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[bookmark: _Toc473036486]EXECUTIVE SUMMARY
The purpose of this research is to provide the benefit of the full performance-based probabilistic earthquake hazard analysis, without requiring special software, training, and experience. To do this, full performance-based methods will be created to calculate liquefaction triggering, liquefaction-induced settlements, and liquefaction-induced lateral spread based on cone penetration test (CPT) data. Currently, a computer tool, CPTLiquefY, created to perform the full performance-based hazard calculations is nearly complete. Once complete this program will be used for a multi-site analysis. The analysis will compare the full performance-based approach to deterministic, pseudo-probabilistic, and semi-probabilistic calculations. This report provides an update of the Quarter 2 Year 1 progress of development of the computer tool, addressing Tasks 1, 2 3 and 4 of the TPF-5(338) research contract.
The main focus of Quarter 2 has been the completion of the tool to run site-specific performance-based liquefaction analysis, CPTLiquefY. The new deaggregation tool from United States Geological Survey (USGS) has been integrated into CPTLiquefY to run deaggregations from the 2008 and 2014 deaggregation models. This new tool allows the program to run deaggregations from the desktop without the need to go online to the USGS website. The full performance-based probabilistic calculations have been completed in CPTLiquefY for liquefaction triggering, liquefaction-induced free-field settlements, and will be completed soon for lateral spread calculations. For the liquefaction-induced settlement calculations, an adjustment was made to account for unrealistic vertical strain values.
CPTLiquefY is expected to be complete within a few weeks, and at that point analysis will begin. Analysis will consist of comparing results from the full performance-based methods to the deterministic, pseudo-probabilistic, and semi-probabilistic methods. Data will be collected for 10 different sites with varying CPT soil profiles. 






[bookmark: _Toc259781263][bookmark: _Toc263867752][bookmark: _Toc273506404][bookmark: _Toc473036487]  INTRODUCTION
[bookmark: _Toc259781264][bookmark: _Toc263867753][bookmark: _Toc273506405][bookmark: _Toc473036488]  Problem Statement
The purpose of this current research is to develop software that calculates a full performance-based engineering analysis to predict liquefaction triggering, lateral spread displacement, and post-liquefaction free-field settlement. To accomplish this purpose, empirical and/or semi-empirical models are used to estimate soil parameters from a cone penetration test, CPT, as well as determine the behavior of the given soil during and after a seismic event. This is all accomplished using code written in Visual C++ to automate these procedures.
[bookmark: _Toc473036489]  Objectives
[bookmark: _Toc259781265][bookmark: _Toc263867754]The objective of this report is to report on the progress made in the development of the software CPTLiquefY, addressing Task 4 of the TPF-5(338) research contract.
[bookmark: _Toc273506406][bookmark: _Toc473036490]  Scope
The primary task of this phase of research is the development of software that calculates soil characteristics from a CPT and automates the full performance-based model for liquefaction triggering, lateral spread displacement, post-liquefaction settlement.
The research conducted for this report will contain the following:
· Introduction
· Progress in Development of Performance-Based Liquefaction Hazard Tool
· Integration of New USGS Deaggregation tool
· Conclusions
· Appendices


1. [bookmark: _Toc473036491] CPTLiquefY DEVELOPMENT UPDATE 
[bookmark: _Toc259781277][bookmark: _Toc263867766][bookmark: _Toc273506420][bookmark: _Toc473036492]  Overview
As previously mentioned, in the Quarter 1, Year 1 report, a computer program is in development named CPTLiquefY. This program is used to calculate the full performance-based response of liquefaction triggering and its effects of lateral spread displacement and post-liquefaction free-field settlement using CPT sounding input to characterize the soil. Microsoft Visual Studio C++ (i.e., Visual C++) was selected to code CPTLiquefY because of its processing speed, flexibility, rigor, and useful graphical user interface (GUI). 
[bookmark: _Toc473036493][bookmark: _Toc259781291][bookmark: _Toc263867780]  Recent Progress in CPTLiquefY 
[bookmark: _Toc259781279][bookmark: _Toc263867768][bookmark: _Toc473036494] Full Performance-Based Analysis of Liquefaction Triggering
CPTLiquefY now contains the ability to perform full performance-based analysis of liquefaction triggering.  This allows the user to do a performance-based liquefaction hazard analysis while considering data from a CPT.  To perform this analysis the user simply uploads a CPT file and selects “Calculate”.  The user can then go to the “Full Probabilistic User Inputs” tab and select “Load Seismic Data”. This will load information from the new beta USGS uniform hazard deaggregation tool that will allow the user to perform a full performance-based analysis. Once the green bar above the “Load Seismic Data” button is full, then the user can press the “Run Analysis” to begin this process.  Once the lower green loading bar is full, the analysis is complete and the results are plotted in the “Liquefaction Triggering Results” tab. Details on the models and mathematical calculations that comprise the full performance-based analysis method are discussed in the Quarter 1, Year 1 report.
[image: ]
[bookmark: _Ref472957275][bookmark: _Ref472957269][bookmark: _Toc473036508][bookmark: _Ref463891934]Figure 2.1 View of CPTLiquefY, showing the completed analysis process on the “Full Probabilistic User Inputs” tab.
[bookmark: _Toc473036495]Liquefaction Triggering Results Tab
At the completion of the analysis, the user may navigate to the “Liquefaction Triggering Results” tab, as shown in Figure 2.1.  Each layer of the CPT profile that has been analyzed will have a distinct liquefaction triggering hazard curve calculated using both Boulanger and Idriss (2014) and Ku et al. (2012) (i.e., Robertson and Wride, 1998) methods.  The user may enter in a specific layer into the “Enter Layer Number” textbox to launch a data grid with the information for that layer’s hazard curve, as seen in Figure 2.2.  All data is easily copied and pasted into Microsoft Excel for additional plotting options.  The “Export” tab also contains options for easily saving all calculated data into a tabulated format.  An example of a completed liquefaction triggering hazard curve for a single soil layer is shown in Figure 2.3.  For any return period of interest, the user can use this plot to estimate the performance-based factor of safety against liquefaction of the specific layer analyzed.

[image: ]
[bookmark: _Ref463892285][bookmark: _Toc473036509]Figure 2.2 View of “Liquefaction Triggering Results” tab after analysis

[bookmark: _Ref472957728][bookmark: _Toc473036510]Figure 2.3 Example plot from “Liquefaction Triggering Results” tab
[bookmark: _Toc473036496] Settlement Results Tab
After running the performance-based liquefaction triggering analysis, the user may navigate to the “Settlement Results” tab to see free-field settlement results. To calculate total settlement, using a full probabilistic performance-based approach, CPTLiquefY calculates a strain hazard curve using a full probabilistic approach as presented in Kramer et al. (2014), for every soil layer, which is about every 5-cm of soil depth depending on the CPT input file. Next, CPTLiquefY develops a liquefaction-induced settlement hazard curve for the site. The settlement hazard curve is developed following the process described in the Quarter 1, Year 1 report. It is important to note the multiplicative model bias value (M) has been re-regressed using empirical field observed data, as planned in the Year 1, Quarter 1 report, and implemented in CPTLiquefY.  
[bookmark: _opuvcrsf3ai9]In addition to all background given in the Year 1, Quarter 1 report, a method to limit unrealistic strain values has been implemented into the strain calculation. Kramer et al. (2008) found that specific soils have certain maximum volumetric strains that are even physically possible to achieve. Huang (2008) performed a study to find the maximum limited strain for different types of soil. Huang (2008) used the deterministic models of Tokimatsu and Seed (1987), Ishihara and Yoshimine (1992), Shamoto et al. (1998), and Wu and Seed (2004) to create a weighted average of maximum volumetric strain based on relative density (as correlated with SPT resistance) as shown in Figure 2.4.
[image: https://lh3.googleusercontent.com/t3-rxzrdNPhG05B8VRIBxFpLyH_Llf9q4CWi3ACoeAgcMRWCyzB0fczuF1lsjyNZ5NpYS0PCcT2JndwrjtvgOks9gRbQNbUk5oc1PjoVxtPoRgdwkodbNcq16Aoz1RDWh4_Ovlaf]
[bookmark: _Ref472957988][bookmark: _Toc473036511]Figure 2.4 Maximum vertical strain levels inferred by deterministic vertical strain models, and weighted average used to define mean value (after Huang 2008)
[bookmark: _62jyrvbz0in9]
Kramer et al. (2014) approximated the weighted average relationship by using the following equation.
				(Eq. 1)

Equation 1 was used to develop a limiting volumetric strain. Huang (2008) suggests using an εv,max range of 0.5*εv,max to 1.5*εv,max with a uniform probability distribution to account for scatter in the data. Finally, to apply Equation 1 to CPT data, Jefferies and Davies (1993) was used to convert between CPT tip resistance and SPT blow count values. Jefferies and Davies (1993) developed this CPT-SPT relationship as:

=						(Eq. 2)




where  is atmospheric pressure,  is the Soil Behavior Type Index, and  is the normalized CPT tip resistance. This approach has been implemented into CPTLiquefY to account for unrealistic strain values. Substituting Equation 2 into Equation 1, a CPT-based equation for the maximum volumetric strain is given as:

	                        (Eq. 3)
[bookmark: _tjs59m9jix8]
After all these calculations are completed, the user may view the settlement results under the “Settlement Results” tab, as shown in Figure 2.5. On the left, the user will view all the data values for the total ground settlement hazard curves. This data can be copied and pasted into a spreadsheet for plotting. An example of ground surface settlement hazard curves developed by CPTLiquefY is shown in Figure 2.6. It is important to note that the finished version of CPTLiquefY will have the capability to export all the settlement and/or strain data directly into a spreadsheet. 

[image: ]
[bookmark: _Ref463892393][bookmark: _Toc473036512]Figure 2.5 View of “Settlement Results” tab after analysis is complete
[image: ]
[bookmark: _Ref472958434][bookmark: _Toc473036513]Figure 2.6 View of hazard curves for total ground surface settlement

[bookmark: _Toc473036497] Lateral Spread Results Tab
Following the analysis method set forth by Zhang et al. (1998), three cases are defined for lateral spread: Case 1, gently sloping ground without a free face; Case 2, level ground with a free face; and Case 3, gently sloping ground with a free face. The selection of Case 1, 2, or 3 is made prior to running the performance-based liquefaction triggering analysis, on the “Full Probabilistic User Inputs” tab (seen in Figure 2.1). On that tab, the case is selected based on the site geometry. Corresponding geometry values can be entered as: S (ground slope as a percentage), L (horizontal distance from the toe of a free face), and H (elevation difference between the level ground surface and the toe of the free face).

Similar to the “Settlement Results” tab, once the full performance-based liquefaction triggering analysis is complete, the user may navigate to the “Lateral Spread Results” tab to see performance-based results of lateral spread displacement. This tab is shown in Figure 2.7. Similar to the “Settlement Results” tab, the user can enter a specific layer number, and the corresponding relationship between maximum cyclic shear strain (i.e., ) and annual rate of exceedance  is displayed. Any of these values can be easily copied into another program and plotted to display the horizontal strain hazard curve.

[image: ]
[bookmark: _Ref472960200][bookmark: _Toc473036514]Figure 2.7 View of “Lateral Spread Results” tab after analysis

 Current progress is being made to develop a hazard curve for total lateral spread across multiple return periods. It is expected that this will be completed by the end of January 2017. 
[bookmark: _Toc473036498] Inclusion of new USGS deaggregation tool 
Coinciding with the release of the 2014 deaggregation model, USGS has decided to transition from an online interactive deaggregation to a local deaggregation software tool called “NSHMP-haz”.  After the date of March 1, 2017 the online deaggregation tool will no longer be available, necessitating the use of this new tool. A beta version of this new tool has already been integrated into CPTLiquefY. However, a few programming errors within the new tool are being addressed by the USGS before complete functionality will be available.
[bookmark: _Toc473036499] USGS Offline Deaggregation tool (NSHMP-haz)
NSHMP-haz is currently in beta mode, but will be available to the public soon.  In cooperation with the USGS programmers, we have obtained access to the source code of NSHMP-haz through the website GitHub.com.  An image of the NSHMP-haz code repository is shown in Figure 2.8.  From GitHub, a download is available of the tool to a compatible system. Once downloaded, the computer can run ground motion deaggregations without accessing the USGS servers through the Internet. This is a major step forward for performance-based earthquake engineering research because a major obstacle to the development of earlier research tools has been the instability caused by performing and downloading thousands of USGS ground motion deaggregation files.  This should no longer be a problem in the future, as a single system will be capable of developing all ground motion deaggregations and performing all performance-based calculations.  

[image: ]
[bookmark: _Ref472958926][bookmark: _Toc473036515][bookmark: _49x2ik5]Figure 2.8 USGS NSHMP-haz code repository on GitHub.com 
The NSHMP-haz code uses the Java programming language, so installation of Java is required before running the tool.  Setup of Java is a simple process and clear instructions have been developed by the USGS to guide users.  As stated previously, the online deaggregations will no longer be available after March 1, 2017, so access to this new tool is crucial for the success of our liquefaction hazard analysis tool CPTLiquefY.  
At this point, CPTLiquefY successfully runs and collects deaggregation data from the new tool for the 2008 and 2014 deaggregations for the western half of the United States. Some minor errors have been detected in the new tool while calculating deaggregations for eastern states.  USGS is working to fix these errors as they prepare for the final release of the tool around March 1, 2017.
This NSHMP-haz code runs in a similar fashion to the old interactive deaggregation available online.  The user chooses four parameters before running the analysis.  These are a latitude, longitude, exceedance probability and a number of years to consider in the analysis. An image of the old online interactive deaggregation is shown with major parameters highlighted in Figure 2.9.  

[image: old usgs 2.JPG]
[bookmark: _Ref472959004][bookmark: _Toc473036516]Figure 2.9 Image of the old USGS online deaggregation tool

These options remain the same with the new NSHMP-haz tool.  The user simply selects the same four parameters in the “Pseudo Probabilistic” tab in the program CPTLiquefY as highlighted in Figure 2.10.  CPTLiquefY will then pass the parameters on to the USGS tool and display the results after completion of the deaggregation run.  The new tool runs on the system command prompt so when the tool is activated a command line window will briefly open as the tool runs. Figure 2.11 shows an example of the window launched by the application.
[image: bah2.JPG]
[bookmark: _Ref472959066][bookmark: _Toc473036517]Figure 2.10 Input options for new USGS tool on the “Pseudo Probabilistic” tab

[image: newtoolz.JPG]
[bookmark: _Ref472959222][bookmark: _Toc473036518]Figure 2.11 View of the window launched by NSHMP-haz
	There is one slight difference in the new USGS tool.  Users are now required to select which region of the United States the location of interest is found.  There are currently two options, option 1 is for the western US, and option 2 is for the central and eastern US.  The division between western, central, and eastern states can be seen in Figure 2.12. If the wrong region is selected an error will occur and the user will be notified to use the other model.  Other models are currently available for locations in Hawaii and Alaska but have not yet been integrated with CPTLiquefY.  Other models may become available in the near future.  Continued work may include the addition of these models. 

[image: ]
[bookmark: _Ref472959310][bookmark: _Toc473036519]Figure 2.12 Map west United States, showing the division in USGS between western, central, and eastern states
[bookmark: _Toc473036500]USGS Deaggregation Model 2008
Along with the new tool, USGS has now made available an updated version of the 2008 Deaggregation model that was available previously.  This model includes bug fixes and increased accuracy.  The user can choose to use the 2008 model in the new tool by selecting the USGS year in the “Pseudo Probabilistic” tab, as seen in Figure 2.13.
[image: ]
[bookmark: _Ref472959409][bookmark: _Toc473036520]Figure 2.13 Display of USGS deaggregation year selection
[bookmark: _Toc473036501] USGS Deaggregation Model 2014
With the release of NSHMP-haz, USGS is releasing the USGS 2014 Deaggregation Model for the first time.  This model contains all the most recent data, and provides an update from the previous 2008 Deaggregations that we previously available online.  This model is now available by selecting “2014” from the USGS Year dropdown box as seen in Figure 2.13.
[bookmark: _Toc473036502] Future work on CPTLiquefY 
[bookmark: _Toc267522198][bookmark: _Toc267522199][bookmark: _Toc267522200][bookmark: _Toc267522201][bookmark: _Toc267522218][bookmark: _Toc267522220][bookmark: _Toc259781294][bookmark: _Toc263867783][bookmark: _Toc259781295][bookmark: _Toc263867784]Current effort is being made to complete and verify the results from Settlement and Lateral Spread tabs.  Settlement tab is complete and is in its final stages of verifying the analysis is running correctly. Lateral Spread tab will be complete within the week and, following which, the results will be verified.
Once CPTLiquefY is complete, a multi-site analysis will be run to compare performance-based results to results from more common analyses such as the deterministic, pseudo-probabilistic, and semi-probabilistic approaches.  This analysis will cover 10 sites and will cover a range soil profile environments.
[bookmark: _Toc273506440][bookmark: _Toc473036503]  CONCLUSIONS
[bookmark: _Toc273506441][bookmark: _Toc473036504]  Summary
[bookmark: _Toc259781296][bookmark: _Toc263867785]The purpose of this phase of research is to develop a full performance-based liquefaction hazard analysis tool that performs its computations using CPT data. To accomplish this goal, the performance-based framework from a similar project based on the SPT was followed, but modified to incorporate the CPT. The objective of this report was to discuss progress that has been made in the research of liquefaction procedures with the CPT being used, and the development of the full performance-based tool, CPTLiquefY.
[bookmark: _Toc473036505]  Progress and Challenges
Procedures from Kramer and Mayfield (2007), Robertson and Wride (1998), Robertson (2009), as well as others were followed to begin the performance-based calculations using the CPT. CPTLiquefY currently has the ability to run pseudo-probabilistic, deterministic, performance-based liquefaction triggering, and performance-based liquefaction-induced settlement analyses. The program will soon have the capability of running a performance-based lateral spread displacement analysis. The tool is in its final stages of validations and debugging and will soon be ready for analyses.
Integration of the new USGS NSHMP-haz deaggregation tool is complete. There are a few errors within the tool itself that are being addressed by programmers from USGS. However, all issues should be addressed and fixed within the next few weeks. 
[bookmark: _Toc473036506]  Future Work
7

Once CPTLiquefY is complete analyses will be performed comparing the full probabilistic performance-based approach to the pseudo-probabilistic, deterministic, and semi-probabilistic approaches. Analyses will be performed at 10 different locations and with a variety of CPT data representing different soil profiles.
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README.md

nshmp-haz

USS. Geological Survey (USGS) National Seismic Hazard Model Project (NSHMP) codes

NOTE: This software is preliminary and for review purposes only. It is currently under review and does NOT represent an
official release or product. For official release products please see the USGS Earthquake Hazards website.
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