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1. Introduction 
The widespread implementation of performance-based seismic design procedures in engineering practice 
has underlined the need for the fields of engineering and seismology to be more rationally linked. 
Nonetheless, end-to-end ground motion predictions for engineering applications require continuity of re-
solution in space and time to allow representation of seismic wave propagation from source to structure. 
At the “interface” of the two disciplines, simulating the response of soil formations to strong ground motion 
plays a critical role, while multiple seismological and engineering applications involve the estimation of 
strong motion site response such as: (i) the design of earthquake-resistant structures on soft soils; (ii) the 
development of synthetic-based attenuation relations for stable continental, low seismicity regions for 
implementation in probabilistic seismic hazard analyses (PSHA) in absence of observations, (iii) the 
development of hybrid attenuation relations where ground motion recordings are integrated with 
predictions for regression analyses to be conducted on statistically significant datasets that include rare, 
damaging events (e.g. Hybrid attenuation relations NGA-H); and (iv) the development of time-history 
suites for input into nonlinear structural response analyses to design level motions, typically associated 
with permanent ground deformations at soft sites.  

Realistic predictions of the dynamic response of soft soils to strong ground motion, in turn, may only be 
achieved via incremental nonlinear analyses, which require large computational cost and effort for 
development of the required input model parameters. Currently, the lack of quantitative guidelines for the 
efficient implementation of nonlinear models in large-scale simulations from source-to-structure hinders 
their integration in ground motion models. Our research has been addressing this problem by developing 
quantitative criteria to determine when nonlinear analyses should be conducted in lieu of empirical ground 
response analyses for broadband ground motion simulations. Due to the scarcity of statistically significant 
number of design level ground and downhole accelerogram records, as well as very limited geotechnical 
information at the sites investigated in this work, we have been combining for this purpose available 
geotechnical data with broadband synthetic ground motions to complement ground motion recordings. 
The synthetics are consistent with the regional crustal velocity model in Southern California (SCEC CVM 
IV) and have been computed or multiple rupture scenarios of strike-slip faults. We here use a ground 
motion database of 600 ground motion recordings at 27 downhole array sites to study the propagation of 
soil response modeling uncertainty to predictions of inelastic structural response, and identify the impli-
cations of soil response simulations for implementation in performance-based design procedures. 

2. Database of site conditions and ground motion synthetics 
Assimaki et al. (2008) quantified the nonlinearity susceptibility of soil formations to strong ground motion 
by evaluating the soil response modeling and parametric uncertainty at three sites in the Los Angeles 
basin. We here expanded the dataset of profiles and synthetic ground motions to further investigate the 
site and ground motion dependency of soil nonlinearity, and its implication on inelastic predictions of 
structural response for integration in end-to-end simulations. 

2.1 Soil profiles at 27 geotechnical arrays 

We expanded the dataset of soil profiles investigated, and included the strong motion geotechnical array 
sites compiled as part of the PEER 2G02 project (http://cee.ea.ucla.edu/faculty/jstewart/groundmotions/ 
PEER2G02/index.htm). The geotechnical information at these sites included 100m deep velocity profiles 
and dynamic soil parameters reported by means of modulus reduction (G/Gmax) and material damping (Q) 
curves as a function of cyclic strain amplitude. Fig. 1 shows the shear wave velocity profiles compiled at 
these sites, and the site classification of each station in accordance to the Vs30–based classification of 
NEHRP. With the exception of one station in Japan (Port Island site), 26 sites are located in Southern 
California, and specifically 8 Class C sites, 11 Class D sites and 5 Class E sites, with Vs30s ranging from 
142m/sec to 692 m/sec. 

2.2 Broadband ground motion synthetics at 600 surface stations 

One-dimensional crustal models extracted from the SCEC CVM IV (http://www.data.scec.org/3Dvelocity/) 
velocity model were used for the simulation of broadband ground motion synthetics. More specifically, 
strong ground motion synthetics were computed for 12 rupture scenarios (M3.5-7 and depth 2.5km and 
6km) over a wide range of epicentral distances on a 100x100km2 grid, to develop a statistically significant 



Fig. 2 Station layout for surface ground 
motion synthetics generation. (25 by 21 grid 
on 120km by 100km area, grid spacing 5km)

dataset of ground motion waveforms (Fig 2). Broadband ground motion time-histories were computed by 
means of the hybrid low-/high-frequency model with correlated source parameters (Liu et al, 2006). 

 
Figure 1 Shear wave velocity profiles at all the downhole array sites investigated (class C sites are 
plotted by solid lines, class D by light lines and class E by dotted lines) 

3. Quantifying nonlinearity susceptibility as a function of site and ground motion 
The synthetic surface ground motions were initially 
evaluated for linear elastic reference site conditions, 
namely a typical BC boundary profile with Vs30=760m/sec. 
The horizontal components were next deconvolved to the 
level of the lowermost downhole instrument, where the 
role of material nonlinearity is anticipated to be negligible, 
and the incident motion was estimated at that depth. 
Successively, the incident motions were propagated 
through the ensemble of soil profiles to the surface by 
means of multiple nonlinear models for each site, and the 
variability in ground surface predictions arising from the 
modeling variability of soil response was computed. For 
further information, the reader is referred to Assimaki et al 
(2008).  

The site nonlinearity susceptibility was next quantified on the basis of the deviation between the spectral 
accelerations computed via linear elastic wave propagation and nonlinear analyses by means of the MKZ 
model (Matasovic and Vucetic, 1993). More specifically, we denote the spectral acceleration at period Ti 
evaluated by means of linear site response as SAi

LIE  and the spectral acceleration at the same period 

evaluated via nonlinear analyses as SAi
MKZ , and compute the deviation of the two responses as: 



 
  
ERR = μ(ERRi ) = μ log SAi

LIE SAi
MKZ( )( ) 

where the operator μ denotes the un-weighted average across the period range of interest, and the 
subscript denotes the spectral values evaluated at period Ti. Note that the period range of interest is sele-
cted from 0.2 sec to 2.0 sec, characteristic of the range where the dominant period of common structures 
lies. Premise of the nonlinearity susceptibility criteria developed by Assimaki et al (2008) was that the 
extent of nonlinearity exerted by the near-surface soil formations is proportional to the deviation between 
the linear and nonlinear ground response predictions, namely the stronger the nonlinear effects, the 
larger the difference between two alternative predictions.  

To quantify the conditions under which nonlinear effects significantly affect the ground surface response, 
two indexes were developed to describe the near surface soil stratification and the characteristics of input 
seismic motion at each site during each scenario. Note that the site conditions describe which layers are 
susceptible to nonlinear effects, while the amplitude and frequency content of input motion identify 
whether the seismic waves will “see” the soft layers and whether they “carry” sufficient energy at the 
corresponding frequencies to impose large strains in the soft layers. 

More specifically, the intensity of incident seismic motion was described by the level of PGA (Peak 
Ground Acceleration) on rock outcrop (i.e. on ground surface for BS boundary soil conditions), and the 
frequency content of ground motion was characterized relative to the amplification potential (or transfer 
function) of the soil profile by means of the so- frequency index which is defined as the normalized cross-
correlation between the linear elastic transfer function of the profile and the Fourier amplitude of the input 
seismic motion. More specifically, the frequency index IF is expressed as: 
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where  iATF  and  iFAS  are the 
amplitude of the elastic transfer 
function of profile and the Fourier 
amplitude spectrum of incident 
motion at the ith frequency point, 
normalized by their respective 
peak value; N is the total number 
of frequency points in the 
frequency range of interest, which 
is twice the fundamental 
frequency of each site. 

Note that the larger the frequency 
index, the greater similarity between the transfer function of the profile and the Fourier amplitude 
spectrum of the incident motion, and therefore the greater amplification potential of a given site to a 
particular input motion. In case a large IF value is associated with a high PGARO, i.e. a high intensity input 
motion, the amplification potential will be maximized and impose large strain in the profile, which results 
strong nonlinear effect and large deviation of nonlinear ground response from linear ground response. Fig. 
3 shows the variation of the ERR as a function of IF and PGARO for selected sites. As can be readily seen, 
the ERR increases with increasing ground motion intensity (i.e. PGARO) and increasing frequency index 
(IF), namely attains maximum values at the up-right corner of the contour plot. The PGARO-IF regions that 
correspond to large values of ERR implying large deviation in the predicted ground motion due to the 
selection of different ground response model, which indicate that incremental nonlinear analyses should 
be conducted to ensure credibility of the strong motion site response predictions. 

4. From site response modeling variability to structural performance 
We next investigated the propagation of modeling variability in site response analysis to the estimation of 
inelastic structural response for a series of nonlinear SDOF oscillators. In accordance to the previously 
presented results, we use the PGA-IF criteria to quantify the bias and uncertainty in nonlinear structural 

 
Fig. 3  Contour  maps  of  the  prediction error (ERR)  as  a  function  of  
the  peak  ground acceleration (PGARO) on rock-outcrop and frequency 
index (IF) for selected sites. 



response predictions resulting from employing multiple site response methodologies. In particular, the 
inelastic deformation ratio (C) is used as a measure of nonlinear structural performance, and the 
variability in C resulting from implementation of various site response analysis methodologies is mapped 
as a function of the developed site- an ground-motion indices, namely as a function of PGARO and IF. 

4.1 Inelastic deformation ratio 

The inelastic deformation ratio is the ratio between the peak 
deformations of inelastic and corresponding linear SDF 
systems, um and u0 (Fig. 4), respectively. A bilinear force-
displacement response ( ( ),sgnsf u u ) schematically shown in 
Fig. 4 was selected to simulate the idealized inelastic 
structural response of a series of SDF’s, in which k is the 
elastic stiffness, αk is the post-yield stiffness, and α is the post-
yield stiffness ratio. fy is the yield strength and uy the yield 
deformation.  

Within the linear range, the system has a natural vibration 
period Tn and damping ratio ξ. The yield strength reduction 
factor (Ry) of the system is defined as = =0 0y y yR f f u u , in  
which f0 and u0 are the minimum yield strength and yield 
deformation required for the structure to remain elastic during 
the ground motion excitation. The peak force of the bilinear 
system is fm (Fig. 4); the peak deformation of the bilinear system is um and the corresponding ductility 
ratio μ is defined as μ = m yu u . The inelastic deformation ratio C is given by μ= =0m yC u u R . To 
ensure a uniform intermediate inelastic level in the bilinear system, we conducted the constant yield 
strength reduction factor (Ry=4) analysis instead of constant yield strength (fy) analysis, because the 
highly variable intensity (PGA=0.1 to 2.0g) of ground motion will yield highly variable inelastic level in the 
bilinear system in case of latter alternative, which will totally overshadow the signature of site effects in 
the structure response. 

4.2 Bias and uncertainty in inelastic deformation ratio predictions 

The inelastic deformation ratios (C) resulting from implementation of the alternative site response analysis 
methods can be evaluated, and the results can be differentiated by subscripts corresponding to the 
abbreviations of the site response methods. For instance, the C value of a given structure computed at a 
particular site subjected to a ground motion evaluated using linear elastic ground response analysis will 
be denoted as CLIE; similarly, the C value of the structure with same inelastic level subjected to the ground 
motion evaluated using modified Kondner and Zelasko (MKZ) model will be denoted as CMKZ. 

The bias and uncertainty in predictions of C will be represented by the mean and COV (coefficient of 
variation) of QC, which is defined as the ratio of C among the alternative methods. For example, QC 
between the LIE and MKZ models is defined as QC=CLIE/CMKZ. Note that deviation of QC from unity 
indicates deviation of the predictions in the inelastic structural response due to the use of different site 
response methodology and thus propagation of the sensitivity of the ground response assessment to the 
prediction of the structural inelastic performance. Fig. 5 shows the mean of QC for Ry = 4 at selected sites 
as a function of natural period of the elastic structure normalized by the first mode fundamental period of 
the corresponding site (Tn/Tg); the mean QC is here averaged within the ranges of PGA indicated by the 
legend of Fig. 5. As mentioned earlier, a constant Ry was here selected to illustrate results of our study, to 
depict purely the propagation of ground motion modeling variability to the inelastic structural response 
prediction while keeping the inelastic structural characteristics invariable.  

As can be seen in Fig. 5, these sites show biased estimation of C by LIE method (i.e. show QC < 1.0) and 
the bias reaches the trough around Tn/Tg=1 i.e. first or second mode fundamental period of the site. It can 
also be observed that the bandwidth of biased results is roughly proportional to the fundamental period of 
the site. For one particular site, the bias increases with increasing PGA, or in other word, increasing 
nonlinearity susceptibility of the site. And it seems that the relative amplitude of bias for different sites 
depend on the relative stiffness of the sites, with soft site showing higher bias. All these observations may 

 
Fig. 4  Bilinear  force-deformation  
relationship  of  inelastic  SDOF  system  
and  corresponding  notation  for elastic 
and post-yield characteristics (after 
Chopra, 2004) 



lead to the conjecture that the higher nonlinear effects in the ground response, the higher the bias in the 
C estimation and the bias is due to the insufficient consideration of nonlinear ground response. It has to 
be noted that since the same Ry values are employed in the computation of CLIE and CMKZ, the bias in the 
C estimation is only due to the difference in the frequency content of the ground motion evaluated from 
linear and nonlinear ground response analysis. 
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Fig.5 Bias in inelastic deformation ratio of bilinear SDF (Ry=4) averaged across five PGA groups as a function of 
normalized elastic natural period normalized by first fundamental period of the site.  

Finally, it should be noted that the bias trends in Fig. 5 are consistent with results published by Bazzurro 
et al. (2004), which were based on the comparison between the inelastic structural response between 
synthetic and recorded ground motions. This consistency also implies that bias in latter study may be 
caused by not accounting for the simulations of nonlinear site effects in the synthetic ground motion 
predictions. Nevertheless, more studies are needed to investigate the site, ground motion and structure 
dependency of the bias in C estimation, develop criteria to quantify these relations and integrate the 
criteria in broadband ground motion prediction models. 

5. Future Work 
Based on the volume of existing studies and considering the overarching objective of the proposed 
research, the next steps in the sequence of research will involve:  

(i) Refine the preliminary criteria by investigating the site dependency of the nonlinear effects, integrating 
site- and ground motion-dependency of the quantitative measurement of nonlinearity susceptibility and 
identifying appropriate error thresholds based on recordings, beyond which nonlinear analyses will be 
considered necessary for implementation. 

 (ii) Evaluate the criteria effectiveness for predictions of ground motion IM’s implemented in PBD 
engineering practice. Identify the conditions under which nonlinear site effects contribute to the 
bias/uncertainty when synthetic ground motions are implemented in nonlinear structure response analysis, 
and integrate results as part of the refined criteria for nonlinearity susceptibility; 

(iii) Develop a computational tool that incorporates the results of the proposed work to be integrated into 
the SCEC broadband ground motion platform for future implementation in forward ground motion 
predictions. 



References 
Assimaki, D., W. Li, et al. (2008). "Quantifying nonlinearity susceptibility via site response modeling 

uncertainty at three sites in the Los Angeles basin." Bulletin of the Seismological Society of America 
98(5): 2364-2390. 

Bazzurro, Paolo, Brian Sjoberg, and Nicolas Luco (2004) "Post-elastic response of structures to synthetic 
ground motions," Report for Pacific Earthquake Engineering Research (PEER) Center Lifelines 
Program Project 1G00 Addenda, September. 

Chopra, Anil K., and Chatpan Chintanapakdee (2004) "Inelastic deformation ratios for design and 
evaluation of structures: Single-degree-of-freedom bilinear systems," Journal of Structural 
Engineering, Vol. 130, No. 9, pp 1309-1319. 

Li, W., D. Assimaki, and M. Fragiadakis (2008) “Site Response Modeling Variability in ‘Rupture-to-Rafters’ 
Ground Motion Simulation” The 14th World Conference on Earthquake Engineering. Oct. 12-17 
Beijing 

Liu, P, R. J.  Archuleta, and S. H. Hartzell (2006) "Prediction of broadband ground-motion time histories: 
Hybrid low/high-frequency method with correlated random source parameters," Bulletin of the 
Seismological Society of America, Vol. 96, pp 2118-2130. 

Matasovic, Neven, and Mladen Vucetic (1993) "Cyclic characterization of liquefiable sands," Journal of 
Geotechnical Engineering, Vol. 119, No. 11, pp 1805-1822. 

PEER 2G02 Project http://cee.ea.ucla.edu/faculty/jstewart/groundmotions/PEER2G02/index.htm  

SCEC Three-Dimensional Community Velocity Model http://www.data.scec.org/3Dvelocity/  

 

 


