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ABSTRACT

The next generation of nuclear power plants includes structures with coupled soil, structure and fluid
interaction behaviors. An efficient analysis methodology that is capable of performing Soil Structure
Interaction (SSI) while incorporating structure-fluid interaction along with operating load analyses is
presented. A key part of this methodology is the development of pre-calculated soil impedance
substructures and the associated seismic load vectors, which are stored in a Soil Library. The methodology
uses a commercial finite element code, with modern structural elements, modern fluid elements and
equipment substructures to economically perform frequency domain analyses of the coupled soil-structure-
fluid-equipment system. The frequency domain analysis performed with the commercial finite element code
is functionally equivalent to SASSI. This paper presents the methodology along with an example problem
that compares the commercial finite element solution to a SASSI solution.

TRADITIONAL ANALYSIS WORKFLOW

Traditionally, the analysis of coupled soil-structure-fluid systems was performed in multiple labor-intensive
steps. Soil Structure Interaction, SSI, is typically performed using SASSI, Lysmer et al. (1981). While
SASSI has excellent capabilities for developing soil impedances, it has a limited collection of structural
elements and does not have an integrated environment for considering operating loads, thermal loads, nor
detailed fluid-structure interaction. Furthermore, some versions of SASSI have significant size limitations
which require the use of simplified analysis models.

Structural analyses of the reactor building and major mechanical components are often performed
using a commercial finite element method (FEM) code, such as ANSYS (2016). Commercial general-
purpose FEM codes have excellent element and material libraries which include the ability to consider
structural, thermal and fluid loadings. However, commercial FEM codes do not have the ability to perform
the same level of SSI analyses as SASSI.

Thus, the traditional analysis work flow is to develop and analyze a simplified seismic model for
SSl analyses and to export seismic response parameters to a detailed building model which is then analyzed
using a commercial FEM code. Building response parameters are then exported to equipment analyses.
Thus, multiple separate analysis models must be justified and maintained as the design evolves, requiring
significant coordination between models.
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IMPROVED ANALYSIS WORKFLOW

The typical design process considers multiple building and equipment layouts on a given soil site. Thus,
SASSI is used to generate soil impedances and seismic load vectors which are stored in a Soil Library and
are reused for different building/equipment perturbations.

The impedances and load vectors are imported to a commercial FEM code as a soil substructure.
The commercial FEM code combines the soil substructure with a building substructure, a fluid substructure
and equipment substructures, as needed. The commercial FEM code then analyzes the integrated soil-
structure-fluid-equipment system in the frequency domain, using the same analytical approach as used in
SASSI. There are significant benefits to be gained from this integrated analysis work flow, such as:

e Analysis capabilities are extended by allowing the full suite of modern FEM elements, materials
and constraints to be used in the analysis. For example, brick elements which represent bending
(ANSYS Solid 185) can be used to represent the basemat which locates the Foundation Input
Response Spectra (FIRS) control motion and top of basemat at the correct elevations. Acoustic
elements can be included to represent coupled soil-structure-fluid interaction analysis. Another
example is that major equipment can be included in the analysis by using substructuring.

e Provides access to all of the graphics, model development and post processing tools in the
commercial FEM platform.

¢ Retains the SASSI based soil impedances and seismic load vectors which are currently used for
nuclear plant design.

e Implements the same frequency analysis methodology, including transfer function interpolation, as
SASSI.

e Streamlines the analysis process by using the same model for both operational loads and seismic
loads. This eliminates the need to develop, maintain, and document, simplified SSI analysis models
in an environment with an evolving design.

¢ Significant reduction in analysis cycle time. Once the soil library and initial building, equipment
and fluid substructures are developed, the evaluation of alternate building and equipment
configurations is measured in days instead of months.

SOLUTION STRATEGY

This section presents an overview of the proposed solution strategy. The coupled soil-structure-fluid
interaction problem consists of a single model assembled from the following substructures.

Soil Substructure: The soil substructure is the impedance of an elastic half-space including the
effects of an excavation. The soil substructure is developed in SASSI. The soil impedance matrix and load
vector, at predetermined frequencies, are stored, as substructures, in a Soil Library for later use. A complete
soil library would consist of soil impedance matrices and load vectors for a range of target soil sites.

Building Substructure: The building substructure consists of the building model and may also
include soil backfill between the soil substructure and the building walls. The building model is developed
in ANSYS utilizing a modern FEM library. The building stiffness and soil backfill properties may be varied
to study the effects of concrete cracking and side soil separation.
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Equipment Substructure(s): Major equipment substructures with sufficient mass to interact with
the building response can be included in the analysis. The equipment substructures are also developed in
ANSYS. Equipment substructures can be plugged into the combined model to study the impact of different
modular reactor combinations.

Fluid Substructure: The fluid substructure consists of acoustic elements representing the fluid
coupling between the building and equipment. The fluid substructure is also developed in ANSYS.

The combined analysis model is assembled and solved in the frequency domain using ANSYS.
(Note that any robust commercial FEM code with the ability to perform steady state response analyses with
complex stiffness and load vectors could be used to perform this analysis.) The ANSYS frequency domain
solution, with the soil library, is functionally equivalent to SASSI. Given the rich element library, post-
processing capability and the ability to integrate with other load cases, the use of ANSYS provides
significant capability over using SASSI alone.

This paper focuses on the soil substructure and integrating the soil substructure into the frequency
domain solution.

Assumptions

The analysis methodology is based on the following assumptions, which are typical assumptions for the
seismic analysis of nuclear structures and are discussed in ASCE 4.

Equivalent Linear-Elastic Analysis: Material properties are assumed to be linear-elastic during the
analysis. Nonlinear material properties are considered by using equivalent linear stiffness and an effective
damping. This applies to both soil and structural properties. Equivalent linear soil properties are discussed
in ASCE 4, consist of strain compatible elastic stiffness and an effective damping ratio, and are often
developed using SHAKE or similar 1D convolution analyses. Similarly, structural materials like reinforced
concrete may use an effective cracked stiffness and effective damping per ASCE 4.

The behavior of all boundary conditions and constraints is linear. Thus, nonlinear contact, liftoff,
and sliding cannot be directly considered. ASCE 4 considers contact in a linear system by running elastic
bounding cases and enveloping results. Similarly, gapping between an embedded structure and adjacent
soil is addressed by enveloping analyses with the soil degree-of-freedom (DOF) perpendicular to the wall
plane either free or constrained to the wall.

Superposition of elastically computed responses in different directions along with elastically
computed gravity loadings is valid. Thus, the seismic responses in the X, Y and Z directions are developed
independently and combined with operating loads.

Frequency Domain Analysis: The soil impedance is frequency dependent thus the seismic analyses
are performed in the frequency domain. Complex frequency dependent transfer functions are developed to
describe the response of both structures and acoustic fluids. The energy dissipation of structural elements
is typically considered using structural or complex damping. Viscous damping of the fluid or structural
elements may also be included.

Functionally Equivalent to SASSI: This analysis approach is designed to be functionally equivalent
to a SASSI analysis. Thus, the soil impedance is developed using SASSI. The seismic load vectors
representing vertically propagating shear and compression waves with a control motion at different layers
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are also developed using SASSI. The transfer function interpolation methodology used in SASSI is also
incorporated in the ANSYSS solution.

Soil Library

SASSI develops the excavated soil impedance, at individual analysis frequencies, by assembling the soil
flexibility matrix for a layered half-space, inverting the flexibility matrix to obtain soil impedance for the
layered half-space and deducting the excavated soil volume.

The numerical process of inverting the layered half-space flexibility matrix represents the majority
of the SASSI computational cost. In a typical design, there are numerous building model iterations while
the excavated soil impedance remains constant. The Soil Library consists of a series of pre-calculated
excavated soil impedance super-elements that can be used with different building models.

The soil impedance matrices and load vectors are calculated using a customized version of SASSI.
The SASSI HOUSE module is used to generate the dynamic stiffness of the excavated soil model, ([K,] —
w?[M,]), where K, and M, represent the stiffness and mass matrices of the excavated soil volume and w
is the analysis frequency in rad/sec. Note that HOUSE uses a mixed lumped and consistent mass
formulation which has better convergence characteristics than either the lumped or consistent mass
formulations alone and the SASSI mesh convergence criterion is contingent on the mixed mass formulation.
Commercial FEM codes generally use either lumped or consistent mass formulations. Thus, the use of a
commercial FEM code with a non-mixed mass formulation to develop the excavated soil mass would
necessitate reevaluation of the mesh size convergence criterion.

The response of the layered halfspace to vertically propagating shear and compression waves is
solved using SASSI SITE module and the SITE response is used to develop the seismic load vector. The
SASSI POINT module is used to develop flexibilities for the axisymmetric/asymmetric point response
model, which are used to develop the soil flexibility formulation.

The soil flexibilities are assembled and inverted in the SASSI ANALYS module yielding a soil
impedance matrix, [Z(w)], for the layered half space. The excavated soil dynamic stiffness is subtracted
from the layered halfspace impedance using the SASSI Direct Method. In the Direct Method, each node in
the excavated soil model is attached to a corresponding interaction node with soil impedance. The excavated
soil model does not have any free nodes in the direct method. The SASSI Subtraction, Extended Subtraction
or Modified Subtraction methods are not used in this formulation. The resulting impedance of the layered
halfspace with an excavation is [C(w)] = [Z(w)] — ([K.] — w?[M,]).

The full impedance matrix [C (w)], could be imported directly into ANSY'S. However, the structure
interacts with the soil excavation at the exterior boundary, and internal interaction nodes/DOF do not
interact with the structure. In a moderate to large SSI problem there are significantly more internal
nodes/DOF than boundary nodes/DOF. The internal nodes/DOF may be removed from the solution to
reduce both solution time in subsequent steps and storage costs for large impedance matrices.

The impedance matrix storage costs are illustrated by comparing the file size for full and reduced
symmetric impedance matrices in Table 1. Each impedance term is a complex humber which is represented
by (2) 64-bit numbers. The file sizes are for a single frequency. These examples demonstrate that the
reduction process results in a significant savings in file size for larger problems. The size ratio between a

full and reduced matrix can be approximated by NTZ/ 3 /22, where Ny is the total number of interaction
nodes.
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Table 1: Impedance Matrix Storage Requirements Per Frequency

Casel Case 2 Case 3
Full Reduced Full Reduced Full Reduced
Nodes 5,168 1,360 18,928 3,328 35,280 5,085
File Size GiB 1.7 0.12 24 0.72 84 1.7
Size Ratio 14 32 48
Now
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Figure 1. Partitioned Impedance Matrix

Figure 1 shows the impedance matrix for Case 2, partitioned into internal (i) and boundary (b)
degrees of freedom. The areas of the full (i+b) matrix and the C,; matrix are proportional to the full and
reduced memory sizes in the preceding table.

The reduction process is a form of the Schur Complement and is similar to condensation or Guyan
reduction, except that it is performed on the impedance, C(w), at each individual frequency. Dropping the
frequency term, the reduced impedance and load vector have the form

[Creal{Xp} = {Frea} 1)
where the reduced impedance is
[Creal = [Cop] = [Cpil - [Cii] ™" [Cin] (2)

and the reduced seismic load vector is

{Frea} = {Fp} — [Cpi] - [Cui] ™ - {F3} (3)

The term ([C;]71 - [C;p]) in the impedance is recast as the solution of [C;;] - {X} = {C;;,}, which
uses a linear solver instead of an inversion and is more efficient when the number of boundary nodes is
smaller than the number of interior nodes. All SSI problems with more than one embedded layer have more
internal nodes than boundary nodes. A similar substitution is performed for the load vector.

At each analysis frequency, the reduced impedance for a layered halfspace with an excavation,
[Creal, and the corresponding load vectors, {Fg.4}, are stored in Soil Library.

ANSYS Solver

Substructures representing the building, fluid and any equipment are developed in ANSYS. For a given
frequency, o, the appropriate impedance matrix and load vector are obtained from the Soil Library and
combined with the dynamic stiffness of the building substructure as shown schematically in Figure 2.
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ANSYS is then used to solve for the steady state response at frequency . When sufficient calculated steady
state responses at different frequencies are developed, ANSYS is used to assemble the steady state
responses and interpolate to develop transfer functions using the same interpolation algorithm as SASSI.
The time domain solution is obtained by Complex Response Analysis, again, using the same method that
SASSI uses. ANSYS has a rich suite of post-processing tools which are then used to evaluate the time
domain results. Note that this implementation of the ANSYS frequency domain solution, using the Soil
Library, is functionally equivalent to the SASSI frequency domain solution.

—
ANSYS
Soil Building,
Library Equipment and
Fluid
Substrucures ANSYS Postprocessor

Interpolate TF for
| all Frequencies in FFT

Load Vector
Impedance Matrix Loop for each frequency w
Frequency w l
\\ Convolve TF and Input Accel.

Assemble Substructures
Frequency w

l I

Solve TF Using Summarize Max. Response
ANSYS Full Harmonic Solver
and Calculate ISRS

Frequency w

Transform to Time Domain

Figure 2. Solution Flow Chart
DEMONSTRATION PROBLEM

The seismic response of a simple building is used to demonstrate the improved analysis work flow using
ANSY S with the Soil Library and the results are compared to a typical SSI solution developed using SASSI.
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 (£€~0.5%) soil, as shown in Figure 3a. The roof
mass is tuned to obtain a lateral fixed base natural frequency of 8 Hz. Vertically, the roof fixed base vertical
natural frequency is 4.4 Hz. The interior of the box is a pool which is filled with water to grade (Figure 3b).
Both dry and wet cases are considered.

An initial study is performed comparing the traditional SASSI solution to a SASSI solution using
the Soil Library with reduction. SASSI does not have fluid elements and this comparison is limited to the
dry case with SASSI HOUSE structural elements. The rooftop transfer functions for the two solutions are
compared in Figure 3 which shows that the response based on the Soil Library is equivalent to the response
based on a traditional SASSI Solution.

Note that the frequency of the first mode in Figure 4 is roughly 9.5 Hz versus 8 Hz for the fixed
base case. This is due to stiff soil acting on the sidewalls which is considered fully bonded to the building
for this analysis. Considering an unbonded soil case over the wall embedment would reduce the buildings
natural frequency to 8 Hz, or less.

The ANSYS solution uses the Soil Library, ANSYS structural elements, the frequency domain
solver and incorporates transfer function interpolation. The ANSYS mass and stiffness matrices are
imported into the SASSI solution to remove small differences in response due to different element
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formulations between the SASSI thin shell and the ANSYS Shell 181 element, which represents a
moderately thick shell. The rooftop transfer functions for the two solutions of a dry model are compared in
Figure 5 which shows that the ANSY'S response is equivalent to the SASSI response.

. Isometric view b. Longitudinal section showing ANSYS
fluid elements in blue

Figure 3. Sample Structure Partially Embedded in Soil and Interior Pool
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Figure 4. SASSI vs Soil Library Transfer Function Figure 5. SASSI vs ANSYS Transfer Functions
Center Roof Response, Dry
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The pool is modeled using ANSYS acoustic (Fluid 30) elements which are capable of representing
pressure transients during a seismic event. Sloshing of the pool is not considered in this formulation. These
elements add pressure degrees of freedom to the mathematical model. Acoustic elements also introduce
unsymmetric stiffness and mass coupling terms which require the use of an unsymmetric solver. The
unsymmetric fluid mass and stiffness matrices are also imported into the SASSI solution.

The rooftop transfer functions for the two solutions with the wet model are compared in Figure 6
which shows that the ANSY'S response is equivalent to the SASSI response. The acceleration time history
of this response is shown in Figure 8, which indicates that that the ANSYS response is equivalent to the
SASSI response. Response spectra are also generated at this same location as shown in Figure 7, which also
shows that the ANSYS response is equivalent to the SASSI response.

The pressure time history, calculated at a height 6 feet above the basemat, perpendicular to the
length, is shown in Figure 9. The pressure time histories for the ANSY'S response is equivalent to the SASSI
response.
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LUMPED PARAMETER MODELS

Rigid body constraints may be used to transform the reduced impedance matrix stored in the Soil Library
into a lumped parameter model with translation, rocking and coupled translation-rocking terms. Comparing
the lumped parameter model to various literature solutions provides a sanity check on the impedance
developed using SASSI and stored in the Soil Library. The effort required to perform this transformation is
trivial given the reduced impedance matrix.

Figure 10 shows the real and imaginary lumped parameter stiffness results which are derived from
a Soil Library, for a stiff soil with very light damping. The real and imaginary terms are normalized by their
value at the first frequency. The imaginary term is also scaled up by a factor of 10 for plotting clarity.

Overall, the shape and magnitude of the lumped parameter impedances are reasonable for this
problem which is a fairly uniform half space. However, both the real and imaginary terms have an unusual
oscillatory behavior that diminishes at higher frequencies. Investigation revealed that changing the depth
to the halfspace in the SASSI SITE module from 300 feet to 400 feet changed the period and amplitude of
the oscillations; which indicates that these perturbations are probably due to reflections off of the bottom
boundary. Further, examining the magnitude of the real terms, which dominates the impedance at low
frequency, the error in impedance due to the reflections is less than 10%. An engineer would not be aware
of these impedance variations without examining the lumped parameter values.
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Figure 10. Lumped Parameter Impedance, Real and Imaginary Terms

SUMMARY AND CONCLUSION

This paper develops an improved method of performing SSI analyses using a commercial finite element
code with a soil library. The use of a commercial finite element code solves the interface problem between
operating and SSI load cases by using the same model for both analyses. The need for simplified SSI
models, two step solutions or equivalent static loads are eliminated by this methodology.

The Soil Library consists of the impedance of a layered halfspace, with an excavation, at various
frequencies for various soils. The Soil Library is developed using SASSI and the impedance values stored
in the library are equivalent to the impedance in a SASSI solution. Since the Soil Library is frequency
dependent, the commercial finite element code solves the analysis in the frequency domain.

The use of a commercial finite element code allows a rich library of elements, including fluid
elements, constraints and substructures to be included in the SSI analysis. Most commercial finite element
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codes also have excellent post-processing tool which can significantly improve the understanding of seismic
behavior and communication of analysis results.

An example problem is presented which demonstrates that a traditional SASSI solution is
equivalent to a SASSI solution using a Soil Library solution. Additionally, the example problem
demonstrates that an ANSY'S implementation of the Soil Library with a frequency domain solution yields
results which are equivalent to a SASSI solution.

This methodology combines the best attributes of the commercial finite element code, with the best
attributes of SASSI and results in an efficient analysis methodology that is functionally equivalent to a
SASSI solution.
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