
SCEC Report: Proposal 19056

Verification and Validation of 3D Nonlinear Physics-based Ground
Motion Simulations: Phase I

PIs: Domniki Asimaki (Caltech), Kim Olsen and Daniel Roten (SCSD),

Jamison Steidl (UCSB), international participants

Introduction

Significant advances in physics-based earthquake ground motion simulations have
allowed us to move towards higher frequencies and finer resolution scales. Some
of the most prominent features that higher resolution models are called to account
for are the inelastic behavior of geomaterials in the shallow crust, which include
hysteresis and permanent or transient ground deformation. These effects span a wide
range of scales, affect the amplitude and duration of ground motions over a broad
range of frequencies, and are highlighted among the research priorities of SCEC5.
This work (in progress) is the first phase of a verification and validation exercise of
prominent ground motion codes developed and optimized for large-scale 3D nonlinear
ground motion simulations. These include one finite element code (Hercules); one
finite differences code (AWP) and two spectral element codes (SEM3D, SPEED).
The Garner Valley Downhole Array has been identified as benchmark site for the
validation exercises, in 1D and in future phases in 3D. Garner Valley was selected
because of the wealth of published studies on site characterization and nonlinear
properties, key elements of a successful long term validation study.

Progress Report

To overcome drawbacks of elastic-plastic constitutive models to realistically represent
the cyclic response of geomaterials, SCEC has recently funded two parallel efforts to
implement advanced elastoplastic constitutive models in two High-F ground motion
simulation codes, Hercules and AWP. In this project, we are developing a series of
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verification and validation exercises to evaluate codes and workflow of computing
seismic wave propagation in nonlinear media. In addition to the two SCEC High-F
codes, two spectral element codes developed by researchers at Paris-Saclay Univer-
sity (SEM3D) and Politecnico di Milano are participating in the exercise.

We wish to note here that progress on this project has been delayed as co-PI Barall
aborted the effort due to extemporaneous circumstances (funding was appropriately
deducted from the total budget); an incoming Caltech student intended to work on this
project has been facing international VISA entry complications, and now COVID-19
related travel restrictions; and two of the PIs have significantly reduced their time due
to COVID-19 related closure of childcare facilities. The remainder of the proposed
work will be integrated and presented as part of the recently funded Phase II of this
multiyear effort under SCEC Project 20070.

1. Development and Implementation on AWP-GPU-DM

Much progress was made in the implementation of the multi-surface Iwan model in
the accelerated, discontinuous mesh code AWP-GPU-DM, which will be used for the
verification simulations proposed in this project. Development of this code is also the
focus of separate SCEC award 19128. The development of the core CUDA kernels
which perform the stress updates and apply J2 plasticity to each individual yield
surface has been completed, and an overlay function which computes the global stress
field from the yield surface has been completed and tested as well. It was verified
that the Lame parameters and initial stresses associated with each yield surface are
consistent with the values computed by the MPI-based code branch AWP-CPU-Iwan
Roten et al. (2018) and in line with the method proposed by Kaklamanos et al. (2015).
To reduce the memory requirements on the GPU and to increase the computational
intensity of the code, the method was modified to re-compute the initial stresses and
Lame parameters during each iteration.

PIs Roten and Olsen have verified the correctness of the method against AWP-
CPU-Iwan, which has been verified against the 1D and 2D versions of Noah Bonilla
et al. (2006) by running one of the benchmarks used in the PRENONLIN project
Régnier et al. (2018). Figure 1 compares surface velocity time series obtained from
propagation of a Ricker-wavelet through the structure at KiK-net site KSRH10 using
the Iwan model in the CPU and GPU codes. Both codes yield similar results using
Iwan-type nonlinearity.

It is understood that the remaining, minor differences between the surface veloci-
ties predicted by two codes are related to the order of Lame parameter interpolations
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Figure 1: Surface velocity time series at KiK-net site KSRH10 obtained from linear and
Iwan-type nonlinear simulation using the GPU and CPU versions of AWP. The source
time function consists of a Ricker wavelet with a central frequency of 3 Hz and a peak
amplitude of 5 cm/s. Nonlinear predictions using the Iwan model were obtained using 10
yield surfaces.

and differences in the viscoelastic implementation. The team is currently working
on the verification of the Iwan model in AWP-GPU-DM using the 2D benchmarks.

2. Development and Implementation on Hercules

PI Asimaki, and collaborators Seylabi, Restrepo and Taborda implemented a bound-
ing surface multiaxial cyclic plasticity model introduced by Borja and Amies Borja
and Amies (1994) on Hercules. This model has been extensively tested and con-
sistently shown good performance Rodriguez-Marek (2000); Wang and Sitar (2006);
Zhang et al. (2017). It is based on the J2-bounding surface plasticity theory with a
vanished elastic region, where a mapping rule is used to ensure smooth transition of
the hardening modulus within the bounding surface. Using the exponential form to
define the hardening modulus, Borja et al. Borja et al. (1999) showed that under a
simple shear test condition, the relationship between the normalized shear modulus
G/Gmax and shear strain γ can be approximated as:

G/Gmax = 1 − 3

2hγ

∫ 2τ

0

(
ξ

τf + τ − ξ

)m
dξ (1)

where τ is the shear stress and h and m are the unknown hardening parameters that
can be obtained through curve fitting for a given G/Gmax curve and ultimate soil
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strength τf .
Finite element implementation of this model in Hercules – which uses an explicit

time integration method – calls for solving two nonlinear equations at each Gauss
point to compute the material update. The explicit method with sub-stepping and
automatic error control proposed by Sloan et al. Sloan et al. (2001) is favored to
numerically integrate these equations. After implementation, we first performed a
series of numerical experiments to verify the model. In all experiments, we modeled
the same problem in OpenSEES – the open system for earthquake engineering simu-
lation Mazzoni et al. (2006) – where a similar implementation of the plasticity model
by Wang and Sitar (2006) is available.

Results from the Hercules and OpenSEES implementations were in good agree-
ment across the range of numerical experiments1. Figure 2 shows a verification
example at the material point like setting. In Hercules, we at least need 8 elements
to create the domain, which is shown in Figure 2a. Elements are 8-node and hexa-
hedral with element size of 1.25m. In order to activate three dimensional behavior,
we prescribe nodal displacements in all three directions, i.e., Ux, Uy, and Uz. Since
we cannot perform static analysis in Hercules, we consider the triangular displace-
ment to replicate the pseudo-static setting with amplitude of 0.05 m. The material
properties are maximum shear modulus Gmax = 80 MPa, density ρ = 2000 kg/m3,
Poisson’s ratio ν = 0.3, h = 0.25Gmax, m = 1.5, Su = 173.2kPa. Figure 2b shows
the hysteresis loops for all components of the strain-stress tensor at the Gauss point
GP1 shown in Figure 2a, which demonstrates good agreements between the Hercules
and OpenSEES results.
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Figure 2: Material point performance of implemented model in Hercules.

1More information can be found at https://www.scec.org/proposal/report/18020.
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