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ABSTRACT

Presented is a methodology and application for complete seismic energy flow calculations for a soil structure
system, focusing on nuclear installations (NIs). Dissipation of seismic energy is calculated analytically
from a number of physical and mathematical dissipation mechanisms, including seismic wave reflection and
radiation, material inelasticity, viscous damping, and numerical damping. Derived theoretical equation for
each energy dissipation mechanism is presented and illustrated. The developed energy analysis methodology
has been implemented in the Real-ESSI Simulator system, for modeling and simulation of soil structure
systems like NIs. Practical examples are used to illustrate design and upgrade of NIs to maximize seismic
energy dissipation by design, and minimize damage to structural and other important components. Each
mechanism of energy dissipation and production is carefully analyzed and illustrated. It is shown that the
design of new and upgrade of current NIs can benefit from the presented methodology.

INTRODUCTION

Energy-based design (EBD) concepts are gaining popularity in design and analysis of structures and soil
structure interaction (SSI) systems, including nuclear installations (NIs). Compared with the traditional
forced-based and displacement-based design methods that only focus on peak response, EBD is capable of
evaluating the performance of SSI system throughout the entire loading history. Specifically, material energy
dissipation is directly related to material damage, which makes it a suitable design parameter for NIs and
other critical infrastructures.

There are a number of potential dissipation mechanisms, physical and mathematical/algorithmic, in
the modeling of SSI system:

- Inelastic, nonlinear behavior of soil adjacent to and below structure
- Inelastic, nonlinear behavior of contact between structural foundations and soil/rock
- Inelastic, nonlinear behavior of structural components
- Inelastic, nonlinear behavior of dissipation devices, dissipators
- Viscous damping from coupling of solids/structures and internal/external fluids
- Numerical/algorithmic energy dissipation/production
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Each mechanism of energy dissipation needs to be carefully analyzed and illustrated. For any significant
seismic motion, majority of energy is dissipated through inelasticity of soil and contact zone, while energy
dissipators (frictional pendulum, etc.) can also be used for such purposes. Design of new and upgrade of
current NIs can benefit from presented methodology. For example, new design and upgrade of current NIs
can be modified to dissipate seismic energy in soil, contact zone, and dissipation devices, and away from
structural components.

The concept of EBD has been continuously evolving since it was presented decades ago. Early
EBD approaches were developed for simplified models, like single degree of freedom and multiple degree
of freedom (MDOF) systems (Zahrah and Hall, 1982, Uang and Bertero, 1990, Sucuoǧlu and Nurtuǧ,
1995). Many recent studies were developed upon the early EBD concepts and incorporates more practical
considerations (Manfredi, 2001, Moustafa, 2011, Mezgebo and Lui, 2017, Papazafeiropoulos et al., 2017).
On the other hand, energy dissipation modeling based on thermodynamics and elastoplasticity has been
investigated extensively by Ziegler and Wehrli (1987), Collins and Houlsby (1997), Rosakis et al. (2000),
Feigenbaum and Dafalias (2007), Yang et al. (2019b).

Taking advantage of the advances in numerical modeling techniques, the accuracy and efficiency
of EBD analysis can be significantly improved. The Real-ESSI Simulator (Jeremić et al., 2019a) used in
this study is a high fidelity numerical tool that is capable of modeling the nonlinear, inelastic behavior of
structure, soil, and their interaction. Documentation and examples of Real ESSI can be found in Jeremić
et al. (2019b). As will be shown in this paper, the distribution and evolution of energy dissipation due to
different mechanisms can be properly modeled using the presented analysis framework.

THEORETICAL FRAMEWORK

Upon reaching the site, only part of the mechanical energy carried by the seismic waves flows through
the local SSI system, and leads to the dynamic responses of soil and structure. Another part of the input
mechanical energy is reflected back and propagates outside of the local domain of interest. This phenomenon
is usually referred to as radiation damping in the field of earthquake engineering.

Within the local SSI system, seismic energy is dissipated due tomaterial inelasticity (in soil, structure,
and contact zone), viscous coupling between soil grains and pore fluids, and energy dissipators placed in
the building or foundation. On top of the physical dissipative processes, algorithmic damping is frequently
used to achieve stable simulation result in numerical studies. These energy dissipation mechanisms model
fundamentally different physical or mathematical phenomena, and lead to different system responses. It
is important to model each energy dissipation mechanism by following proper physics and mathematics.
The presented framework focuses on modeling the transformation and dissipation of seismic energy after it
reaches a local SSI system.

According to Yang et al. (2018b), the incremental form of energy balance for a dynamic inelastic
system can be expressed as

∆WInput = ∆EK + ∆DV + ∆ES + ∆EP + ∆DP (1)

where the right hand side of Equation 1 is the increment of external input work ∆WInput , the five terms on
the left hand side of Equation 1 are the incremental kinetic energy ∆EK , the incremental viscous energy
dissipation ∆DV , the incremental elastic strain energy ∆ES , the incremental plastic free energy ∆EP, and
the incremental plastic energy dissipation ∆DP.

Note that, for different inelastic material models, the calculations of energy dissipation have different
forms. The energy calculation approaches for various material models and energy dissipation mechanisms
were derived in previous studies by Yang et al. (2018a,b, 2019a,b). Key equations of the presented EBD



25th Conference on Structural Mechanics in Reactor Technology
Charlotte, NC, USA, August 4-9, 2019

Division III

framework are briefly discussed below.

Von Mises Plasticity for Pressure-Independent Solid

The local, incremental form of the plastic dissipation energy density is expressed as

φ = σi j∆εi j − σi j∆ε
el
i j − ∆ψ

pl = σi j∆ε
pl
i j − ∆ψpl ≥ 0 (2)

where φ is the incremental plastic energy dissipation density, σi j is the stress tensor, ∆εi j is the incremental
strain tensor, ∆εeli j is the incremental elastic strain tensor, ∆ε pli j is the incremental plastic strain tensor, and
∆ψpl is the incremental plastic free energy density. According to the second law of thermodynamics, the
incremental plastic energy dissipation density should always be nonnegative during any time period.

Von Mises Plasticity is one of most simple yet effective constitutive model for pressure-independent
materials, like metals and alloys. For von Mises plasticity model with kinematic hardening, the incremental
plastic free energy density is written as

∆ψpl =
3

2ha
αi j∆αi j (3)

where αi j is the back stress tensor defined as the center of yield surface in stress space and ha is a nonnegative
hardening constant. Detailed derivation and discussion on Equation 3 were presented by Yang et al. (2018a).
Then, the plastic energy dissipation is calculated by substituting Equation 3 into Equation 2.

Drucker-Prager Plasticity for Pressure-Dependent Solid

Drucker-Prager type plasticity is used to model pressure-dependent materials, like soils and rocks. Collins
and Houlsby (1997) and Yang et al. (2019b) pointed out that non-associated plastic flow rule should be used
for pressure-dependent frictional material. Thus, the Drucker-Prager plasticity referred to in this paper is
non-associated, which means that the plastic flow direction is not necessarily normal to the yield surface.

For non-associated Drucker-Prager plasticity model with Armstrong-Frederick kinematic hardening,
the incremental plastic free energy density is written as

∆ψpl =

(
3

2ha
αi j∆αi j − mvol

ii ∆λ

)
p (4)

where mvol
i j is the volumetric part of the normalized plastic flow direction tensor mi j , ∆λ is the scalar loading

index that equals to the magnitude of incremental plastic strain, and p = −(1/3)σkk is the mean stress, or
hydrostatic pressure.

Note that the main differences between Equation 4, for Drucker-Prager plasticity, and Equation 3, for
von Mises plasticity, are the pressure dependency and an additional term for volumetric plastic flow. Details
on Equation 4 were discussed in an earlier paper Yang et al. (2019b). After plastic free energy is obtained,
the plastic energy dissipation is calculated by substituting Equation 4 into Equation 2.

Viscous Damping

Viscous damping is the result of dissipative interactions between solids and viscous fluids in a SSI system.
In current practice, viscous damping is commonly modeled using Rayleigh damping, due to its simplicity
and effectiveness. The incremental energy dissipation caused by viscous damping ∆DV , in Equation 1, can
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be calculated using the equation given by Yang et al. (2018b)

∆DV = Ci j u̇ j∆ui (5)

where Ci j is the damping matrix and ui is the generalized displacement vector. A damping matrix of the
Rayleigh type can be written as

Ci j = aM Mi j + aKKi j (6)

where aM and aK are the damping coefficients, Mi j is the mass matrix, and Ki j is the stiffness matrix.

Numerical Damping

When time domain FE simulation is used for analysis of SSI systems, numerical damping, or algorithmic
damping, is always introduced into the system by the chosen time marching algorithm. For nonlinear
inelastic systems, numerical damping helps to achieve stable and converged simulation results. However,
numerical simulation results with inappropriate numerical damping are not reliable, thus could lead to
incorrect deductions and conclusions.

Newmark time integration method Newmark (1959) is used for all cases in this study. Based on the
paper by Krenk (2006), the explicit expression for the amount of algorithmic energy dissipation over one
time increment was derived by Yang et al. (2018b). Note that when the Newmark parameters γ = 0.500
and β = 0.250, no algorithmic energy dissipation exists. For other values of γ and β, algorithmic energy
dissipation, or even energy production in some rare cases, is observed in the system.

NUMERICAL EXAMPLE

The numerical example shown in Figure 1 is a nuclear power plant (NPP), along with the underlying soil
and the interface between soil and foundation, under earthquake motion loading. This model is modified
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Figure 1: Numerical model of nuclear power plant with shallow foundation.

after the NPP model developed by Sinha et al. (2017), with changes in material models and parameters. The
details of the numerical model and material parameters, as well as the input seismic motion, are presented in
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this section. Simulation results, particularly, the energy dissipation distribution and evolution, are discussed
to illustrate the proposed EBD analysis framework.

Model Description

All components of the NPP model used in this study is shown in Figure 1. The NPP structure is modeled
using 4-node-shell elements with linear elastic material. The soil is modeled using 8-node-brick elements
with inelastic Drucker-Prager material. The soil-structure interface is modeled using nonlinear, inelastic
contact elements. Material model parameters used in this paper are summarized in Table 1. Figure 2 and

Table 1: Material model parameters.

Parameter Unit Value

Soil

mass_density kg/m3 2100
elastic_modulus GPa 1.3
poisson_ratio 0.3
drucker_prager_k 0.1
cohesion kPa 200
rounded_distance kPa 25
dilatancy_angle 0
armstrong_frederick_ha MPa 5
armstrong_frederick_cr 20
isotropic_hardening_rate Pa 0

Structure
mass_density kg/m3 2400
elastic_modulus GPa 20
poisson_ratio 0.21

Interface

initial_axial_stiffness MPa 400
stiffning_rate 100
max_axial_stiffness GPa 20
initial_shear_stiffness kPa 800
axial_viscous_damping Pa · s 0
shear_viscous_damping Pa · s 0
residual_friction_coefficient 0.364
shear_zone_thickness mm 10
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Figure 2: Soil material behavior.
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Figure 3: Interface material behavior.

Figure 3 show the constitutive behaviors of the soil and interface material models, respectively, for the
parameters given in Table 1. For more details of the NPP model used in this study, please refer to the paper
by Sinha et al. (2017).

Input Seismic Motion

The seismic motion used in this study was developed by Rodgers (2017) using SW4 (Serpentine Wave
Propagation of 4th order) Petersson and Sjögreen (2017) for an earthquake of magnitude (Mw) of 5.5. The
acceleration time-series of this motion at the soil surface is shown in Figure 4. The peak ground accelerations
(PGA) in x and y directions are both roughly 0.5 g. Significant vertical motion, with a PGA of 0.2 g, is also
observed in Figure 4.

Fourier transform and response spectrum of the motions are shown in Figure 5. It can be seen that
the input motion mostly has frequency contents lower than 15 Hz. Response spectrum shows acceleration
amplification for natural periods smaller than 0.5 s. Sincemany crucial structural andmechanical components
of NPP operate at high frequencies, it is important to consider the high frequency contents of input motion.
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Figure 4: Acceleration time series of the input seismic motion.
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Figure 5: Fourier transform and response spectrum of the input seismic motion.

Domain Reduction Method (DRM) (Bielak et al., 2003) is used to apply seismic motions generated
from SW4 all around the model as shown in Figure 1. The DRM layer here is modeled as a single layer of
elastic solid elements. Three damping (absorbing) layers adjacent to DRM layer are used to prevent wave
reflection. For this analysis, Rayleigh damping is applied in each of the damping layers.

Simulation Results

Figure 6 shows the acceleration response at the top of the containment building. The PGA in the horizontal
x direction is about 0.6 g, which is close to the horizontal PGA of the input seismic motion. Note that this
is actually the combined effect of site amplification and response reduction due to energy dissipation in soil
and soil-foundation interface. There is also a significant amount of acceleration in the vertical direction,
which can be destructive to the equipment in the containment building.
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Figure 6: Acceleration time series and Fourier transform at the top of the containment building.
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Figure 7 presents the distribution of plastic energy dissipation in theNPPmodel during the simulation.
At t = 0 s, before the seismic motion arrives at the local site, there is no energy dissipation in any part of
the model. Then, as the motion starts to propagate around the local NPP model, plastic energy dissipation
starts to accumulate at various locations. Obviously, due to the seismic motion and the NPP model itself,
the distribution of plastic energy dissipation is not uniform throughout the model. The majority of plastic
dissipation is observed in the soil-foundation interface zone, under the containment building. Such energy
response is expected for SSI system with shallow foundation. This could be desirable, as the energy carried
by the seismic motion is largely dissipation before it enters the structure. In this case, the safety of the
pipes, cables, and other connecting devices coming in or out of the structure need to be ensured, since large
localized deformations are expected at these locations.

(a) t = 0 s (b) t = 12 s (c) t = 40 s

Figure 7: Distribution of plastic energy dissipation in the NPP model at different times.

Besides the overall distribution, the energy dissipation density at specific locations within the model
can also be examined. Figure 8 shows the evolution of plastic energy dissipation density at the soil-foundation
interface below the containment building center. It can be seen that energy dissipation starts to accumulate
at about t = 10 s, which means frictional slipping is encountered. This also explains the significant increase
in the acceleration response in the structure after t = 10 s, as can be observed in Figure 6.
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Figure 8: Evolution of plastic energy dissipation density at the soil-foundation interface below the contain-
ment building center.
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CONCLUSION

Presented was an improved EBD analysis framework developed based on proper thermodynamics and
mechanics for SSI systems, including NIs. Theoretical equations for energy dissipation due to various
mechanisms were presented and discussed. The calculation of plastic energy dissipation should properly
consider all forms of energy in inelastic materials, especially plastic free energy. It was also noted that
each energy dissipation mechanism should be modeled individually and properly, to ensure the reliability of
numerical simulation results.

A practical NPP example was used to illustrate the developed EBD framework. Inelastic, pressure-
dependent Drucker-Prager material model was used for soil. Frictional slipping interface between soil and
foundation was also modeled using contact elements. Input seismic motion was applied using DRM with
absorbing boundary layers. Simulation results indicated combined effects of site amplification and inelastic
reduction. It was shown that the majority of energy dissipation occurred at the soil-foundation interface. The
evolution of plastic dissipation density below the containment building center was also investigated. Using
these energy analysis results, the safety of SSI system designs can be evaluated and improved.
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