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Abstract 
 

This paper presents on-going challenges in the present paradigm shift of earthquake-
induced ground motion prediction from empirical to physics-based simulation methods. 
The 2010-2011 Canterbury and 2016 Kaikoura earthquakes are used to illustrate the 
predictive potential of the different methods. On-going efforts on simulation validation 
and theoretical developments are then presented, as well as the demands associated with 
the need for explicit consideration of modelling uncertainties. Finally, discussion is also 
given to the tools and databases needed for the efficient utilization of simulated ground 
motions both in specific engineering projects as well as for near-real-time impact 
assessment. 
 
Keywords: Physics-based ground motion simulation, 2010-2011 Canterbury 
earthquakes, 2016 Kaikoura earthquake 
 
1. INTRODUCTION 
 
Earthquake-induced ground motion prediction is presently under-going a paradigm 
shift from the empirical prediction of ground motion intensity measures (IMs, e.g. PGA, 
SA), based on regression analysis of observed IMs from past earthquakes, toward the 
use of physics-based simulation methods that directly predict the ground motion time 
series (i.e. multi-component acceleration as a function of time). 
This paradigm shift is presently occurring as a result of three key factors. Firstly, the 
diminishing returns offered from the continual efforts in empirical ground motion 
modelling – most evident in terms of the lack of any appreciable reduction in the 
standard deviation of IM prediction over four decades (Douglas 2003, Strasser et al. 
2009). Secondly, recent well-recorded earthquakes (such as those discussed herein, 
among others) illustrate that, even now, physics-based simulation methods provide 
predictions that are comparable to, or even superior than, those from empirically-based 
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predictions (Bradley et al. 2015, Bradley et al. 2017c, Dreger et al. 2015, Goulet et al. 
2015, Graves and Pitarka 2010). Thirdly, the physics-based nature of such simulations 
provides a natural framework within which a substantially greater volume of data from 
seismological observations can be synthesized, enabling the incorporation of region and 
site-specific features – thus promising appreciable improvements in the ability to reduce 
prediction uncertainties in the coming years, and realizing the flow-on benefits in the 
seismic design and assessment of built infrastructure (Wang and Jordan 2014). 
This paper provides a discussion of the on-going challenges to accelerating this 
paradigm shift in ground motion prediction. An overview of physics-based and 
empirical prediction of the 2010 Darfield, 2011 Christchurch and 2016 Kaikoura, New 
Zealand (NZ) earthquakes is first presented to directly compare and contrast these two 
methods of prediction and examine their strengths and weaknesses. The on-going 
challenges in physics-based ground motion prediction are examined, namely: continued 
validation against recorded earthquakes to demonstrate the predictive capability of such 
methods and most efficiently identify avenues for improvement; theoretical 
developments in source, path, and site modelling within ground motion simulation; the 
explicit consideration of modelling uncertainties in simulations; accessible databases 
by which simulations can be utilized by non-experts in engineering application; and 
finally the use of simulations in near-real-time impact assessment. 
 
2. GROUND MOTION PREDICTION OF THE 2010 DARFIELD, 2011 

CHRISTCHURCH, AND 2016 KAIKOURA EARTHQUAKES 
 
2.1 Overview and tectonic setting 
 
NZ strides the plate boundary between the Pacific and Australian plates, with numerous 
large magnitude earthquakes occurring during the instrumental period.  The 2010 
Darfield and 2011 Christchurch earthquakes (as part of the Canterbury earthquake 
sequence) and the 2016 Kaikoura earthquake, whose locations are noted in Figure 1, 
are the most significant events to occur over the past decade, and arguably the most 
impact events since the 1931 Napier earthquake.  Because of their geographical 
proximity, rupture complexity, and the dense network of strong motion stations in the 
region, these events provide a significant opportunity for the examination of ground 
motion features and validation of ground motion prediction methods.  
Ground motion prediction using empirical and physics-based methods have been 
previously presented for these three events (Bradley et al. 2015, Bradley et al. 2017c, 
Razafindrakoto et al. 2017), and therefore in this paper attention is given to a summary 
of the insights from such validation in order to contextualize the subsequent discussion 
of the on-going challenges in this field. 
 
2.2 Details of physics-based ground motion prediction  
 
Physics-based ground motion predictions for these three earthquakes (Bradley et al. 
2015, Bradley et al. 2017c, Razafindrakoto et al. 2017) utilized the Graves and Pitarka 
(2015) methodology, a 'hybrid' approach in which the low frequency (LF) waveforms 
are comprehensively computed by solving the elastodynamic equation in a 3D crustal 
model domain (using finite differences), while the high frequency (HF) waveforms 
utilise a phenomenological simplified physics approach.  In the simulations of the 2010 
Darfield and 2011 Christchurch earthquakes a transition frequency between the LF and 
HF approaches of 𝑓 = 1𝐻𝑧 was utilized (based on a spatial grid of 100m and a 
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minimum shear wave velocity of 500m/s), while for the 2016 Kaikoura earthquake a 
transition frequency of 𝑓 = 0.5𝐻𝑧 was adopted (i.e. a 200m spatial grid) because of the 
larger spatial domain.   
In the adopted methodology, the seismic source is prescribed in the form of a kinematic 
rupture description.  The specific kinematic rupture generator utilized in the simulations 
is described by Graves and Pitarka (2015), based on the default parameters of that 
model, and extended to consider multi-segments ruptures for the 2010 Darfield and 
2016 Kaikoura earthquakes, as described in the aforementioned references. 
Figure 2 illustrates the spatial distribution of simulated peak ground velocity for the 
three events which highlights, in particular, the importance of source directivity and 
sedimentary basin effects on amplifying surface ground motions.  The role of source 
directivity is least pronounced in the 2011 Christchurch earthquake because of its 
moderate magnitude and the general misalignment of the direction of rupture 
propagation and slip vectors (Bradley and Cubrinovski 2011).  Directivity in the 2010 
Darfield earthquake was most pronounced in central and northern Christchurch as a 
result of the west-to-east rupture of the Greendale fault (Bradley 2012). Finally, while 
the 2016 Kaikoura earthquake was the result of an exceptionally complex multi-
segment rupture, strong directivity effects were present in the north eastern part of the 
South Island and the Wellington region as a result of the general south-to-north rupture 
propagation direction (Bradley et al. 2017c). 
 
2.3 Comparison of observed and predicted ground motion IMs for the 2016 

Kaikoura earthquake 
 
Figure 3 illustrates the ground motion spectral amplitudes for four vibration periods 
(T=0.0, 0.2, 3.0, and 10.0s) as a function of source-to-site distance for the 2016 
Kaikoura event. The observed and simulated ground motion amplitudes for the 162 
stations within the simulation domain are shown. In addition to the simulation 
predictions, for reference, the NZ-specific empirical ground motion model of (Bradley 
2013b) is also shown. 
It can be seen that the simulation provides a generally good comparison with the 
observed amplitudes. In particular, the observed distance attenuation of short period 
amplitudes (i.e. T=0.0 and 0.2s) is consistently predicted by the simulations, while the 
empirical model predicts a slower attenuation; conversely at long periods, the empirical 
model predicts a faster attenuation than exhibited by both the observed and simulated 
amplitudes. 
Figure 3 also separately annotates the simulated and observed amplitudes based on their 
location in either the North or South Island, which both consistently illustrate higher-
than-average amplitudes of North Island ground motions relative to those in the South 
Island for the same source-to-site distance - because of the aforementioned effect of 
rupture directivity. 
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Figure 1. Location of the 2010 Mw7.1 Darfield, 2011 Mw6.2 Christchurch, and 2016 
Mw7.8 Kaikoura Earthquakes in the context of New Zealand.  Slip amplitudes for the 
2010 and 2011 events have the same colour scale, but a different scale is used for the 
(larger) Kaikoura event.  Mapped active faults are shown in red. 

 
Figure 2. Simulated peak ground velocities for the 2010 Darfield, 2011 Christchurch, 
and 2016 Kaikoura events.  Strong motion station locations, which recorded the 
consequent ground motions, are shown in white triangles. 

2.1 Overall spectral acceleration bias with period for all three earthquake events 
 
Figure 4 illustrates the mean, and ± one standard deviation range of the prediction 
residuals for each of the three earthquake events.  The residual is defined as the 
logarithm of the observations defined by the ground motion model (GMM; either the 
physics-based or empirical).  For the 2011 Christchurch and 2010 Darfield events it can 
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be seen that the physics-based and empirical residuals have a similar mean at short 
vibration periods (T<1s), for which the physics-based prediction is dominated by the 
HF ‘simplified physics’ portion of the simulation.  At long periods (T>1s) in these two 
events, the physics-based prediction tends to outperform the empirical prediction, 
illustrating the benefit of the ‘comprehensive physics’ in the LF portion of the 
simulation.  Finally, in the 2016 Kaikoura event it can be seen that the physics-based 
simulation performs better than the empirical prediction at short periods (T<1s), 
principally because of its ability to consider the amount of slip on each of the multiple 
fault segments, whereas the empirical model simply uses the source-to-site distance 
based on the nearest fault segment (Bradley et al. 2017c).  At long periods (T>2s) it can 
be seen that both physics-based and empirical predictions exhibit bias, in opposite 
directions, principally due to the uncertainty in the source characterization of this recent 
event.   
 

  

  
Figure 3. Observed, physics-based and empirically-predicted geometric mean ground 
motion intensities as a function of source-to-site distance (Rrup) for the 2016 Kaikoura 
Earthquake. Symbol shape indicates location of the station in the North or South Island. 
The median, and 16th/84th percentiles of the empirical prediction Bradley (2013) are 
represented by solid and dashed lines, respectively.  
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Figure 4. Comparison of spectral acceleration residual distribution as a function of 
vibration period for the three considered events based on physics-based and empirical 
ground motion predictions. The solid line represents the mean of the residual 
distribution and the shaded region the ± one standard deviation range.  

 
3. ON-GOING CHALLENGES IN GROUND MOTION SIMULATION 
 
This section examines on-going challenges in ground motion simulation in order to 
accelerate the transition toward their utilization in engineering practice. While attention 
is focused on simulation methods, this does not imply that an analyst must make an 
exclusive choice between physics-based or empirical methods. Because it is convention 
to consider ground motion prediction via multiple models in a logic tree framework, 
then both empirical and physics-based methods can be used in tandem via multiple 
models. Because logic tree weights should be assigned based on predictive capability 
(i.e. inversely proportional to the uncertainty in the prediction), then the sentiments in 
the introduction imply that over time simulation methods will progressively receive 
greater logic tree weighting relative to empirical methods, until the point where the 
sensitivity to the empirical model weights becomes insignificant. 
 
3.1 Prediction validation for simulation utilization in engineering practice 
 
As the previous section illustrated via example, validation of ground motion simulation 
methods is imperative to understand predictive capability in terms of prediction 
uncertainty and also the particular parameter space (i.e. specific source, path and/or site 
conditions) for which prediction can be most easily improved. A detailed discussion of 
verification and validation as a formal process for developing predictive capability in 
computational modelling is provided in Oberkampf et al. (2002). 
In addition to individual validation studies, more recently larger coordinated efforts to 
verify and validate ‘broadband’ ground motion simulation methods have occurred 
under the auspices of the Southern California Earthquake Center (SCEC) through the 
Broadband Platform (BBP) validation exercise (Dreger and Jordan 2015) and technical 
activity group on ground motion simulation validation (GMSV) (Luco et al. 2013). 
Simulation validation needs to evaluate the predictive capabilities of the overall 
simulation methodology (i.e. physical assumptions), as well as the input models and 
their parameters. For ground motion simulation, in particular, the adequacy of input 
models describing the source rupture, 3D crustal structure, and surficial site conditions 
are themselves complex and regionally varying. As a result, the predictive capability of 
ground motion simulations is region-, and even-site specific. Furthermore, ground 
motion time series are complex transient signals, and the ability of simulations to 
adequately reproduce the salient features of these signals varies depending on which 
aspect is of particular interest. The engineering representation of ground motion 
severity generally refers to a collection of different ground motion IMs. Some IMs are 
ubiquitous, such as elastic response spectra; some are seeing increasing awareness and 
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utilization (e.g. parameters representing the duration and cumulative nature of the 
motion); and others are problem-specific (e.g. induced displacement response of a 
specific building typology). 
Figure 5 provides a graphical validation matrix of the spatial- and IM-dependence of 
ground motion simulation validation, as presented by Bradley et al. (2017b). The 
vertical axis represents the transition from generic through to site-specific locations 
where simulated ground motions are desired, while the horizontal axis represents the 
complexity of IM metrics used to quantify predictive capability in validation. Both of 
these axes are continuous in nature, however, they are discretized here for practical 
application. 
Figure 5 identifies three principal domains of the validation matrix in the context of 
intended utilization. The first being that if only qualitative validation is performed by 
comparing the nature of simulated and observed waveforms then those simulations are 
not appropriate for utilization in practice – quantitative validation is essential. In the 
context of seismic hazard analysis, in which an accurate and precise prediction of the 
distribution of IM is needed, the specifics of the particular region and site of interest 
are essential components. Therefore, simulation methodologies that have been 
validated using only data in generic regions would not be considered appropriate for 
use in determining the seismic hazard at another region/location at which no specific 
validation has been performed. Ground motion simulations undertaken in generic 
regions that have been validated would, however, still provide simulated time series 
that could be utilized for response history analyses once scaled to the target design 
ground motion intensity (this is similar to the current conventional use of as-recorded 
ground motions from past worldwide earthquakes for response history analysis).  
As would be expected, a framework for validation, and accompanying documentation 
(Bradley et al. 2017b), is critical for a bi-directional understanding between earthquake 
engineers on the appropriateness of a suite of ground motion simulations for utilization 
in a site-specific context, as well as ground motion simulators to understand the context 
in which their results will be utilized. The increased realization of the benefits of 
utilizing simulated ground motions is likely to provide a demand-side increase in the 
adoption of simulated motions, hence on-going simulation validation is essential. 

 
Figure 5. Ground motion validation matrix and relation to the intended usage of ground 
motion  simulations. The vertical axis indicates the increasing spatial resolution from 
generic to region and  site-specific validation. The horizontal axis indicates the 
increasing complexity of IM metrics used in quantifying simulation validation, which is 
a function of the specific engineered system considered. Figure after Bradley et al.  
(2017b). 
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3.2 Theoretical improvements in ground motion simulation ‘ingredients’ 
 
The inherent physics basis of ground motion simulation methods provides an 
underlying framework for the assimilation of seismological observations to develop 
conceptual models, implement these conceptual models using computational methods, 
use simulation for prediction, and validate simulations using observations. Identified 
limitations from model validation allow for further iterations of this process in 
conjunction with better theories and better data – what Jordan (2015) describes as the 
‘inference spiral’ of system science. 
 
3.2.1 Seismic source models 
 
Quantitative understanding of the earthquake sources is the most difficult piece of the 
ground motion prediction problem, and is likely to remain so (with advances in crustal 
and site response modelling occurring much more readily). Two notable problems 
hindering ground motion simulation are: (a) source generation for simulation at high 
frequencies (f<1Hz); and (b) source generation for multi-segment earthquake ruptures 
(a third problem of uncertainties in seismic source modelling is discussed separately in 
a later section). Both of these problems gain significant insight from the use of dynamic 
rupture simulations, however, present computational demands require that regional 
ground motion simulations generally utilize kinematic representations of earthquake 
rupture (referred to as pseudo-dynamic models if they are parametrized based on 
dynamic considerations). 
In relation to high frequency source generation, Graves and Pitarka (2016) present a 
further iteration of a prior kinematic rupture generator that emulates the effect of 
geometric fault complexity (i.e. non-planar faults), fault damage zone (a lower velocity 
region in the vicinity of the fault), and also random perturbations to the underlying 
crustal velocity model. The principal need for these factors relates to the observed 
homogenization of the ground motion radiation pattern (i.e. general orientation-
independence of ground motion amplitudes) at frequencies 𝑓 > 1𝐻𝑧, which was not 
present in prior simulated ground motions. Figure 6 illustrates the polarization of 
ground motion amplitudes at forward directivity sites, for a synthetic earthquake that is 
modelled closely after the 1979 Imperial Valley event, based on different source 
modelling assumptions. It can be seen that prior source modelling methods (GP2010, 
GP14.3) produce ground motion amplitudes with appreciable polarization at high 
frequencies (i.e. ln(FN/FP) is approximately 1.0-1.5, while observed data indicates that 
for f>1Hz this logarithmic ratio should tend to zero). The consideration of fault 
roughness, velocity perturbations and a fault damage zone can all be seen to result in a 
reduction in the FN/FP ratio, to the point that the ground motions are essentially 
unpolarized for f>1Hz – consistent with observations. The ability to accurately model 
source rupture at high frequencies, combined with a similar capacity for crustal 
modelling (which, most notably, requires a significant increase in computational 
demand) allows for an increase in the transition frequency between the so-called 
comprehensive and simplified approaches in hybrid simulation methods (and 
eventually the redundancy of the simplified approach). 
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Figure 6. Ratio of fault normal to fault parallel (FN/FP) ground motion amplitudes as 
a function of frequency for forward directivity sites. GP2010, GP14.3, and GP15.4 are 
different seismic source modelling approaches. 𝛼 is the level of fault roughness (𝛼 = 0 
implying a perfectly planar fault); ′𝑣𝑝𝑒𝑟𝑡𝑏′ indicates stochastic velocity perturbations 
to the 3D crustal model; and ′𝑤/𝑑𝑎𝑚𝑎𝑔𝑒′ indicates the inclusion of a fault damage 
zone. Figure after Graves and Pitarka  

The increased resolution of imaging earthquake rupture also reveals their inherently 
complexity, and that the assumption of a single planar fault segment is often not realistic 
for ground motion simulation, particularly for larger magnitude earthquakes. The 
inferred source geometries of the 2011 Christchurch, 2010 Darfield, and 2016 Kaikoura 
earthquakes shown in Figure 1 are an apt illustration of this increasing complexity as 
the scale of rupture increases. While ground motion simulations with a single fault 
segment provide comparable results to observations for the 2011 Christchurch 
earthquake, as shown in Figure 4, the consideration of multiple segments is clearly 
necessary to describe the ground motions resulting from the 2010 Darfield and 2016 
Kaikoura earthquakes. In the kinematic rupture modelling of multi-segment events, 
additional parameters are the location and time at which rupture occurs on each fault 
segment (i.e. ‘hypocentre’ initiation on each segment). Ground motion simulations of 
the 2016 Kaikoura earthquake, Bradley et al. (2017c) made several heuristic 
assumptions regarding the location and timing of ‘hypocentre’ nucleation on each 
segment (some well constrained, others poorly).  
The consideration of multi-segment ruptures in earthquake rupture forecasting also 
involves the additional problem of specifying whether multi-segment rupture is actually 
possible (i.e. at what segment separation distance; change in segment strike/dip 
orientation, among other factors, would multi-segment rupture not occur). The 
modelling challenges in the consideration of multi-segment ruptures are significant, but 
are clearly a priority as evident from these recent earthquake events. 
 
3.2.2 Crustal (velocity) models 
 
3D crustal models (often referred to as ‘velocity models’) provide the 3D domain over 
which the wave equation is solved. Models of crustal velocity exist in the majority of 
the world’s seismic regions for the purpose of earthquake location determination. It is 
important to recognise however that the spatial resolution of those models is generally 
insufficient for their direct use in ground motion simulation. This is because the latter 
involve both higher frequencies of interest (thus requiring a finer spatial resolution), 
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and also full ground motion waveforms rather than just arrival times, for which crustal 
impedance contrasts, particularly in the presence of sedimentary basins, have more 
significance.  
The explicit modelling of sedimentary basins in crustal models is generally achieved 
via the use of geological surfaces which are ‘embedded’ into regional 3D crustal models 
(from earthquake location tomography), with the sediments between each layer having 
their constitutive properties assigned in a number of approaches (Lee et al. 2017, 
Magistrale et al. 2000, Maufroy et al. 2015, Ramírez-Guzmán et al. 2012). The most 
promising approach however involves the direct use of recorded seismological data 
(either earthquake-induced ground motions, ‘passive’ ambient vibrations, or ‘active’ 
vibrations from geophysical experiments) to iteratively improve the crustal model using 
the full seismological waveform, so-called ‘full waveform tomography’ (Chen et al. 
2007, Lee and Chen 2016, Lee et al. 2014, Tape et al. 2010). The principal benefit of 
‘full waveform tomography’ is that full ground motion waveforms are used to invert 
the crustal model, which is the same features of the ground motion that are of interest 
in the ‘forward’ problem. In contrast, the construction of crustal models through the use 
of geological surfaces and parameterized constitutive relations does not directly 
validate the resulting model against seismic waveforms (e.g. Lee and Chen 2016, Lee 
et al. 2014). Figure 7 provides an example of the ability of full waveform tomography 
to reproduce the inherent features of crustal velocity models. In particular, Figure 7d 
illustrates the depth to 2.5km/s shear wave velocity (Z2.5) of the inverted model in 
comparison to the initial model in Figure 7c and a comparative model in Figure 7e. It 
can be seen that the tomographically inverted model contains significant additional 
complexity than the initial model, and that this complexity is consistent with the 
topography (Figure 7a) and isostatic gravity anomaly (Figure 7b), even though neither 
of these are considered in the inversion itself. Moreover, the ability of the inversion to 
identify basins that are completely absent in an initial model (e.g. the Central Valley 
indicated as basin 3 in Figure 7) is particularly significant. The only limitation to bear 
in mind is that present computational demands often limit the maximum frequency 
considered in tomographic inversions, and thus the ability to adequately invert for 
shallower crustal properties (i.e. approximately depths shallower than 3km). Future 
computational capabilities are however expected to overcome this issue. 
The transition frequency between the comprehensive and simplified portions of 
physics-based ground motion simulations has recently been on the order of f=1Hz. 
However, increasing computing capacities have allowed for the exploration of the 
adequacy of the comprehensive approach at higher frequencies. Taborda and Bielak 
(2013) illustrated via simulation validation of the 2008 Chino Hills earthquake that the 
conventional assumptions in the comprehensive physics-based simulation approach 
tend to result in relatively poorer prediction of high frequency ground motions. The 
push toward using comprehensive physics at higher frequencies in ground motion 
simulations requires several important considerations in crustal modelling: (i) spatial 
heterogeneity to stochastically represent small-scale variability that is beyond the 
wavelengths resolvable in the development of crustal models (Graves and Pitarka 2016, 
Hartzell et al. 2010); (ii) frequency-dependent anelastic attenuation (Withers et al. 
2015); (iii) surface topography (Hartzell et al. 2017, Restrepo and Bielak 2014, 
Restrepo et al. 2016); and (iv) nonlinear inelastic constitutive response (Roten et al. 
2016, Roten et al. 2014) (both in the immediate vicinity of the fault (‘on-fault’) and in 
the near-surface (‘off-fault’). 
The above references provide initial research efforts on each of these aspects, and 
validation against historical earthquake up to these high frequencies is now required in 



Australian Earthquake Engineering Society 2017 Conference, Nov 24-26, Canberra, ACT 
 

order to understand the adequacy and relative importance of each of these various 
factors, and hence whether the use of comprehensive physics to these high frequencies 
is able to provide better predictions than the parsimonious simplified physics approach. 
 

 
Figure 7. (a) Topography, bathymetry, major geological provinces, and active faults in 
southern California. Major faults are drawn in bold black: (b) Isostatic gravity 
anomaly, (c–e) Z2.5 (depth to 2.5km/s shear wave velocity) maps for three Community 
Velocity Models (CVMs) in southern California, and (f,g) enlarged isostatic gravity 
anomaly and Z2.5 map of CVM-S4.26 in the San Bernardino basin region. Figure after 
Lee and Chen (2016). 

3.2.3 Surficial site response 
 
Physics-based ground motion simulations commonly have neglected surifical site 
effects (including soil nonlinearity) as a result of using viscoelastic soil models, coarse 
spatial grids, and minimum shear wave velocities corresponding to stiff soils. Four 
different methods have been used or proposed to incorporate soil nonlinearity into 
simulations: (i) fully-coupled 3D simulation models that directly allow soil nonlinearity 
in surficial soils (Taborda et al. 2012, Xu et al. 2003); (ii) the domain reduction method 
for decomposing the physical domain into multiple subdomains for separate simulation 
(Bielak et al. 2003, Yoshimura et al. 2003); (iii) conventional 1D wave propagation site 
response analysis uncoupled from the simulations (Roten et al. 2012); and (iv) the use 
of simple empirically-based site amplification factors dependent on Vs30 (Graves and 
Pitarka 2010).   
While the explicit consideration of site response using approaches (i)-(iii) above would 
be considered preferable over the use of empirically-based site amplification factors, 
there has previously been no systematic examination of the benefits of explicitly 
modelling site response based on validations against historical earthquakes. de la Torre 
et al. (2017) recently used the 10 most significant earthquake events in the 2010-2011 
Canterbury earthquake sequence to examine site response modelling effects in ground 
motion simulations. Figure 8 illustrates the multi-step process for the explicit 
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consideration of site effects by de la Torre et al., in which the surface ground motion 
obtained from the (regional) 3D viscoelastic simulation (step 1) is deconvolved using 
1D viscoelastic site response (step 2) and then nonlinear 1D site response analysis (step 
3) is used to obtain surface ground motions accounting for nonlinear inelastic site 
response.  This uncoupled approach has the benefit of inter-operability between 
computational tools that are tailored for the different spatial resolutions and material 

 
Figure 8. Schematic of incorporating soil nonlinear behavior into physics-based 
simulations through deconvolution of simulated ground motion followed by 1D wave 
propagation nonlinear site response analysis. (after de la Torre and Bradley, 2017) 

modelling of regional ground motion simulation and site response.  The use of 
deconvoluted surface motions, rather than directly obtaining simulated motions at depth 
is also necessary in order to retain long period surface waves which are present at the 
surface (and 1D deconvolved motions), but not in the directly simulated motions at 
depth. 
Figure 9 illustrates example results from de la Torre et al. (2017) for three locations 
with different types of near-surface soil profile.  For each site, the figure illustrates the 
mean, and 16th – 84th percentile range of the spectral acceleration residuals as a function 
of vibration period based on three different considerations of site effects – (i) a reference 
site condition (i.e. ignoring site-specific effects); (ii) empirical Vs30-based site 
amplification following Graves and Pitarka (2010); and (iii) nonlinear inelastic site-
specific wave propagation analyses.  The distribution of residuals at each site results 
from the consideration of 10 different earthquake events.  The CACS site is a stiff soil 
site and it can be seen that all three approaches provide essentially the same predictive 
capability.  RHSC is a stiff soil site, but one in which there is a notable impedance 
contrast which results in clear site amplification around a T=0.3 second vibration 
period.  The use of site-specific wave propagation analyses clearly helps in this instance 
to reduce the mean bias.  It is also apparent that the use of the empirical Vs30-based 
site factors lead to significant site amplification at longer vibration periods (T>1s) 
which results in the empirical amplification yielding worse results than ignoring site 
response all together (i.e. the reference condition).  Finally, HVSC is a site in which 
moderately stiff soil is underlain by volcanic rock, resulting in an appreciable velocity 
contrast, and this site recorded consistently the largest ground motions in the 2010-2011 
Canterbury earthquake sequence (Jeong and Bradley 2017a, Jeong and Bradley 2017b).  
Here it can be seen that explicitly modelling the surifical site effects leads to a 
substantial reduction in the simulation bias at short vibration periods relative to the use 
of the empirical approach (although some bias is still present). 
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Figure 9. Mean, 16th and 84th percentiles of total pseudo-spectral acceleration 
residuals for: (a) CACS, (b) RHSC, and (c) HVSC. Solid lines are mean residuals and 
dashed lines are mean ± 1σ. Standard deviations versus period for: (d) CACS, (e) 
RHSC, and (f) HVSC. Results from simulations based on the reference condition (i.e., 
neglecting site effects with Vs = 500 m/s), empirical Vs30-based site amplification 
factors, and 1D wave propagation nonlinear site-response analysis are compared. 
(after de la Torre and Bradley, 2017) 

The empirical examples from de la Torre et al. illustrate that the explicit consideration 
of site response in ground motion simulation is important (as expected), however, the 
use of 1D site response analysis methods still leave substantial room for improvement, 
with comprehensive statistics from site response analyses at downhole array sites 
indicating that appreciable biases with 1D site response analysis do exist (Afshari and 
Stewart 2016, Kaklamanos et al. 2013). 
 
3.3 Explicit consideration of modelling uncertainties 
 
Much focus in ground motion simulation development and validation against historical 
events has centered on their predictive capabilities in an average sense (Dreger et al. 
2015, Goulet et al. 2015). However, utilization of ground motion simulations in seismic 
hazard analysis requires adequate representation of the complete probability 
distribution of ground motion IM metrics, and thus their validation should explicitly 
assess this distribution (e.g. Drouet and Cotton 2015, Villani and Abrahamson 2015). 
While comparisons of simulation uncertainty with the apparent variability from 
empirical models can be insightful, it is not sufficient because that apparent variability 
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is specific to the assumed empirical model functional form, and thus simulation 
uncertainty should be assessed directly against ground motion observations.   
Confidence of ground motion simulations for prediction in the average sense, and 
recognition of the need for appropriate uncertainty, has led to recent research into 
ground motion simulation modelling uncertainties. As an example, Figure 10 illustrates 
the impact of considering uncertainties in various seismic source parameters of the 
Graves and Pitarka (2015) rupture generator for simulations of the 2011 Christchurch 
earthquake (Razafindrakoto and Bradley 2017).  It can be seen that parameter 
uncertainties can result in a standard deviation in the between event residual of up to 
0.3 at long periods (principally as a result of uncertainty in the event magnitude), where 
as the Brune stress parameter, 𝛥𝜎, results in the largest variability in high-frequency 
ground motion amplitudes. 
 

 
Figure 10. Standard deviations in the between-event residual that result from the 
consideration of various seismic source uncertainties in simulations of the 2011 
Christchurch earthquake (after Razafindrakoto and Bradley (2017)). 

Figure 11 provides a comparison of the between-, within- and total standard deviations 
resulting from the simulation validation against observations for the 2011 Christchurch 
earthquake.  Because seismic source uncertainties have a correlated effect on most 
simulated ground motions then the majority of the parameter uncertainty is mapped 
onto the between-event residual, with little contribution to the within-event residuals.  
Thus, the majority of the within-event standard deviation of the simulations results from 
the inaccuracies in the simulation methodology and specifically the modelling of the 
seismic source and crustal structure.   
Comparison with the standard deviations in conventional empirical models (for the 
New Zealand-specific model of Bradley (2013b) in this instance) in Figure 11 illustrates 
that the total standard deviations of simulated and empirical models are similar at short 
periods (as a result of the use of a simplified physics approach which is semi-empirical 
in nature), the simulated standard deviations are larger than those from the empirical 
models for T=1-3s, and then decrease significantly for T>3s to be half as much for 
T=10s.  The significant reduction at long periods (T=10s) is illustrative of the long-term 
benefits that physics-based simulation methods can provide, and results from the 
adequacy of the source and crustal models at the length-scales which affect such long 
period ground motion.  Improvements in source, path, and site effects discussed in the 
previous sections are expected to result in this lower relative standard deviation at 
T=10s shifting to shorter vibration periods in the near future. 
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Consideration of uncertainties in ground motion simulation will be a critical focus of 
research in future years in order to develop confidence in the use of simulations directly 
in probabilistic seismic hazard analysis .  A greater focus on uncertainties also requires 
the explicit inclusion of simulation uncertainties within validation itself.  Bradley 
(2011) provides a framework for simulation validation with uncertainties using data 
from strong motion recordings; and while initially proposed in the context of site 
response simulation validation, it can be generalized to ground motion simulation 
involving source, path and site simulation. 
 

 
Figure 11. Within-, between- and total standard deviations for ground motion 
simulations (with modelling uncertainty in the source representation) for the 2011 
Christchurch earthquake and comparison with empirical modelling standard 
deviations (after Razafindrakoto and Bradley (2017)). 

3.4 Accessibility of simulated ground motions for utilization in site-specific 
engineering applications 

 
In addition to guidelines and documentation for the utilization of ground motion 
simulations as noted in Section 3.1, accessibility to simulated ground motions is 
essential for the uptake of simulated ground motions for site-specific engineering 
applications.  While it is conceptually feasible that ground motion simulations are 
performed on a problem-specific basis for the most important safety-critical facilities, 
the overwhelming usage of simulated ground motions will occur in the situation in 
which ground motion simulations have been performed by a disciplinary expert, stored 
in a database, and then accessed by an earthquake engineer for use in a specific 
structural and/or geotechnical problem.  Therefore it is essential that databases exist to 
enable simulated ground motions to be stored and easily queried.   
Because the direct utilization of simulated ground motions in engineering practice (as 
opposed to utilization by earthquake engineers in an research context) is only now 
emerging, then databases of simulated ground motions are not readily available. 
‘SeisFinder’ (Figure 12) is one such database that has recently been developed by 
QuakeCoRE in which simulated ground motions from various NZ historical or future 
earthquake ruptures.  Users select the specific earthquake event (historical or future), 
the particular model (if there is more than a single simulation), and geographic 
location(s) of interest for which they wish to extract the simulated ground motions.  
Documentation is provided by those who undertook the simulation (based on that 
proposed by Bradley et al. (2017b)) to provide users with an understanding of the 
predictive capability of the simulations in different regions, as are scripts (Python, 
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Matlab, Visual Basic/Excel) necessary to manipulate the extracted ground motion time 
series.  Finally, simulated ground motions are available either with empirical Vs30-
based site amplification, or for a deconvoluted condition, following the discussion in 
Section 3.2.3. 
 
3.5 Use of simulated ground motions in near-real-time impact assessment 
 
The potential improvements offered by ground motion simulations (over empirical 
models) also have relevance to near-real-time impact assessments, such as USGS’s 
Prompt Assessment of Global Earthquakes for Response (PAGER).  The use of 
simulated motions in near-real-time applications requires several additional 
considerations that are trivial for empirical models because of their simplicity and low 
computational requirements.  The first of these is that (semi-) automated software 
workflows are needed to take near-real-time earthquake source information (location, 
moment tensor, and finite fault) provided by a relevant agency and compute ground 
motions.  This entails the development of a seismic source model from limited source 
information that evolves with time, the generation of a velocity model whose reference 
location and domain size is relevant for the event location and magnitude, performing 
the ground motion simulation and post-processing the results to obtain the necessary 
ground motion ‘outputs’ that are then passed onto impact computations.  The second 
consideration is that since current physics-based ground motion simulations typically 
make use of significant high-performance computing (HPC) resources then prioritized 
access to such resources is necessary in order to be useful in near-real-time impact 
assessments. 

 
Figure 12. Illustration of the ‘SeisFinder’ web application 
(http://quakecoresoft.canterbury.ac.nz/seisfinder/) for the retrieval of simulated 
ground motions for use in site-specific applications. 

Under the umbrella of QuakeCoRE, a NZ capability for real-time ground motion 
simulation has been pursued since November 2016, where such a capability was clearly 
needed following the 2016 Kaikoura earthquake.  This capability is tested monthly via 
real-time drills.  The drills make use of historical earthquakes (the specific earthquake 
for each drill is obviously unknown ahead of time), which also serves the purpose of 
continual validation of simulations against ground motion observations.  The use of 
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real-time drills also serves to highlight areas of weakness in computational workflows 
and theoretical models which are less evident when researchers undertake tasks in the 
absence of a high-pressure environment.  Over the source of six months, such drills 
have reduced the human time required to perform a ground motion simulation (of an 
event provided in real time) from a full day, down to several minutes.  Ironically, at 
present, New Zealand does not have an automated centroid moment tensor (CMT) 
solution in operation, so the sole task that requires manual intervention is taking a 
manually-derived CMT solution (Ristau 2013) and inputting it into the automated 
ground motion simulation workflow. 
The current computational resources available in New Zealand through the National 
eScience Infrastructure (NeSI) enable ground motion simulations of moderate 
magnitude events to be performed within approximately one hour, while large 
magnitude events (which require a larger spatial grid) require several hours, and 
QuakeCoRE prioritized access means that wait time in the queue is generally very 
small.   
As an illustration of the role of simulated ground motions for real-time or future 
scenario events, Figure 13 illustrates USGS PAGER impact assessments for a potential 
future large earthquake on the Alpine Fault, and its dependence on the use of (a) 
physics-based ground motion simulations, or (b) empirical ground motion modeling. 
As discussed further in Bradley (2017a), the principal differences between the physics-
based and empirical ground motion models is that the physics based model results in 
appreciably greater ground motion amplitudes in the upper half of the South Island of 
New Zealand as a result of forward directivity, which is not modeled in the empirical 
prediction.  As a result, the PAGER estimates of fatalities and economic losses are 
appreciably larger for the simulation-based estimate. 
While not explicitly shown here, the capability of simulation-based methods to directly 
provide ground motion time series also means that real-time seismic response estimates 
of built infrastructure can be obtained from dynamic analysis models which have been 
constructed ahead of time (as opposed to empirical vulnerability functions that depend 
on IMs such as PGA, PGV etc.).  Such capabilities will enable insights into seismic 
response to assist in direct visual inspections to assessment potential damage, as well 
as enabling truly prospective seismic response prediction, which will have spin-off 
benefits in the assessment and validation of numerical models and constitutive relations 
for geotechnical and structural systems. 
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Figure 13. Comparison of USGS PAGER (Prompt Assessment of Global Earthquakes 
for Response) impact assessments for a potential large magnitude earthquake on the 
Alpine Fault based on (a) ground motion simulations; and (b) empirical ground motion 
prediction. 

4. DISCUSSION AND CONCLUSIONS 
 
This paper presented on-going challenges in the present paradigm shift of earthquake-
induced ground motion prediction from empirical to physics-based simulation methods. 
An overview of recent ground motion simulation validation efforts based on observed 
ground motions from the 2010 Darfield, 2011 Christchurch and 2016 Kaikoura 
earthquakes was presented as an illustration of the current prediction capabilities.  On 
average, across the three events and a vibration period range of T=0.01-10s, the physics-
based simulations were seen to generally provide a superior prediction to the 
contemporary use of empirical ground motion models.   
These comparisons illustrate that, in certain circumstances, physics-based simulation 
methods already offer a superior prediction over empirical models.  Of course, continual 
validation against ground motion observations from historical earthquake events, and 
the use of hierarchical validation (Bradley et al. 2017b) is necessary to understand the 
specific predictive capability of simulated ground motions for site-specific applications. 
The inherent physics basis of ground motion simulation methods provides an 
underlying framework for the assimilation of seismological observations, conceptual 
model development, computational implementation, and simulation prediction and 
validation. This process around a ‘spiral of inference’ continues to identify better 
theories and data for improving simulation models, and several source, path, and site 
aspects of simulation methods that are currently being pursued were examined. 
The use of physics-based methods to obtain simulated ground motions entails a more 
complex process by which uncertainty in the simulation results is obtained, via the need 
to propagate uncertainty in the model parameters, and models themselves that are 
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components of the overall simulation.  In contrast, the development of empirical ground 
motion models based on statistical regression which directly provides estimates of 
model uncertainty (Bradley 2013a).  This additional complexity for uncertainty 
quantification using physics-based methods can also be partly attributed as the reason 
why uncertainty analysis of dynamic geotechnical and structural analysis models is still 
not commonplace.  Given the due emphasis placed on ground motion uncertainty within 
probabilistic seismic hazard analysis (Bommer and Abrahamson 2006), clearly an 
increased research emphasis on ground motion simulation uncertainty is needed to 
acceleration the adoption of simulated ground motions in practice. 
Finally, discussion was also given to the tools and databases needed for the efficient 
utilization of simulated ground motions both in specific engineering projects as well as 
for near-real-time impact assessment.  Because of the high-performance computing 
(HPC) demands associated with performing such simulations, storage and easy retrieval 
of terrabytes of simulations, streamlined software workflows, and access to HPC 
resources for near-real-time simulation are also necessary in order to realize the full 
benefits. 
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