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Abstract  
Effects of soil nonlinearity are crucial in controlling the behavior of seismic wave propagation and seismic 
response of soil-structure systems. Site response analysis accounting for soil nonlinearity is important for 
proper evaluation of seismic demands on structures. In this project, we aim to develop and validate a 
nonlinear soil column module into the SCEC BBP platform, where a multi-axial bounding surface plasticity 
model is implemented. A stiffness-proportional viscous damping is integrated into the constitutive level of 
the nonlinear soil model. Then site response analysis of the Lotung site is performed by using the 1D-3C soil 
column with calibrated material properties. Through comparisons between the SCEC BBP nonlinear soil 
module and other finite element platforms as well as measured field data, excellent agreements are obtained 
for both single element material level test and site response analysis. 
 
1. Project Summary 
Propagation of seismic waves in soils is a complex phenomenon requiring advanced models to capture the 
responses of harder geological units and of the upper soft soil layers. Extensive work has been—and 
continues to be—carried out in the development and validation of numerical tools for the simulation of 
synthetic motions in hard geological units, including different rupture generation models and high-and-low 
frequency seismogram generation. Full utilization of such tools by the broader earthquake engineering 
community is not possible unless their capabilities are extended to include wave propagation in soft inelastic 
soil layers. This requires the use of finite element/difference platforms featuring advanced constitutive 
models to represent the wave propagation in nonlinear soils and coupling of this module to existing 
broadband earthquake generation tools. 

In the previous phase of this project, the PI’s implemented a non-linear constitutive model into a FEM site 
response tool. The tool was developed using OpenSees libraries, but it is completely independent of the 
OpenSees framework and does not require the TCL scripting language. The Borja-Amies bounding surface 
constitutive model was implemented into this tool to represent the inelastic/hysteretic behavior of surface 
soils (Borja and Amies, 1994).  The model is based on sound mechanics principles, and is well described 
mathematically and algorithmically. The required model parameters can be calibrated using field or 
laboratory data, as well as empirical relations that are deemed to have sound physical meanings both for 
engineers and seismologists (Zhang et al., 2017). The tool can be run independently or linked to other 
simulation frameworks like the SCEC Broad Band Platform. As part of this phase of the project a bash script 
was developed to integrate it into the BBP workflow such that a nonlinear analysis can be chosen as one of 
the existing BBP options. An important point is that ground motion simulations from the BBP models are 3D 
broadband time histories (0-100 Hz), making them perfectly adaptable to the computations of nonlinear soil 
response using the Borja-Amies model.  

 

To date, the constitutive model and FEM tool have been independently validated. Missing from this study is 
a more exhaustive verification and validation (V&V) framework using ergodic and non-ergodic cases. We 



believe the tool is reaching the maturity that is required to complete a more exhaustive V&V phase in 
coordination with other groups.  In this context, in this report we present the current status of the tool and 
explain the next steps to complete the project.  An initial V&V study was already performed using well-
accepted recorded field data at a downhole array in CA for which reliable material properties exist. We are 
also joining efforts with other groups (NHERI-SimCenter and NHERI-DesignSafe) aiming to validate similar 
tools. Progress to date includes validation using existing records for the Lotung site. A more exhaustive 
validation will require the tool to be properly connected to the current SCEC-BBP platform. This will need 
interaction with the SCEC IT group.  

This work adheres to the initiative for a Technical Activity Group to coordinate SCEC research on nonlinear 
shallow crust effects and complements a proposal by another group, which aims to validate the same 
constitutive model in different numerical platforms (including Hercules). In this context, the validation work 
proposed herein will yield important products that will be useful for that parallel effort as well. 

2. Background 
Numerical modeling of seismic wave propagation in complex media is an important task in seismic hazard 
studies. Over the last two decades, improvements in computing power, as well as the development of robust 
algorithms, have allowed to increase the frequency resolution in numerical simulations of ground motion. 
Concomitantly, improvements on regional velocity structure permit computing future ground motions over 
larger populated areas, such as Los Angeles, Salt Lake City, and Seattle, among others (i.e. Olsen and 
Archuleta, 1996; Roten et al., 2011; Frankel and Stephenson, 2000; Bielak et al., 2005). Most of these studies 
calculate wave propagation assuming material viscoelasticity. However, when strong shaking is involved, 
under particular soil conditions, material nonlinearity may be triggered. Many observations from past and 
recent earthquakes, for example, the 1994 Northridge, 1995 Hyogo-Ken Nanbu (Kobe), 1999 Chi Chi, 2000 
Tottori, 2011 Tohoku and 2015 Gorkha (Nepal) earthquakes show that nonlinear soil response is pervasive 
during strong motion (Aguirre and Irikura 1997; Field et al. 1997; Pavlenko and Irikura 2003; Roumelioti and 
Beresnev 2003; Bonilla et al. 2011; Rajaure et al. 2016). In particular, in the presence of cohesionless 
saturated material having predominant dilatant behavior, observed accelerograms present high-frequency 
spiky waveforms leading to large acceleration pulses (Iai et al. 1995; Bonilla et al. 2011; Laurendeau et al. 
2016). 

Taking into account nonlinear soil behavior is a difficult task because there are dozens of rheological models, 
from simple to complex ones, needing few or dozens of parameters to describe the nonlinear soil behavior. 
Furthermore, there is a lack of validated constitutive models to address soil nonlinearity in 3D. Indeed, most 
existing soil models have been created to perform One Dimensional, One-Computation direction (1D-1C) site-
specific studies.  In this project, we are interested in ground motion computations at a regional scale. In this 
sense, we need to use a rheological model that is robust enough, but uses the minimum parameters 
describing soil nonlinearity, either from laboratory or in-situ tests as well as published data in the literature. 
This is the case for the Borja and Amies (Borja et al., 1994) model we have implemented in several platforms 
and plan to validate going beyond conventional response spectra comparisons with observed data. Response 
spectra do not give information on the development of nonlinearity. Therefore, there is a need to investigate 
time histories instead, for example using non-stationary time-frequency analyses (i.e. Bonilla et al., 2011), 
and evaluate if existing computational tools capture the physics of what is observed on real data. 

 

3. Research Approach 
 



As indicated above this work aims to study the effect of soil nonlinearity on wave propagation. For this 
purpose, our current SCEC project has targeted the development and basic validation of the required 
numerical tools to address this problem.  In this context, the Borja and Amies constitutive model was first 
implemented into a FE tool to resolve the wave equation. This constitutive model is a thermodynamically 

sound and a relatively 
simple 3D constitutive 
model based on 
bounding surface 
plasticity. It requires 
calibration of four 
parameters with physical 
meaning; shear and bulk 
moduli and two 
hardening parameters, h 
and m. Its robust 
formulation and relative 
simplicity ensures an 
implementation that 
works efficiently together 
with finite element 
platforms. The limited 
number of parameters 
with physical meaning 

ensure the model can be calibrated to reproduce the response of real soils for which material information is 
available. Moreover, the required hardening parameters are related to information commonly available to 
geotechnical engineers and seismologists including shear wave velocity profiles, soil shear strength, and 
shear modulus degradation curves. To enhance its applicability we have added viscous effects that allows 
representation of small strain damping usually neglected in conventional plasticity. Figure 1(a) shows stress-
strain results comparisons for two different implementations of the model in ABAQUS and OpenSees and the 
effect of viscosity on the response. Figure 1(b) shows the target G/Gmax and damping curves as represented 
by Darendelli (2001) and reproduced by the Borja and Amies model. Notice a 1% small strain viscous damping 
has a profound effect on the predicted response. 

The finite element tool was developed to resolve the wave equation in the time domain. Existing open source 
libraries were used to produce an independent tool dedicated to the wave propagation analysis of one-
dimensional soil columns with three components (1D-3C). For this purpose OpenSees libraries were used as 
they have proven to be effective for the analysis of geotechnical and structural systems subject to 
earthquakes. This approach also allows adding other OpenSees components as they become available with 
minimum effort.  In our developments, the C++ language was chosen due to its robustness and efficiency.  
Conventional python scripts were also develop to connect results from BBP, the soil column tool, and to post-
process the results. The coupled analysis was made possible using two approaches: (a)A bash script that can 
be incorporated into existing apps or portals; and (b)Integrating the soil column tool into the existing BBP 
workflow such that a nonlinear analysis can be chosen as one of the BBP options. This was done on our own 
version of the SCEC BBP framework. In order to properly validate the tool it is necessary to evaluate our 
implementation with SCEC IT staff with the hope it can be included in the standard BBP distribution. Source 
codes, makefiles, and examples have been made available in GitHub. Figure 2 shows the workflow develop 
to connect the new nonlinear soil module with the existing SCEC BBP platform. The figure also shows a typical 
configuration file that can be used to define the type of 1D analyses to be performed and an example of a 
soil layer profile with three layers and their corresponding material properties. For a regional analyses this 
file could be automatically generated based on point information on a grid.   

 

Figure 1: (a) Stress-strain response by the Borja & Amies model implemented in 
ABAQUS and OpenSees for 2 visand proposed by Darendelli (2001), and (b)Stress 
strain curve from Borja and Amies model 



 

 

 

 

 

Figure 2: SCEC-BBP Soil module: (a) soil module workflow, (b) Typical config file for 1D soil analyses and soil layering 
and material properties definition. 

  

The modular nature of this tool allows easy integration with other exiting tools that could expand the use of 
the SCEC-BBP and the nonlinear soil module. Among them the Simcenter regional R2D tool has functionality 
to accommodate tools like the SCEC-BBP, as well as site response tools similar to the one develop here. 
Moreover, all these tools can be integrated into the SimCenter backend applications that run in the 
DesignSafe infrastructure. It is the intention of the PI’s to integrate SCEC-BBP with these tools too.   A typical 
R2D grid for the Alameda Island is shown in figure 3. At each grid point rock outcrop motions can be defined 
using existing databases (e.g. NGA-2) or generated using tools (e.g. SCEC-BBP) and soil properties can be 
determined using specific soil models for selected areas or using general information that can be downloaded 
from the cloud. R2D includes functionality that facilitate this process.   

SCEC BBP simulated time histories assume a horizontal geologic structure and do not account for topographic 
effects. Adding a nonlinear soil column does not resolve this problem and is also limited to 1D soil columns. 
However, this offers a first step towards more refined site response analyses including soil nonlinearity and 
permits studies at a regional scale. 3D FEM and FD tools like Hercules or SW4 allow for 3D analyses and 
topographic effects but are orders of magnitude more expensive computationally. The work develop in this 
project aims to bridge the gap providing a simple tool/module easy to use and link to existing infrastructure.      

 



 

Figure 3 – R2D Grid for Alameda Island showing thickness of liquefiable layer. 

 

 

During this phase of the project an 
early validation study was done. To this 
end, the event LSST7 of the Lotung site 
was selected to perform 1D site 
response analysis by using the 1D-3C 
soil column coupled with the Borja and 
Amies soil model. Material properties 
for Lotung site and the BA model are 
provided by Borja et al. (1999). Figure 4 
shows the layered FE model of the first 
47 m of the Lotung site with a fixed 
bottom condition (within boundary 
condition) and the profiles of the shear 
wave velocity and elastic shear 
modulus. The instrumented depths are 
specified by red circles (the lowest 

level is at the fixed boundary), with depth of 0m, 6m, 11m, 17m and 47m. The parameters of the BA model 
of all layers are the same, where R = 0.0015 Gmax, Ho=0, h=0.63 Gmax, m=0.97, ao=0, a1=0.005 and the 
Poisson's ratio is 0.48. Notice several of these parameters are related to Gmax that varies with depth. Besides, 
a uniform element size of 1m using stabilized single-point integration elements with time step size of Delta t 
= 0.02 sec is used for the numerical simulation.  

As shown in Figures. 5 – 7, the resulting acceleration time histories for various points and in all three 
directions are compared with the recorded data, as well as ones obtained from a similar analysis using the 

 

 Figure 4: 1D-3C site response analysis. Lotung downhole array 
recorded data and results from 1D-3C soil column tool powered by 
OpenSees and ABAQUS model.  



same model but performed in ABAQUS. It can be seen that excellent agreement is achieved for all recorded 
points and three directions. 

 

 

Figure 5: Comparison of accelerations in EW direction between the recorded signals and the predictions 
using OpenSees and ABAQUS models. 

 

 

 



Figure 6: Comparison of accelerations in NS direction between the recorded signals and the predictions 
using OpenSees and ABAQUS models. 

 

 

Figure 7: Comparison of accelerations in vertical direction between the recorded signals and the 
predictions using OpenSees and ABAQUS models. 

 

 

 

 Conclusions and future work 

A 1D-3C nonlinear site response module has been developed using OpenSees libraries and integrated into 
the SCEC-BBP platform using a flexible workflow that can be extended to other tools. The Borja and Amies 
constitutive model is implemented and proposed as a robust and efficient model to capture soil nonlinearity. 
Since the tool uses OpenSees libraries any other constitutive model available in this tool can be integrated in 
the site response tool. A stiffness proportional viscous damping is added to the Borja and Amies soil model 
to account for small strain damping. The site response tool was validated performing a 1D site response 
analysis of the event LSST7 of the Lotung site. Accurate predictions are observed when comparing the 
accelerations with recorded data and results obtained from simulations performed in ABAQUS, for various 
locations and all three directions.  

Missing from this study is a more proper validation study once the nonlinear soil module is connected to the 
current BBP and /or other tools like SimCenter R2D. A planned validation phase will be performed in two 
ways:  

a) site response analyses at locations with well-defined rock and soil data and for which recorded or 
accepted synthetic motions exists, and 

b) site response analysis using generic soil profiles and material properties defined in terms of 
accepted surface data (e.g. Vs30). Generic soil profiles provide the opportunity to validate the 



model at a regional level for areas that have been extensively evaluated. The generic velocity model 
for Southern California, SVM (Shi and Asimaki, 2018), conditioned on Vs30, will be used for this 
purpose and compared with other models recently developed for other areas like Seattle.To 
account for nonlinearity an approach similar to that proposed by Asimaki et al (2019) to link Vs 
profiles to G/Gmax curves will be followed.  The SCEC-BBP workflow in Figure  XX will be modified 
by including generation of soil profile realizations using SVM, and prescribing the BBP output as 
rock outcrop input motion. Most components of this work have already been developed, so the 
team will focus on repeating the validation exercise of the BBP as per Goulet et al. (2014). This 
phase of the project complements well with a similar research effort using the SeismoSoil tool. 
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