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ABSTRACT 
In this study, we explicitly model nonlinear surficial soil site response via conventional one-dimensional (1D) wave 
propagation analyses in conjunction with hybrid broadband ground motion simulations of the 2010-2011 Canterbury, 
New Zealand earthquakes. The coupling of these two methodologies in ground motion simulation enables the explicit 
consideration of regional three-dimensional (3D) ground motion phenomena, and specific soil conditions at the site of 
interest. We discuss several approaches by which the nonlinear response of surficial soils can be explicitly modelled in 
physics-based ground motion simulations, outlining the relative advantages and limitations of the various methodologies. 
With a large dataset of recorded strong ground motions, we are able to compare observed ground motions from 10 
events of the Canterbury Earthquake Sequence to the ground motion simulations based on wave propagation site 
response analyses as well as empirical site effects modeling via 30 m time-averaged shear wave velocity (VS30). 
 
1 INTRODUCTION 
 
Historically, physics-based ground motion simulations 
commonly neglected soil nonlinearity and site effects by 
using viscoelastic soil models, coarse grids, and minimum 
shear wave velocities corresponding to stiff soils. Four 
different methods have been used or proposed to 
incorporate soil nonlinearity into simulations. These 
methods are (1) fully-coupled 3D simulation models that 
directly allow soil nonlinearity in surficial soils [e.g., Xu et 
al (2003), Taborda and Bielak (2009), Restrepo et al. 
(2012)], (2) the domain reduction method for 
decomposing the physical domain into multiple 
subdomains for separate simulation [e.g., Bielak et al. 
(2003), Yoshimura et al. (2003)], (3) conventional 1D 
wave propagation site response analysis uncoupled from 
the simulations [e.g., Hartzell et al. (2002), Roten et al. 
(2012)], and finally, (4) the use of simple empirically-
based site amplification factors [e.g., Graves and Pitarka 
(2010, 2015)]. 
 

Razanfindrakoto and Bradley (2016) performed 
hybrid broadband ground motion simulations of the 2010-
2011 Canterbury Earthquake Sequence using the 
methodology of Graves and Pitarka (2010, 2015). The low 
frequency component (f<1Hz) of these simulation is 
generated using 3D viscoelastic wave propagation 
through a 3D velocity model of the earth’s crust in a finite 
difference scheme. For computational efficacy, the grid 
spacing is 100 m, and with a minimum shear wave 
velocity (VS) of 500 m/s, the maximum resolvable wave 
frequency is 1Hz. A semi-empirical simplified physics-
based model is used for simulating high frequency ground 
motion (f>1Hz), which is then combined with the low 
frequency simulations using a matched filter. Because of 
the coarse grid spacing and relatively high minimum 
shear wave velocity, detailed near-surface soil 
stratigraphy and nonlinear soil behavior are unaccounted 
for. The Graves and Pitarka methodology uses 
empirically-calibrated nonlinear amplification factors [a 
function of VS30, frequency, and peak ground acceleration 
(PGA)] to account for near-surface site response.  

 
 
This study explicitly models site-specific near-

surface soil stratigraphy and nonlinear behavior using 1D 
wave propagation nonlinear site response analysis with 
Razanfindrakoto and Bradley's simulated ground motions 
as input. Our results are compared to the simulations that 
use the empirical VS30-based approach to account for site 
effects, and those that neglect soil nonlinearity and site 
effects altogether (i.e., the reference condition with 
surface VS = 500 m/s). 
 
2 METHODS FOR INCORPORATING SOIL 

NONLINEARITY USED IN THIS STUDY 
 
The following sections provide details on the reference 
condition viscoelastic simulations, as well as two methods 
to incorporate nonlinearity used in this study (i.e., 
Methods 3 and 4 from Introduction). 
 
2.1 Reference Condition Viscoelastic Simulations 
 
The reference condition simulations are those that do not 
account for shallow site effect and use a minimum shear 
wave velocity of 500 m/s. For deep sedimentary sites in 
Christchurch, actual VS at the ground surface is generally 
less than 500 m/s, therefore, the minimum shear wave 
velocity of 500 m/s is assigned at the surface of the 
velocity model for simulations. Once the low and high 
frequency components of the simulation are merged, the 
broadband simulated ground motion corresponds to a VS 
of 500 m/s. This is taken as the reference condition.  

 
2.2 Soil Nonlinearity through Empirical VS30-Based 

Amplification Factors (Method 4) 
 
VS30 is a metric that is often used for the prediction of 
nonlinear site-effects. To incorporate soil nonlinearity via 
the empirical VS30-based approach, frequency-dependent 
nonlinear site amplification factors are applied to both low 
and high frequency components of the reference 
condition simulations (VS = 500 m/s) prior to merging into 



 

the broadband ground motion. With regional VS30 maps, 
site amplification factors can easily be computed across 
the full simulation domain.  These factors are computed 
using the formulation from the Campbell and Bozorgnia 
(2014) ground motion model. The VS30, PGA, and 
reference shear wave velocity corresponding to the PGA 
(500 m/s in our case) are used to compute these 
amplification factors. This method fails to account for 
detailed site-specific stratigraphy and phase modification 
in the resulting waveform [Graves and Pitarka (2010)]. For 
this reason, we investigate the use of 1D wave 
propagation site response analysis on a site-specific 
basis, as discussed below. 
 
2.3 Soil Nonlinearity through 1D Wave Propagation Site 

Response Analysis (Method 3) 
 
Performing detailed nonlinear site response analysis on a 
site-by-site basis allows modeling of the fine details in the 
soil profile that could significantly influence the response 
at a given site. Our approach is to deconvolve broadband 
simulated ground motions at the reference condition down 
to stiff gravel layers or rock in which we do not expect 
significant nonlinearity. In Christchurch, the upper-most 
stiff gravel layer is generally the Riccarton Formation with 
VS of approximately 400 to 600 m/s.  
 

For the deconvolution, we use the analytical 

frequency-domain solution for viscoelastic soil over an 
elastic half-space [Kramer (1996)]. We then input the 
deconvolved ground motions into a 1D wave propagation 
soil column in the finite element code OpenSees [Mazzoni 
et al., [2007)]. We use the Pressure Dependent Multiyield 
nonlinear soil constitutive model by Yang et al. (2003) to 
capture nonlinear soil behavior. This method is shown 
schematically in Figure 1.  
 
3 EARTHQUAKES AND SITES CONSIDERED 
 
We considered 10 events from the 2010-2011 Canterbury 
Earthquake Sequence with moment magnitude (Mw) 
greater than 4.8. The two largest events were the Mw7.1 4 
September 2010, Darfield Earthquake, and the Mw6.2 22 

February 2011, Christchurch Earthquake. The date and 
magnitude of all events considered are in Table 1. 
 

Figure 1. 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. 
 

Simulation results are evaluated for three strong 
motion stations that recorded the 10 earthquakes, at 
which we have performed 1D wave propagation site 
response analysis. These three sites are the Christchurch 

Canterbury Aero Club (CACS), Riccarton High School 
(RHSC), and Heathcote Valley Primary School (HVSC). 
Eventually, 17 stations in Christchurch will be analyzed. 
The earthquakes and sites considered are mapped in 
Figure 2. Soil conditions and observed ground motions 
are drastically different between the sites. CACS and 
RHSC are within the deep Canterbury sedimentary basin, 
while HVSC is on the edge of the Port Hills, with shallow 
loess soils overlying rock. The surficial soil at CACS is 
dense gravel, while RHSC has loose silty sand over 
dense gravel. 
Figure 3 provides pressure dependent shear wave 
velocity profiles at each site. Also shown on Figure 3 are 
soil stratigraphy, VS30 estimates, and reference VS (VS at 
the ground surface in ground motion simulation model). 

Figure 2. Illustration of the 10 events listed in Table 1 (four largest events shown with finite faults and the remaining six as 
point source with a star as the epicenter). The four largest events are labeled with event IDs from Table 1. Red dots and
labels mark the location of CACS, RHSC, and HVSC. Black dots indicate strong motion stations at which we will perform
future wave propagation site response. The Chrischurch urban area is shown in grey. 



 

Geometric mean PGA values of the 10 events recorded at 
these sites are in Figure 4. 
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4 METRIC FOR EVALUATING THE QUALITY OF 
SIMULATIONS  

 
In order to quantify the error in each of the simulation 
methods relative to observed ground motions, the 

residuals (r) of pseudo-spectral accelerations (PSA) are 
computed for every earthquake ground motion via 
Equation 1.  
 𝑟 = ln(𝑃𝑆𝐴𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑) − ln(𝑃𝑆𝐴𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑)   [1] 

 
 

Event Date MW Event ID 

4/9/2010 7.1 1 

19/10/2010 4.8 2 

26/12/2010 4.7 3 

22/02/2011 6.2 4 

16/04/2011 5.0 5 

13/06/2011a 5.3 6 

13/06/2011b 6.0 7 

21/06/2011 5.2 8 

23/12/2011a 5.8 9 

23/12/2011b 5.9 10 

Figure 4. Geometric mean PGA for all 10 events recorded 
at CACS, RHSC, and HVSC. 



 

 
 
 
For each site and method of analysis, we compute the 

mean and standard deviation of residuals across all 10 
events. To examine whether the inclusion of soil 
nonlinearity via the empirical VS30-based approach or 1D 
wave propagation nonlinear site response analysis results 
in an improvement in the predictions, we compare the 
mean residual and standard deviations from these 
analyses with those of simulations that neglect site effects 
(i.e., reference condition with VS = 500 m/s). We also 
assess if explicitly accounting for the near-surface 
stratigraphy via 1D wave propagation site response 
analysis results in a better simulation compared to the 
empirical VS30-based approach.  

 
5 RESULTS AND DISCUSSION 
 
5.1 Comparison of Mean and Standard Deviation of 

Pseudo-Spectral Acceleration Residuals 
 

Figure 5 presents the distribution of the residuals via 
mean and 68% confidence intervals (i.e., ± one standard 
deviation), as well as standard deviations versus period. It 
includes results for CACS, RHSC, and HVSC, using all 
three simulation approaches (i.e., reference condition, 
empirical VS30-based, and 1D wave propagation site 
response).  
 

The mean and standard deviations of residuals at 
CACS show a small difference between the three 
simulation approaches (Figure 5a and 5d). The VS30 at 
this site (i.e., 435 m/s) is close to the reference VS (i.e., 
500 m/s), therefore, we would not expect significant site 
response from the VS30-based amplification factors. The 
continuous, stiff, near-surface gravels, and lack of high 
impedance contrast in our VS profile also result in little 
amplification from the 1D wave propagation site response 
analysis. This indicates that the shallow site response is 
not significant at this site, and that including site effects 
and nonlinearity does not result in an improvement in 
simulations. This also suggests that the residuals are 
largely due to bias in the sources and source-to-site path 
modeling in the simulations. 

Figure 3. Pressure dependent VS profiles for CACS, RHSC, and HVSC. Also shown for each site are VS30, soil
stratigraphy, and reference VS from simulations. Note that horizontal and vertical scales are different. The depth 
shown is the depth modeled in analysis. The HVSC profile is taken to 120 m because this model was also used as
free-field columns for a 2D model. 



 

 

At RHSC, the inclusion of soil nonlinearity, through 
both the VS30 based and wave propagation approaches, 
generally results in an improvement in mean and standard 
deviation of residuals for periods shorter than about 1 
second. The improvement from 1D wave propagation site 
response is substantial between 0.2 and 1 second 
periods. This implies that shallow site response is 
significant at RHSC and should be considered for a 
comprehensive simulation. For periods longer than 2 
seconds, the wave propagation site response results in 
negligible changes in residuals relative to the reference 
condition. For periods between approximately 1 and 3 
seconds, the VS30-based approach actually increases the 
magnitude of the mean residuals.  
 

As shown in Figure 4, high amplitude ground 
motions were recorded at HVSC. Work by Bradley et al. 
(2015) shows that empirical ground motion models 
significantly underestimate the response at this site for 
periods shorter than about 0.5 sec. From Figure 5, it is 
evident that physics-based simulations with the reference 
condition of VS = 500 m/s also significantly underestimate 
the predictions for periods shorter than 1 second. The use 
of VS30-based amplification factors minimally improves the 
simulation between 0.2 and 1 second, however, we 
observe a drastic improvement in mean residuals for 

periods shorter than about 1 second when 1D wave 

propagation site response is considered.  
 
Like at RHSC, beyond 2 seconds, the wave 

propagation site response analysis results in no change in 
the mean residual compared to the reference condition, 
however, a notable decrease in the standard deviation is 
observed at periods greater than 1 sec. HVSC has a large 
impedance contrast between volcanic rock and shallow 
loess soils. The VS30-based approach fails to capture this 
impedance contrast and the strong amplification that 
results from it. 

 
We are currently only evaluating simulation bias in 

terms of total residual. This means that biases are 
affected by source and path uncertainties and not solely 
site effects. Once we complete 1D wave propagation site 
response at all sites (about 17 strong motion stations in 
Christchurch; see Figure 2), we will separate residuals 
into between-event and within-event residuals through 
mixed effects regression. With that, we will be able to 
evaluate biases caused only by site effects for each site. 
 
5.2 Comparison of Pseudo-Acceleration Response 

Spectra 
 

Figure 5. Mean and 68% confidence intervals 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.  



 

In addition to the general trends discussed in Figure 5, 
comparison has been made between response spectra of 
observed and simulated ground motions for individual 
events. Figure 6 plots response spectra at HVSC from the 
four largest earthquakes. The trends that were visible in 
the mean residuals on Figure 5, such as the significant 

improvement in the prediction at periods shorter than 1 
second when 1D wave propagation site response is 
utilized, and small improvement in this period range when 
a VS30-based approach is used, can be clearly seen in 
Figure 6.  
 

By plotting residuals of individual results versus 
observed spectral acceleration amplitude at specific 
periods, it is possible to determine whether there is a 
dependence between the residuals and the amplitude of 
ground motion. Figure 7 plots this relationship for periods 

of 0.01 (i.e., PGA), 0.2, 1, and 5 seconds. Least squared 
regression lines and p-values are also shown. The p-
value represents the probability that the slope of the 
regression line is zero, indicating that there is no 
dependence between the variables analyzed. Therefore, 
a high p-value implies that there is little dependence 

between observed spectral acceleration amplitude and 
observed-to-simulated residuals.  

 
From Figure 7, only residuals for HVSC at a period 

of 1 second have a low enough p-value to suggest 
dependence between the residuals and intensity of 
spectral acceleration. P-values at HVSC for periods 
between approximately 0.8 and 3 seconds also fall below 
0.05. For CACS, and RHSC, the p-values suggest no 
dependence on amplitude for the full period range 
considered.   

Figure 6. Comparison of observed and simulated acceleration response spectra at HVSC from the four 
largest earthquake events: (a) 04/09/2010, (b) 22/02/2011, (c) 13/06/2011b, and (d) 23/12/2011b. 



 

 
 
5.3 Wave Propagation Site Response Analysis at HVSC 

using Observed Rock Input Ground Motions from 
LPCC 

 
Jeong and Bradley (2017a and 2017b) performed detailed 
1D and 2D site response at HVSC to replicate the high 
intensity ground motions observed at this station. Rather 
than using simulated input ground motions, like this study, 
Jeong and Bradley deconvolved observed ground 
motions from a nearby rock site, LPCC. We replicated 
their analysis and compared the results with simulations 
based on 1D wave propagation site response analysis.  
 
 

 
Figure 8 compares mean and standard deviation of 

residuals for the 1D wave propagation site response 
analyses using deconvolved simulated ground motions, 
and deconvolved LPCC observed rock motions as input. 
The use of a deconvolved observed rock ground motion 
as input slightly reduced the mean residual for periods 
shorter than 5 seconds, but increases residuals beyond 5 
seconds (Figure 8a). The standard deviations of residuals 
increased at periods shorter than about 0.3 seconds but 
substantially decreased at periods greater than 1 second 
when using observed rock motions as input (Figure 8b). 
Although 2D analysis is not included in our study, analysis 
by Jeong and Bradley (2017b) suggests that 
consideration of 2D valley effects at HVSC improves the 
predictions at short periods.  

Figure 8. (a) Mean and 68% confidence interval (solid lines are mean residuals and dashed lines are mean ± 1σ), and (b) 
standard deviations of total pseudo-spectral acceleration residuals for 1D wave propagation nonlinear site response 
analyses at HVSC using as input deconvolved simulated ground motions, and observed rock ground motions at LPCC. 

Figure 7. 1D wave propagation residual versus observed spectral acceleration amplitudes at CACS, RHSC, 
and HVSC for periods of (a) 0.01 (i.e., PGA), (b) 0.2, (c) 1, and (d) 5 seconds. The large p-values generally 
indicate little to no dependence between magnitude of residual and amplitude of spectral acceleration. 



 

6 CONCLUSIONS 
 
Using observed ground motions from 10 events at 3 
stations, results of physics-based ground motion 
simulations that account for site effects and soil 
nonlinearity via 1D wave propagation site response 
analysis were compared to simulations that use empirical 
VS30-based site effect amplification factors, and those that 
neglect shallow site effects and soil nonlinearity (i.e., 
reference condition). Pseudo-spectral acceleration 
residuals between observed and simulated ground 
motions for 3 sites with significantly different soil 
conditions reveal that the near-surface soil conditions and 
VS profile dictate the potential for the consideration of soil 
nonlinearity and site-specific stratigraphy to improve 
physics-based ground motion simulations. For a stiff soil 
site (CACS) without large impedance contrasts (i.e., a site 
at which shallow site response is insignificant), there was 
little to no improvement from incorporation of site effects 
into simulations. However, as the soil profile became 
more complex with soft soils and/or large impedance 
contrasts (RHSC and HVSC), the consideration of site 
effects through 1D wave propagation site response 
analysis resulted in improvements in mean and standard 
deviations of residuals that were not captured by a simple 
VS30-based approach. For the sites analyzed in this study, 
the quality of simulation (i.e., residuals), generally does 
not appear to be a function of the intensity of ground 
motion.  
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