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Figure 1 (top) Downhole array 
stations in the Los Angeles basin, 
where seismogram inversion has 
been employed; (bottom) Plane view 
of station locations where broadband 
seismogram synthetics were genera-
ted. 

1. Introduction 
Strong motion ground response analyses are currently required in engineering practice for the design of new 
components of civil infrastructure on soft soil deposits. For this purpose, nonlinear response analyses are often 
necessary to capture large-strain phenomena associated with the seismic response of these deposits, such as 
permanent deformation or liquefaction. There exists, however, a bottleneck in technology transfer of nonlinear 
methods to engineering design practice, attributed to uncertainties regarding: (i) the site conditions and ground 
motion characteristics under which nonlinear analyses should be conducted; (ii) the adequate complexity of the 
nonlinear models to ensure computationally-efficient simulations; and (iii) the geotechnical site investigation 
and input parameter development methodology, to ensure cost-effective parameter acquisition. Currently, 
broadband ground motion simulations of regionally-hazard consistent rupture scenaria for future earthquakes 
are made possible through collaborative efforts funded by SCEC. Towards implementation of the target 
broadband synthetics in performance-based design engineering practice via “rupture-to-rafters” simulations, 
nonlinear site response needs to be accounted for, while their credible and efficient integration is subjective to 
the same uncertainties as in the state-of- engineering practice. This work addresses these uncertainties and 
sets the framework for development of guidelines for efficient integration nonlinear models in broadband 
ground motion simulations. 

The scarcity, however, of near-surface geotechnical information and paucity of a statistically significant number 
of design-level records prohibits such a comprehensive study of approximate and elaborate nonlinear site 
response methods and associated model parameters. For this purpose, we here combine near-surface 
geotechnical information collected from in-situ geotechnical investigations and weak motion seismogram 
inversion for typical downhole arrays in Southern California, with broadband ground motion synthetics, and 
conduct nonlinear ground response modeling and parametric uncertainty analyses to address these issues and 
develop a framework of credible, efficient nonlinear site response analyses. 
 
2. Site conditions in the LA basin and broadband ground synthetics 

This work focused on three downhole array sites in Southern 
California shown in Figure 1, characterized as Class C, D and E sites 
according to the NEHRP classification scheme (BSSC, 2001). A 
statistically significant number of broadband ground motion time-
histories were simulated for the purpose of this study for strike-slip 
fault rupture scenarios at 33 discrete points on a 100x100km2 square 
grid (Figure 1). 

The 1D-crustal velocity and density models were compiled using 
available near-surface geotechnical data, downhole array seismo-
gram inversion profiles (Assimaki et al 2006), and data extracted from 
the Southern California Earthquake Centre (SCEC) community 
velocity model (CVM). In particular for the near-surface site 
conditions, high-resolution velocity, attenuation and density profiles 
were estimated by means of waveform inversion of downhole array 
recordings, using the optimization technique developed by Assimaki 
et al (2006). Broadband ground motion time-histories were generated 
for the 1D crustal velocity models and strike-slip fault rupture 
scenarios corresponding to events of magnitude Mw = 3.5-7.0 and 
depth-to-fault geometry d=2.5-6 km; for each scenario, 3-component 
time-histories were evaluated by means of the hybrid low/high 
frequency method with correlated random source parameters (Liu et 
al, 2006). 

For the purpose of this study, broadband ground motion synthetics 
were initially computed on the surface of the linear elastic 1D crustal 
velocity models, and successively, the ground surface motion was 
deconvolved to the level of the lowermost downhole instrument (≈
100 m) at each array and the estimated incident waveform was 
propagated to the surface by means of the alternative approximate 
and elaborate nonlinear constitutive models investigated.  



2. Validation of nonlinear models 

The approximate and incremental nonlinear models described by Assimaki et al (2007, 2008a, 2008b) 
were validated for weak motion by comparison with available downhole array data at the three stations 
under investigation. A typical example of a medium intensity event (M4.2, PGA=0.22g) recorded by the 
instruments installed in La Cienega SMGA is shown in Figure 2. Despite the medium intensity of the 
event investigated, the average response spectrum predicted by the incremental nonlinear analyses is 
shown to be in better agreement with the observed response, which, when averaged, lead to an optimally 
realistic representation of the target physical phenomenon. It should be noted that similar results were 
obtained for the ensemble of ground motion recordings at all three arrays in the LA Basin. Defining the 
cumulative normalized error between the observed and predicted spectral accelerations as: 
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where SAo and SAp are the observed and predicted 
spectral acceleration values at period Ti, and i =1...n is the 
number of points computed in the response spectrum. 

Figure 2 shows the variation of the error magnitude 
against the observed PGA on ground surface. Assuming 
that the latter may serve as a proxy to the ground motion 
intensity, it can be readily seen that the errors estimated 
from the average response of nonlinear predictions are 
comparable with those from approximate models in low 
PGA range. On the contrary, in intermediate PGA range, 
the errors from averaged nonlinear predictions are clearly 
lower than those from all the other models. 
 
3. Modeling uncertainty in nonlinear site response 

The site response modelling uncertainty is evaluated by means of the coefficient of variation (COV) in 
site-to-rock outcrop spectral amplification for the site conditions at the three arrays under investigation. 
Initially, the amplification factor corresponding to the jth site response methodology at period Ti is defined 
as: 
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where ( )j iSA T is the spectral acceleration on ground surface, and ( )RO iSA T is spectral acceleration esti-

mated by deconvolution and linear elastic site response analysis on the site rock-outcrop (BC boundary). 
Successively, the coefficient of variation at period Ti, ( )i

COV , is defined as: 
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COV A A   

Finally, the overall COV is defined as the mean of COV across the response spectral period range Ti = 
[0.04s-2.0s], namely: 
 ( )= µ
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Based on the premise that the nonlinearity susceptibility of a site is a function both of the site conditions 
and the incident ground motion intensity and frequency content, an index is developed to describe the 
variability in predicted ground motion intensity measures (IM’s) introduced by the site response model 
implemented in broadband ground motion simulations. Referred to as the normalized central ground 
motion frequency (fN), this index corresponds to the ratio of the central frequency of the linear elastic 
transfer function of the profile under investigation (fc_S), to the central rock-outcrop ground motion 
frequency (fc_RO) (here evaluated as the linear elastic response of a B-C boundary site). The central 
frequency is defined as the ratio of the second (λ2) to the first (λ1) order spectral moments of the 
corresponding amplitude spectrum as follows: 

 
Figure 2. Comparison between observations 
and predictions of strong ground motion, using 
the ensemble of approximate and nonlinear 
modles (cumulative errors for LaCienega array, 
09/09/2001 M4.2 event) 



 
Figure 3 (left) Contour map of the average COV of the predicted SA for the nonlinear models as a function 
of the PGARO and the frequency index (fN) at a site representative of Class E; (center) Contour map of the 
normalized error of linear elastic site amplification spectrum for PGA<0.5g as a function of PGARO and fN 
for the same site; (right) Contour map of the normalized error of equivalent linear site amplification 
spectrum as function of PGARO and fN for the same site. 
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where FS(f) is the smoothed Fourier amplitude spectrum of the B-C boundary rock-outcrop ground motion 
or the amplitude spectrum of the site response transfer function; the resulting central frequencies are fc_RO 
or fc_S correspondingly. Note that when fN is approximating unity, the mean energy of the incident ground 
motion is carried by wavelengths on the same order of magnitude as the near-surface layers of the 
profile, and therefore, the amplification potential and associated nonlinear site response is maximized.  

Figure 3 depicts the variation of the COV averaged across the ground surface response spectrum (SA) 
for the period range T=0–1.0s as a function of fN and PGARO, the latter corresponding to the rock outcrop 
peak ground acceleration implemented as a proxy for the intensity of the incident ground motion. As can 
be readily seen in Figure 3, the COV in predicted ground surface spectral acceleration of the alternative 
approximate and elaborate nonlinear site response methodologies increases with increasing ground 
motion intensity (here represented by the increasing PGARO) and is shown to attain maximum values for 
normalized central frequencies fN on the order of [0.4-0.6]. The intensity-frequency content regions that 
correspond to large values of COV imply large incompatibilities among the alternative site response 
methodologies in estimating the ground surface spectral acceleration, and the sensitivity of the predicted 
ground motion to the selected model indicates that elaborate (incremental) nonlinear analyses should be 
conducted to ensure credibility of the strong motion site response predictions.  

Relative modelling errors, which are defined in the similar manner as in section 2, of linear elastic and 
equivalent linear analysis methods are also shown in Figure 3. As can be readily seen, prediction errors 
introduced by linear elastic and equivalent linear methods correlate with the COV of site response 
alternative estimators. It is may be concluded from this observation and analysis that upon selection of 
the error threshold that is acceptable for the estimation of site response based on the target degree of 
design sophistication at a given site, the selection of the optimal site response assessment methodology 
in terms of computational effort and associated cost for site investigation could be performed on the basis 
of the frequency index-rock outcrop intensity combination, describing the site conditions and ground 
motion characteristics for the analysis to be conducted. 
 
4. Parameter uncertainty in nonlinear site response 

Combined probabilistic-deterministic nonlinear ground response analyses based on layered soil with 
randomized dynamic soil properties are currently being conducted to investigate the effect of variability in 
soil nonlinear dynamic parameters on the predicted ground response under synthetic broadband seismic 
excitation.  
 



 
Figure 4 (left) Backbone curve from MKZ model and hysteretic 
loop from extended Masing rules; (right) Backbone curve from 
MKZ model and hysteretic loop from new proposed hysteretic 
scheme. 

The base soil profiles in the analysis correspond to three downhole geotechnical array stations shown in 
Figure 1, and the randomized parameters are the shear wave velocity (Vs), shear modulus reduction 
(G/Gmax) and attenuation (material absorption ξ) vs. cyclic strain amplitude (γ), and the soil layer 
thickness (h). The realizations of these parameters are based on the shear wave velocity model and 
layering model proposed by Toro (1993), and the statistical structures of correlated modulus reduction 
and damping ratio curves described by Darendeli (2001) using First-order Second-moment Bayesian 
Method. The relative formulations of their models are briefly introduced as following. 

Toro (1993) showed that shear wave velocity can be well approximated by lognormal distribution and this 
lognormal distribution of velocities and the correlation among layers can be characterized by means of a 
first-order auto-regressive model; i.e., 
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normal random variables with zeros mean and unit standard deviation.  

The layering model can be approximated by Poison process with depth-dependent rate and a modified 
power-law model was adopted by Toro (1993) to characterize the depth-dependent rate of layer 
boundaries, which takes the form of following after the coefficients needed estimated using the method of 
maximum likelihood. 
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Darendeli (2001) expressed the standard deviation of normalized shear modulus for a given normalized 
modulus reduction curve as 
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where σNG is standard deviation for normalized modulus reduction curve; G/Gmax is estimated normalized 
shear modulus; and φ13, φ14 are model parameters dependent on soil categories. Similarly, the standard 
deviation of damping ratios for a given material damping curve can be expressed as 

15 16exp( ) exp( )σ φ φ= + ⋅D D  

where σD is standard deviation for material damping curve; D is estimated material damping ratio and φ15, 
φ16 are model parameters dependent on soil categories. 

The correlation between modulus and 
damping ratio is incorporated in the 
realization of modulus reduction and damping 
ratio curves. Based on the correlation 
analysis of dynamic soil properties database 
compiled in EPRI Report (Toro, 1993), Daren-
deli (2001) and the limited site-specific data 
collected at La Cienega SMGA (Anderson, 
2003), a strain-dependent, perfect negative 
correlation between normalized modulus and 
damping ratio was adopted in this study. 
Typical realizations of the correlated fields are 
shown in Figure 5. 



 
Figure 5 (left) base shear wave velocity profile and 50 
realizations with randomized layering; (right) base 
modulus reduction and material damping curves and 
corresponding 50 realizations 
 

To materialize the correlated realization of 
modulus and damping curves, a new hysteretic 
scheme was developed and implemented in this 
study (Assimaki et al, 2008) modified from 
Muravskii (2005), which is capable of regulating 
damping ratios at intermediate to high strain range. 
The basic idea of the new hysteretic model is to 
generate backbone curve and hysteresis function 
using the same constitutive stress-strain law, (here, 
we implemented the MKZ model by Matasovic, 
1995), but with different sets of parameters. The 
hysteretic loops developed by means of the 
extended Masing rules (Kramer, 1996) are 
compared to the new hysteretic scheme in Figure 
4. Note that the narrower loop corresponding to 
the new model implies smaller damping ratio at 
these shear strain amplitudes. Typical realizations 
of shear wave velocity profiles as well as modulus 
reduction and damping ratio curves are shown in Figure 5. 

To quantify the relative variability of ground motion response due to variation of the critical identified 
parameters, the total variability in ground motion for a particular excitation is initially computed by 
accounting for the variability of all the soil parameters of interest. Successively, the reductions in the total 
variability due to fixation of one particular parameter are compared. From the comparison, the hierarchy 
of parameter uncertainty can be assessed, which is an indication that what parameters should be 
prioritized for site investigation expenditures as a function of the site conditions of interest subjected to a 
given set of ground motion characteristics for a given level of nonlinear soil modeling complexity. 
 
5. Future Work 

Once the modeling and parametric uncertainties in nonlinear ground response are quantified, preliminary 
guidelines will be compiled for the methodology of implementation, range of applicability and uncertainty 
level associated with nonlinear site response analyses. Indeed, for a framework to be generalized, a 
statistically significant number of site conditions needs to be compiled, and this is indeed a natural 
extension of this work. 

The next step in implementation of nonlinear models in rupture-to-rafters ground motion simulations is the 
assessment of the uncertainty propagation of these models in standardized performance-based design 
(PBD) practice criteria, namely the evaluation of structural demand. With establishing a framework for the 
efficient integration of nonlinear site effects in broadband rupture-to-rafters ground motion simulations as 
the overarching goal of this research course, the work which need immediate attention are: 

• Expand the existing database of approximate and elaborate nonlinear site response analyses for 
recorded and synthetic ground motions, and obtain statistically sound estimates of the relative modeling 
and parametric uncertainties of nonlinear models for typical profiles in Southern California. 

• Quantify the uncertainty in synthetic-based site amplification factors and nonlinear structural ground 
motion intensity measures resulting from the simulation on nonlinear site effects. Identify trends in 
bias/uncertainty variation with increasing model complexity for nonlinear soil response. 

• Develop criteria for the efficient integration of nonlinear soil models in broadband rupture-to-rafters 
ground motion simulations. Criteria will describe the conditions under which simulations of nonlinear 
effects are shown to reduce reported bias/uncertainty in synthetic amplification factors and performance 
based design parameters, and will indicate the model associated with the minimum computational cost for 
this purpose. 
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