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ABSTRACT 

 
Soil Structure Interaction analyses (SSI) are essential to design and evaluate the performance of 

stiff massive structures typical of Nuclear Power Plants (NPP). SASSI is a computer code that is widely 
used for the SSI analysis of projects overseen by the US nuclear industry and associated regulatory 
agencies, including the Department of Energy (DOE) and the Nuclear Regulatory Commission (NRC).  
The Subtraction Method (SM) as applied in SASSI is an approximate, but very efficient method used for 
the SSI analysis of deeply embedded structures. Recent studies to evaluate the SM have focused on 
comparing solutions obtained through SASSI using the SM against the more rigorous substructuring 
Direct Method (DM) as a benchmark. Results from these studies suggest that for some cases SASSI SM 
results may result in erroneous transfer functions at high frequencies. It is important to recognize the 
limitations of the SM and if needed to extend the SM in cases where the solution is found to be erroneous; 
this approach is referred to as the Extended Subtraction Method (ESM). The ESM still is very efficient 
when compared to DM and it can be demonstrated that the same results may be produced. Nevertheless, 
verification of the ESM results is required.  

      
In this paper, an independent method for verifying solutions obtained using the SM and ESM is 

presented. The verification process presented herein involves the comparison of frequency response 
functions (i.e. transfer functions) and acceleration response spectra (ARS), at key structural locations. 
These transfer functions and ARS are calculated using an independent computer code and compared to 
those calculated by SASSI2010. Specifically two examples are presented, where transfer functions and 
ARS are used to (a) verify the translation of an ANSYS Finite Element (FE) model to a SASSI2010 FE 
model; and (b) verify the seismic response computed using the ESM in SASSI2010 for a deeply 
embedded structure. 

 
INTRODUCTION 

 
The seismic analysis of a deeply embedded nuclear safety-related structure, such as a Small 

Modular Reactor (SMR), requires the consideration of Soil-Structure Interaction (SSI) effects. The 
embedded nature of most SMR structures introduces significant challenges to the SSI analysis. For 
instance, due to the large soil-structure interface area, the solution time significantly increases resulting in 
high computational demands. In addition, the validation and process verification is challenging due to the 
lack of available benchmark results for the analysis of deeply embedded structures, especially if they have 
complex geometries. 

 
  The SSI analysis of embedded structures is typically conducted using the Subtraction Method 

(SM) as implemented in SASSI computer code.  The SM has been the industry standard for conducting 
SSI analyses of embedded structures, using sub-structuring methods, since the late 1990’s. For embedded 
structures, this solution technique only requires the definition of soil-structure interaction nodes on the 
outer perimeter of the excavated soil volume, while in the SASSI Direct Method (DM) all excavated soil 
volume nodes are defined as interaction nodes. Hence, in the SM, compatibility of the dynamic responses 
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of the free-field and excavated soil is enforced only at the perimeter of the excavated soil volume, which 
significantly reduces the computational effort. It must be noted that in the SM compatibility of the 
excavated soil volume and free field responses can also be enforced for all nodes in the excavated soil 
volume; which effectively results in the DM solution.  However, a better approach to achieve the level of 
accuracy obtained with the DM solution is to use the SM, but including only few additional interaction 
nodes in the excavated soil volume to be compatible with free field motion.  This approach is referred to 
as the Extended Subtraction Method (ESM) or Modified Subtraction Method (MSM). The ESM still is 
very efficient when compared to DM and it can be demonstrated that the same results may be produced. 
Nevertheless, verification of the ESM results is required, which can be done using less refined structural 
models (e.g., quarter models) solved by SASSI DM solution or independent computer codes (Anderson et 
al., 2013). However, the use of quarter models is difficult to justify for embedded structures with complex 
geometries.  

 
In this paper, an independent method for verifying SASSI SM and ESM calculated solutions is 

presented. The verification process presented herein involves the comparison of frequency response 
functions (i.e. transfer functions) and ARS, at key structural locations. These transfer functions and ARS 
are calculated using an independent computer code and compared to those calculated by SASSI2010 (F. 
Ostadan, et. al., 2011). Specifically two examples are presented, where transfer functions and ARS are 
used to (a) verify the translation of an ANSYS (ANSYS, 2010) Finite Element (FE) model to a 
SASSI2010 FE model; and (b) verify the seismic response computed using the ESM in SASSI2010 for a 
deeply embedded structure. 

FINITE ELEMENT MODEL GEOMETRY AND ATTRIBUTES 
 

A deeply embedded structure, with a particularly complex geometry, is selected for the validation 
of the SASSI2010 ESM. The FE model is developed using ANSYS computer code and has the overall 
geometry shown in Figure 1, with the X-axis aligned along the assumed East-West (EW) direction, the Y-
axis aligned along the North-South (NS) direction, and the Z-axis aligned in the vertical direction 
(positive up). ANSYS SHELL181 elements are used to represent reinforced concrete walls and slabs in 
the model. ANSYS SOLID185 elements are used to represent massive reinforced concrete components. 
ANSYS BEAM44 elements are used to represent steel members and column-like reinforced concrete 
components. Equipment weights and added distributed loads (i.e. dead load plus 25% live load) are 
applied to the model as lumped masses. 

 
Figure 1: Overall geometry of deeply embedded structure symmetric with respect to the YZ plane. 
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The reinforced concrete has a compressive strength of 5,000 psi with an elastic modulus of 4,031 
ksi, a Poisson’s ratio of 0.17, and a unit weight of 150 pcf. Conservatively, Operating Basis Earthquake 
(OBE) damping is used for all structural members. Therefore, 4% structural damping is used for 
Reinforced Concrete (RC) walls and slabs.  
 
SOIL PROPERTIES 
 

The following soil properties are required for conducting a seismic SSI analysis: Shear wave 
velocity (Vs), Compression wave (P-wave) velocity (Vp), Shear wave damping (DS), P-wave damping 
(DP) and unit weight (s) or density (). Alternatively, elastic soil properties (i.e., Vs and Vp) can be 
defined using the Poisson’s ratio () and Young modulus of elasticity (E) for each soil layer. The 
following soil cases/properties, as shown in Figure 2, are used for the SSI analysis reported herein: 
 

o Geologic Case II, referred to as C2, is representative of a soft soil case.  The total depth to rock is 
250’.  Throughout the soil column, the average strain compatible shear and P-wave velocities are 
approximately 1400 fps and 4800 fps respectively, with an average unit weight of 0.12 kcf, and 
an average soil damping of 4%. 
 

o Geologic Case V, referred to as C5, is representative of a medium soil case.  The total depth to 
rock is 250’. Throughout the soil column, the average shear and P-wave velocities are 
approximately 3000 fps and 8200 fps respectively, with an average unit weight of 0.145 kcf, and 
an average soil damping of 3%. 

 
o Geologic Case VII, referred to as C7, is representative of a stiff soil case.  The total depth to rock 

is 250’.  Throughout the soil column, the average shear and P-wave velocities are approximately 
6600 and 13000 fps respectively, with an average unit weight of 0.162 kcf, and an average soil 
damping of 2%. 

  
Figure 2: Shear and P-wave velocity profiles.  
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In addition to the three soil profiles described above, a Hard Rock (HR) case is considered for 
comparison with results from ANSYS fixed-boundary condition analysis.  For this case, the following 
properties are considered: shear wave velocity of 100,000 fps, P-wave velocity of 187000 fps, unit weight 
of 0.160 kcf, and soil damping of 1%.  The value of 100,000 fps shear wave velocity is selected to ensure 
that only structural responses are computed, in SASSI, and to guarantee a one-to-one comparison against 
the fixed-boundary condition, in ANSYS. 
 

INPUT MOTION 

 
The hard rock design response spectra used in this study cover a wide range of seismic hazards 

representative of viable NPP sites in the continental United States. Since the frequency content of the 
Western United States (WUS) and the Central and Eastern United States (CEUS) seismic motions are 
significantly different; two design response spectra with frequency content appropriate for each of these 
two regions are used. Spectrum compatible time histories for the WUS and CEUS spectra are used for 
developing site specific CEUS and WUS motions, which are used in this calculation for generating the 
ANSYS and SASSI ARS.  The control motion is specified at the depth of 250 ft, which is 135 ft below 
the basemat of the structure.  The response spectra are shown in Figure 3.  The matching time histories 
were used to obtain in-column time histories at the depth of 250 ft to be used in SSI analysis. 

 

 
Figure 3: Design response spectra for 5% damping.  

SASSI SSI FINITE ELEMENT MODEL 

 
The SASSI FE model is generated using identical geometry and loading as considered in the 

ANSYS FE Model. Only half of the building is translated, given that the structure is symmetric with 
respect to the YZ plane as shown in Figure 1. The nodal coordinates, nodal identification numbers, 

CEUS 

WUS 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division III 

element incidences, and loading defined in the ANSYS FE model are identical to those of the SASSI FE 
model. In particular, SASSI quadrilateral thick shell elements, 3-D eight-node solid elements, and 3-D 
beam elements are utilized in the model.  
 

The ESM is used as the solution method for SASSI2010 SSI analysis. For this purpose, the finite 
element mesh of the excavated soil and the interaction nodes are defined as shown in Figure 4, where 
only half of the excavated soil volume is shown. In particular, all nodes on the perimeter of the structure 
in contact with soil are defined as interaction nodes.  In addition, a layer of excavated soil nodes at the 
grade elevation (FE EL 122’-0”) and at the elevation of the basemat at EL 57’-9” are defined as 
interaction nodes, as shown in Figure 4. The four site conditions described before are used to define the 
soil profiles in the SASSI2010 SSI analysis. A rigid halfspace is assumed at a depth of 250’-0” for each 
soil case.  Analysis for the four cases is completed in each orthogonal direction up to a cutoff frequency 
of 30 Hz for the 3 soil cases (i.e., C2, C5, and C7) and 70 Hz for the HR case.  

 

 
(a)  

(b) 

 
(c) 

 
(d) 

Notes:  

(a)Excavated soil mesh. (b) Interaction nodes in the perimeter of the structure that interface with soil. 
(c) Layer of interaction nodes at EL 122’-0” and at EL 57’-9” (d) Total set of interaction nodes. 

Figure 4: Interaction nodes used in SSI analysis of structure using the “Extended Subtraction Method”.  
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ANSYS SSI FINITE ELEMENT MODEL 

 
ANSYS SSI analyses are conducted by directly modeling the soil and structure, in contrast to the 

substructuring methods used in SASSI. In other words, in ANSYS the dynamic responses of the soil and 
structure are calculated in one step. Therefore the unbounded soil media is included in the FE model, as 
described in the following sections. It must be noted that ANSYS solution is calculated using the Full 
Harmonic Method. In this method, the motion equation is solved directly in the frequency domain, as 
described in ANSYS (2010).  
 
ANSYS Fixed Base Model 

 
The ANSYS fixed base model does not require explicit modeling of the soil, since fixed boundary 

conditions are imposed using node constraints as described next. As can be seen in Figure 1, the geometry 
of the embedded portion of the RSB varies for different elevations. For the purpose of fixed base analysis, 
all perimeter nodes below FE model EL 122’-0”, shown in Figure 4(b), are assigned fixed support 
conditions. Given that the structure is symmetric with respect to the YZ plane, only half of the building is 
analyzed. Therefore, symmetry boundary conditions are used for seismic motion in the Y and Z 
directions; and antisymmetry boundary conditions are used for seismic motion in the X direction, as 
detailed in Table 1.  Frequency independent material damping is used to model the damping properties of 
the structure. In ANSYS, the complex Young modulus of elasticity (E*) given by Eq. (1) is used for this 
purpose, where E is the Young modulus of the material,  is the corresponding damping ratio and 
  √  .   

 
            (1) 

 
Table 1: Symmetry and Antisymmetry Constraints applied in the plane of symmetry 

Earthquake Direction Boundary Constraints Type 
 

X UY, UZ, ROTX Antisymmetry 
Y UX, ROTZ, ROTY Symmetry 
Z UX, ROTZ, ROTY Symmetry 

 
Generation of ANSYS Soil FE Model 

 
The general approach used in ANSYS consists of modeling the soil with axisymmetric 

(PLANE25) and 3D-solid elements (SOLID185). Axisymmetric elements were used to conduct 
parametric analyses, not reported herein, aimed at determining the size of the soil island (i.e, soil mesh) 
required for properly modeling the unbounded soil media. For this purpose, the appropriate soil mesh is 
found by determining when the structural response converges and is not affected by the soil island size. 
Axisymmetric elements are advantageous in this step, since they greatly reduce the modeling and analysis 
time compared to that of an equivalent model using 3D solids. After defining an appropriate soil island 
size, ANSYS SOLID185 elements are used to represent the soil in the ANSYS 3D finite element model 
of the structure, as shown in Figure 5.   

 
The overall dimensions of soil the mesh are shown in Figure 5. The average element size for soil 

elements within 100 ft from the structure boundary is 5 ft, while the average soil element size elsewhere 
is 10 ft.  As mentioned before, the size of the soil island is determined by completing parametric studies 
using axisymmetric models. Therefore, the soil island size was further validated by verifying that the free-
field response, far from the structure, calculated using the ANSYS 3D model (Figure 5) converges to that 
calculated using independent soil column analyses. 
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Figure 5: Finite element model of the RSB building including soil mesh. 

 
The bottom boundary of the soil model is fixed in all degrees of freedom, which is consistent with 

the rigid halfspace properties assigned in SASSI2010. To simulate the free-field behavior, special 
boundary conditions are applied to the nodes on the side of the soil mesh. Therefore, for seismic 
horizontal ground motion (i.e., EX and EY), the nodes in the outer sides of the soil model are constrained 
to only move horizontally (i.e., UZ = 0), using horizontal roller boundary conditions. Similarly, for 
seismic motion in the vertical direction (i.e., EZ), the nodes in the outer sides of the soil model are 
constrained to only move vertically (i.e., UX = 0 in the west side and UY = 0 in the north and south 
sides), using vertical roller boundary conditions. 
 
COMPARISON OF SASSI2010 AND ANSYS TRANSFER FUNCTION RESULTS  

 
Transfer functions represent the amplification of the acceleration response of the soil-structure 

system as a function of frequency and therefore can be used to compare or identify differences among the 
dynamic responses calculated using SASSI2010 and ANSYS. For clarity, only the dominant direction 
transfer functions are compared (e.g. X Response due to X Motion).  

 
Global and local dynamic structural responses are independently calculated using ANSYS and 

SASSI2010 computer codes.  Global responses are compared at nodes located at the interception of major 
walls and slabs, as shown in Figure 6(a). These nodes are selected since they are at locations which are 
essentially rigid and local responses would not be apparent.  Local responses are compared at nodes near 
the center of slabs, which are anticipated to exhibit a high degree of flexibility, as shown in Figure 6(b).  
 
 
 
 
 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division III 

 

 
(a) global response 

 
(b) local response 

Figure 6: Locations used to compare the SSI response of the structure.  
 
SASSI Hard Rock and ANSYS Fixed-Boundary Transfer Functions  

 

The comparison of SASSI2010 HR analysis and ANSYS fixed boundary analysis results is used 
to validate the translation of the structural model. Global and local transfer functions are compared at the 
locations shown in Figure 6, as reported in Figure 7, where solid lines and dotted lines are used to 
represent, respectively, SASSI2010 and ANSYS responses. Overall there is close correlation between the 
ANSYS and SASSI2010 transfer function results.  There are some differences in the calculated 
amplifications and small frequency shifts.  These differences may be attributed to the finite element 
formulations used by SASSI2010 and ANSYS computer codes, and the spacing of calculated frequencies 
used in each analysis. A uniform spacing of 0.5 Hz is applied in the ANSYS analysis, whereas, ten 
frequencies per decade are applied in the SASSI analysis. However, the correlation is clearly acceptable 
in terms of the level of accuracy expected, when using different element formulations and solution 
methods. Therefore, the translation of the ANSYS structural model to the SASSI2010 structural model is 
deemed validated. In other words, SASSI2010 and ANSYS finite element models are shown to be 
consistent. 
 

 
(a) Global X response due to X motion 

 
(d) Local X response due to X motion 

 
Figure 7: Comparison of SASSI versus ANSYS transfer functions (Hard Rock) 
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(b) Global Y response due to Y motion  

 
(e) Local Y response due to Y motion 

 
(c) Global Z response due to Z motion  

 
(f) Local Y response due to Y motion 

Figure 7: Comparison of SASSI versus ANSYS transfer functions (Hard Rock) 

 
Soil Profiles C5 and C7 Transfer Functions 

 
Transfer functions computed using SASSI2010 and ANSYS are compared for the medium soil 

profile (C5), as shown in Figure 8, where solid lines and dotted lines are used to represent, respectively, 
the SASSI2010 and ANSYS responses. Overall there is close correlation between the ANSYS and 
SASSI2010 transfer function results.  There are some differences in the calculated amplifications and 
small frequency shifts. However, the correlation is clearly acceptable in terms of the level of accuracy 
expected. 

 
(a) Global X response due to X motion 

 
(d) Local X response due to X motion  

Figure 8: Comparison of SASSI and ANSYS transfer functions for C5 soil profile (Medium Soil) 
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(b) Global Y response due to Y motion  

 
(e) Local Y response due to Y motion  

 
(c) Global Z response due to Z motion  

 
(f) Local Z response due to Z motion 

Figure 8: Comparison of SASSI and ANSYS transfer functions for C5 soil profile (Medium Soil) 
 
Transfer functions computed using SASSI2010 and ANSYS are compared for the stiff soil profile (C7), 
as shown in Figure 9, where solid lines and dotted lines are used to represent, respectively, SASSI2010 
and ANSYS responses. Overall there is close correlation between the ANSYS and SASSI2010 transfer 
function results.  There are some differences in the calculated amplifications and small frequency shifts.   
However, the correlation is clearly acceptable in terms of the level of accuracy expected. 
 

 
(a) Global X response due to X motion 

 
(d) Local X response due to X motion 

Figure 9: Comparison of SASSI and ANSYS transfer functions for C7 soil profile (Stiff Soil) 
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(b) Global Y response due to Y motion  

 
(e) Local Y response due to Y motion 

 
(c) Global Z response due to Z motion  

 
(f) Local Z response due to Z motion 

Figure 9: Comparison of SASSI and ANSYS transfer functions for C7 soil profile (Stiff Soil) 
 

COMPARISON OF SASSI2010 AND ANSYS ARS RESULTS  

 
The transfer functions discussed in the previous section represent the amplification response of 

the structure over the range of harmonic frequencies considered in the analysis; and therefore can be used 
to compare/identify differences among SASSI and ANSYS analysis results. However, it must be noted 
that the structural response to general seismic load not only depends on the transfer function of the soil-
structure system, but also on the characteristics of the seismic motion (e.g., magnitude and phase spectra). 
Thus, in addition to TF comparisons, 5% damped acceleration response spectra (ARS) are used in this 
section to verify the validity of the extended subtraction method for calculating the seismic response of 
deeply embedded structures. In particular, global ARS are compared at nodes located at the interception 
of major walls and slabs, as shown in Figure 6(a).   

  
ARS computed using SASSI2010 and ANSYS are compared for the medium soil profile (C5) and 

stiff soil profile (C7), as shown in Figure 10 and Figure 11, where solid lines and dotted lines are used to 
represent, respectively, the SASSI2010 and ANSYS responses. Additionally, It must be noted that CEUS 
and WUS ARS are respectively provided in the left and right columns of the subject figures. Overall there 
is close correlation between the ANSYS and SASSI2010 ARS results, despite the fact that different finite 
element formulations and solution methods are used in each computer code. There are some minor 
differences, but the match is excellent in terms of the level of accuracy expected.  
 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division III 

 
(a) Global X response due to X CEUS motion 

 
(d) Global X response due to X WUS motion 

 
(b) Global Y response due to Y CEUS motion 

 
(e) Global Y response due to Y WUS motion 

 
(c) Global Z response due to Z CEUS motion 

 
(f) Global Z response due to Z WUS motion 

Figure 10: Comparison of SASSI and ANSYS 5% damped ARS (Medium Soil)  
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(a) Global X response due to X CEUS motion 

 
(d) Global X response due to X WUS motion 

 
(b) Global Y response due to Y CEUS motion 

 
(e) Global Y response due to Y WUS motion 

 
(c) Global Z response due to Z CEUS motion 

 
(f) Global Z response due to Z WUS motion 

Figure 11: Comparison of SASSI and ANSYS 5% damped ARS (Stiff Soil) 
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CONCLUSIONS 

 
This paper documents the independent validation of the Extended Subtraction Method, as implemented in 
SASSI2010, for the Soil-Structure Interaction analysis of deeply embedded structures. For this purpose, 
representative SSI analyses are conducted and compared using ANSYS Release 13.0 and SASSI2010. In 
particular, three generic soil profiles are used for comparison of the ANSYS and SASSI2010 analysis 
results, which ensures a realistic representation of the range soil stiffness expected for supporting deeply 
embedded structures. Similarly, two design response spectra with frequency content appropriate for WUS 
and CEUS regions are used, which ensures a realistic representation of the range of seismic hazards for 
viable NPP sites in the continental United States.  
 
For validation purposes, transfer functions and ARS at key building locations are compared and excellent 
agreement is observed among both ANSYS and SASSI2010 solution/analysis methods. The comparison 
of SASSI2010 Hard Rock and ANSYS fixed boundary analyses is used to validate the translation of the 
structural model. Similarly, comparison of the SASSI2010 and ANSYS Soil-Structure Interaction 
analyses, for the three generic soil profiles, is used to validate the Extended Subtraction Method, as 
applied using SASSI2010, for conducting the Soil-Structure Interaction analysis of deeply embedded 
structures. Therefore, the validation of the Extended Subtraction Method for conducting the SSI analysis 
of the subject deeply embedded structure is deemed appropriated for the range of conditions considered in 
this study.    
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