
 
 
 
 

 Transactions, SMiRT-25                                                        
Charlotte, NC, USA, August 4-9, 2019 

Division VI 
 

INTEGRATED SEISMIC ANALYSIS AND DESIGN OF SMALL 
MODULAR REACTOR FACILITIES USING SUBSTRUCTURE 

TECHNIQUES IN ANSYS 
 

Giulio Leon Flores1, Evren Ulku2, Matthew Snyder3, and Josh Parker4  

 
1Civil/Structural Engineer 4, NuScale Power, Corvallis, OR, USA (gflores@nuscalepower.com) 
2Structural Design Supervisor, NuScale Power, Corvallis, OR, USA 
3Mechanical Engineer 5, NuScale Power, Corvallis, OR, USA 
4Structural Analysis Supervisor, NuScale Power, Corvallis, OR, USA 
 
ABSTRACT 
 
The design of Small Modular Reactor (SMR) buildings involves the consideration of fluid-soil-structure 
interaction (FSSI). A new analysis technique referred to as the Soil Library Methodology (SLM), makes it 
possible to perform large FSSI problems in a commercial finite element code. This new strategy consists 
of the development of pre-calculated soil impedance substructures and the associated seismic load vectors, 
which are stored in a Soil Library. This paper presents a methodology to integrate seismic analysis and 
design of SMR facilities in ANSYS with soil substructures obtained using SLM. The methodology 
combines a soil substructure with a building substructure, a fluid substructure and equipment substructures 
in ANSYS. The analysis results, in terms of structural response time histories obtained at member section 
cuts, are directly used for the design of the structural components, without the need of intermediate 
structural analysis software. This streamlines the analysis and design process, resulting in more efficient 
designs in-line with the design codes, and avoids unnecessary conservatism inherent in an element-based 
design approach. The methodology is applied to a simple structure simulating an SMR building and the 
reinforcing steel required at a sample wall is compared to the one obtained following an element-based 
design approach. 
  
ELEMENT-BASED DESIGN APPROACH 
 
Traditionally, seismic analysis and design of nuclear power plants involves the development of multiple 
numerical models. The soil-structure interaction analysis is typically performed in SASSI and detailed 
analysis and design of the structure is performed in a separate commercial finite element software, based 
on the finite element responses (i.e., element-based approach).  
 

The area of horizontal and vertical reinforcing steel due to membrane tension, in-plane shear and 
out-of-plane moment are calculated considering the maximum finite element responses and added together. 
The torsional moment M12 is added to the out-of-plane bending moments M11 and M22. Out of plane 
shear reinforcement calculations and shear friction checks are also performed for the maximum element 
forces.  
 

The design check approach uses load combinations that involve both static and dynamic load cases 
to obtain final design element forces and moments. The dynamic forces and moments are reversible (not 
monotonic) and hence the direction that is most adverse in a load combination is considered. 
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IMPROVED FSSI ANALYSIS IN THE FREQUENCY DOMAIN 
 
Mertz et al. (2019) presents a new solution strategy to perform fluid-soil-structure interaction analysis along 
with operating load cases. SASSI (Lysmer et al., 1981) is used to generate the frequency-dependent soil 
impedance and seismic load vectors of a layered half-space considering the effects of the excavation. The 
soil impedance and load vectors, for each analysis frequency, are stored in a Soil Library for later use. A 
commercial finite element (FE) code is used to combine the soil and building substructures.  
 

The integrated soil-structure-fluid-equipment system is analysed in the frequency domain using the 
same analytical approach as used in SASSI, but with the advantages of using a modern finite element 
analysis code (i.e., extensive library of finite elements, materials and constraints, etc.). The results of the 
frequency domain analysis are the transfer functions of structural responses (i.e., accelerations, 
displacements, forces, etc.) at each analysis frequency.  
 
INTEGRATED SEISMIC ANALYSIS AND DESIGN 
 
ANSYS Parametric Design Language (APDL, 2017) is used to generate the building and soil substructures, 
and obtain the structural responses for design. The proposed methodology is described in the following 
sections. 
 
Building Substructure 
 
SMR buildings typically consist of box-type concrete buildings deeply embedded in soil, and with the 
reactor modules residing in a pool (Figure 1). Depending on the required energy output, one or more reactor 
modules may be present. This layout versatility introduces additional modelling complexities with 
traditional SASSI code. In contrast, the model is efficiently created in ANSYS using substructures.    
 

The building substructure is created using a wide range of finite elements, materials and constraints 
available in ANSYS. For example, the pool is modelled using acoustic elements (FLUID30) which 
represent the coupled soil-structure-fluid interaction. Detailed submodels of the reactor module and other 
major equipment are created separately and included in the main model as ANSYS superelements; thus, 
reducing the model size significantly. Superelements are also used to couple the soil substructure to the 
building substructure, as explained below. 
 

 
 

Figure 1. Sample Small Modular Reactor Building ©NuScale Power, LLC, All Rights Reserved 
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Soil Substructure 
 
The SASSI direct method (flexible volume) is used to generate the soil impedance and load vectors of the 
elastic half-space including the effects of the excavation. As described by Mertz et al. (2019), internal nodes 
of the excavated soil that are not on the perimeter of the excavation are condensed out of the impedance 
matrix and load vectors. The reduced soil impedance matrix and load vectors for all analysis frequencies 
are stored in the Matrix Market file format (Boisvert et al. 1996).  

The impedance library is imported into ANSYS where it is combined with ANSYS structural 
matrices and solved for each analysis frequency using the full harmonic solver. The import of the soil 
impedance is implemented using ANSYS superelements (MATRIX50), as described below. 
 

The reduced soil impedance is a complex matrix of the form: 
 

 	 _ _  (1) 

Where _  includes the stiffness,  and inertial term, , _  is the structural 
damping matrix, and  is the forcing frequency. 
 
 The dynamic stiffness matrix of the ANSYS superelements is assembled as shown below: 
 
  (2) 
 

Therefore, the soil impedance is stored in the ANSYS superelement matrices as follows:  
 

 _  (3) 
 

 _  (4) 

 
 0 (5) 
 
Inserting Equations 3 through 5 into Equation 2, results in the right representation of the soil impedance 
matrix (Equation 1). 

 
Harmonic Response Analysis 

The input motion can be represented as a series of discrete complex harmonic terms calculated using the 
Fast Fourier Transform (FFT). Thus, the response to each frequency term is obtained independently using 
harmonic response analysis and the results superimposed (i.e., a linear elastic system is assumed). 

A harmonic response analysis is performed in ANSYS to the building substructure coupled with 
the soil substructure. The solution is performed at each analysis frequency  by solving Equation 6:  
 
  (6) 

Where,  is the seismic load vector corresponding to a unit displacement at the control motion 
location, and the solution are the displacement transfer function, . Transfer functions of other 
response variables (e.g., relative displacements, accelerations, forces, etc.) can be obtained from the 
ANSYS result (“.rst”) files. 
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ANSYS post-processors are used to recover the transfer functions from the results file at all 
calculated frequencies. Using APDL commands, the transfer functions are then interpolated at all 
frequencies of the FFT using the SASSI method (Lysmer, et al., 1981). The input motion is transformed to 
the frequency domain using the ANSYS FFT routine.  Next, the input motion and transfer function are 
pointwise multiplied, which results in the total response in the frequency domain. Finally, the response in 
the time domain is obtained by the inverse FFT algorithm.  
 
Section Cut Design Approach 

In agreement with ACI 349 (2006), the required strengths of the concrete members (e.g., walls, slabs, and 
basemat), are obtained at critical sections along the member cross sections. This is done through the use of 
user-defined section cuts in the ANSYS model. As shown in Figure 2, section cuts are defined by selecting 
all the elements at one side of the cut and the nodes along the cut. The forces along the section cut are 
obtained using ANSYS FSUM command. The point of summation of forces and moments is selected at the 
centroid of the cross-section along the cut. 

 The forces and moments obtained at the section cut are given in the global coordinate system 
(Figure 2). Depending on their direction with respect to the plane of the structural member, these forces 
represent in-plane bending moments, in-plane shears, out-of-plane bending moments, out-of-plane shears 
and axial loads. The torsional moment (i.e., moment MZ in Figure 2) is typically not used in the member 
design. If significant, the torsional moment can be included as part of the out-of-plane shear demand or 
bending moment, as described in ACI 447R (2018). 

 
Figure 2. Section cut definition and section cut forces 

For each input motion direction, = X, Y or Z, six section cut force time histories are obtained: 
 
 , , , , , ,  (7) 

 Each section cut demand is combined with the operating load demands at the same section cut, ,  
at each time step. The sign of the input motion is presumed to be arbitrary, thus, the combined seismic and 
operating load demand is given by Equation 8 below: 
 
 , , , ,  (8) 

The moment/shear and axial load demands, at each time step are, are considered together resulting 
in thousands of demand points. Knowing that the controlling demand are the points along the periphery of 
the demand cloud, the interior points are filtered out resulting in a reduced demand envelope.  
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The section cut design approach is summarized below: 
 
 Obtain member demands at critical section cuts across the member cross sections (Equation 7).  
 Step-by-step combination of member demands (Equation 8).  
 Reduce individual demand time histories to an envelope of controlling loads. 
 Following ACI 349, calculate capacity envelope curves (e.g., P-M interaction diagrams), including 

multiple reinforcing configurations. 
 Demand vs. capacity is compared graphically between the reduced data envelope and capacity curves.  
 
SAMPLE PROBLEM 

A simple structure resembling an SMR building is used to show the application of the integrated seismic 
analysis and design methodology. The building model is 94.8 feet long by 47.4 feet wide by 25 feet tall box 
like structure embedded 18.8 feet in a stiff (shear wave velocity, Vs≈5000 fps) lightly damped (ξ≈0.5%) 
soil, as shown in Figure 3. The interior of the box is a pool which is filled with water to grade. The walls 
and roof are 2 feet-thick concrete members. The roof mass is tuned to obtain a lateral North-South fixed 
base natural frequency of 8 Hz. The roof fixed base vertical natural frequency is 4.4 Hz.  
 

The walls, roof and basemat are modelled with ANSYS SHELL 181 elements, which represent 
moderately thick shells. The pool is modelled using ANSYS acoustic (FLUID30) elements representing 
pressure transients during a seismic event. The reduced soil impedance matrix and seismic load vectors are 
obtained using SASSI as described above. Using Equations 1 through 5, the soil substructure is included as 
ANSYS superelements. Full harmonic analyses are performed in X, Y, and Z directions, for a total of 129 
selected frequencies covering a frequency range from 0.024 Hz to 100 Hz. 

 
The displacement transfer functions for the node at the centre of the roof are shown in Figure 4. It 

is observed that the frequency of the main vertical (Z) mode is close to the fixed based frequency (4.4 Hz), 
whereas the frequency of the main lateral North-South (Y) mode is slightly higher (10 Hz). The increase in 
frequency is attributed to the stiff soil which is fully connected to the embedded portion of the building.  

  
 The proposed section-cut design approach is applied to the design of the West shear wall (Figure 
3) using the three-component record of the Loma Prieta 1989 Capitola earthquake (PEER, 2013).  
 

The selected section cuts are shown in Figure 5. Section cuts 1, 3, 4, and 6 are located at the wall 
intersections with perpendicular walls and floor slabs; section cut 2 is along the center line of the wall; and, 
section cut 5 is at the ground level. For each input motion direction, six section cut force time histories are 
obtained as shown in Equation 7. The seismic demand is combined with the static load demand using 
Equation 8, and the axial-shear and axial-moment demand points are obtained. The interior demand points 
are filtered out and the reduced enveloping demand is obtained. As an example, Figure 6 shows 131,072 
in-plane shear-axial demand points (in blue), whereas the enveloping demand (in red) consists of only 22 
points. 
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Figure 3. Sample SMR facility partially embedded in soil and with interior pool 

 
 

 
Figure 4. Displacement transfer function, centre roof response.       

 
The member capacities are represented by in-plane and out-of-plane P-M (axial-flexure) and P-V 

(axial-shear) interaction diagrams, calculated using ACI 349 equations and multiple reinforcing layouts. 
For example, Figure 7 shows the out-of-plane P-M interaction diagram for a one-foot of wall section, and 
for three reinforcing layouts (at each face). Figure 7 shows that #6 bars @ 12 in., each face (EF) is enough 
to resist the demand at all section cuts but cut 4, at the wall-roof intersection (Figure 5). For section cut 4, 
(2) #9 bars @ 12 in., EF is required. 

 
While distributed reinforcement is considered for out-of-plane flexure, concentrated reinforcement 

at the wall ends is more efficient for in-plane flexure. For the sample wall, in-plane flexure is larger along 
the horizontal section cuts 4, 5, and 6 (Figure 5). The P-M interaction diagram at these sections, shown in 
Figure 8, is developed considering only concentrated reinforcement at the wall ends. As shown in Figure 
8, (5) #9 vertical bars at the wall ends are enough to resist the in-plane moments. 

 
Once the in-plane flexure reinforcement is obtained, the in-plane shear capacity is checked in 

similar fashion. The in-plane shear-axial interaction diagram is calculated for a one-foot of wall section. 
For the sample wall, the required vertical reinforcement due to demands at section cuts 1, 2, and 3, is just 
(2) #3 bars @ 12 in.; whereas the reinforcement due to demands at section cuts 4, 5, and 6, consists of (2) 
#4 horizontal bars @ 12 in.  

 

NORTH 
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The necessity of out-of-plane shear reinforcement, in terms of headed bars, is also evaluated using 
out-of-plane-axial interaction diagram. For the sample wall, headed bars are not required. 

 
Finally, the in-plane reinforcement is added to the out-of-plane reinforcement and the minimum 

reinforcing requirements of ACI 349 are checked. The resulting reinforcing steel in the wall is shown in 
Table 1. Continuous vertical and horizontal reinforcement is provided, which is standard practice in the 
nuclear industry. In fact, curtailments of reinforcement can increase construction time dramatically, 
cancelling the savings in reinforcing steel material.  

        

 
 

Figure 5. West shear wall of sample SMR building showing section cut locations 
 
 

 
Figure 6. In-plane shear-axial demand data cloud and envelope demand 
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Figure 7. Out-of-plane flexure P-M interaction diagram with envelope demand  

 

 
Figure 8. In-plane flexure P-M interaction diagram with envelope demand 

 
For comparison, the required reinforcing areas are shown in Figure 9 and Figure 10 for horizontal 

and vertical directions using an element-based design. The resulting reinforcing steel is shown in Table 1. 
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Figure 9. Required rebar area (in2/ft) in horizontal direction (both faces) 

 

 
Figure 10. Required rebar area (in2/ft) in vertical direction (both faces) 

 
Table 1: Wall reinforcing steel area (section-cut vs. element-based approach). 

 

 Vertical Reinforcement Horizontal Reinforcement 

Design approach Distributed Concentrated Distributed 

Member-based 2 #9 @ 12 EF 5 #10 at wall ends #8 @ 12 EF 

Element-based 2 #10 @ 12 EF N/A #10 @ 12 EF 
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SUMMARY AND CONCLUSIONS 
 
This paper shows a methodology to perform seismic analysis and design of SMR facilities using ANSYS. 
The methodology makes use of the Soil Library technique to generate soil substructures which are 
converted into ANSYS superelements and combined with a building, fluid and equipment substructures. 
The fluid-soil-structure interaction system is solved in the frequency domain using ANSYS.  

 
APDL commands are used to obtain the structural response in the time domain. All required 

response quantities are calculated using APDL commands. For the design of the concrete members, the 
demand consist of force and moment time histories which are calculated at user-defined section cuts. The 
demand time histories are reduced to an envelope of controlling demand points and are graphically 
compared to the member strengths represented by capacity envelope curves (i.e., interaction diagrams). 
Reinforcing is added until reasonable strengths are obtained. 
 
 This integrated approach significantly reduces the analysis and design costs of SMR facilities. By 
using one single model for all seismic and operational load cases, the design process is further simplified 
eliminating potential errors in transferring results from the analysis to the design software. Also, the use of 
a member-based design approach (i.e., section cuts) allows an efficient selection of the reinforcing steel 
resulting in more economical designs, in-line with the intention of the design codes, and avoiding un-
necessary conservatism inherent in a traditional finite element-based design.  
 

A sample SMR building is used to show the application of the proposed methodology. The section 
cut design approach is used for the design of one of the building shear wall and the resulting reinforcing 
steel is compared to the reinforcing steel obtained following an element-based design. This example 
problem demonstrated the benefits of the proposed methodology. 
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