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ABSTRACT 
As analytical models become more numerous and complex, automation becomes essential to allow time for critical thought 
and innovation. This companion paper details a suite of tools that have been developed to enable advanced nonlinear site 
response analyses to be carried out in an automated fashion. These automation tools were built within various 
programming environments and have the ability to handle pre and post-processing tasks as well as interface directly with 
the finite element analysis program LS-DYNA. Pre-processing begins with a program written in Excel Visual Basic for 
Applications, which generates data to be fed to the processer (LS-DYNA) with a JavaScript API. After running the model, 
JavaScript is again employed to prepare the output data for the post-processor, which was written in Matlab. The 
functionality and development of each rapid automation tool is presented and the resulting time savings are discussed. 
Altogether, these rapid automation tools have decreased the required worker hours for pre- and post-processing of site 
response analyses from over two days to under half an hour per soil column.    
 
 
1 INTRODUCTION 
 
Free-field Site Response Analysis (SRA) is a precursor to 
fully coupled Soil-Structure-Interaction (SSI) modeling.  It 
is therefore a necessary step for nearly every large 
performance-based design project and has the potential to 
add significant time and cost, especially if the uncertainty 
in the results are to be properly quantified.  While the 
geologic setting at every site is unique, there are still many 
aspects of modeling ground response that can be 
automated.  The advantage of automation in this context is 
that it allows engineers to spend more time on higher order 
tasks such as interpreting results, evaluating reliability, and 
improving constitutive material models.  Thus, this paper 
presents a suite of pre- and post-processing tools that were 
developed to streamline the process of SRA.  The current 
toolkit consists of three primary components: (1) a pre-
processing tool written in Excel Visual Basic for 
Applications (Excel VBA) known as the Soil Curve Building 
Tool (SCBT); (2) Javascript macros for interfacing with 
Finite Element (FE) software; (3) a post-processing 
Graphical User Interface (GUI) written in Matlab (R2016b).  
Altogether, these automation tools allow for state-of-the-art 
nonlinear SRA to be carried out in a matter of minutes 
rather than hours or days.  This represents dramatic time 
saving and ultimately promotes innovation because more 
robust SRA studies are now feasible.    
 
1.1 Generalized SRA Procedure 
 
The typical workflow for SRA can be broken into three 
phases: pre-processing, processing, and post-processing.  
Figure 1 depicts the basic tasks involved in each phase as 
well as to which tasks the automation tools presented 
herein apply. 

 
Figure 1.  Generalized SRA flowchart and applicability of 
automation tools 
  



 

As Figure 1 implies, the pre-processing consists of 
interpreting raw geotechnical data to define stratigraphy, 
dynamic material properties, and properly formatted input 
files for the software employed for processing.  Processing 
refers to the direct link between pre-processed inputs and 
raw data outputs that contain the desired information 
associated with the predicted ground response.  Thus, in 
the post-processing phase, raw data outputs are converted 
into meaningful graphics and other report-ready content. 

Currently, the automation toolkit is optimized for use 
with the FE software LS-DYNA (LSTC, 2009) but the pre-
processing tool, the SCBT, can also produce inputs for the 
lumped-mass analytical style available in DEEPSOIL 
(Hashash et al., 2016) as well as generic data structures 
(i.e.  spreadsheet or text file formats), which would be 
useful with nearly any modeling software.   

The following sections expand on information given in 
Figure 1 and describe the programming logic required to 
achieve automation.  A discussion of the time saving 
potential offered by these tools is also provided. 
 
 
2 PRE-PROCESSING: SCBT 
 
The SCBT was created through a collaborative effort 
between the University of Nevada, Reno, and Arup, San 
Francisco.  It has been in a constant state of development 
since work began in 2014 as new constitutive soil models 
are validated and pre-processing needs change.  The initial 
intent of the program was to provide a platform for 
modifying nonlinear backbone curves for soils so that the 
implied peak strength would match that from continuum 
mechanics theory or laboratory-based measurements.  
However, the list of features has grown considerably and 
now includes multiple soil models, a tool for automatically 
optimizing profile discretization, interactive plots, tools for 
dealing with non-hydrostatic ground water conditions, 
options for user-defined backbone curves, a suite of tools 
for interpreting raw GI data, and more.  The following 
subsections describe some of the more useful features of 
the SCBT in greater detail. 
 
2.1 Generation of Nonlinear Backbone Curves 
 
The SCBT has the ability to approximate dynamic soil 
behavior using empirical relationships from Darendeli 
(2001), Menq (2003), Gonzalez and Romo (2011), and 
Romo (1995).  Alternatively, user-defined data is also 
acceptable.  If data from field and/or static laboratory tests 
must be relied upon, a disagreement often manifests 
between the implied peak strength from the modulus 
degradation relationship and that suggested by theory or 
laboratory test measurements.  This is because most 
empirical relationships of this kind were not developed with 
data sets encompassing strain levels near soil failure (i.e.  
1 to 3% shear strain).  For such cases, the methods 
described by Motamed et al.  (2016), which are modified 
from Yee et al.  (2013), are employed to correct the errors 
that arise at large strain.   

Figure 2 shows an example of a case where the implied 
strength from the initial backbone curve does not match the 
value suggested by triaxial compression test data.  It also 

shows how the curve looks after the SCBT applies the 
aforementioned strength correction.  Note that this 
correction can be applied to all soil layers in a model with 
a single mouse click. 

 
 

 
Figure 2.  Example of the strength adjustment available in 

the SCBT for a sandy soil with ’ = 522 kPa,’ = 23.4°, Vs 

= 240 m/s,  = 226 kPa 
 
 

The stress-strain curves from Darandeli (2001) and 
Menq (2003) in Figure 2 are in close agreement in the small 
strain range (i.e.  <0.1% shear strain) but do not match the 
measured peak shear strength and diverge from each 
other at large strains.  Hence, the SCBT is programmed to 
match the predictions from empirical correlation such as 
these up to an automatically selected transition strain, after 
which the second stage of the hyperbolic formulation from 
Motamed et al.  (2016) is applied to force the curve to 
become asymptotic with the target peak shear strength.  
The example shown in Figure 2 represents a case where 
the implied soil shear strength is less than that measured 
in the laboratory.  It is also possible for the opposite 
situation to occur, most commonly in clay soils. 

The SCBT optimizes the curve fits for each soil layer in 
a way that minimizes abrupt changes in slope on the 
finalized stress-strain, modulus degradation, and damping 
curves.  It also considers the stress levels at strains leading 
up to the peak strength by comparing the computed values 
to those indicated by empirical relationships which are 
applicable at large strain from Hayashi (1994) for sands 
and Vardanega and Bolton (2012) for clays.  All of the curve 
fitting procedures employ the GRG Nonlinear solver 
function available in Excel VBA to minimize weighted 
residuals between the computed values and the 
appropriate targets for different soil types.  The weights 
applied to the residuals automatically adapt to ensure that 
the code matches the intended small strain behavior and 
peak strength as closely as possible. 
 
2.2 Profile Discretization 
 
The maximum frequency of vertically propagating waves 
that can pass through an element is related to the shear 
wave velocity and the vertical thickness of the element, H, 
(i.e.  layer thickness).  This is described by Equation 1: 
 
 

 fmax = Vs/(4H)      [1]
   



 

where fmax is the maximum passable frequency, Vs is the 
shear wave velocity, and H is the element thickness.  
Research suggests that fmax should typically be greater 
than 25 Hz to ensure that the frequency content of the input 
motion is captured accurately, although larger values may 
be necessary in some cases (Hashash et al., 2010; 
Motamed et al., 2016).  On the other hand, it is 
advantageous to minimize fmax in order to reduce 
computational requirements of the model.   

The SCBT addresses profile discretization with an 
algorithm that automatically adjust layers thicknesses so 
that a user-defined target fmax is maintained with 
reasonable consistency.  To do this, the code executes the 
following steps: 

 
1) Save the current soil profile data so that the 

original profile can be restored if the discretization 
does not converge properly. 

2) Identify important layer boundaries that must be 
preserved (e.g. changes in soil type, shear wave 
velocity, cohesion or friction angle, plasticity index 
(PI), and unit weight) 

3) Compute new element thicknesses between the 
boundaries from step 1 so that the maximum 
passable frequency approaches the prescribed 
fmax.    

4) Remove excess data if the new profile contains 
fewer layers than before. 

 
The above procedure produces discretizations that are a 
close match to the target fmax, but not perfect.  This is 
because the constraints of the optimization problem do not 
allow for a perfect match if the aforementioned important 
layer boundaries (including the base of the profile) are to 
be preserved.   
 
2.3 Streamlined Inputs and Outputs 
 
The SCBT has the ability to write keyword files for LS-
DYNA directly.  Hence, options are included to allow the 
user to output either strength adjusted, non-strength 
adjusted, or user-defined data.  There are also tools to help 
the user setup the material card in any way desired.  For 
example, one relatively new feature of the 
MAT_HYSTERETIC_SOIL model in LS-DYNA applies a 
correction for the effects of shear strain rate.  This be set 
up by selecting the appropriate options in the SCBT before 
generating the outputs. 

Aside from LS-DYNA keyword files, the SCBT can 
output excel sheets with vertical and horizontal effective 
stress, modulus degradation and damping curves for all 
layers, individual soil cards for LS-DYNA, and plots of 
shear strength and shear wave velocity with depth.  In 
addition, it is possible to readily read-in data from 
DEEPSOIL.   
 
3 PROCESSING: JAVASCRIPT API 
 
3.1 Model Generation 
 
The FE software described herein features a JavaScript 
API, which can help automate aspects of model creation 

(e.g. geometry creation, assignment of properties) as well 
as post-processing (e.g. data extraction, calculations).  
Given a spreadsheet (output from the SCBT) providing 
discretized soil layer depths and transmitting layer 
properties, a one-dimensional soil column can be 
automatically generated. 

In the toolkit presented herein, the user begins with a 
base model that consists of one shell element at the 
starting depth (i.e. 0 meters).  Provided the spreadsheet 
with layer depth information, the script extrudes the shell 
element to create multiple solid brick elements down to the 
full depth of the desired soil column.  Nodal rigid bodies are 
also created at each layer if required.  At the base of the 
model, Lysmer dampers are generated with the 
appropriate properties to satisfy a provided bedrock depth 
and shear wave velocity (Lysmer 1978).  For the LS-Dyna 
software, Lysmer dampers are defined using the MAT_S02 
DAMPER_VISCOUS material model.  The ground motion 
is applied as LOAD_NODE_POINT, which expects units of 
force as an input (e.g. Newtons).  In order to convert 
bedrock velocity time histories to force, the appropriate 
viscous rate in the horizontal and vertical directions (ch and 

cv) as a function of bedrock density (), cross-sectional 
area (A), and bedrock shear or compression wave 
velocities (Vs and Vp) must be determined: 
 
 

ch = AVs       [2] 

cv = AVp       [3]
 
 
The viscous rate is applied as a scale factor on the bedrock 
horizontal and vertical velocity time histories (vh(t) and 
vv(t)), as shown below. 
 
 

Fh(t) = chvh(t)      [4] 
Fv(t) = cvvv(t)      [5] 

 
 
Note that for site response analyses where downhole array 
recordings are available, definition of Lysmer dampers 
would not be necessary.  Instead, the ground motion can 
be applied directly to the corresponding depth of the 
downhole array data as a prescribed motion or direct 
loading. 

This model creation procedure is repeatable for 
situations in which the user might want to have multiple soil 
columns within one model.  For situations in which the user 
wants to analyze multiple soil profiles or test different 
assumptions, it may be beneficial to have one model per 
motion with all of the soil columns of interest.  This can 
make management of the models and data easier, but can 
also come at the cost of large file sizes if too many columns 
are contained within one model.  Most of the automation 
processes discussed herein operate faster on many small 
data files as opposed to fewer large data files, as discussed 
in the next section. 
 
 
 
 



 

3.2 Extraction of Raw Data 
 
After completion of the FE time history runs, there may be 
multiple large sets of data output.  The data that the 
engineer or analyst requires to ensure the model is running 
correctly and adequately represent the site's behavior, 
however, tends to be of a much smaller size.  Rather than 
require the user to read, write, and sort the relevant data 
manually, the toolkit once again takes advantage of the 
JavaScript API feature of LS-DYNA to automate the 
process.   

Provided a working directory containing all analysis 
runs, the JavaScript can iteratively open each set of 
results, gather the necessary time histories, and write 
several small spreadsheets (.csv) documenting the 
relevant results for each soil column in that model.  The 
relevant time histories might include nodal displacements, 
nodal velocities, nodal accelerations, element shear 
stresses, and element shear strains, for example. 

The flow of data after the raw data extraction is 
represented in Figure 3 below.  For this study, PRIMER 
and T-HIS refer to the commercially available pre and post-
processors for LS-DYNA, respectively. 
 
 

 
Figure 3.  Representation of data flow for post-processing 
suite. 
 
 
4 POST-PROCESSING: MATLAB GUI 
 
The Matlab GUI was created at Arup in San Francisco, 
predominantly for a large project that necessitated over 
one thousand site response analysis runs.  In order to 
effectively manage the data, multiple soil columns were 
combined in each model, subjected to the same ground 
motion and representing different soil profiles and assumed 
properties.  For a given suite of motions (e.g. at a given 
intensity level), the Matlab GUI takes in the run directory, 
performs calculations, organizes the processed data, and 
condenses processed data into a relatively small data file 
(.mat).   

A screenshot of the Matlab GUI is shown in Figure 4. 
 
 

 
Figure 4.  Screenshot of main Matlab GUI window. 
 
 
4.1 Current Functionality 
 
At this time, the Matlab GUI is configured to post-process 
the following information: 

 Time history data 
o Surface acceleration, velocity, and 

displacement 
o Bedrock (outcrop) acceleration and 

velocity 

 Response spectra data (given a damping ratio) 
o Surface acceleration 

 In each horizontal direction 
 Geomean 
 Major axis 

o Surface displacement 
o Bedrock (outcrop) acceleration 
o Bedrock (infield) acceleration 
o Spectral amplification 

 At surface 
 At a given depth  

 Peak profile data 
o Shear strain 
o Shear stress 
o Cyclic stress ratio (ratio of maximum 

shear stress to effective vertical stress) 
o Strain rate 

 
For the computation of response spectra, Duhamel’s 
integral is solved in a piecewise exact fashion (U.S. Army 
Corps of Engineers, 1997).  This is implemented as a 
Matlab function (.m). The response spectra are computed 
at default spectral periods from 0.01 sec to 10 sec with 100 
points per decade period in a log scale. Alternatively, the 
users can specify the desired periods. Major axis response 
spectra is the collection of the maximum horizontal spectral 
response over all orientations at each period, while the 
minor axis response spectrum is the spectral ordinate in 



 

the horizontal orthogonal direction to the maximum 
response. 
 
4.2 Figure Generation 
 
Aside from widespread proficiency with the programming 
language, Matlab was chosen because of its extensive 
plotting library.  Other common programming languages 
have also adopted versions of this library, such as 
"matplotlib" in Python. 

The Matlab program had to be flexible enough to 
handle a variety of plotting tasks.  This included flexibility 
to be useful for a variety of site response analysis studies 
(e.g. summarizing results for suites of motions and 
validating against recorded motions).  As such, the 
program was created to be agnostic to the type of study 
being performed and allow the user to distinguish between 
'profiles' and 'cases'.  For a given input motion or model, a 
'profile' would have its own subplot, but a 'case' would have 
a curve that overlaps with other cases, as seen in Figure 5.  
For example, there might be a suite of motions for which 
surface response spectra are requested.  In each model, 
there might be 'North', 'Middle', and 'South' profiles with 
'Upper bound' and 'Lower bound' cases for each.  Thus, 
each motion would have its own figure.  Within each figure, 
there would be three subplots each containing two 
overlapping curves.  If this was for a validation study, the 
option to include recorded spectra could be toggled and 
another curve would be superimposed on the relevant 
profiles for each motion it is provided. 

 

 
Figure 5.  Generalized example of 'profile' and 'case' 
distinction in Matlab program. 
 
 

These figures are often helpful for the engineer or analyst 
to quickly investigate their results.  As such, these figures 
can be produced in a less typical format that allows the user 
more customization (e.g. .fig). 
 
 

 
Figure 6.  Example of automatically generated figures with 
one profiles and three cases shown. 
 
 
In addition, summary plots can be toggled on with 
requested calculated curves (e.g. mean) superimposed.  
This can be useful for situations where several ground 
motions are being compared, as shown in Figure 7. 
 
 

 
Figure 7.  Example of summary plot for a suite of seven 
motions at a given intensity level. 



 

For automatic report generation, report-ready images need 
to be created.  These are saved in an image format (.png) 
with file names that can facilitate the automatic sorting and 
arranging of images for report-writing, preventing 
monotonous copy-and-paste work to be done by the user. 
 
4.3 Spreadsheet Generation 
 
Automated processes work well for tasks that are repeated 
frequently across projects, but engineers and analysts 
often have to investigate results in a manner that is 
bespoke to the project or task at hand (e.g. peer review 
response).  In order to allow the user to extract post-
processed data and reconfigure as needed for calculations 
or figure creation, a feature to write spreadsheets 
summarizing the post-processed data across all models 
was added to the Matlab program.  A screenshot of an 
automatically generated spreadsheet for max cyclic stress 
ratios is shown in Figure 8, with multiple tables to indicate 
the different profiles and cases considered therein.  With 
this output, the user can perform their own calculations or 
create custom figures. 

 
 

 
Figure 8.  Screenshot of an automatically generated 
spreadsheet, showing results for max cyclic stress ratio. 
 
 
4.4 Report Generation 
 
Once the site response analysis workflow has been 
automated to the point of creating figures, report writing 
can become the last point of inefficiency due to the amount 
of time it can take to copy and paste figures with the 
appropriate headers and captions.  The report generation 
feature of the Matlab GUI discussed herein takes in a 
report template (.docx or .doc) that contains any company 
branding or desired style.  With the template loaded in, the 
Matlab program can open the document and begin to write 
in headers, figures, and captions with appropriate fields 
that can be automatically updated and tagged if the user 
changes the report.  This was accomplished through 
ActiveX controls within Matlab.  In particular, functions 
written by Andreas Karlsson (2005) and posted to Matlab 
Central File Exchange were adopted and modified to suit 
the purposes of this toolkit. 

In order to accommodate a variety of different report 
objectives (e.g. validation studies, intensity level results for 
multiple profiles), a hierarchy can be decided by the user 

among different dimensions (e.g. soil profile, ground 
motion, component of interest).   
    A screenshot of the additional GUI window for report 
writing is shown in Figure 9.  An example automatically 
generated report is shown in in Figure 10.  
 
4.5 Dissemination of Matlab Program 
 

A complication of using proprietary software such as 
Matlab is that it relies on individual or network licenses that 
can be costly, especially if multiple toolboxes or function 
libraries are required.  For situations in which several 
engineers or analysts aim to use Matlab, individual licenses 
are not practical.  However, having limited seats on a 
network license is expensive and can still result in 
complications when multiple individuals want to use Matlab 
simultaneously (as is typical during deadline crunches).   
 
 

  
Figure 9.  Screenshot of additional window for report writing 
inputs. 
 
 

 
Figure 10.  Screenshot of an automatically generated 
report. 



 

Even if there is a sufficient number of Matlab licenses, 
different versions can cause incompatibilities that could be 
problematic. 

To mitigate the issues above, the Matlab Compiler 
Toolbox was used for this toolkit.  This allows a functioning 
Matlab program to be converted into a standalone 
executable (.exe), which can be installed by any user and 
run without the requisite Matlab license.  In addition to 
packaging and installing the desired Matlab program, the 
relevant Matlab runtime environment (e.g. R2016b) and 
function libraries (e.g. Statistics and Machine Learning 
Toolbox) are also installed on the user's machine to ensure 
no compatibility issues. 
 
 
5 DISCUSSION AND CONCLUSIONS 
 
The SRA automation tools presented herein have 
dramatically improved analytical efficiency for a number of 
projects. The authors estimate that the pre-processing time 
required for an individual soil column has gone from about 
48 hours to roughly 10 minutes.  In addition, the authors 
estimate that the post-processing time of an individual soil 
column has dropped from approximately 2 hours to only 1.5 
minutes. This represents a 99% time reduction, and for an 
example project that required over 1800 runs led to nearly 
two years of worker-hours saved in post-processing time 
alone. Furthermore, of the reduced time required for SRA, 
much of it is simply for the computer to execute its 
processes. Thus, the user is free to take on additional tasks 
in parallel.     

Future improvements to this toolkit have been 
discussed and are slated to undergo implementation.  One 
such enhancement involves the automation of ground 
motion development, which is the current bottleneck to 
delivering performance-based seismic design work. 

While this automation work requires a sizeable initial 
time or financial investment, the payback period is 
relatively small and benefit can be seen immediately on 
medium to large size projects. 
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