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Abstract	  
Although substantial progress has been made in physics-based ground motion simulations 
in the recent years, the engineering community is still reluctant to use simulated time 
series for design. One of the reasons for this is a lack of understanding of how simulated 
ground motions compare to recorded ground motions, especially when it comes to their 
impact on structural response. There are on-going efforts of validation and verification of 
simulated ground motions, but these tend to be focused on record properties or on the 
response of single-degree-of-freedom systems. We have used a different approach by 
comparing the nonlinear structural response of multi-story buildings subjected to 
recorded and simulated ground motions, given that both sets had similar response spectral 
shapes.  This approach will help to determine if there are any aspects of record properties, 
other than elastic spectra shape, that tangibly affect the structural response prediction. 
 
The responses of three test-bed buildings to recorded motions have already been 
predicted in a project recently completed by the PIs. The set of recorded motions is 
representative of a magnitude 7 earthquake, rupturing within 20 km from a site in a 
shallow crustal tectonic environment such as California. In the current study, we selected 
SCEC simulated records for the same type of event and distance with spectral shapes that 
were consistent with the motions in the recorded set. We then performed structural 
simulations for the three computer-modeled test-bed concrete structures and compared 
the response results from both sets of time series. The preliminary conclusion, based on 
the comparison of the two datasets used, is that the simulated ground motions led to 
structural response (specifically, the median maximum inter-story drift ratio, MIDR) that 
were consistent with those derived from recorded motions, provided that the elastic 
spectral shape of the ground motions are similar. As expected, the median MIDR results 
are not exactly the same for both sets for all the buildings, but the differences do not 
appear to be systematic or due to the origin of the time series. The differences are 
consistent with those observed from different recorded sets in previously completed work 
by the PIs.  
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1.	  Introduction	  

1.1	  The	  Use	  of	  Physics-‐Based	  Simulations	  in	  Earthquake	  Engineering	  
Applications	  
Although substantial progress has been made in physics-based ground motion simulations 
in the recent years, the engineering community is still reluctant to use simulated time 
series as the basis for structural design. One of the reasons for this is a lack of 
understanding of how simulated ground motions compare to recorded ground motions, 
especially when it comes to their impact on nonlinear structural response. There are on-
going efforts to validate and verify simulated ground motions, but these tend to be 
focused on record properties or on the response of single-degree-of-freedom systems. We 
have devised a different approach and compared the nonlinear structural responses of 
multi-story structural models subjected to both recorded and simulated ground motions.  
 

1.2	  The	  Ground	  Motion	  Selection	  and	  Modification	  Problem	  
As nonlinear dynamic analysis of structures is becoming increasingly prevalent in code 
and regulatory documents prescribing structural analysis and design methods, a recurring 
challenge for both practicing engineers and developers of these documents is the 
selection and modification of ground motions.   
 
There are currently many methods of ground motion selection and modification (GMSM) 
available for use in such dynamic analyses. Unfortunately, there is no consensus as to the 
value of these methods in correctly predicting the structural response, thus the choice is 
largely subjective. This has a significant impact on the engineering community since non-
linear response is sensitive to the selection and modification of input ground motions.  
 
Even with careful and informed record selection, the record-to-record variability is often 
the main contributor to the overall structural response uncertainty. The GMSM Program 
was formed to investigate these issues (http://peer.berkeley.edu/gmsm/). The GMSM 
Program is composed of a core group of researchers who meet quarterly, on a voluntary 
basis, in order to discuss issues and advances in GMSM and to coordinate projects and 
proposals. One of the objectives of the GMSM Program is to systematically evaluate 
different procedures and their effect on structural response analyses results and 
predictions. The results of research recently completed by the group were published in a 
PEER report (Haselton, 2009). The current research project builds on results from the 
Program and extends the investigation to simulated time series. 
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2.	  Methodology	  
 
The methodology developed for this project builds on the previous GMSM Program 
approach and results. One of the main conclusions of the GMSM report is that the 
response spectral shape and amplitude of the records, especially near and just beyond the 
natural first-mode period of the structure, controls the structural response. Other factors, 
such as distance, magnitude and site type have secondary effects only. The current 
research capitalizes on these results to assess the simulated motions’ ability to reproduce 
the results obtained from recorded motions. As such, simulated motions are 
systematically selected to closely match the response spectra of the recorded motions, for 
different ground motion sets. Our research question is: Are structural response simulation 
results different for recorded and simulated earthquake time series if the response spectra 
are similar for both sets?  
 
This section summarizes the methodology utilized for the current project: selection of the 
building models, definition of an earthquake scenario and selection of recorded and 
simulated ground motions.  
 

2.1	  Selection	  of	  Structural	  Models	  and	  Engineering	  Demand	  Parameter	  
The first step was to select numerical structural models (Table 1). The three building 
models considered are all modern special moment-frame reinforced-concrete structures. 
The three buildings were modeled in OpenSees (OpenSees, 2009). All three models are 
consistent with the following building codes: 2003 IBC, ASCE7-02, ACI 318-02. While 
selecting structures, the following items were considered: the height and number of 
stories, the natural first-mode period, and the representation of different intensities of 
non-linearity.  

Table 1. Summary of structural models 
Building Stories T1(s) 

B 12 2.01 
C 20 2.63 
E 4 0.97 

 
An engineering demand parameter (EDP) is a parameter that describes the response of a 
structure. EDP is preferred to the term “response” which usually refers to the spectral 
response commonly used in engineering. For this project, the EDP of interest is the 
maximum inter-story drift ratio (MIDR) of all the stories over the length of the structural 
simulation. The simulations are completed using Opensees and the acceleration time 
series are used as input to the structural model and many EDPs are tracked throughout the 
simulation. The maximum relative displacement (drift) between floors divided by the 
height of the story is computed and saved in times series; the maximum drift usually does 
not happen at the same time for each floor pair. The MIDR is the maximum of this inter-
story drift ratio, for all the floors, over the length of the simulation. A numerical limit of 
18% was set beyond which the structure is considered to have collapsed; this limiting 
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value was selected because it is a large MIDR beyond which none of the three buildings 
could still be structurally stable. 
 

2.2	  Definition	  of	  Earthquake	  Scenario	  and	  Recorded	  Dataset	  
We have defined an earthquake rupture scenario that is consistent with a plausible 2% in 
50 years ground motion hazard level in Southern California. This event consists of a 
magnitude 7 earthquake, 10 km from a site with a Vs30 of 400 m/s (average shear wave 
velocity of the upper 30 meters of the soil column).  In California, a magnitude 7 event 
within 20 km is often a hazard-controlling source and the site condition represents an 
average stiffness for alluvial deposits in urban areas.  
 
Records corresponding to this earthquake scenario were selected from the PEER NGA 
database (PEER, 2006). Because of the scarcity of available records, fairly wide ranges of 
parameters were considered: magnitude between 6.75 to 7.25, closest distance between 
zero and 20 km. Vs30 was not constrained. This criterion led to the selection of 49 sets of 
three-component records. These records form the basis for the comparison with simulated 
motions. The 5%-damped spectral acceleration response was computed for a randomly 
selected horizontal component. The selected component was used for the selection of the 
simulated time series and utilized as input for the structural simulations.   

2.3	  Selection	  of	  Simulated	  Ground	  Motions	  

2.3.1	  Simulated	  Events	  
Ground motion simulations lead to a large number of individual records that can present 
different properties in the time and frequency domains. In addition, structural simulation 
results tend to vary from one record to the next. In order to present a fair assessment of 
simulated records, we selected a subset of simulated motions coming from events 
consistent with the earthquake scenario from above. The 49 records come from different 
earthquakes and for consistency, the simulated ground motions were also selected from 
different simulated earthquakes. 
 
A large set of simulated broadband (0 – 10 Hz) ground motion time series developed 
within SCEC is available for earthquakes in the target magnitude range 6.75 – 7.25. 
These simulations modeled by Dr. Rob Graves include both actual earthquakes as well as 
scenario events (such as the Puente Hills scenario, Graves and Somerville, 2006a and b). 
All simulation results are saved on a dense (1 – 2 km) grid of sites surrounding the fault 
region. For each simulated event, there are hundreds or even thousands of time series in 
the target distance range 0 – 20 km, covering a variety of source (e.g. asperity proximity, 
directivity) or path/site (e.g., hard rock, basin) conditions. We are also aware of 
additional scenarios developed within SCEC (Aagaard et al., 2008 and 2009, Graves et 
al., 2008), but we are targeting simulations for earthquakes that match the scenario 
defined above. Table 2 summarizes the selected simulations. 
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Table 2. Summary of selected ground motion simulations 
Event Magnitude (Mw) Distance Range 

(km) 
Number of 
Scenarios* 

1992 Landers 7.2 0 - 150 1 
1989 Loma Prieta 6.9 0 - 70 1 
1994 Northridge 6.7 0 - 100 1 
Puente Hills Combined 7.15 0 - 60 5 
Hayward Combined 7.05 0 - 60 3 

   *Multiple scenarios include different slip distributions, hypocenter locations, etc. 
 

2.3.2	  Individual	  Component	  Selection	  Procedure	  
Results from our previous work show that for first-mode-dominated structures (such as 
the three buildings listed above), the record’s response spectral shape tends to control the 
structural response (Goulet et al., 2008, Haselton, 2009). This provided the motivation for 
selecting simulated time series with spectral shapes consistent with those from the 
recorded set.  
 
The simulations produced ground motion time series equally spaced on a 2 km grid, 
leading to a large number of simulated motions for selection. Because of the large variety 
of simulated motions, we were able to perform a reasonable one-to-one match of the 
records. This involved first retrieving all the simulation within 20 km of the source, 
computing the 5%-damped acceleration response spectra and selecting the best match for 
each of the 49 records.  
 
We developed a computer code to select simulated ground motions with spectra similar 
to those of the recorded motions. Each of the 49 recorded components became a target 
and the code performed a search to find the five best matches from all the available 
simulations. This initial selection was based on a minimum least-square error approach 
for a given spectral period range. Numerous iterations were used in the development 
stage to find the optimal set of error tolerance, smoothing level and period range for the 
selection. After the initial automated selection, the candidate simulations were reviewed 
one by one by the authors and special care was made to minimize the deviation from the 
target near the first-mode period of the structures. A final verification was made to ensure 
that different simulation events were sampled in the process. The selected simulated time 
series were then used as input for the structural simulations for the three building models 
presented above.  
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3.	  Results	  

3.1	  Selected	  Ground	  Motions	  
 
As discussed above, the simulated ground motions were selected to match as-closely-as-
possible the recorded ground motions set for the magnitude 7 event. No scaling or 
modification of the simulated ground motion was allowed, but a reasonable one-to-one 
match was possible, as illustrated in the following figures. Figure 1 shows the 5% 
acceleration response spectra for the 49 records selected from the NGA database. Also 
shown on the figure are the mean, the median and the median plus and minus one 
standard deviation for the set. The distribution is assumed to be log-normal, which is 
consistent with the distribution observed on the figure. Figure 2 shows the corresponding 
simulated set.  
 

 
Figure 1. Acceleration response spectra, 5% damping, for the 49 records matching the event 

scenario.  
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Figure 2. Acceleration response spectra, 5% damping, for the 49 simulations, matched one-to-one 

to the recorded components.  
 
The recorded spectra cover a wider range of spectral values than the simulated spectra. 
This is consistent with our observation of an apparent lower variability in ground motions 
from the simulated events. It was impossible to match the very low and very high spectral 
values observed from recordings. The recorded set also shows more variability, from 
period to period, than the simulated sets. This is expressed by more pronounced peaks 
and troughs of the median in Figure 1, compared to Figure 2. Nonetheless, both sets 
exhibit similar trends with comparable medians and dispersion. Figure 3 shows the 
difference in spectral acceleration between the recorded and simulated datasets. The 
median spectra differ by about 10 to 20% for the whole period range, although larger 
differences exist within each pair of recorded/simulated ground motions. The range of 
interest for structural response is near and beyond the models’ first-mode period (from 
approximately 1 to 3 s).  
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Figure 3. Comparison of median and standard deviation of response spectra, 5% damping, for the 

49 recorded and simulated motions.  
 

3.2	  Maximum	  Inter-‐Story	  Drift	  Ratios	  
 
Figures 4, 5 and 6 show the results from the structural simulations for each recorded and 
simulated time series for buildings B, C and E respectively. The black squares correspond 
to the MIDR for the recorded time series while the blue triangles are associated with the 
simulated time series. Two collapses occurred, one each for building B and E and are 
shown in red. Also shown on the figures are the percentage of difference between the 
MIDR from simulated and recorded times series. This difference was computed as:  

100*(MIDRSim-MIDRRec)/MIDRRec  
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Figure 4. Summary of MIDR (%) results for building B, for the 49 recorded and simulated 

motions.  

 
Figure 5. Summary of MIDR (%) results for building C, for the 49 recorded and simulated 

motions.  
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Figure 6. Summary of MIDR (%) results for building E, for the 49 recorded and simulated 

motions.  
 
As mentioned above, spectral amplitudes for a given period within each pair of 
recorded/simulated time series can be fairly large, but the two suites of spectra taken as a 
whole are fairly similar (as evidence by their similar median values). Therefore, it may be 
more meaningful to look at the aggregated results. Figure 7 shows a summary of the 
MIDR results obtained from the structural simulations. The vertical data stripes 
correspond to the MIDR results for all three buildings, for both the recorded and 
simulated time series. For each stripe, the maximum and minimum values were removed 
prior to plotting. For all three buildings, the range of MIDR values are similar, but the 
overall distribution within that range of values for the recorded and simulated sets tend to 
differ for a given building. This leads to a large difference in the median MIDR estimate 
for building B, but to no statistical difference for building C.  
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Figure 7. Summary of structural simulation results for buildings B, C and E and for both the 
recorded (Rec) and simulated (Sim) acceleration time series.  

 

4.	  Discussion	  
 
The results of structural simulations summarized here show that depending on the 
structure, there may be statistically significant differences in the median MIDR response 
to recorded and simulated time series. Nonetheless, the preliminary conclusion, based on 
the comparison of the two datasets used, is that the simulated ground motions led to 
MIDR results that are consistent with those derived from recorded motions, provided that 
the elastic spectral shape of the ground motions are similar. As expected, the median 
MIDR results are not exactly the same for both sets for all the buildings, but the 
differences do not appear to be systematic or due to the origin of the time series. The 
differences are consistent with those observed from different recorded sets in previously 
completed work by the GMSM Program (Haselton et al, 2009). Additional structural 
simulation results need to be investigated to provide better insight into the observed 
differences.  
 
Furthermore, the ground motion level corresponding to the scenario earthquake is fairly 
weak and in many cases, the structures where not pushed into their nonlinear range of 
response. Complementary simulations were conducted to investigate the effect of larger 
ground motions, for which both the recorded and simulated times series were scaled up in 
a similar fashion. Further interpretation of the results presented here and results from the 
complementary simulations will be documented in a supplemental report to be submitted 
to SCEC in the Fall of 2011. 
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