when quick turnarounds 

are expected to support the development of concrete and reinforcement quantity estimates, which are 

primarily driven by seismic demands. 

This paper examined a partially embedded nuclear power structure founded on competent in-situ 

rock with structural backfill present at the interfaces with adjacent structures. The diminished SSI effects 

due to the hard rock material underneath the basemat of the structure allow a fixed-base treatment for the 

bottom of the structure, while the embedment effects are captured by considering two individual cases 

representing different extent of fixed boundary condition. Response spectrum analysis (RSA) are utilized 

in the investigations. The enveloped seismic demands can be combined with the demands from other static 

loads for preliminary member sizing purpose.  

DESCRIPTION OF THE STRUCTURE AND FINITE ELEMENT MOEL 

The structure of interest is a nuclear plant facility used for the treatment and storage of radioactive waste 

generated onsite. The structural footprint is approximately 70.0 m by 65.0 m in plan. The building is a 

multi-story reinforced concrete structure with a total height of about 55.0 m. Three main stories are below 

the grade extending to a depth of about 20.0 m. Three main stories are above the grade with the highest 

roof height of about 35.0 m. The grade level is around EL. 0.0 m.  

The finite element model is developed using ANSYS computer code based on the preliminary 

general arrangement drawings and radiation shielding requirements. The overall geometry of the structure 

is shown in Figure 1, with positive X-axis pointing to the South, positive Y-axis to the East and Z-axis 

aligned in the vertical direction (positive up). Detailed floor plans at the major floors shown in Figure 2 

demonstrate the complexity of the layout. The concrete slab and wall panels of the structure are modelled 

with ANSYS SHELL181 elements, using the centreline dimensions of the members. ANSYS BEAM188 

elements are used to represent concrete columns. Self-weight of major equipment and added distributed 

loads such as miscellaneous equipment, raceways and a fraction of live load etc., are applied to the model 

as lumped mass elements (MASS21).  

The reinforced concrete has a unit weight of 25 kN/m3, with an elastic modulus of 27.8 GPa and a 

Poisson’s ratio of 0.17. Un-cracked section properties are considered for this study. 

INPUT MOTION 

The seismic input motion used in this study is illustrated in Figure 3. It is developed using the hard rock 

input motion based on seismic hazard analysis and simulated site profile considering both rock and backfill. 

Both the horizontal and vertical response spectra are given for 5% damping. As shown in Figure 3, they are 

rich in high-frequency contents, with the peak spectra at around 20 Hz. 

In support for preliminary member sizing, 4% damping is conservatively considered in the response 

spectrum analyses. The 4% damped input motion is obtained by using frequency-dependent scaling factors, 

which are developed from the large sets of high frequency time histories in NUREG/CR 6728.  
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Figure 1. Isometric View of the FE Model 

(a) Layouts of Floors Below Grade

(b) Layouts of Floors Above Grade

Figure 2. Isometric Views of Major Floors 

X Y 

Z 
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Figure 3. Seismic Input Motion with 5% Damping 

The input motion for the SSI analysis is based on the 5% damped response spectra but adjusted per 

the requirements of DC/COL-ISG-017 to ensure that the response spectra at the bottom of foundation level 

convolved up to the top of soil column using strain compatible soil profile envelopes the corresponding 

surface response spectra. 

RESPONSE SPECTRUM ANALYSIS AND RESULTS 

Since the structure is situated on native and competent rock, the preliminary seismic analysis is performed 

using response spectrum analysis (RSA) with different boundary conditions to approximate the effects of 

embedment and soil-structure interaction. 

Boundary Conditions 

The preliminary excavation plan indicates that the foundation levels of the adjacent structures on the East 

and West of the structure of interest are at similar or deeper elevations. Structural backfill will be present 

at the gaps between the structures. On the South and North, there are no other structures within the 

immediate vicinity.  Thus, the excavation stops at about 5.0 m below the grade and backfill material is 

placed up to the grade level. To capture the effects of embedment, three different boundary conditions are 

investigated in the preliminary seismic analysis.  

Case 1 considers the building as a free-standing structure with only the basemat being fixed. 

Without constraints on the embedded walls, this case is intended to predict larger overall deformations and 

higher seismic demands in members below grade. Case 2 considers that the exterior walls below the grade 

as well as the basemat are fully restrained. In this case, the FE model is expected to have higher fundamental 

frequencies, which will be closer to the peak frequencies of input ground motions and subsequently generate 

higher seismic demands in members above grade.  

With the full restraints at the basemat in Case 1 and Case 2, no deformations will take place in the 

basemat and therefore, no seismic responses will be captured. Hence, a free-standing structure supported 

on soil springs is employed in Case 3 to obtain the seismic forces/moments in the basemat. In this case, the 

elastic soil properties at the bottom of the basemat are modelled using translational springs in three 

orthogonal directions. Spring stiffness are computed based on the Best-Estimate (BE) values of rock 

properties from the site investigation. ANSYS spring-damper elements COMBIN14 are used to simulate 

the soil springs by connecting to the nodes of the finite element mesh of the base mat.  
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(a) Case 1 (b) Case 2

(c) Case 3 (d) Soil Springs in Case 3

Figure 4. Boundary Conditions (Looking from Bottom Up) 

Considerations for Response Spectrum Analysis 

Individual Response Spectrum Analyses are performed with the seismic input motion in two horizontal 

directions (X direction for N/S and Y direction for E/W) and one vertical direction applied separately. For 

each individual response spectrum analysis, the cut-off frequency is set to be 70 Hz. The modal analyses 

for Case 1 and Case 2 indicate that the fundamental frequencies of the structure (Table 1 and Table 2) are 

below 20 Hz, which are less than the peak value of seismic input response spectra (Figure 3). Also, the 

ratios of the effective mass for modes up to 70 Hz to the total mass in three orthogonal directions are less 

than 90% in both cases and, therefore, modal contribution from modes higher than 70 Hz are captured by 

adding the responses from the missing mass in ANSYS.  

The total seismic responses of the structure are obtained from combining the responses from each 

individual spectrum analysis using the 100-40-40 method. As a result, a total of 24 permutations are 

considered to implement the 100-40-40 rule for the combination of spatial responses. 

• ± 1.0 EX ± 0.4 EY ± 0.4 EZ

• ± 0.4 EX ± 1.0 EY ± 0.4 EZ

• ± 0.4 EX ± 0.4 EY ± 1.0 EZ

EL 0.0m 

PN 

EL 0.0m 

PN 

EL 0.0m 

PN 
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Table 1: Major Modes from Case 1 

X-Dir Y-Dir Z-Dir

Mode 

# 

Freq 

(Hz) 

Ratio of Mass 

Participation  

Mode 

# 

Freq 

(Hz) 

Ratio of Mass 

Participation  

Mode 

# 

Freq 

(Hz) 

Ratio of Mass 

Participation  

3 6.04 42.0% 5 6.63 37.6% 22 12.61 12.4% 

16 11.17 9.0% 12 9.72 5.5% 20 11.90 4.3% 

17 11.32 2.1% 4 6.55 3.2% 41 15.43 1.6% 

33 14.49 1.7% 40 15.34 2.7% 35 14.83 1.3% 

27 13.42 1.0% 46 16.40 1.4% 13 9.92 1.2% 

All modes up 

to 70 Hz 
78.5% 

All mode up 

to 70 Hz 
78.2% 

All modes up 

to 70 Hz 
73.9% 

Table 2: Major Modes from Case 2 

X-Dir Y-Dir Z-Dir

Mode 

# 

Freq 

(Hz) 

Ratio of Mass 

Participation  

Mode 

# 

Freq 

(Hz) 

Ratio of Mass 

Participation  

Mode 

# 

Freq 

(Hz) 

Ratio of Mass 

Participation  

5 7.15 25.5% 6 7.63 23.0% 21 12.63 8.0% 

21 12.63 2.3% 14 10.66 3.0% 19 11.92 3.9% 

23 12.80 1.8% 10 9.75 3.0% 33 14.83 2.0% 

74 19.69 1.7% 100 22.51 1.3% 34 14.95 1.9% 

69 19.27 1.7% 11 9.88 1.2% 24 13.06 1.6% 

All modes up 

to 70 Hz 
61.2% 

All mode up 

to 70 Hz 
60.4% 

All modes up 

to 70 Hz 
58.2% 

Seismic Induced Soil Pressure 

The surrounding backfill/rock will exert pressure on the below-grade exterior walls during the postulated 

seismic event. The effects of soil-structure interaction cannot be captured in the RSA analyses. Procedures 

outlined in ASCE 4-16 are used to determine the magnitude and distribution of lateral seismic soil pressure, 

which are treated as equivalent static loads. The estimated structural responses due to the seismic soil loads 

are then combined with the RSA results. It is noted that the seismic induced soil pressure loads are only 

effective for free-standing cases (Case 1 and Case 3), since they will directly go to the fixed supports in 

Case 2. 

Seismic Demands 

Element-level results, such as axial forces, in-plane and out-of-plane shear forces and moments become 

available after the response spectrum analyses are performed using ANSYS. For structural members above 

the basemat, the seismic demands are taken as the envelope of the forces/moments from Case 1 and Case 

2, while the seismic demands in the basemat are provided from Case 3.  
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Two exterior walls on the North and West of the building are selected as two representative 

structural members to present the total seismic demands. In-plane shear forces at three section cuts at the 

base of the North exterior wall, as well at the base and the grade level of the West exterior wall, are provided 

in Table 3. Refer to Figure 5 for section cut locations. Figures 6 and 7 show the element-level responses 

per unit length (kN/m or kN·m/m), i.e., vertical axial force, in-plane shear force and out-of-plane bending 

moments about the horizonal and vertical axes, respectively. Note that the results reported in the two figures 

are the values after directional combination using 100-40-40 rule, enveloping between different boundary 

conditions and incorporation of additional contribution due to seismic induced soil pressure.  

Table 3: In-Plane Shear Forces 

Section Cut # 1-1 2-2 3-3

In-Plane Shear Force [kN] 35,358 77,370 48,730 

(a) North Exterior Wall (b) West Exterior Wall

Figure 5. Section Cut Locations for In-Plane Shear Force 

(a) Axial Force (b) In-Plane Shear

(c) Out-of-Plane Moment about Horizontal Axis (d) Out-of-plane Moment about Vertical Axis

Figure 6. Seismic Demands in the North Exterior Wall 

1-1 2-2

3-3
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(a) Axial Force (b) In-Plane Shear

(c) Out-of-Plane Moment about Horizontal Axis (d) Out-of-plane Moment about Vertical Axis

Figure 7. Seismic Demands in the West Exterior Wall 

SOIL-STRUCTURE INTERACTION ANALYSIS RESULTS 

The SSI FEM is generated and analyzed using SASSI2010.  Six SSI analysis cases are considered.  Three 

cases consider the structure embedded with the three site profiles BE, Upper Bound (UB), and Lower Bound 

(LB) which include backfill through the entire embedment subject to the input motion.  Three cases consider 

the structure without embedment supported on a truncated profile for LB, BE, UB free-field site.  For 

clarity, only X-direction results the partially embedded case are shown for nodes at the basemat in Figure 

8, the surface (grade level) in Figure 9, and the highest roof (16.55m) in Figure 10.   

Figure 8. SSI Transfer Functions Xx – Z = -19.500 m 
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Figure 9. SSI Transfer Functions Xx – Z = -0.500 m 

Figure 10. SSI Transfer Functions Xx – Z = 16.550 m 

The effect of the different site profile variations is very small.  This is expected, as the site column 

frequency of the supporting medium is characteristically high.  The below grade portions of the structure 

behave like that of a basemat.  The behaviour of the grade and roof portions of the structure confirm the 

frequency characteristics shown in the ANSYS modal analysis.  The hard rock transfer functions show no 

amplification or de-amplification, indicating that the hard rock profile is sufficiently stiff so as to represent 

a fixed base type response. Note that some interpolation spikes are apparent in the transfer functions.  For 

final design, the interpolation spikes would be alleviated by adding additional analysis frequencies. 
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CONCLUSION 

A simplified methodology for preliminary design of a partially embedded safety-related nuclear structure 

located at a hard rock site is presented in this paper. The preliminary seismic analyses were carried out by 

performing Response Spectra Analysis with different fixed-base boundary conditions. The enveloped 

element forces/moments from a selected group of representative structural members from the multiple RSA 

cases are presented and can be used preliminary member sizing to support early project needs.   

Preliminary SSI analysis results are presented which support the conclusion that this structure and 

site are not sensitive to the variations in the site profiles. Further Soil-Structure Interaction analysis is 

required at the final design stage to more accurately capture the seismic response for seismic equipment 

qualification and to confirm the preliminary assessments. 
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