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Abstract 
Presented is an energy based design and assessment framework for earthquake soil structure interaction (ESSI) systems.                
Presented framework is based on analytic calculation of seismic energy input and dissipation within the ESSI system.                 
All components of energy dissipation are accounted for, including material inelastic behavior damping, viscous              
damping, radiation damping and algorithmic/numerical energy dissipation. One the key components of the material              
inelastic damping is the proper modeling of plastic free energy, which ensures that the second law of thermodynamics is                   
enforced. A practical ESSI model composed of a frame structure, underlying soil, and soil-foundation interface is used                 
to illustrate proposed energy based analysis framework. 
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1.  Introduction 

Energy based design (EBD) is becoming a popular approach in the design and assessment of soil structure                 
interaction (SSI) systems. While the traditional force-based and displacement-based design concepts mostly            
focus on system’s peak response, EBD accounts for loading history effect by tracking accumulated material               
damage and time-dependent system response [1]. This is particularly important in the case of earthquake               
loading, where structures experience cyclic loading and continuously being damaged. 

In the past few decades, EBD has been widely used in studies of seismic performance of structural and SSI                   
systems. In most publications, energy analysis was carried out for simplified single degree of freedom               
(SDOF) and multiple degree of freedom (MDOF) systems [2-7]. This simplification is partially caused by the                
limitation of numerical analysis techniques and computational power at the time. With the improvement in               
modeling and simulation approaches, modern EBD can be improved to a new level of accuracy and                
efficiency. 

2.  Propagation and Dissipation of Seismic Energy in SSI System 

Fig. 1 illustrates the propagation and dissipation of seismic energy, from earthquake source to local site. Only                 
a portion of the potential energy released at earthquake source reaches the local site of interest. The focus of                   
this study is on the transformation of input mechanical energy within the local SSI system. 

 

Fig. 1. Seismic energy propagation and dissipation, from source to local site. 

For a SSI system under earthquake loading, as shown in Fig. 1, energy dissipation could be in the following                   
forms: 

● Material inelasticity/nonlinearity of soil; 
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● Material inelasticity/nonlinearity of structure; 

● Frictional slipping in the contact interface zone between soil and foundation; 

● Viscous coupling between pore water and soil skeleton in saturated or unsaturated soil; 

● Viscous damping in the structural components; 

● Material inelasticity or viscous damping in energy dissipators; 

● Radiation of mechanical energy out of the local site (usually referred to as radiation damping). 

In addition to the physical energy dissipation mechanisms, algorithmic damping, or numerical damping,             
should also be considered in numerical simulation of dynamic SSI systems. Yang et al. [8] pointed out that                  
these energy dissipation mechanisms model fundamentally different physical or mathematical phenomena,           
and do lead to different system responses. It is important to model each energy dissipation mechanism by                 
following proper physics and mathematics. 

3.  Modeling of Energy Dissipation in SSI System 

When developing a numerical model for SSI system, each component is modeled using a different material                
constitutive model (sand, clay, rock, steel, concrete, isolator, damper, or other soil/structural materials). It is               
important to realize that each model is developed with its own assumptions and limitations. As a result,                 
detailed energy computation approach varies for different material models and mechanisms. 

One common misconception on energy dissipation due to material inelasticity is worth pointing out here.               
When an inelastic material yields and continues to be loaded, plastic deformation is developed. In many                
studies, all plastic deformation is assumed to lead to energy dissipation. However, it has been proven,                
experimentally and theoretically, that part of the plastic deformation leads to change in plastic free energy.                
Farren and Taylor [9] identified the role of plastic free energy and plastic energy dissipation in a series of                   
experiments on metals and alloys. Since then, more work on this topic has been published [9-15]. 

Many of the commonly used soil models simply neglect plastic free energy, which leads to a common                 
misconception about plastic work and plastic energy dissipation. Ziegler and Wehrli [9] derived constitutive              
relations for most popular soil models from free energy and dissipation function. Collins and Kelly [12]                
analyzed a family of soil models, including Mohr-Coulomb, original Cam clay, modified Cam clay, using the                
thermomechanical theory. Feigenbaum and Dafalias [13] presented a new interpretation of the            
pressure-independent, von Mises type material models under the thermomechanical framework. Yang et al.             
[15] proposed an energy dissipation computation approach for the pressure-dependent, Drucker-Prager           
plasticity models. 

For the modeling of structural components, like beam-column and wall, nonlinear fiber section technique              
developed by Spacone et al. [16] is widely used. Concrete and steel are modeled as uniaxial fiber materials                  
along the span of beam/column. The uniaxial steel model originally developed by Menegotto and Pinto [17]                
and later extended by Filippou et al. [18] is capable of capturing the nonlinear hysteretic behavior and                 
isotropic strain-hardening effect of steel. Yassin [19] developed an uniaxial concrete material model based on               
the work of Kent and Park [20] and Scott et al. [21]. Yang et al. [22] developed formulations of plastic                    
energy dissipation for the previously mentioned uniaxial structural material models. 

Viscous damping is the result of dissipative interactions between solids and viscous fluids. Caughey damping               
[23], as well as its special case Rayleigh damping, is usually used to model viscous damping. As pointed out                   
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by Hall [24], Rayleigh damping could cause unrealistically high damping forces, if the damping parameters               
are not chosen reasonably. Yang et al. [8] showed that unrealistic Rayleigh damping could easily overwhelm                
other energy dissipation mechanisms and lead to overconfidence in SSI system design. 

Numerical damping does not represent any physical process but is used in time integration algorithms to                
achieve stable, converged simulation results. Newmark family algorithms [25-27] are the most commonly             
used time integration schemes. It should be mentioned that Newmark algorithm has been shown to have                
instability issues in certain cases [28]. And a few energy conserving time integration algorithms [28-31] were                
developed to mitigate this issue. Nonetheless, Newmark integration algorithm remains a popular choice and              
has proven to be reliable for finite element (FE) simulations within the scope of this work. 

4.  Numerical Example 

The presented EBD analysis framework is implemented in the Real-ESSI Simulator System [32]. All              
aforementioned material models, elements, damping types, and solution schemes that are necessary for             
analyzing ESSI problems are available in Real-ESSI. The energy computation results can be directly              
visualized using ParaView [33] so that engineers can easily use this information to evaluate their designs.                
Detailed documentation of the code and more numerical examples can be found in Jeremić et al. [34]. 

 

Fig. 2. Numerical model of the reinforced concrete frame, inelastic soil, and frictional interfaces. 
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An overview of the SSI model is shown in Fig. 2. The main components of the model include: 

● A reinforced concrete frame modeled using beam-column elements, as well as the previously             
discussed steel and concrete fiber material models. The 4 story by 4 bay frame is modified after one                  
of the code-conforming designs by Haselton et al. [35]. 

● The underlying soil modeled using regular 27-node-brick elements and Drucker-Prager inelastic           
material model with Armstrong-Frederick kinematic hardening. 

● The interfaces between soil and foundation modeled using the nonlinear, stress-based, frictional            
slipping contact elements. 

● A layer of DRM elements, for earthquake loading, modeled using 27-node-brick elements and linear              
elastic material. 

● A few damping layers outside the DRM layer, to absorb the outgoing waves, also modeled using                
27-node-brick elements and linear elastic material. 

An inclined Ormsby wavelet motion is used in this study. Shown in Fig. 3 is the input Ormsby motion at                    
earthquake source. The peak ground displacement at source is about 0.012 m, which will be amplified when                 
reaching the local site. The angle of inclination is 15°, which is within the common range for realistic seismic                   
motions. The motion has frequency contents between 1 Hz and 4 Hz, with a constant peak between 2 Hz and                    
3 Hz in frequency domain. Note that this frequency range covers the first and possibly the second                 
eigenfrequency of the frame model. 

 
(a) Time history (b) FFT Spectrum 

Fig. 3. Input Ormsby wavelet motion at earthquake source. 

Fig. 4 presents the distribution of plastic energy dissipation evolving with time. Note that the interface                
elements between foundation and soil have zero volume, so small spheres are used to represent them in                 
energy visualization. At t = 5 s shown in Fig. 4(a), before any significant motion reaches the frame, there is                    
no plastic dissipation in the model. Then between t = 5 s and t = 8 s, plastic dissipation continuously                    
accumulates in the frame, underlying soil, and soil-structure interface zones. Plastic dissipation in frame              
elements is concentrated around the connections between beams and columns. This is consistent with              
common knowledge on structural analysis. It is interesting to see that significant plastic dissipation is               
accumulated in the top two floor levels, while the lower floors see almost no dissipation. 
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(a) t = 5 s (b) t = 6 s 

 
(c) t = 7 s (d) t = 8 s 

Fig. 4. Distribution of plastic energy dissipation evolving with time. 

After identifying zones with large amounts of plastic dissipation, which indicates material damage, the next               
step is to investigate the accumulation of energy dissipation at specific locations. Fig. 5 shows the evolution                 
of plastic dissipation density at the locations marked in Fig. 4 (a). For all locations, the rise of plastic                   
dissipation happens at around t = 6 s, which is also when the peak displacement response is observed. Notice                   
that the dissipation density at interface locations are two magnitudes larger than that at frame or soil                 
locations. This is expected since the interface elements have much larger localized deformations, i.e.              
frictional slipping, that lead to highly concentrated energy dissipation. 

 
(a) Frame locations (b) Soil locations (c) Interface locations  

Fig. 5. Evolution of plastic dissipation density at various locations. 
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5.  Conclusions 

Presented was an EBD framework for SSI system that was developed based on thermodynamics and               
engineering mechanics. Existing EBD approaches usually simplify realistic SSI system to MDOF, or even              
SDOF, model. The proposed EBD framework makes use of advanced modeling and simulation techniques so               
that the energy analysis provides more accurate and detailed information regarding system performance and              
safety. 

In order to illustrate the proposed EBD framework, a practical SSI model composed of a frame structure,                 
underlying soil, and soil-foundation interface was analyzed. Locations with high accumulated plastic            
dissipation were identified in frame, soil, and soil-foundation interface. Time histories of plastic dissipation              
density at various locations were also plotted. It was observed that, for every location, energy dissipation                
density had a sudden increase when the peak of input motion arrived at the frame. Using this example, it was                    
illustrated that the proposed EBD framework is advantageous in following accumulated material damage and              
system performance during the entire loading history. 
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