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Abstract 

 

Investigation of False-Positive Liquefaction Case History Sites in 

Christchurch, New Zealand 

 

Kaleigh A. McLaughlin, M.S.E. 

The University of Texas at Austin, 2017 

 

Supervisor:  Brady R. Cox 

 

 Over 25,000 cone penetration test (CPT) soundings collected in Christchurch, New 

Zealand are archived on the New Zealand Geotechnical Database (NZGD) and have 

allowed for detailed comparisons between post-earthquake land performance during the 

2010-2011 Canterbury Earthquake Sequence and CPT-based retrospective predictions of 

liquefaction severity. Initial comparisons resulted in a number of false-positive 

assessments in which liquefaction triggering was predicted by the simplified CPT-based 

method, but no liquefaction damage was observed. A detailed in-situ site characterization 

study was initiated in August 2015 in order to investigate this initial observation. Thirty 

one sites were selected and subjected to a testing program including: (1) seismic CPT 

(SCPT), (2) high-resolution, direct-push crosshole (DPCH) testing, and (3) continuous soil 

sampling via sonic drilling. Results from the in-situ site characterization program, as well 

as the CPT data archived on the NZGD, allowed for a comprehensive investigation of both 

CPT- and VS-based liquefaction triggering analyses at each site. After performing the 

standard, simplified, deterministic CPT- and VS-based procedures, refinements were made 



 viii 

to address several additional factors that may have contributed to the over-prediction of 

liquefaction severity, including: (1) site-specific soil plasticity and fines content, (2) 

partially saturated soils below the water table (as indicated by compression wave velocity), 

(3) coarse-to-fine-grained soil interlayering, (4) non-liquefiable crust thickness, and (5) soil 

microstructure. Observed liquefaction severity at each site was compared to the 

retrospective predictions from the CPT- and VS-based liquefaction triggering procedures, 

both before and after the refinements for additional factors. It was found that the 

refinements to the standard CPT-based liquefaction triggering procedure, primarily due to 

adjustments for site-specific fines contents, significantly increase the number of correct 

predictions of liquefaction severity. However, they also slightly increase the number of 

under-predictions. Several case history sites are addressed in detail in this thesis. 
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Chapter 1:  Introduction  

1.1 BACKGROUND 

The city of Christchurch, New Zealand experienced a powerful series of 

earthquakes in 2010-2011, the most destructive of which were the 4 September 2010 

moment magnitude (MW) 7.1 Darfield Earthquake and the 22 February 2011 MW 6.2 

Christchurch Earthquake. The Canterbury Earthquake Sequence (CES) caused extensive 

liquefaction damage throughout the greater Christchurch area, with nearly one third of the 

city experiencing liquefaction damage in one or several of the events (Cubrinovski et al. 

2012). 

In the aftermath of the CES, an unprecedented, open-access geotechnical database, 

the Canterbury Geotechnical Database (CGD), was created. The CGD was subsequently 

combined with data from other regions to create the New Zealand Geotechnical Database 

(NZGD). The NZGD (https://www.nzgd.org.nz/) currently contains over 25,000 cone 

penetration test (CPT) soundings from the greater Christchurch area as well as 

documentation of liquefaction manifestation after each earthquake. This information has 

been used to compare observed post-earthquake land performance with CPT-based 

retrospective predictions of liquefaction severity on a large spatial scale (e.g., van 

Ballegooy et al. 2015b). As discussed by Cox et al. (2017), two broad observations were 

made after examining results from these comparisons: (1) CPT-based simplified 

procedures correctly predicted the occurrence of liquefaction triggering at most sites in 

Christchurch in which surface manifestations of liquefaction (sand boils, excessive 

settlement, lateral spreading, etc.) were observed during the earthquakes; and (2) CPT-

based simplified procedures resulted in a significant number of false-positive assessments 

across Christchurch, for which liquefaction triggering was predicted but no liquefaction 
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damage was observed. This over-prediction of liquefaction severity, while conservative, 

has costly consequences for rebuilding efforts and insurance claims throughout 

Christchurch. It could also potentially be driving overly conservative liquefaction design 

in similar soils worldwide. 

In an attempt to better understand and reconcile some of the false-positive 

liquefaction predictions, 31 case history sites throughout the greater Christchurch area were 

identified for further study. A map showing the locations of all 31 sites is provided in 

Figure 1.1. 

 

Figure 1.1: Map of Christchurch indicating locations of the 31 case history sites used in 

this thesis (imagery from Google Earth).  

Table 1.1 provides a summary of the observed liquefaction severity at each site following 

both the 2010 Darfield and 2011 Christchurch earthquakes. The three observed 
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liquefaction severity categories are: “None to Minor,” “Moderate,” and “Major to Very 

Severe.” and are discussed at length in Chapter 2. 

Table 1.1: 31 Case History Sites Identifying Information Including: VSVP CGDID, 

Latitude and Longitude, and Observed Liquefaction Manifestation 

CGDID VSVP Latitude Longitude 
September Liq. 

Manifestation 

February Liq. 

Manifestation 

57062 43°30'30.61"S 172°41'12.86"E None to Minor Moderate 

57141 43°32'4.20"S 172°35'24.84"E None to Minor None to Minor 

57142 43°29'30.15"S 172°36'18.73"E None to Minor None to Minor 

57143 43°29'31.50"S 172°37'9.44"E None to Minor None to Minor 

57155 43°29'39.92"S 172°36'5.85"E None to Minor None to Minor 

57156 43°34'12.49"S 172°33'50.31"E None to Minor None to Minor 

57165 43°32'10.03"S 172°35'51.45"E None to Minor None to Minor 

57180 43°30'25.88"S 172°37'44.90"E None to Minor Moderate 

57181 43°30'38.00"S 172°36'53.11"E Moderate Moderate 

57182 43°34'17.23"S 172°36'29.15"E None to Minor Moderate 

57183 43°33'24.05"S 172°39'7.55"E None to Minor Major to Very Severe 

57184 43°32'50.12"S 172°38'15.13"E None to Minor Moderate 

57185 43°33'4.63"S 172°41'17.55"E None to Minor None to Minor 

57186 43°32'55.96"S 172°41'43.03"E None to Minor Moderate 

57187 43°30'20.08"S 172°41'27.21"E None to Minor Moderate 

57188 43°30'23.53"S 172°43'15.46"E None to Minor None to Minor 

57189 43°29'59.95"S 172°36'36.58"E None to Minor None to Minor 

57190 43°33'57.51"S 172°36'29.35"E Moderate Moderate 

57191 43°31'47.40"S 172°35'31.38"E None to Minor None to Minor 

57192 43°30'15.82"S 172°39'38.38"E None to Minor Moderate 

57193 43°30'39.65"S 172°42'34.95"E None to Minor Moderate 

57194 43°30'41.79"S 172°42'41.14"E None to Minor Moderate 

57195 43°30'33.61"S 172°42'23.85"E None to Minor Moderate 

57196 43°32'35.52"S 172°39'27.16"E None to Minor Moderate 

57197 43°32'40.78"S 172°39'33.94"E None to Minor Moderate 

57198 43°29'43.28"S 172°43'5.46"E None to Minor None to Minor 

57199 43°30'47.02"S 172°38'46.71"E None to Minor None to Minor 

57200 43°30'22.15"S 172°36'56.17"E None to Minor Moderate 

57201 43°33'22.44"S 172°35'35.97"E Moderate Moderate 

57202 43°33'38.39"S 172°40'23.19"E None to Minor None to Minor 

57203 43°30'37.28"S 172°39'43.17"E None to Minor Major to Very Severe 
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Table 1.2 provides a summary of the number of case history sites in each observed 

liquefaction severity category for both the 2010 Darfield and 2011 Christchurch 

earthquakes. It will be noted that many of the sites experienced “None to Minor” 

liquefaction in either the 2010 Darfield or the 2011 Christchurch earthquake. Thus, our 

database was heavily weighted towards sites where liquefaction was not observed, but 

where liquefaction was predicted to occur based on simplified liquefaction triggering 

analyses. 

Table 1.2: Number of Case History Sites in Each Observed Liquefaction Severity 

Category 

Observed 

Liquefaction Severity  

September 2010                     

Darfield 

Earthquake 

February 2011                    

Christchurch 

Earthquake 

None to Minor 28 13 

Moderate 3 16 

Major to Very Severe 0 2 

All 31 sites were subjected to a new, comprehensive in-situ testing program 

including: (1) seismic cone penetration tests with pore pressure measurements (SCPTu); 

(2) high-resolution shear wave velocity (VS) and compression wave velocity (VP) 

measurements made via direct-push crosshole (DPCH VSVP) tests; (3) disturbed soil 

sampling and detailed borehole logging using continuous core from sonic drilling; and (4) 

laboratory index testing (i.e., Atterberg limits) and grain size analyses. At each case history 

site, the three in-situ tests (i.e., SCPTu, DPCH VSVP, and sonic drilling) were performed 

within 2 m of one another on a triangular pattern, with the SCPTu performed at the apex 

and the DPCH VsVp conducted across the base. The sonic drilling and sampling was 

performed near the center of the triangle pattern following completion of the SCPTu and 
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DPCH tests. The tests were extended to a depth of 10-20 m below grade (depending on 

subsurface conditions).  

The in-situ test results were first used to perform “standard” liquefaction triggering 

analyses using both the Boulanger and Idriss (2015) deterministic CPT-based and the 

Kayen et al. (2013) deterministic VS-based simplified procedures. In this thesis, “standard” 

refers to a simplified triggering analysis based on CPT or VS data alone (i.e., without soil 

plasticity and fines content information from laboratory testing of borehole core samples) 

and without refinements made for other potentially important factors like thin, stiff layers 

and partially saturated soils. It also means that uncertainties in ground motions, depth to 

groundwater and probability of triggering were not robustly accounted for. However, it 

should be noted that ground motions and groundwater levels were reasonably well-

constrained by measurements across the city. The results obtained from standard CPT- and 

Vs-based triggering analyses were then used to obtain retrospective predictions of expected 

liquefaction surface manifestation based on several liquefaction severity parameters (LPI, 

LPIISH, LSN, SV1D; refer to Chapter 2). Predictions of liquefaction severity were compared 

with the observations of liquefaction severity at each site during both the 2010 Darfield 

and 2011 Christchurch earthquakes. Each prediction was then assigned a descriptor 

corresponding to the accuracy of the prediction according to a quantitative assessment 

matrix developed for this work. The categories of prediction accuracy are: “Severely 

under,” “Slightly under,” “Correct,” “Slightly over,” or “Severely over.” These categories 

of prediction accuracy are discussed at length in Chapter 2.   

Table 1.3 sorts the 31 sites into five categories representing accuracy of prediction 

based on the standard CPT-based deterministic liquefaction triggering procedure of 

Boulanger and Idriss (2015). Of the 31 case history sites in our database, 58% were 
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considered “severe” or “slight” over-predictions in the September 2010 earthquake, and 

71% were considered “severe” or “slight” over-predictions in the February 2011 

earthquake. Thus, our database is biased towards false-positive case histories and this fact 

should be remembered when considering the outcomes and conclusions of this study. 

Table 1.3: Number of Case History Sites in Each Prediction Accuracy Category Based 

on Standard CPT-based Liquefaction Triggering Predictions 

Accuracy of 

Prediction 

September 2010                     

Darfield Earthquake 

February 2011                    

Christchurch Earthquake 

Severely Over 3 5 

Slightly Over 15 17 

Correct 12 4 

Slightly Under 1 5 

Severely Under 0 0 

In an attempt to reconcile the over-prediction of liquefaction severity at many of 

the test sites, “refined” CPT- and VS-based liquefaction analyses were performed. In this 

thesis, “refined” liquefaction analyses included consideration of: (1) site-specific soil 

plasticity and fines content (FC) data, (2) partial saturation (as indicated by VP), (3) coarse-

to-fine-grained soil interlayering, (4) non-liquefying crust thickness and (5) soil 

microstructure. Following refined analyses, liquefaction severity predictions were once 

again compared to observations and the liquefaction severity assessment matrix was used 

to re-classify the accuracy of the predictions.  

This thesis documents the research summarized above and reports on the results of 

the “standard” and “refined” CPT- and VS-based liquefaction analyses performed at each 

of the 31 test sites.  The remainder of this chapter provides additional details about the in-

situ testing program and outlines the organization of the thesis.  
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1.2 TESTING PROGRAM 

1.2.1 Seismic Cone Penetration Testing with Pore Pressure Measurements  

 (SCPTu) 

SCPTu testing was performed by an independent contractor at each one of our 31 

case history sites. The VS profiles generated by the contractor from the seismic portion of 

the SCPTu data were utilized in other analyses stemming from this case history dataset, 

but were not used as a part of the liquefaction triggering analyses performed for this thesis. 

For the purposes of this thesis, the higher resolution DPCH VSVP testing was used as the 

sole source of VP and VS measurements. The CPTu data, however, including the measured 

cone tip resistance (qc), measured sleeve friction (fs), and measured pore water pressure 

(u2) readings as a function of depth were utilized in order to perform CPT-based 

deterministic liquefaction triggering analyses. 

At many sites, additional CPTs were available nearby the new SCPTu conducted 

for this study. Whenever possible, these additional CPTs (archived on the NZGD) were 

analyzed in conjunction with the SCPTu data taken as a part of this study in order to provide 

a more complete understanding of the subsurface at each site. 

1.2.2 Direct-Push Crosshole Testing (DPCH VSVP) 

Of the testing methodologies employed at the 31 case history sites, the DPCH test 

is likely to be the one readers are least familiar with. Thus, it is briefly described herein. 

Additional details about DPCH testing, as applied to ground improvement verification, is 

detailed in Stokoe et al. (2014), Stokoe et al. (2016), and Wotherspoon et al. (2015). While 

various testing configurations and equipment have been utilized during development of 

this technique, only the specific configuration and equipment used to investigate our case 

history database are described below.   
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DPCH testing allows for high-resolution in-situ measurements of VS and VP as a 

function of depth. DPCH measurements at the 31 sites were made using independent source 

and receiver sensors attached to standard CPT rods.  The sensors contained a vertical and 

horizontal 28-Hz geophone for sensing wave propagation and a three-dimensional MEMS 

accelerometer for tracking tilt/position. The source and receiver sensors were typically 

placed 1.5 – 2.0 m apart and were advanced into the ground to the same depth using two 

small, track-mounted Pagani CPT rigs. At each depth increment, a hammer impact was 

applied to the top of the source rod, generating a compression wave (P-wave) that traveled 

down the rod. When the P-wave reaches the tip of the cone, it generates radially 

propagating P-waves and horizontally propagating, vertically polarized shear waves (Shv-

waves) that travel through the soil and are subsequently detected by the receiver sensor. 

The travel times of the waves between the sensors, when coupled with the known distance 

between the rods, can then be used to calculate VS and VP.  

In this study, DPCH Vs and VP measurements were generally taken at 20 cm depth 

increments from the surface down to 10 m. At each depth increment, five hammer impact 

blows were typically averaged in order to obtain waveforms with high signal-to-noise 

ratios. Additionally, the position of each cone was updated at each depth increment using 

the output of the 3D MEMS accelerometer in order to accurately determine the distance 

between the cones. Shear wave first arrivals were chosen as the first major departure with 

the correct polarity (a negative/downward voltage for the downward hammer impacts and 

receiver polarities used) on the waveforms recorded on the vertical geophone. P-wave first 

arrivals were chosen as the first departure on the waveforms recorded on the horizontal 

radial/in-line geophone. Summary files documenting the DPCH results at each site are 

provided in Appendix A. These summary files include tabulated and graphical versions of 



 

 

9 

the Vs and VP values at each site, as well as the DPCH waveforms with first arrival shear 

wave and compression wave picks clearly identified on each waveform.  

In this thesis, VP was used to evaluate at what depth(s) the soil became fully 

saturated and VS was used to evaluate the shear stiffness of the soil layers in the profile. 

Both degree of saturation and shear stiffness affect the liquefaction susceptibility of the 

soil and are potentially important factors to consider in conjunction with standard CPT 

measurements and laboratory test results to fully understand the false positive liquefaction 

case histories. 

1.2.3 Sonic Drilling and Disturbed Soil Sampling  

Continuous core sonic borehole testing was performed by Tonkin + Taylor adjacent 

to the SCPTu and DPCH VSVP testing, after the SCPTu and DPCH VSVP testing was 

complete in order to minimize soil disturbance. Very detailed logs of the continuous core 

were completed by an engineering geologist on-site and photographs of each core sample 

were obtained.  The detailed continuous core logs provided an excellent complement to the 

SCPTu and DPCH VSVP data. The borehole log, SCPTu and DPCH VsVp data for each 

site are plotted together as a function of depth in the liquefaction analysis summary files 

provided in Appendix B. Disturbed soil samples were taken in multiple places throughout 

the borehole and sent for laboratory testing. 

1.2.4 Laboratory Testing 

 Laboratory testing on the disturbed soil samples from the sonic borehole logs was 

conducted at the University of Canterbury under the supervision of Dr. Misko Cubrinovski 

and Dr. Mark Stringer. The plastic limit (PL), liquid limit (LL), and plasticity index (PI) 

were determined for each sample (if possible). Grain size distributions were also 
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determined using either laser diffraction or sieve analysis and the FC of each sample was 

calculated. These laboratory tests provided important site-specific information that could 

be incorporated into the liquefaction triggering procedures for a more refined analysis. 

1.3 ORGANIZATION OF THESIS 

Following this Introduction chapter, Chapter 2 will describe how observed 

liquefaction and predicted liquefaction were quantified and compared at each of the 31 

sites. It will provide a description of the liquefaction triggering procedures used, 

refinements we made to these procedures, and how we calculated the liquefaction severity 

parameters that were used to assess the accuracy of liquefaction severity predictions. 

Chapter 3 is a conference paper that has been accepted to the 3rd International 

Conference on Performance-based Design in Earthquake Geotechnical Engineering (PBD-

III) that will be held in July 2017. This paper contains a detailed description of standard 

and refined liquefaction analyses at the St. Teresa’s School (VSVP 57191) false-positive 

liquefaction case history site. This detailed case history also serves as an example to 

document the specific analyses that were performed for each of the 31 sites.  

Chapter 4 discusses the same case history presented in Chapter 3, with an 

introduction describing what changes have been made to our most recent analyses since 

the submission of the PBD-III paper. 

Chapter 5 is a detailed look at one of our most puzzling case history sites, Palinurus 

Road (VSVP 57185).  

In Chapter 6, the Cobra Reserve (VSVP 57156) case history is examined, with a 

focus on the effect of thin interlayering of coarse- to fine-grained soils on liquefaction 

triggering analyses. 
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Chapter 7 contains the Heaton Normal Intermediate School (VSVP 57181) case 

history. This case history highlights the impact that very large site-specific FCs can have 

on the liquefaction triggering analysis. 

Chapter 8 summarizes some of the overall trends we have seen throughout all 31 

case history sites, provides some suggestions for future research, and draws some 

conclusions. 

Appendix A contains the DPCH VSVP summary files for each of the 31 sites which 

include the P- and S-wave velocities at each testing depth both in tabular and graphical 

format, as well as waterfall plots showing the P- and S-wave records with the location of 

the first arrival used to calculate velocities. These files were originally compiled to archive 

on the NZGD. 

Appendix B contains a liquefaction analysis summary file for each of the 31 sites. 

Each file contains an assessment of liquefaction prediction accuracy, a site plan, 1D site 

profile, tabularized values of liquefaction severity parameters calculated using CPT- and 

VS-based methods (both before and after refinements), and additional figures displaying 

the application of refinements to the “standard” liquefaction triggering procedures. 

Appendix C contains a flat file which documents the inputs used in our liquefaction 

triggering procedures including PGA, ground water level, magnitude, as well as an 

assessment of liquefaction severity at each site. 
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Chapter 2:  Quantifying Observed vs. Predicted Liquefaction Severity 

2.1 OBSERVED LIQUEFACTION SEVERITY 

Throughout Christchurch, observed liquefaction effects after the September 2010 

Darfield and February 2011 Christchurch earthquakes were documented and classified in 

terms of their perceived severity by engineers from Tonkin + Taylor through a combination 

of site inspections and review of high resolution aerial imagery taken after each earthquake 

(documented on the NZGD, https://www.nzgd.org.nz). Most of the 31 sites in this study 

fell within the boundaries of these observations, which allowed their liquefaction effects to 

be classified using the criteria shown in Table 2.1. 
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Table 2.1: Land damage observation categories, from Tonkin + Taylor Liquefaction 

Vulnerability Report (2013) and simplified categories, from Tonkin + 

Taylor Increased Liquefaction Vulnerability Report (2015) 

Land Damage 

Observation 

Category Criteria/Description 

T+T 

2015 

T+T 

2013 

(1) 

None to 

minor 

(1)  

None 

observed 

 No observed cracks, undulation/deformations at the ground 

surface, and, 

 No signs of ejected liquefied material at the ground surface, and, 

 No apparent lateral movement 

(2) 

Minor 

 Shaking-induced damage resulting from cyclic deformation and 

surface-waves causing ground surface damage. Ground surface 

damage likely limited to minor cracking (tension) and buckling 

(compression) and/or minor undulations at the ground surface, 

and, 

 No signs of ejected liquefied material at the ground surface, and,  

 No apparent lateral movement 

(2) 

Moderate 

(3) 

Moderate 

 Minor to moderate quantities of ejected liquefied material on the 

ground surface (generally <25% of site covered with ejected 

material), and/or, 

 Small cracks from ground oscillations (<50 mm) may be present, 

but little to no vertical displacement across cracks, and, 

 No apparent lateral movement 

(3) 

Major to 

very 

severe 

(4) 

Major 

 Large quantities of ejected liquefied material on ground surface 

(generally >25% of site covered with ejected material), and/or,  

 Severe observed ground surface subsidence, and/or, 

 Small cracks from ground oscillations (<50 mm) may be present, 

but little to no vertical displacement across cracks, and, 

 Limited evidence of lateral movement 

(5) 

Severe 

 Moderate to major lateral spreading (<1 m cumulative), and/or, 

 Large cracks extending across the ground surface, with horizontal 

and/or vertical displacement (>50 mm, but generally <200 mm), 

and, 

 Ejection of liquefied material at the ground surface may also be 

observed 

(6) 

Very 

Severe 

 Extensive lateral spreading (≥1 m cumulative), and/or, 

 Large open cracks extending through the ground surface, with 

very severe horizontal and/or vertical displacements (≥200 mm), 

and,  

 Ejection of liquefied material at the ground surface may also be 

observed 
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Tonkin + Taylor (2013) used the observations of land damage to classify each site 

into one of six liquefaction severity categories: (1) None Observed, (2) Minor, (3) 

Moderate, (4) Major, (5) Severe, and (6) Very Severe. Although the criteria for these six 

categories are clearly presented in Table 2.1, the differences can be nuanced and in order 

to simplify things for this thesis, we have used the Tonkin + Taylor (2015) categories, 

which condensed the original six categories together into three: (1) None to minor, 

encompassing the T+T (2013) categories 1 and 2, (2) Moderate, encompassing T+T 

(2013) category 3, and (3) Major to Very Severe, encompassing T+T (2013) categories 4 

through 6. These simplified groupings were also used in van Ballegooy et al. (2015b). 

The NZGD contains over 25,000 CPT logs taken throughout the greater 

Christchurch area. At many of the sites in this study, several additional CPT logs other 

than the SCPT collected as a part of this study were available nearby. Generally, all CPTs 

located within 50 m of the essentially collocated SCPT, DPCH VSVP, and sonic borehole 

taken as a part of this study were considered in our analysis at each site. Some of the sites 

in this study had variable liquefaction manifestation throughout the site. In these cases, 

the CPT logs corresponding to similar areas of liquefaction manifestation were grouped 

together and analyzed separately. The wealth of in-situ data available at each of the case 

history sites made it possible to compare the observed liquefaction severity with the 

back-calculated or predicted liquefaction severity in several different ways. 

2.2 DETERMINISTIC LIQUEFACTION TRIGGERING ANALYSES 

 Liquefaction triggering procedures exist for most types of in-situ soil testing, but 

due to the vast amount of CPT testing conducted in Christchurch following the Canterbury 

earthquake sequence, CPT-based procedures were primarily relied on in initial back-

calculations of predicted liquefaction. These procedures, in their most basic form, allow 
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one to calculate the factor of safety against liquefaction versus depth using only the 

information obtained by advancing the CPT, as well as the groundwater level, earthquake 

magnitude, and PGA at the site. The procedures employ correlations and assumptions in 

the absence of laboratory testing data, which is not always available. These “standard” 

procedures allowed for rapid assessment of many CPT logs throughout Christchurch. One 

of the most recent CPT-based liquefaction triggering methods developed by Boulanger and 

Idriss (2015) is discussed in further detail in Section 2.2.1. 

In addition to the CPT-based methods most commonly used throughout 

Christchurch, the DPCH VSVP testing performed as a part of this study allowed us to 

conduct VS-based liquefaction triggering assessments for comparison. VS is significantly 

less sensitive to the presence of fines compared to the CPT (Kayen et al. 2013, Robertson 

2015), which makes it a particularly valuable tool to compare to the liquefaction 

triggering predictions from the CPT-based method in the silty soils with high FCs 

throughout Christchurch. Several VS-based liquefaction triggering methods have been 

developed in the last two decades (Robertson et al. 1992, Andrus and Stokoe 2000, 

Kayen et al. 2013), and based on the findings of Wood et al. (2017) we have chosen the 

most recent one to apply to our DPCH VSVP results. The Kayen et al. (2013) VS-based 

liquefaction triggering method is discussed in Section 2.2.2. 

2.2.1 Boulanger & Idriss (2015) CPT-based Liquefaction Triggering Method 

The Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure was 

used to perform a deterministic analysis with a probability of liquefaction (PL) = 15% at 

each CPT in our case history sites.  This updated liquefaction triggering procedure 

incorporates new case history data from the Canterbury Earthquake Sequence and the 2011 
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Tohoku earthquake. Additionally, it includes updated correlations for magnitude scaling 

factor (MSF) and estimating FC in absence of laboratory data.  

All of the screening criteria for liquefaction susceptibility can be refined if site-

specific laboratory testing is performed. Unfortunately, not all liquefaction case histories 

contain a detailed laboratory testing program, so assumptions must be made in regard to 

the liquefaction susceptibility screening criteria. The normalized soil behavior type index, 

IC, is one of those screening criteria. Youd et al. (2001) recommends the use of IC = 2.6 as 

a cutoff value, assuming that soils with IC > 2.6 are too clay-rich to liquefy. The use of IC 

= 2.6 as a cutoff value is very common, and was used as the standard in this thesis: FS as 

a function of depth was calculated for all material with IC < 2.6 and soils with IC > 2.6 were 

considered too clay-like to liquefy.  

In our initial, “standard” analyses, no site-specific data was considered (e.g. fines 

content or soil plasticity). The correlation between IC and FC recommended by Boulanger 

and Idriss (2015) was used with a site-specific FC correction factor (CFC) equal to the 

default value of 0.0. This correlation is shown in Equation 2.1. 

𝐹𝐶 = 80(𝐼𝐶 + 𝐶𝐹𝐶) − 137        0% ≤ 𝐹𝐶 ≤ 100%      (2.1) 

Factor of safety against liquefaction (FS) is defined as: 

𝐹𝑆 =
𝐶𝑅𝑅

𝑀=7.5, 𝜎𝑣
′ =1 𝑎𝑡𝑚

𝐶𝑆𝑅
𝑀=7.5,   𝜎𝑣

′ =1 𝑎𝑡𝑚

       (2.2) 

Where CRRM=7.5,σ’v=1atm is the cyclic resistance ratio corrected for magnitude of earthquake 

and overburden stress and is calculated using the equivalent clean sand CPT tip resistance 

(qc1Ncs) and probability of liquefaction (PL): 

𝐶𝑅𝑅𝑀=7.5, 𝜎𝑣
′=1 𝑎𝑡𝑚 =  𝑒𝑥𝑝 [

𝑞𝑐1𝑁𝑐𝑠

113
+ (

𝑞𝑐1𝑁𝑐𝑠

1000
)

2

− (
𝑞𝑐1𝑁𝑐𝑠

140
)

3

+ (
𝑞𝑐1𝑁𝑐𝑠

1000
)

4

− 2.60 + 0.20 ∗ Φ−1(𝑃𝐿)]       (2.3) 
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CSRM=7.5,σ’v=1atm  is the cyclic stress ratio adjusted to a reference event using a magnitude 

scaling factor (MSF) and corrected for overburden stress (using Kσ): 

𝐶𝑆𝑅𝑀=7.5, 𝜎𝑣
′=1 𝑎𝑡𝑚 = 0.65

𝜎𝑣

𝜎𝑣
′

𝑎𝑚𝑎𝑥

𝑔
𝑟𝑑 ∗

1

𝑀𝑆𝐹
∗

1

𝐾𝜎
      (2.4) 

where rd is a shear stress reduction factor, amax/g is the maximum horizontal acceleration 

as a fraction of gravity (more commonly referred to as PGA), and σv and σ’v are the vertical 

total and effective stresses at depth z. 

 The relationship between CSRM=7.5,σ’v=1atm and qc1ncs for several different 

probabilities of liquefaction is shown in Figure 2.1. 

 

Figure 2.1: Full case history database and recommended relationships between CSR 

corrected for magnitude and overburden stress and qc1ncs from Boulanger 

and Idriss (2015). 

For deterministic liquefaction triggering analyses, Boulanger and Idriss (2015) 

recommend using the curve corresponding to PL = 15%.    
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2.2.2 Kayen et al. (2013) Shear-Wave Velocity Based Deterministic Liquefaction 

 Triggering Method 

VS can also be used to determine the cyclic resistance of soils, although up until 

recently, a large set of case history VS data was not available. The Kayen et al. (2013) 

VS-based deterministic liquefaction triggering procedure was developed after collecting 

surface wave data at 301 new liquefaction case history sites, adding to the previously 

small database, for a total of 422 global case histories.  

In order to make a comparison to the “standard” CPT-based procedure and not 

consider site-specific data in the initial analyses, the FC for this CRR calculation was 

estimated using the relationship from Boulanger and Idriss (2015) shown in Equation 2.1, 

and the IC values calculated from the SCPT taken as a part of this study. Additionally, the 

IC = 2.6 cutoff for soils that are too clay-like to liquefy was used as a screening criteria in 

the Vs-based liquefaction triggering procedure. 

The equation for factor of safety against liquefaction (FSliq) for a deterministic 

assessment using the Kayen et al. (2013) method is: 

   𝐹𝑆𝑙𝑖𝑞 =
𝐶𝑅𝑅𝑃𝐿=15%

𝐶𝑆𝑅M=7.5,σ’v=1atm 
        (2.5) 

Where CRR is the cyclic resistance ratio and is calculated using the normalized shear-wave 

velocity (VS1): 

𝑉𝑆1 = 𝑉𝑆(𝑃𝑎 𝜎𝑣
′)⁄ 0.25

                                (2.6) 

Where Pa is the normalized reference stress, and σ’v is the vertical effective overburden 

stress. Equation 2.7 shows the calculation of CRR. 

 𝐶𝑅𝑅 = 𝑒𝑥𝑝 {
[(0.0073∙𝑉𝑆1)2.8011−2.6168∙ln(𝑀𝑊)−0.0099∙ln(𝜎𝑣𝑜

′ )+0.0028∙𝐹𝐶+0.4809∙Φ−1(𝑃𝐿)]

1.946
}        (2.7) 
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Note that Equation 2.7 is incorrectly published in Kayen et al. (2013), where the final term 

in the numerator is subtracted, instead of added as shown in this thesis. If calculated in this 

improper form, the resulting CRR corresponds to the PL equal to one minus the PL used in 

the equation. In other words, if PL = 15% is used in the equation with the intent to perform 

a deterministic analysis, the resulting CRR actually corresponds to a PL = 85%, and does 

not correspond with a deterministic analysis at all. 

CSR is calculated in the same manner as in the CPT-based liquefaction triggering 

procedure, but Kayen et al. (2013) have developed different scaling factors to normalize 

CSR to a standard event and overburden stress: a duration weighting factor (DWF) and Kσ. 

Equation 2.8 shows the calculation for CSRM=7.5,σ’v=1atm.  

𝐶𝑆𝑅𝑀=7.5, 𝜎𝑣
′=1 𝑎𝑡𝑚 = 0.65

𝜎𝑣

𝜎𝑣
′

𝑎𝑚𝑎𝑥

𝑔
𝑟𝑑 ∗

1

𝑀𝑆𝐹
∗

1

𝐾𝜎
                  (2.8) 

The Kayen et al. (2013) relationship between VS1 and CSRM=7.5,σ’v=1atm is shown in 

Figure 2.2. 
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Figure 2.2: Full case history database and recommended relationships between 

CSRM=7.5,σ’v=1atm and VS1 from Kayen et al. (2013). 

Kayen et al. (2013) recommends the use of the PL = 15% curve in Figure 2.2 for 

deterministic liquefaction triggering analyses. 

2.3 REFINEMENTS TO DETERMINISTIC LIQUEFACTION TRIGGERING ANALYSES 

Due to the large number of false-positive liquefaction severity predictions resulting 

from the standard CPT-based liquefaction triggering analyses in Christchurch, several 

additional factors were considered in an attempt to reconcile the false-positive results. 
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These considerations included: (1) site-specific FC and soil plasticity, (2) partially 

saturated soils beneath the water table, (3) coarse-to-fine-grained soil interlayering, (4) 

non-liquefying crust thickness, and (5) microstructure. Of these five factors, the first three 

were considered by directly refining the deterministic liquefaction triggering analyses 

through a series of corrections. 

2.3.1 Site Specific Fines Content and Soil Plasticity 

Site specific lab data can greatly enhance our understanding of in-situ soil behavior. 

Soil samples collected from the borehole logs in this study were sent for laboratory testing 

to get more information about site-specific FC and soil plasticity. This allowed us to 

reconsider some of the screening criteria used to identify material as potentially liquefiable 

or non-liquefiable. Several screening criteria have been developed to predict the 

liquefaction susceptibility of fine grained soils. These criteria have evolved over time. The 

Chinese criteria proposed by Wang (1979) and refined by Seed and Idriss (1982) stated 

that soils would only be susceptible to liquefaction if all three of the following criteria were 

met: 1) clay content (percent of particles less than 0.005 mm) < 15%, 2) Liquid Limit (LL) 

< 35, and 3) water content to liquid limit ratio (wc/LL) > 0.9. Since the development of the 

Chinese criteria, there has been a shift away from the use of clay content as a predictor of 

soil behavior during earthquakes. Boulanger and Idriss (2006) and Idriss and Boulanger 

(2008) suggest the separation of fine grained materials into “sand-like” (susceptible to 

liquefaction) and “clay-like” (susceptible to cyclic failure) categories. PI is used as the 

discriminator and fine-grained soils with PI < 7 are expected to behave as “sand-like” in 

their behavior during an earthquake, and fine-grained soils with PI ≥ 7 are expected to 

behave as “clay-like.” 
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Bray and Sancio (2006) state that it is the amount and type of clay minerals in the 

soil that are an indicator of performance during liquefaction, not the amount of “clay-size” 

particles that are present. They caution against the use of any criteria that includes percent 

clay-size as a discriminator, and instead state that plasticity index (PI) is a much more 

appropriate indicator of liquefaction susceptibility. The Bray and Sancio (2006) criteria are 

based on cyclic testing conducted on fine grained soils and state that loose soils with wc/LL 

> 0.85 and PI < 12 were most susceptible to liquefaction, or “susceptible”, loose soils with 

wc/LL > 0.8 and 12 ˂ PI < 18 were “systematically more resistant to liquefaction,” or 

“moderately susceptible”, and soils with PI > 18 under low effective confining stresses 

were “not susceptible” to liquefaction.  However, Bray and Sancio (2006) stress that these 

criteria are not absolute, and must be applied with engineering judgement.   

This study included a laboratory testing program on disturbed samples taken from 

the continuous core sonic borehole log at each case history site, and allowed for 

examination of soil plasticity data. The PIs associated with the different testing locations 

throughout the borehole log provided some insight as to whether or not particular soil 

layers should be excluded from liquefaction susceptibility based on the Bray and Sancio 

(2006) criteria.  

Results from lab testing also allowed for the refinement of the relationship between 

IC and FC through development of a site-specific CFC. The Boulanger and Idriss (2015) 

CPT-based liquefaction triggering procedure makes use of the general correlation between 

IC and FC presented in Equation 2.1. In the absence of laboratory testing data, this 

correlation can be used with CFC = 0 to quickly calculate FC for use in the liquefaction 

triggering procedure. However, as noted by Boulanger and Idriss (2015), these correlations 

exhibit large scatter and it is much better to develop a site-specific CFC that will be more 
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appropriate for the particular geologic strata at the site. The fines content data determined 

from laboratory testing at the sites in this study was used to develop a site-specific CFC for 

each site using the process described in Boulanger and Idriss (2015). Site-specific FC 

measurements were made at several depths throughout the borehole log. These depths and 

site-specific FCs were matched up with a “representative” IC value, calculated from the 

CPT data and averaged over 10 cm above and below the location of the sample. These 

representative IC values were then plotted versus the site-specific FCs in the same manner 

shown in Figure 2.3 from Boulanger and Idriss (2015). 

 

Figure 2.3: Boulanger and Idriss (2015) recommended correlation between IC and FC 

based on a dataset from Suzuki et al. (1998). 

Figure 2.3 shows the plus or minus one standard deviation of 0.29 for the dataset in 

Suzuki et al. (1998), however, greater scatter is possible and these should not be taken as 

absolute bounds for other datasets. For example, Boulanger et al. (2016) uses a CFC = 



 

 

24 

0.41 for a case history site as part of refinements to the CPT-based liquefaction triggering 

procedure at a lateral spread site in Turkey.  

After plotting the FC-IC data, the recommended correlation could be calibrated with 

a least-squares fit and the site-specific CFC was defined. The default CFC value of 0.0 was 

often found not to be representative of the soils present at the case history sites, and the 

application of the site-specific CFC often resulted in significant changes to predicted 

liquefaction susceptibility. The shift from using the standard CFC = 0.0 to the site-specific 

CFC in the Boulanger and Idriss (2015) deterministic liquefaction triggering procedure is 

henceforth referred to as the “FC correction,” or “FC refinement.” 

Concern over adjusting FC-IC correlations on a regional scale in Christchurch has 

been addressed by Lees et al. (2015) and Leeves et al. (2015). Lees et al. (2015) examined 

back calculated CFC values using IC values from CPTs paired with corresponding FC data 

from samples taken throughout Christchurch in the hopes of identifying spatial patterns of 

varying CFC values. This was not observed, however they determined that the best regional 

fit CFC for their Christchurch dataset is CFC = 0.2. However, localized areas of varying CFC 

values were found and a significant amount of scatter was observed. As discussed in Leeves 

et al. (2015), liquefaction vulnerability (indicated by liquefaction severity parameters like 

LSN) is very sensitive to the FC-IC correlation because it not only changes the FS, but also 

the volumetric strain (εv), which is a function of both FS and qc1ncs. When applying the CFC 

= 0.2 instead of the default value CFC = 0.0, Leeves et al. (2015) found that the LSN 

parameters are reduced throughout the region, but there was not an increase in the 

differentiation between the LSN distributions associated with “none-to-minor” and 

“moderate-to-severe” land damage. Leeves et al. (2015) notes that this is likely due to the 

fact that when using a regional best fit CFC = 0.2, the fines content is over-estimated at 50% 
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of the sites, and underestimated at the other 50%. This is especially concerning due to the 

large amount of scatter in the data. Leeves et al. (2015) recommends examining individual 

CPT and corresponding laboratory test data from samples in an adjacent borehole on a 

case-by-case basis, which is precisely what we have done for our 31 case histories. Still, it 

is important to recognize the high sensitivity of the CPT-based liquefaction triggering 

analysis to the IC-FC correlation and adjustments to the correlation should be applied with 

caution. As noted by Lees et al. (2015), a CFC = 0.0 appears to be conservative for the soils 

in Christchurch. 

2.3.2 Partial Saturation 

A second refinement to the “standard” liquefaction triggering analyses was made 

to account for the presence of partially saturated soils below the water table.  Laboratory 

tests conducted by Ishihara and Tsukamoto (2004) indicate the liquefaction resistance of 

soil increases as its degree of saturation decreases. Therefore, an incorrect assumption that 

soil is completely saturated below the ground water table would cause an underestimation 

of liquefaction resistance and an overestimation of susceptibility to liquefaction. Since a 

compression wave (P-wave) propagates through a saturated soil at approximately the same 

velocity it would propagate through water (1500 m/s), VP measurements that fall below 

1500 m/s indicate partial saturation in the soil profile. Ishihara and Tsukamoto (2004) 

recommend the use of VP as an indicator of saturation instead of the B-value, due to the 

difficulty of measuring the B-value in-situ. Ishihara and Tsukamoto (2004) proposed a 

correlation linking VP and B-value, and consequently linking VP and the ratio of the cyclic 

strength of a partially saturated sand (CRRpartial sat) and a fully saturated sand (CRRsat). The 

Ishihara and Tsukamoto (2004) CRRpartial sat/CRRsat and VP relationship was digitized for 

use in this paper as an eleventh order polynomial and is shown in Figure 2.4. 
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Figure 2.4:  The normalization of CRR due to partial saturation as indicated by VP from 

Ishihara and Tsukamoto (2004) is shown on the left. On the right, a digitized 

polynomial fit version of the Ishihara and Tsukamoto (2004) curve is 

shown. 

As discussed in Cox et al. (2017), this CRRpartial sat/CRRsat ratio essential acts as a 

multiplier to the factor of safety against liquefaction. This relationship is shown in Equation 

2.9. 

𝐹𝑆𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑠𝑎𝑡 =
𝐶𝑅𝑅𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑠𝑎𝑡

𝐶𝑆𝑅
= 𝐹𝑆𝑠𝑎𝑡 ∗

𝐶𝑅𝑅𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑠𝑎𝑡

𝐶𝑅𝑅𝑠𝑎𝑡
                (2.9) 

For any soils with VP < 1500 m/s, the factor of safety will increase with this adjustment. 

For example, a soil with VP = 700 m/s has CRRpartial sat/CRRsat = 1.24 and is 24% more 

resistant to liquefaction than if it were fully saturated with VP > 1500 m/s. 

Many of the sites throughout Christchurch exhibited partial saturation below the 

water table, indicated by the DPCH VP values of less than 1500 m/s (Cox et al. 2017, 

Stokoe et al. 2014). Without making this adjustment for partial saturation below the water 
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table, the liquefaction resistance of the soil would be underestimated, resulting in an 

overestimation of liquefaction susceptibility. This could have contributed to the over-

predictions of liquefaction severity at some of the sites. The adjustment for partial 

saturation is applied directly to the factor of safety against liquefaction calculated from 

either a CPT- or VS-based liquefaction triggering analysis and will result in reductions to 

the liquefaction severity parameters calculated from these analyses. Our analyses 

performed with this adjustment are hereafter referred to as the “partial saturation 

correction,” or “partial saturation refinement.” 

2.3.3 Coarse-to-fine-grained Soil Interlayering 

A third refinement that must be made is to account for the limitations of the CPT 

in determining the true tip resistance of thin, stiff soil layers, a problem outlined thoroughly 

in Boulanger et al. (2016). The CPT provides near-continuous soil profiling wherever 

penetration is possible. However, it is well documented that qc measurements made by the 

CPT are influenced by the soils both above and below the cone tip, creating a zone of 

influence in which an average qc value is reported. While the CPT is excellent at measuring 

the correct qc in uniform materials, boundaries between layers of differing stiffness will 

not appear as sharp transitions in the qc log (Ahmadi and Robertson 2005). Boulanger et 

al. (2016) notes that this effect can result in inaccurate soil classifications when the CPT 

log is interpreted on a point-by-point basis, especially in zones of transition between 

materials. Many experimental and numerical studies have been conducted to determine the 

size of the zone of influence that is governed by the material properties of the soil both 

ahead of and behind the cone tip, as well as to propose adjustments to qc measurements to 

be more representative of the soil layer the CPT is passing through. 
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Vreugdenhil et al. (1994) developed a method for estimating qc in thin stiff layers 

based on elasticity theory. They proposed a correction factor to increase qc in thin stiff 

layers based on the thickness of the layer and the stiffness of the thin layer relative to the 

surrounding soil. Yue and Yin (1999) developed a layered elastic model and conducted 

parametric studies confirming that the approach presented in Vreugdenhil et al. (1994) can 

be applied to the interpretation of the soil layering effect in CPT results. Additionally, they 

showed that it is the shear modulus ratio of the layers that is “essential” to interpreting the 

qc and fs logs. 

Van den Berg et al. (1996) looked at two, two-layered systems of (1) clay on sand 

and (2) sand on clay using an Eulerian finite element method. They concluded that the 

distance at which the cone will sense a layer of differing stiffness is strongly dependent on 

the soil material properties (especially the stiffness ratio between the soil layers), but in 

general, a cone transitioning from a sand layer into a soft clay layer will sense the clay 

layer at a distance of approximately three times the diameter of the cone. A cone 

transitioning from a soft clay layer into a sand will require penetration of at least four cone 

diameters into the sand in order to reach the representative qc value in the sand layer. 

Lunne et al. (1997) made several observations based on experimental testing 

including: the zone of influence around the cone tip is highly variable, and can be small 

(from two to three cone diameters) in soft materials, or large (from 10 to 20 cone diameters) 

in stiff materials; the distance over which the cone will sense an interface increases with 

increasing soil stiffness; qc is more likely to be reached in thin soft layers than in thin stiff 

layers; and thin stiff layers less than 750 mm thick could have qc values underestimated by 

the CPT. 
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Youd et al. (2001) recommended the conservative thin layer correction suggested 

by Castro and Robertson at the 1997/98 NCEER workshop, using the lower bound of the 

curve developed from field data. This correction is shown in Figure 2.5.  

 

Figure 2.5: Thin layer correction factors as they relate to layer thickness and ratio of 

layer stiffness from Youd et al. (2001). 

The lower bound correction factor, recommended by the workshop participants in Youd et 

al. (2001), as well as Robertson and Fear (1995), is:  

𝐾𝐻 = 0.25[((𝐻 𝑑𝑐)⁄ 17⁄ ) − 1.77]2 + 1.0                        (2.10) 

where H = thickness of interbedded layer in mm and dc = diameter of the cone in mm (dc 

= 35.7 mm for a standard 10 cm2 cone). This correction factor is then applied to the 

measured cone tip resistance of the thin layer (qc,thin) to obtain the corrected cone tip 

resistance in the thin layer (qc*): 

𝑞𝑐
∗ = 𝐾𝐻 ∗ 𝑞𝑐,𝑡ℎ𝑖𝑛                                         (2.11) 
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As the thickness of the layer (H) increases, KH becomes smaller and the adjustment 

to qc becomes less significant (the equation is valid until a maximum of H = 1 m). 

Application of the Youd et al. (2001) thin layer correction is shown in Figure 2.6. 

 

Figure 2.6: Schematic from Youd et al. (2001) showing need for thin layer correction to 

obtain accurate qc in thin, stiff layer.  

Since the consensus thin layer corrections presented in Youd et al. (2001), 

additional numerical and experimental testing has been done. Ahmadi and Robertson 

(2005) performed numerical analyses for multi-layered soil systems and found that qc is a 

function of sand stiffness, effective in-situ stresses, and thickness of the layer. Ahmadi and 

Robertson (2005) found that soil stiffness has a significant impact on both cone tip 

resistance and the size of the zone of influence, but note that most correction factors like 

those discussed in Youd et al. (2001) do not take the in-situ stress state into consideration. 

However, due to the uncertainty in measuring at-rest earth pressures (K0), it is difficult to 

implement the effects of in-situ stresses into correction factors. Ahmadi and Robertson 
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(2005) conclude that for most situations, the corrections recommended in Youd et al. 

(2001) are likely applicable.  

The results from the Ahmadi and Robertson (2005) numerical analyses on thin sand 

layers embedded in soft clays indicate that a correction factor is needed to reach the 

appropriate qc value in the thin layer, and the correction factor increases both with 

increasing strength and stiffness of the sand, as well as with decreasing layer thickness. A 

very loose sand under moderate stress states requires a correction factor if the thickness of 

the layer is less than eight cone diameters (0.3 m for a standard cone). A dense sand requires 

at least 28 cone diameters (greater than 1 m for a standard cone) for the true qc value to 

develop in the thin layer. 

Walker and Yu (2010) used a finite element method to study cone penetration in 

multi-layered clays and concluded that qc is significantly impacted on both sides of the 

layer boundary when the cone passes from a stronger to weaker layer. However, they found 

that cone passage from a weaker to stronger layer resulted in an abrupt transition in qc at 

the layer boundary.  

More recent work by van der Linden (2016) has looked at the influence of multiple 

thin soft layers on the qc of intermediate sand layers in highly interbedded soil. Based on 

numerical models and limited physical testing, van der Linden concluded that the thinner 

the layering, the qc in the highly interlayered soil approaches a qc value slightly larger than 

that of the clay. He proposes correction factors to increase the qc value of the thin sand 

layers based on the ratio of characteristic cone resistances between stiff and soft layers, but 

development of the correction factors requires a priori knowledge of the characteristic qc 

of both the stiff and soft layers (which requires lab testing). 
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In addition to the underestimation of qc in thin, stiff layers imbedded in thick, soft 

layers, a smearing effect is also present in the zones of transition between the two layers. 

As discussed by Peter Robertson in the literature associated with the commonly used 

liquefaction software package, CLiq, the CPT data collected in these zones of transition is 

not necessarily representative of the soil in these zones. CLiq uses the rate of change of the 

soil behavior type index, IC, to identify and remove the areas of the cone log that represent 

the abrupt transition from sand to clay, and vice versa (GeoLogismiki 2006).  

Unfortunately, while the literature has shown that thin and transition layer 

corrections are necessary in order to correctly classify and estimate liquefaction potential 

in highly interlayered soils, they are highly subjective in application (Boulanger et al. 

2016). Several methods to account for this are being applied today in the form of the Youd 

et al. (2001) thin layer corrections, the transition layer corrections performed in the CLiq 

software package (GeoLogismiki 2006), or some combination of the two. Boulanger et al. 

(2016) and Munter et al. (2017) apply a combination of thin and transition layer corrections 

based on the procedures in Idriss and Boulanger (2008) and Youd et al. (2001) to CPT logs 

from a false-positive lateral spread case history site with highly interlayered soils.  As 

discussed in Cox et al. (2017), their procedure was applied on a sounding-by-sounding 

basis in order to avoid over-correction in zones with natural fining sequences and cannot 

be automated. 

After several attempts to automate a procedure to account for thin and transition 

layers in the highly interlayered soil deposits found throughout Christchurch, it was 

decided that for the purpose of this research, it would be valuable to implement a screening 

process in which each CPT log was evaluated to see if thin soil layering was significantly 

contributing to the overestimation of liquefaction potential at each site. Our own version 
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of thin and transition layer corrections (also discussed in Cox et al. 2017) simply involves 

removing the contribution to the liquefaction severity parameters from any coarse-grained 

soil layers less than 30 cm thick. This is automated by setting the FS in these layers to 2.0. 

This procedure is effective in quantifying the impact of thin layers of coarse grained 

material on the liquefaction potential without having to make subjective corrections to the 

CPT log itself. If this procedure indicates that the presence of thin layers significantly 

impacts the liquefaction severity parameters, further refinement should be considered to 

correct the data. 

2.4 LIQUEFACTION SEVERITY PARAMETERS 

Several commonly used liquefaction severity parameters were calculated from the 

results of the “standard” and “refined” deterministic liquefaction triggering analyses. These 

parameters allow one to condense a profile of FS versus depth into a single number that 

represents severity of liquefaction. Five liquefaction severity parameters were considered 

in this study: 

1. Liquefaction Potential Index (LPI) proposed by Iwasaki (1978) 

2. Ishihara-inspired Liquefaction Potential Index (LPIISH) proposed by 

Maurer et al. (2015) 

3. Liquefaction Severity Number (LSN) proposed by Tonkin & Taylor (2013) 

and van Ballegooy et al. (2014)  

4. 1-D vertical reconsolidation settlement (SV1D) calculated using the methods 

of Ishihara and Yoshimine (1992)  

5. Cumulative Thickness of Liquefaction (CTL; meaning, the cumulative 

thickness of subsurface soil layers estimated to be susceptible to 

liquefaction) 
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Some of these liquefaction severity parameters require some sort of integration 

and/or summing of the factor of safety down to a common depth reference of 20 m. 

However, due to the presence of the Springston or Christchurch gravel formations, much 

of the CPT database available in Christchurch contains CPTs that terminate at depths 

shallower than 20 m below ground surface (Maurer et al. 2014). Because of these 

formations, it is not always possible to perform these calculations down to a depth of 20 

m. Maurer et al. (2014) notes that this does not necessarily result in underestimated 

liquefaction severity parameters, since it is unlikely that soils deeper than the Springston 

and Christchurch formations would contribute to liquefaction severity parameters even if 

the CPT was able to penetrate deeper. As discussed in Cox et al. (2017), due to variable 

depth of CPT penetration, and with the primary goal to make relative comparisons between 

liquefaction severity parameters across our case history sites, the calculation of all 

liquefaction severity parameters has been terminated at a depth of 10 m below ground 

surface. It is advised that caution is used when extrapolating the absolute values of the 

severity parameters to sites outside this study, as these are not absolutely “true” values of 

LPI and LPIISH, which both require summing to a depth of 20 m below ground surface.  

Many different evaluation frameworks have been developed for each liquefaction 

severity parameter. These frameworks typically establish a threshold value (or range of 

values) that, when exceeded, indicates the likelihood of surficial liquefaction 

manifestation. Again, although these threshold values correspond to liquefaction severity 

parameters most often calculated over the top 20 m, they can still be used as a point of 

comparison for this study. Some recent published suggestions on threshold values for these 

parameters are summarized in Table 2.2. 
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Table 2.2:  Comparison of Recent Suggested Threshold Values Separating Predictions 

of Liquefaction Severity for Various Liquefaction Severity Parameters (LPI, 

LPIISH, LSN) 

Parameter Reference 

Severity of Surficial Liquefaction Manifestation 

None 
Minor/ Non-

damaging 

Moderate/ 

Damaging 
Major 

LPI 

Wotherspoon et al. 

(2013)a 
0 0-5 5-15 > 15 

Maurer et al. (2014) < 4 4 ≤ LPI < 8 8 ≤ LPI ≤ 15 LPI > 15 

LPIISH 

Maurer et al. (2015) - < 5 ≥ 5 - 

van Ballegooy et al. 

(2015) 
- < 2-5 ≥ 2-5 - 

LSN 

Wotherspoon et al. 

(2013)b 
0 0-20 20-50 > 50 

van Ballegooy et al. 

(2015) 
- < 15-20 > 15-20 - 

Tonkin + Taylor 

(2015, 2016) 
- < 16 16 ≤ LSN < 30 ≥ 30 

a Based on the ranges presented in Japan Road Association (1980). Specifications for Highway Bridges, 

Vol. 5, Earthquake Resistant Design (in Japanese) 
b Based on the Liquefaction Vulnerability Report by Tonkin + Taylor (2013) 

As shown in Table 2.2, there have been many different suggestions on threshold values for 

each parameter. Unfortunately, studies do not always classify liquefaction severity the 

same way, which makes it difficult to compare suggested boundaries. It has also been 

shown that these thresholds are sensitive to the liquefaction triggering procedure used (e.g., 

by T+T 2016) and the case history database considered (Russell A. Green, Brett W. 

Maurer, and Sneha Upadhyaya, personal communication, April 13, 2017). Additionally, as 

discussed by Maurer et al. (2014) for LPI, significant overlap between calculated 

parameters and sites with and without surficial liquefaction manifestation is observed. We 

must recognize that in this study, the establishment of threshold values cannot be 

considered as an absolute predictor of liquefaction manifestation, but rather a relative 

indicator between sites that allows us to quickly evaluate a large number of predictions. 
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Guided by the values suggested in Table 2.2, and relying heavily upon the results of ROC 

analyses performed by Green et al. (2017) specifically for the Boulanger and Idriss (2015) 

CPT-based liquefaction triggering method and the Canterbury Earthquake Sequence 

database, we have established a set of threshold values for LPI, LPIISH, and LSN 

corresponding to three liquefaction triggering prediction categories for use in this study. 

These categories are presented in Table 2.3. 

Table 2.3:  Threshold liquefaction severity parameters used in this study to categorize 

the predicted severity of liquefaction manifestations 

Parameter 
Prediction Category 

None to Marginal Moderate Severe 

LPI < 8 8 ≤ LPI <15 ≥ 15 

LPIISH < 5 5 ≤ LPIISH < 11 ≥ 11 

LSN < 16 16 ≤ LSN < 26 ≥ 26 

The details of calculation, as well as further information on the threshold values we 

have assigned to each parameter, are discussed in the following sections. 

2.4.1 LPI   

The calculation of LPI proposed by Iwasaki et al. (1982) is defined as: 

𝐿𝑃𝐼 = ∫ 𝐹1𝑊(𝑧)𝑑𝑧
20 𝑚

0
                               (2.12) 

where F1 = 1 – FS for FS < 1.0 and F1 = 0 for FS ≥ 1.0, and the depth weighting function 

W(z) = 10 – 0.5z, where z = depth below ground surface in meters. In this study, for the 

reasons discussed above, the depth bound was set to 10 m instead of 20 m. Iwasaki et al. 

(1982) described the appearance of sand boils as LPI over the top 20 m reaches 5, and 

severe liquefaction manifestation as LPI over the top 20 m exceeds 15. These threshold 

values of LPI are widely referred as the “Iwasaki criteria.” Wotherspoon et al. (2013) 

further refined the Iwasaki criteria by delineating four categories of severity based on LPI, 
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as shown in Table 2.2. Maurer et al. (2014) suggest that the Iwasaki criteria are not ideal 

for assessing the occurrence of liquefaction, but are more appropriately applied to assessing 

the potential for damage caused by liquefaction. Maurer et al. (2014) used the following 

damage classification system in assessing sites throughout Christchurch: LPI<4 

corresponding to no liquefaction; 4 ≤ LPI < 8 corresponding to marginal liquefaction (non-

damaging); 8 ≤ LPI ≤ 15 corresponding to moderate liquefaction; and LPI>15 indicating 

severe liquefaction. The Robertson and Wride (1998) CPT-based liquefaction triggering 

procedure was used in these analyses, and Maurer et al. (2014) recommended “calibrating” 

their threshold boundary equations if other liquefaction triggering procedures were used. 

As we are utilizing the Boulanger and Idriss (2015) procedure rather than the Robertson 

and Wride (1998) procedure, some additional consideration of these boundaries is 

warranted. 

The boundary between none-to-marginal liquefaction severity and moderate 

severity (LPI = 8) is supported by the ROC analyses performed by Green et al. (2017) for 

the Boulanger and Idriss (2014) procedure and the CES database when using a cost ratio 

(CR) of 1.5, which corresponds to the conservative, deterministic triggering boundary. The 

boundary between moderate liquefaction severity and major-to-severe severity (LPI = 15) 

is supported by the ROC analyses performed by Green et al. (2017) when using a cost ratio 

(CR) of 1.5 and the Boulanger and Idriss (2015) CES database.    

2.4.2 LPIISH   

Prompted by the inconsistent performance of LPI in assessing liquefaction severity, 

Maurer et al. (2015) proposed a modified version of LPI, called LPIISH, which adapts a 

power-law depth weighting function and the idea of a limiting non-liquefiable cap 
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thickness (H1) in reference to the Ishihara (1985) boundary curves. LPIISH as proposed by 

Maurer et al. (2015) is defined as: 

 

𝐿𝑃𝐼𝐼𝑆𝐻 = ∫ 𝐹(𝐹𝑆)
25.56

𝑧
𝑑𝑧

20 𝑚

𝐻1
                                  (2.13) 

where 

𝐹(𝐹𝑆) =  {
1 − 𝐹𝑆 𝑖𝑓 𝐹𝑆 ≤ 1 ∩ 𝐻1 ∗ 𝑚(𝐹𝑆) ≤ 3

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
                 (2.14) 

and 

𝑚(𝐹𝑆) = exp (
5

25.56(1−𝐹𝑆)
) − 1                            (2.15) 

Once again, in this study, the lower depth bound was set to 10 m, instead of the 20 m shown 

in Equation 2.13. To simplify comparison to LPI and the widely used Iwasaki criteria, 

Maurer et al. (2015) recommend LPIISH = 5 (over the top 20 m) as the threshold value 

between non-damaging and damaging surficial liquefaction manifestation. van Ballegooy 

et al. (2015) concluded that contours created with LPIISH values ranging between 2 and 5 

follow a similar trend to the Ishihara (1985) H1-H2 boundary curves and suggested this 

range as the threshold indicating likely occurrence  of damaging liquefaction manifestation. 

This LPIISH = 5 boundary is supported by the ROC analyses performed by Green et al. 

(2017) when using a cost ratio of 1.5.  Note that the global databases of the Idriss & 

Boulanger (2008) and Boulanger & Idriss (2015) methods have quite similar thresholds at 

CR = 1.5, as does the Boulanger & Idriss (2015) CES database.  A value of LPIISH = 11 

was assigned as the boundary between moderate liquefaction severity and major-to-severe 

severity based on the ROC analyses performed by Green et al. (2017) when using a cost 

ratio (CR) of 1.5 and the Boulanger & Idriss (2015) CES database.    
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2.4.3 LSN   

LSN was developed by Tonkin & Taylor (2013) and van Ballegooy et al. (2014) 

with the intent to more heavily weight the contribution of near surface liquefiable layers 

compared to those at greater depths. LSN is defined as 

𝐿𝑆𝑁 = 1000 ∫
𝜀𝑣

𝑧
𝑑𝑧                                        (2.16) 

where 𝜀𝑣 is the volumetric strain in the layer of interest as a percentage, and z is the depth 

to the layer of interest in meters below the ground surface. 𝜀𝑣 has been calculated using the 

relationship of Zhang et al. (2002) for the CPT-based liquefaction triggering procedure and 

the Yi (2010) relationship for the VS-based liquefaction triggering procedure. Wotherspoon 

et al. (2013) suggest a LSN of 20 as the threshold value between minor and moderate 

liquefaction surface manifestation severity, including additional boundary values shown in 

Table 1. van Ballegooy et al. (2015) noted that like LPIISH, LSN contours with values 

ranging from 15 to 20 run parallel to the beginning of the Ishihara (1985) boundary curves, 

and suggested this range as the threshold between damaging and non-damaging 

liquefaction manifestation.  

LSN values were originally assigned to predicted severity categories based on the 

ranges presented by Wotherspoon et al. (2013) and the T+T Liquefaction Vulnerability 

Study (2013). These LSN thresholds were lowered based on the T+T Canterbury 

Earthquake Sequence: Increased Liquefaction Vulnerability Assessment Methodology 

(2015) and the T+T Practical Implications of Increased Liquefaction Vulnerability (2016) 

reports. Specifically, T+T noticed lower LSN thresholds were appropriate for use with the 

Boulanger & Idriss (2015) method. The lower boundary between none-to-marginal 

liquefaction severity and moderate severity (LSN = 16) is supported by the ROC analyses 

performed by Green et al. (2017) when using a cost ratio (CR) of 1.5. Note that the global 
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databases of the Idriss & Boulanger (2008) and Boulanger & Idriss (2015) methods have a 

lower LSN threshold (10-12) than the CES databases. As we are analyzing CES case 

histories, we chose to use LSN = 16, which is the threshold for both the Idriss & Boulanger 

(2008) and Boulanger & Idriss (2015) CES databases.  The boundary between moderate 

liquefaction severity and major-to-severe severity has been set at LSN = 26, which is 

slightly lower than the threshold of LSN = 30 suggested in the work of T+T.  However, 

LSN = 26 is supported by the ROC analyses performed by Green et al. (2017) when using 

a cost ratio (CR) of 1.5 and the Boulanger & Idriss (2015) CES database. 

2.4.4 SV1D    

SV1D over the top 10 m was calculated using the method of Ishihara and Yoshimine 

(1992) as defined by: 

 𝑆𝑉1𝐷 =  ∫ 𝜀𝑣𝑑𝑧
10 𝑚

0
                                        (2.17) 

where 𝜀𝑣 is the volumetric strain in a layer and z is the depth to the layer of interest. For 

the purposes of this study, 𝜀𝑣 has been calculated using the relationship of Zhang et al. 

(2002) for the CPT-based liquefaction triggering procedure and the Yi (2010) relationship 

for the VS-based liquefaction triggering procedure. While well-defined boundaries of 

liquefaction manifestation have not been thoroughly investigated for SV1D like they have 

for LPI, LPIISH, and LSN, SV1D is a parameter commonly used in practice and is therefore 

useful to calculate. In the original Ishihara and Yoshimine (1992) paper, the following land 

damage criteria are suggested: light to no damage (0-10 cm), medium damage (10-30 cm), 

and extensive damage (30-70 cm). The ROC analyses of Green et al. (2017) support the 

use of approximately 10 cm as the threshold between no liquefaction and liquefaction 

manifestation when using a cost ratio (CR) of 1.5 and the Boulanger & Idriss (2015) CES 
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database, which corresponds well with the observations presented in Ishihara and 

Yoshimine (1992). 

2.4.5 CTL     

CTL was calculated simply by summing the thickness of each layer in which FS ≥ 

1 down to a depth of 10 m below ground surface. Like SV1D, there is not a set of guidelines 

that indicate what value of CTL would indicate surficial liquefaction manifestation. 

However, it is useful to quickly quantify how much of the top ten meters of material is 

predicted to liquefy from either CPT- or VS-based liquefaction triggering procedures.  

2.5 COMBINED CPT-VS APPROACH FOR INVESTIGATING MICROSTRUCTURE 

One hypothesis stemming from initial observations following the Canterbury 

Earthquake Sequence was that some of the false positive liquefaction sites could be 

reconciled if the soils had significant microstructure that was not detected by the CPT. 

Microstructure can influence the in-situ behavior of the soil and increase liquefaction 

resistance.  However, if both CPT and VS measurements are available, soil microstructure 

can be indicated by high values of the empirical rigidity index parameter, KG (Schneider 

and Moss 2001, Robertson 2009, Robertson 2016).  

Microstructure present due to aging and bonding in the soil increases the small-

strain shear modulus (G0) of the soil much more than the large-strain properties, such as qc 

(Robertson 2016). Schneider and Moss (2001) derived a parameter that linked the small- 

and large-strain properties of the soil to identify the presence of microstructure. This 

parameter, KG, (based on Rix and Stokoe 1991) is defined as: 

𝐾𝐺 = (𝐺0 𝑞𝑐)⁄ (𝑞𝑐1𝑁)0.75                      (2.18) 
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where qc1N is the stress normalized cone tip resistance and G0 is the small-strain shear 

modulus defined as: 

𝐺0 = 𝜌𝑉𝑆
2                                               (2.19) 

where ρ is the soil density and VS is the shear wave velocity. Robertson (2016) describes 

the numerator of the KG equation as the small-strain rigidity index (IG).  Initial work to 

correlate G0/qc and qc1n by Eslaamizaad and Robertson (1996), Schnaid (2009), and 

Schneider and Moss (2011) was focused on coarse-grained soils. Robertson (2009) 

proposed that the definition of IG can be adjusted to include fine grained soils, and 

suggested redefining it in terms of net cone resistance, qn: 

𝐼𝐺 = 𝐺0 𝑞𝑛⁄                                                (2.20) 

where 𝑞𝑛 = (𝑞𝑡 − 𝜎𝑣) and according to Robertson (2016) is a more correct measure of soil 

strength. Robertson (2016) then defines a modified normalized small-strain rigidity index, 

KG*: 

𝐾𝐺
∗ = (𝐺0 𝑞𝑛⁄ )(𝑄𝑡𝑛)0.75                            (2.21) 

Robertson (2016) also proposes a new Qtn-IG chart, similar to the one proposed by 

Schneider and Moss (2011), to identify a wider range of soils with microstructure, shown 

in Figure 2.6. 
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Figure 2.6: Proposed chart for identifying microstructure from Robertson (2016). 

As discussed by Robertson (2016), CPT-based liquefaction triggering relationships 

were primarily developed from experience in silica-based soils with little to no 

microstructure. Therefore, it is important to identify soils where significant microstructure 

is present because CPT-based liquefaction triggering relationships will be less reliable and 

may need to be adjusted. Schneider and Moss (2009) found that young, uncemented 

Holocene sands had KG values ranging between 110 and 330, with an average of 215. 

Robertson (2016) extends these criteria to his newly defined KG* parameter, stating that 

soils with KG* < 330 are “ideal soils” that are likely young and uncemented, with little 

microstructure, whereas soils with KG* > 330 likely have significant microstructure and 

may need special attention when applying CPT empirical relationships. 
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 In this study, we used the evaluation criteria presented in Robertson (2016) to 

calculate the KG* value for each depth that a VS measurement was obtained via DPCH. 

Because CPT measurements were taken at smaller intervals of 2 cm, it was necessary to 

average the CPT data over the depth interval that the VS measurements were taken (every 

20 cm). As discussed in Robertson (2016), this can result in some variability since the CPT 

is more sensitive to smaller, local changes in ground conditions, whereas VS responds in a 

less sensitive manner. However, it is unlikely that VS measurements would be taken at a 

higher resolution than what was accomplished using the DPCH measurements in this study, 

so it can be assumed that our calculations for KG* are better than the state of practice. 

2.6 QUANTIFYING THE ACCURACY OF LIQUEFACTION SEVERITY PREDICTIONS 

The predicted liquefaction severity, quantified by liquefaction severity parameters 

LPI, LPIISH, LSN, SV1D, and CTL, was compared to the observed liquefaction severity, 

quantified by the land damage observation criteria presented in the Tonkin + Taylor (2013) 

Liquefaction Severity Report and from the Tonkin + Taylor Increased Liquefaction 

Vulnerability Report (2015), as summarized in Table 2.1. Because significant literature 

exists on threshold values of LPI, LPIISH, and LSN that, when exceeded, indicate a 

likelihood of surficial liquefaction manifestation, these three parameters were primarily 

used for this assessment. SV1D and CTL, while informative, do not have concrete threshold 

values associated with them and are left out of our classification scheme for simplicity. If 

the liquefaction severity categories predicted from all three severity parameters (LPI, 

LPIISH, and LSN) were not the same, the category that was predicted by two of the three 

parameters was used. If all three predictions were different (this was rare but did occur 

with the VS-based method), the “moderate” category was used. The comparison between 

predicted and observed liquefaction severity was completed for both the CPT-based 
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predictions (using the mean liquefaction severity parameters obtained from all CPTs at the 

site) as well as the VS-based predictions (using liquefaction severity parameters calculated 

from the DPCH VSVP testing conducted at the site). Each prediction was then assigned a 

descriptor corresponding with the accuracy of the prediction according to the assessment 

matrix shown in Table 2.4: “Severely under,” “Slightly under,” “Correct,” “Slightly over,” 

or “Severely over.” 

Table 2.4: Assessment matrix for quantifying the accuracy of CPT- and VS-based 

liquefaction severity predictions based on LPI, LPIISH, and LSN 

Predictions      

Observations (Tonkin + Taylor 2013, 2015) 

None to minor 

T+T Category 1-2 
Moderate             

T+T Category 3 
Major to Very Severe 

T+T Category 4-6 

None to Marginal 

LPI < 8 

LPIISH < 5 

LSN < 16 

Correct Slightly under Severely under 

Moderate 

8 ≤ LPI < 15 

5 ≤ LPIISH < 11 

16 ≤ LSN < 26 

Slightly over Correct Slightly under 

Severe 

LPI ≥ 15 

LPIISH  ≥ 11 

LSN  ≥ 26 

Severely over Slightly over Correct 

At each site, for a given earthquake, four assessments were made: 1) CPT-based prediction 

before refinements; 2) CPT-based prediction after refinements; 3) VS-based prediction 

before refinements; 4) VS-based prediction after refinements. Assessments (1) and (3) are 

referred to as “standard” liquefaction triggering assessments, while (2) and (4) are referred 

to as “refined” liquefaction triggering assessments. Quantitative accuracy assessments 

allowed for the observation of trends throughout all of the sites in this study, as well as 

provided the framework for several in-depth case histories presented later in this thesis. 
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Chapter 3: In-Situ Investigation of False-Positive Liquefaction Sites in 

Christchurch, New Zealand: St. Teresa’s School Case History 

This chapter contains a paper that has been accepted to the 3rd International 

Conference on Performance-based Design in Earthquake Geotechnical Engineering (PBD-

III) that will be held in July 2017. This paper contains a detailed description of standard 

and refined liquefaction analyses at the St. Teresa’s School (VSVP 57191) false-positive 

liquefaction case history site. This detailed case history also serves as an example to 

document the specific analyses that were performed for each of the 31 sites shown in 

Appendix B. The citation for this paper is:  Cox, B.R., McLaughlin, K.A., van Ballegooy, 

S., Cubrinovski, M., Boulanger, R., Wotherspoon, L., (2017). “In-Situ Investigation of 

False-Positive Liquefaction Sites in Christchurch, New Zealand: St. Teresa’s School Case 

History," 3rd International Conference on Performance-based Design in Earthquake 

Geotechnical Engineering, Vancouver, Canada, 16-19 July 2017.  The author of this thesis 

completed the analyses presented in this paper, generated all the figures, and served as one 

of the primary authors. The paper has been formatted to be consistent with the requirements 

of this thesis and is provided below.   

3.1 INTRODUCTION 

The city of Christchurch, New Zealand experienced a powerful series of 

earthquakes in 2010-2011, the most destructive of which were the 4 September 2010 

moment magnitude (MW) 7.1 Darfield Earthquake and the 22 February 2011 MW 6.2 

Christchurch Earthquake. As discussed by Cubrinovski et al. (2012), this series of 

earthquakes caused extensive liquefaction damage throughout the greater Christchurch 

area, with nearly one third of the city experiencing liquefaction damage in one or several 

of the events.   



 

 

47 

An unprecedented, open-access geotechnical database, the Canterbury 

Geotechnical Database, was created in the aftermath of the earthquakes. This database was 

subsequently combined with data from other regions to create the New Zealand 

Geotechnical Database (NZGD). The NZGD (https://www.nzgd.org.nz/) contains over 

22,000 cone penetration test (CPT) soundings from the greater Christchurch area as well 

as documentation of liquefaction manifestation after each earthquake. This information has 

been used to compare observed post-earthquake land performance with CPT-based 

retrospective predictions of liquefaction severity on a large spatial scale. After examining 

results from these comparisons, two broad observations were made: (1) CPT-based 

simplified methods correctly predicted the occurrence of liquefaction triggering at most 

sites in which surface manifestations of liquefaction (sand boils, excessive settlement, 

lateral spreading, etc.) were observed during the earthquakes; and (2) CPT-based methods 

have resulted in a significant number of false positive assessments across the city, for which 

liquefaction triggering was predicted but no liquefaction damage was observed. This over-

prediction of liquefaction severity has costly consequences for rebuilding efforts and 

insurance claims throughout Christchurch, and is potentially driving overly conservative 

liquefaction design in similar soils worldwide.  

In order to attempt to reconcile some of the false positive liquefaction predictions, 

31 case history sites throughout the greater Christchurch area were identified for a 

comprehensive in-situ testing program, including: (1) seismic cone penetration tests 

(SCPT); (2) high-resolution shear wave velocity (VS) and compression wave velocity (VP) 

measurements made via direct-push crosshole (DPCH) tests; (3) disturbed soil sampling 

and detailed borehole logging using continuous core from sonic drilling; and (4) laboratory 

index testing (i.e., Atterberg limits) and grain size analyses. At each case history site, the 
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three in-situ tests (i.e., SCPT, DPCH, and sonic drilling) were performed within 2 m of one 

another and extended to a depth of 10-20 m below grade (depending on subsurface 

conditions). The sonic drilling was always performed after the SCPT and DPCH 

measurements. The in-situ test results were first used to perform standard liquefaction 

triggering analyses using both the Boulanger and Idriss (2015) deterministic CPT-based 

and the Kayen et al. (2013) deterministic VS-based simplified procedures. Then, 

retrospective predictions of liquefaction surface manifestation based on several 

liquefaction severity parameters were compared with the observations of liquefaction/no-

liquefaction at the sites for the 2010 Darfield and 2011 Christchurch earthquakes.  

While data and analysis results are interesting at many sites in our study, we have 

chosen a single site for presentation in this paper. As discussed below, the liquefaction 

severity at St. Teresa’s School was “severely over-predicted” for both the 2010 Darfield 

and 2011 Christchurch earthquakes based on standard liquefaction triggering evaluations. 

In an attempt to reconcile the over-prediction of liquefaction severity at this site, several 

additional factors were considered, including: (1) site-specific soil plasticity and fines 

content (FC) data, (2) partial saturation (as indicated by VP), (3) coarse-to-fine-grained soil 

interlayering, (4) non-liquefying crust thickness and (5) microstructure. Results obtained 

from these additional considerations are described below.  

3.2 QUANTIFYING OBSERVED VS. PREDICTED LIQUEFACTION SEVERITY 

The observed liquefaction severity at each study site was quantified using the six 

categories discussed in the Tonkin & Taylor (2013) Liquefaction Vulnerability Report: (1) 

none observed, (2) minor, (3) moderate, (4) major, (5) severe, and (6) very severe. Category 

assignments were made based on observations of liquefaction/no-liquefaction following 

both the September 2010 Darfield and February 2011 Christchurch earthquakes. The 
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observations were made by engineers undertaking rapid site inspections and through 

review of high resolution aerial imagery which was collected immediately after each 

earthquake. This imagery is archived on the NZGD and most of our study sites are within 

the bounds of its coverage.  

The first step in back-estimating liquefaction severity at each site was to apply the 

“standard” Boulanger and Idriss (2015) CPT-based simplified liquefaction triggering 

procedure using a deterministic analysis based on the 15th percentile probability of 

liquefaction (PL) cyclic resistance ratio (CRR) curves. By “standard”, we mean a simplified 

triggering analysis based on CPT-data alone (i.e., without soil plasticity and FC 

information from laboratory testing of borehole core samples) and without refinements 

made for other potentially important factors like thin layers and partial saturation. We also 

mean that uncertainties in ground motions, depth to groundwater and triggering (reflected 

by different PL CRR curves) were not robustly accounted for. However, ground motions 

and groundwater levels were reasonably well-constrained by measurements across the city. 

Furthermore, in these standard analyses, the FC estimated using the default soil behavior-

type index (IC)-FC correlation from Boulanger and Idriss (2015) was used and the factor 

of safety (FS) against liquefaction as a function of depth was calculated for all material 

with IC < 2.6. Soils with IC > 2.6 were assumed too clay-like to liquefy. In order to condense 

the factors of safety for each CPT sounding into a single number representative of the 

estimated severity of liquefaction manifestation, several commonly used liquefaction 

severity parameters were considered: 

 Liquefaction Potential Index (LPI), proposed by Iwasaki (1978) 

 Ishihara-inspired Liquefaction Potential Index (LPIISH), proposed by Maurer et al. 

(2015) 
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 Liquefaction Severity Number (LSN), proposed by Tonkin & Taylor (2013) and van 

Ballegooy et al. (2014)  

 1-D vertical reconsolidation settlement (SV1D), calculated using the methods of 

Ishihara and Yoshimine (1992) and the volumetric strain relationships 

recommended by Zhang et al. (2002) 

 Cumulative Thickness of Liquefaction (CTL); meaning, the cumulative thickness of 

subsurface soil layers with a FS against liquefaction less than one 

A number of these liquefaction severity parameters require some sort of integration 

and/or summing of the factor of safety down to a common depth reference. As discussed 

in Maurer et al. (2014), much of the CPT database available in Christchurch contains CPTs 

that terminate at depths shallower than 20 m below ground surface due to the presence of 

the Springston or Christchurch gravel formations. Hence, at most sites it is not possible to 

perform these calculations down to the commonly-used reference depth of 20 m. This does 

not necessarily mean that the liquefaction severity parameters calculated from CPT 

soundings that terminate at shallower depths are underestimated in comparison to previous 

studies. As pointed out by Maurer et al. (2014) in regard to their estimates of LPI, it is 

unlikely that soils deeper than the Springston and Christchurch formations would 

contribute to LPI had the cone been able to penetrate deeper. Also, the depth weighting 

factors in the LPIISH and LSN parameters are very small at depths greater than 10 m, so the 

contribution of liquefying soil layers below 10 m is small. A similar rationalization must 

also be applied to all of the liquefaction severity parameters calculated in this study. Due 

to variable depth of penetration, and with a desire to make relative comparisons between 

liquefaction severity parameters across all sites in the context of this study, we have 

terminated the calculation of all liquefaction severity parameters at a depth of 10 m below 
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ground surface. As such, these are not absolutely “true” values of LPI, LPIISH, and LSN, 

which all require summing to a depth of 20 m below ground surface based on current 

conventional application. Thus, caution should be used when extrapolating the absolute 

values of the liquefaction severity parameters presented in this study to other areas where 

liquefiable materials may extend to greater depths.  

Several different frameworks for estimating expected liquefaction severity in terms 

of surface manifestations exist for each liquefaction severity parameter. Many of these 

frameworks establish a threshold value (or range of values) that, when exceeded, indicates 

a likelihood of surficial liquefaction manifestation. For initial classification purposes, the 

LPI values obtained from the new CPT soundings conducted during August 2015 were 

used to assign a predicted liquefaction severity category to each site using the LPI ranges 

presented in Maurer et al. (2014): “None to marginal liquefaction” (LPI ˂ 8), “Moderate 

liquefaction” (8 ≤ LPI ˂ 15), or “Severe liquefaction” (LPI ≥ 15). The LPI-based 

liquefaction severity predictions were then compared to the observed liquefaction severity 

and assigned a descriptor representing the accuracy of the prediction according to the 

assessment matrix shown in Table 3.1. While assessment matrices based on other 

liquefaction severity parameters have been investigated, there is not space in this paper to 

discuss them. Hence, we will focus primarily on LPI-based assessments herein.   

 

 

 

 

 



 

 

52 

Table 3.1:  Assessment matrix for quantifying the accuracy of CPT-based liquefaction 

severity predictions based on LPI  

Predictions 

(Maurer et al. 2014) 

Observations (Tonkin & Taylor 2013) 

None to Minor Moderate Major to Very Severe 

None to Marginal 

LPI < 8 
Correct Slightly Under Severely Under 

Moderate 

8 ≤ LPI ˂ 15 
Slightly Over Correct Slightly Under 

Severe 

LPI ≥ 15 
Severely Over Slightly Over Correct 

The LPI-based assessment matrix was used to evaluate the accuracy of the 

liquefaction severity predictions for each of the 31 case history sites in this study in 

comparison to the observations of liquefaction following each earthquake. One false-

positive case history site, St. Teresa’s School, which classified as “severely over-predicted” 

during both the 2010 Darfield and 2011 Christchurch earthquakes, has been selected for 

further examination in this paper. While detailed examinations of single case histories are 

important and necessary, it should be stressed that conclusions derived from a single site 

should not be extrapolated too far until they have been put into context with all of the other 

case history sites in Christchurch.    

3.3 ST. TERESA’S SCHOOL: OBSERVED VS. PREDICTED LIQUEFACTION 

3.3.1 CPT-based Deterministic Liquefaction Triggering Analysis 

St. Teresa’s School is located at the corner of Riccarton Road and Puriri Street in 

the Riccarton suburb of Christchurch. No observations of surficial liquefaction 

manifestation were noted at this site (or even in the vicinity of Riccarton) during the 2010-

2011 Canterbury Earthquake Sequence. However, as discussed below, standard CPT-based 

methods resulted in predictions of severe liquefaction during both the 2010 Darfield and 
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2011 Christchurch earthquakes. Testing for the August 2015 study took place in the 

parking lots surrounding the school building. The site plan indicating the locations of the 

essentially collocated SCPT 57345, DPCH VS-VP, and BH 57241 advanced as a part of the 

August 2015 study is shown in Figure 3.1. Three other CPTs advanced in August 2013 

were also available at this site. 

 

Figure 3.1: St. Teresa’s School site plan showing in-situ test locations and absence of 

surficial liquefaction manifestations (image taken on 24 February 2011, base 

layer from NZGD).  

A standard deterministic liquefaction triggering analysis using the Boulanger and 

Idriss (2015) procedure was run on each CPT available at the St. Teresa’s School site. The 

mean PGAs used at this site were 0.22 g and 0.34 g for the September 2010 and February 
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2011 earthquakes, respectively, based on the conditional distributions described by Green 

et al. (2014) and Bradley (2014). Several liquefaction severity parameters were calculated 

over the top 10 m of the subsurface. The CPTs in Figure 3.1 have been color coded to 

represent relative severity of predicted liquefaction manifestation. For this specific figure, 

LPI calculated using parameters for the February 2011 earthquake was used as the indicator 

of severity. LPI values ranged from 21 to 25 across the site. The SCPT advanced in the 

August 2015 study resulted in the smallest LPI value of the CPTs at this site. However, 

even an LPI value of 21 is much larger than expected for a site at which no liquefaction 

manifestation was observed. 

The borehole, CPT, and DPCH data collected at St. Teresa’s School are presented 

in Figure 3.2. The CPT data [friction ratio (Rf), tip resistance (qc), and soil behavior-type 

index (Ic)] are color coded according to LPI severity, identical to the coloring scheme used 

in Figure 3.1. 
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Figure 3.2:  St. Teresa’s School 1D site profile with: continuous core sonic borehole log 

(BH 57241), data from all of the CPT soundings color-coded according to 

LPI severity, and direct-push crosshole VP and VS profiles. The range of 

September 2010 and February 2011 water table levels are indicated by the 

blue dashed lines. 

The continuous core sonic borehole log in Figure 3.2 shows a soil profile primarily 

composed of low-plasticity silt (ML) with some thin layers of poorly-graded sand (SP) 

between 6 m and 7.25 m below ground surface. Within the ML layers are smaller breaks, 

indicated by black dashed lines, where the ML was noted to differ slightly in composition. 

Trace sand, organics, and gravel were also noted throughout the ML layers. The qc and IC 

plots for all CPTs show general continuity in layering across the site, with distinct layers 

classifying as either clean sand or silt mixtures/clay based on IC, with transitional material 

in between. However, the CPT sounding collected during August 2015 (i.e., SCPT 57345) 
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does have higher than average qc values between 3 - 4 m. The VP data briefly exceeds 1500 

m/s (the lower-bound threshold indicating 100% saturation) at approximately 1.75 m below 

the ground surface, but does not stabilize above 1500 m/s until approximately 5.5 m below 

the ground surface. The depth to the water table at this site fluctuated very little from 

September 2010 to February 2011, ranging from 0.96 m to 1.04 m. Thus, the VP profile 

indicates that the soil is not fully saturated for about 4.5 m below the hydrostatic water 

table. The VS profile is fairly uniform, but does contain clear breaks at 1.6 m, 3 m, 4.4 m, 

6.8 m, and 8.6 m that reflect the changing shear stiffness between the corresponding layers 

indicated by the qc and IC plots.  

Liquefaction severity parameters were calculated for each of the four CPT 

soundings at the site using results from standard CPT-based liquefaction triggering 

analyses, as summarized in Table 3.2. 

Table 3.2: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for all 

CPTs at St. Teresa’s School based on the September 2010 and February 

2011 earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 

CTL  

(m) 

September 2010 

(MW = 7.1,          

PGA = 0.22 g) 

Range 14-17 10-14 29-38 126-153 5.2-6.0 

Mean 16 12 35 143 5.6 

σ 1.4 1.7 4.3 12.3 0.4 

February 2011  

(MW = 6.2,               

PGA = 0.34 g) 

Range 21-25 17-21 35-40 136-157 5.3-6.0 

Mean 23 19 38 148 5.7 

σ 1.7 1.7 2.2 9.5 0.3 

This site was classified as a “slight over-prediction” in the September 2010 

earthquake based exclusively on the LPI prediction from the single, new CPT taken as a 

part of the August 2015 study (i.e., LPI = 14 for SCPT 57345). However, the mean LPI 

value of 16, calculated from of all the CPTs collected at this site, would place this site in 
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the “severe over-prediction” category. The LPI values for the February 2011 earthquake 

are even higher than those for the September 2010, with a mean LPI = 23, which places 

this site into the “severe over-prediction” category. Furthermore, all other liquefaction 

severity parameters are high and inconsistent with observations. For example, CTL values 

range from 5.2 – 6.0 m in both earthquakes, indicating that over half of the top 10 m of this 

profile is predicted to liquefy, which is too large to be consistent with the observation of 

no liquefaction manifestation at this site. In an attempt to reconcile this severe over-

prediction case history, several potential factors not considered in the standard CPT-based 

analyses were identified and refinements were made, as discussed below. 

Refined CPT-based Liquefaction Triggering Analysis 

In addition to the standard CPT-based deterministic analyses most commonly used 

to evaluate liquefaction triggering, subsequent “refined” analyses were performed for the 

St. Teresa’s School case history site in an attempt to reconcile predictions of severe 

liquefaction with observations of no-liquefaction. Specifically, several additional factors 

were considered, including: (1) site-specific soil plasticity and FC data, (2) partial 

saturation (as indicated by VP), (3) coarse-to-fine-grained soil interlayering, (4) non-

liquefying crust thickness and (5) microstructure.  

Discrete samples taken from the continuous sonic borehole core were used to obtain 

site-specific soil plasticity information (i.e., Atterberg Limits) and FC (percent of soil 

sample finer than 0.075 mm). The plasticity index (PI) values from five samples in the top 

10 m at this site ranged from a low of zero (i.e.,non-plastic; two out of five samples) to 8 

(one sample at 9.8 m). Thus, the top 10 m of soil is expected to exhibit sand-like behavior 

rather than clay-like behavior according to Boulanger and Idriss (2006). While the in-situ 

water content (wc) for these samples is unknown, it is expected that the wc values would 
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be high enough for this low PI soil to be susceptible to liquefaction by the Bray and Sancio 

(2006) criteria. Thus, high soil plasticity is not believed to be responsible for the over-

prediction of liquefaction severity at the site.  

The grain size distributions were determined for eight samples in the top 10 m using 

laser diffraction. None of these samples had a FC less than 44%, with most ranging between 

50-90%. Upon inspection, it was found that the FC estimated using the default IC-FC 

correlation from Boulanger and Idriss (2015) yielded FC values that were quite low in 

comparison to the measured values. Thus, a site-specific FC fitting parameter (CFC) was 

developed according to the procedure suggested in Boulanger and Idriss (2015). The CPT-

based liquefaction triggering analyses were then re-run with the site-specific CFC = 0.402. 

The FC correction had a significant impact on the FS and liquefaction severity parameters 

calculated from the CPT data at this site. For example, the original and revised estimates 

of FS, LPI, LPIISH, LSN and SV1D obtained from SCPT 57145 for the September 2010 

Darfield earthquake are shown in Figure 3.3. All of the liquefaction severity parameters 

were reduced substantially simply by including the site-specific CFC factor.  

An additional refinement can be made to the standard liquefaction triggering 

analyses in order to account for the presence of partially saturated soils below the 

groundwater table. Based on our DPCH tests, many of the false-positive sites in 

Christchurch were found to be partially saturated (VP < 1500 m/s) for several meters below 

the water table (refer to Figure 3.2). Without accounting for the effects of partial saturation 

at these sites, the liquefaction resistance of soil will be under-estimated, causing the 

liquefaction severity parameters obtained exclusively by CPT tip resistance and the 

hydrostatic water table to be more severe than actual.  
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Ishihara and Tsukamoto (2004) discussed laboratory tests that indicate the 

liquefaction resistance of soil increases as its degree of saturation decreases. Due to the 

difficultly of determining the B-value of soil in-situ, Ishihara and Tsukamoto (2004) 

recommend the use of VP as an indicator of saturation. A compression wave propagates 

through soft, saturated soil at approximately the same velocity it would propagate through 

water (1500 m/s). VP measurements below 1500 m/s indicate partially saturated soil. 

Ishihara and Tsukamoto (2004) proposed a relationship between VP and B-value, and 

subsequently provided a relationship between VP and the ratio of the cyclic strength of a 

partially saturated sand (CRRpartial sat) and a fully saturated sand (CRRsat). For example, 

their relationship indicates that soil with VP = 700 m/s has a CRRpartial sat/CRRsat ratio of 

1.24. Meaning, soil with VP = 700 m/s is 24% more resistant to liquefaction than soil that 

is fully saturated with VP > 1500 m/s. Thus, the CRRpartial sat/CRRsat ratio can be visualized 

as a multiplier to the factor of safety that increases its value for any soils with VP < 1500 

m/s.  

The Ishihara and Tsukamoto (2004) CRRpartial sat/CRRsat and VP relationship was 

digitized for use in our calculations. The impact of partial saturation adjustments on the 

liquefaction severity parameters obtained from SCPT 57145 for the September 2010 

Darfield earthquake are shown in Figure 3.3. The partial saturation adjustments were not 

very significant at this site since most of the soils in the top 4.0 m already had FS > 1.0 

following the corrections for site-specific FC.  

Another adjustment to the standard CPT-based analyses can be made to account for 

the presence of thin, interlayered soil deposits at many of the false-positive sites in 

Christchurch. This coarse-to-fine-grained soil interlayering can be observed from the thin, 

abrupt swings in the FS, which are based on the IC values alternating back and forth across 
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the IC = 2.6 threshold. These interlayered deposits tend to disrupt the upward flow of water 

during liquefaction, limiting surficial manifestations. Furthermore, due to the 

underdevelopment of qc values measured by the CPT in thin, coarse-grained layers 

sandwiched in between softer, fine-grained layers the liquefaction resistance can be under-

estimated, causing liquefaction severity to be over-estimated. Ahmadi and Robertson 

(2005) concluded that in a loose sand layer embedded in a soft clay the correct qc value is 

likely reached only if the thin layer is more than eight cone diameters thick (about 30 cm). 

Additionally, a smearing effect, due to the cone tip zone of influence, is present in the 

transition zones where the cone first passes from the softer, fine-grained soil into the thin, 

coarse-grained layer. This smearing effect results in qc values in the transition zones that 

are not truly representative of the coarse-grained material. Thus, theoretically, corrections 

are needed to account for both thin-layer and transition-layer effects in order to obtain the 

correct qc and IC values.  

Unfortunately, the application of layer corrections is quite subjective and several 

different combinations of methods are currently being used to account for increased 

liquefaction resistance due to these effects. Youd et al. (2001) suggested using thin-layer 

corrections to increase the qc values in a thin layer of granular soil (< 1-m thick) to be 

representative of the qc values that would be measured in a thicker layer of the same soil. 

The commonly used CLiq software package (GeoLogismiki 2006) can be used to remove 

qc data points in the transition zones, but CLiq does not separately increase the remaining 

qc values to account for thin-layer corrections. Boulanger et al. (2016) and Munter et al. 

(2017) applied a combination of thin- and transition-layer corrections to CPT data from a 

highly interlayered false-positive lateral spread case history following the procedures 

outlined in Idriss and Boulanger (2008) and Youd et al. (2001). However, their procedure 
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cannot be automated and must be applied subjectively on a sounding-by-sounding basis to 

avoid over-correction in zones with natural fining sequences.  

 

Figure 3.3: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) after progressively applying the site-specific CFC and partial 

saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction 

triggering analysis for SCPT 57145 in the September 2010 Darfield 

earthquake. 

Due to the difficult nature of accurately applying thin- and transition-layer 

corrections to a large number of CPT logs across all false positive case history sites, we 

have chosen to first apply a simple screening process to each log in order to see if thin 

coarse-to-fine-grained soil interlayering is significantly contributing to the overestimation 

of liquefaction severity at the site. The screening process simply involves removing the 

contribution of any coarse-grained soils less than a certain thickness from the liquefaction 

severity parameters. At St. Teresa’s School, the thin layer screening process was applied 

after all other refinements had been made to the liquefaction triggering analyses by setting 
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the factor of safety in layers less than 30-cm thick to a value of 2.0. This simple process 

allows one to rapidly quantify the impact of thin layers on the liquefaction severity 

parameters without attempting to make difficult corrections to the CPT data itself. If thin 

layers are found to significantly affect the severity parameters, further refined analyses 

would be required to correct the data.  

An example of the progressive application of these refinements to SCPT 57145 at 

the St. Teresa’s Site for parameters associated with the 2010 Darfield earthquake is 

illustrated graphically in Figure 3.3. Table 3.3 summarizes the effects of the refinements 

on the mean liquefaction severity parameters calculated from all four CPTs at this site. 

Table 3.3: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all four CPT soundings at St. Teresa’s School after 

progressive application of the site-specific CFC and partial saturation 

corrections, followed by removal of thin (< 30-cm thick), interbedded sand 

layers from the standard deterministic liquefaction triggering analyses for 

both the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D 

(mm) 

CTL 

(m) 

September 2010 

(MW = 7.1,          

PGA = 0.22 g) 

None 16 12 35 143 5.6 

FC 10 7 22 93 4.3 

Saturation 9 6 19 87 4.1 

Layer 7 4 16 67 3.3 

February 2011  

(MW = 6.2,               

PGA = 0.34 g) 

None 23 19 38 148 5.7 

FC 16 13 27 106 4.8 

Saturation 14 11 25 103 4.7 

Layer 12 9 21 83 3.9 

The mean LPI value for the September 2010 earthquake after all refinements were 

made is 7, which would be categorized as a “none to marginal” liquefaction prediction 

according to Table 3.1, resulting in an accuracy assessment of “correct”. The other mean 
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liquefaction severity parameters were also reduced by the adjustments and are more 

consistent with the observation of no liquefaction manifestation at this site following the 

September 2010 earthquake. Similarly, the mean LPI value for the February 2011 

earthquake after all refinements were made is 12, which would be categorized as a 

“moderate” liquefaction prediction according to Table 3.1, resulting in an accuracy 

assessment of “slightly over-predicted”. However, despite significant reductions in all 

liquefaction severity parameters with the progressive application of all adjustments, the 

parameters are still too large for the February 2011 earthquake to be consistent with the 

lack of observed surficial liquefaction manifestation at this site. Furthermore, the CTL 

values indicate that more than 3 m of soil are still predicted to liquefy during both 

earthquakes. One might expect to see some surface manifestations of liquefaction if more 

than 3 m of soil out of the top 10 m liquefied. Nonetheless, the presence of a thick, stiff 

surface crust can reduce the potential for liquefaction manifestation.  

Ishihara (1985) proposed boundary curves for liquefaction-induced surface damage 

using the relationship between the thickness of a non-liquefiable surface layer (H1) and an 

underlying liquefiable sand layer (H2). The value for H1 is defined as the crust thickness 

from the surface down to the first depth where liquefaction is predicted to occur (i.e., where 

FS < 1.0). In a stratified soil profile, like the one at St. Teresa’s School, it is difficult to 

determine an appropriate H2 value. However, for a given PGA, Ishihara’s boundary curves 

have a limiting H1 such that regardless of H2, liquefaction-induced surface damage would 

not occur. For PGAs of 0.22 g and 0.34 g in the September 2010 and February 2011 

earthquakes, respectively, these limiting H1 values are approximately 3 m and 7.5 m, 

respectively. While these limiting H1 values from Ishihara (1985) are for M7.5 earthquakes, 

they still provide some interesting numbers to consider relative to what we observe at the 
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St. Teresa’s site. Using the CPT-based liquefaction triggering procedure after all 

refinements were made, the September 2010 and February 2011 mean crust thicknesses 

were found to only be H1 = 1.5 m and H1 = 1.15 m, respectively. These values are 

significantly smaller than the limiting H1 values estimated above, so it is unlikely that the 

CPT-based surface crust thickness at St. Teresa’s School was large enough to prevent 

liquefaction manifestation. Furthermore, the effects of crust thickness are already 

incorporated into the LPIISH and LSN liquefaction severity parameters, and their values 

still remain high after adjustments.  

3.3.2 Shear-Wave Velocity Based Deterministic Liquefaction Triggering Analysis 

 with Refinements  

The high-resolution DPCH data collected at this site allowed for the use of 

liquefaction triggering procedures based on shear-wave velocity. The Kayen et al. (2013) 

procedure with a PL = 15% was applied to the shear-wave velocity data to calculate the 

factors of safety for the September 2010 and February 2011 earthquakes. IC from the CPT 

collected during the August 2015 study was used to identify non-liquefiable layers with IC 

> 2.6 as well as to estimate FC using the default IC-FC relationship from Boulanger and 

Idriss (2015). The standard VS-based analysis was then refined with the progressive 

consideration of the site-specific CFC = 0.402 and corrections for partial saturation. The 

results are shown in Figure 3.4.  
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Figure 3.4:  Profiles of soil behavior-type index, VP, VS, and factor of safety obtained 

from the Kayen et al. (2013) Vs-based liquefaction triggering procedure 

with refinements for site-specific CFC and partial saturation for both the 

September 2010 and February 2011 earthquakes. Water table levels in 

September and February are indicated by the blue dashed lines and are 

shown for the respective events on the factor of safety plots. 

The LPI values calculated using the FS from the standard Kayen et al. (2013) 

deterministic procedure are 9 for both the September 2010 and February 2011 earthquakes. 

The September 2010 Vs-based LPI is reduced from 9 to 8 after using the site-specific CFC 

values (note that FC is not a significant factor in Vs-based liquefaction triggering 

procedures) and is further reduced to 7 after correcting for partial saturation, which yields 

a “none to marginal” liquefaction prediction, resulting in a “correct” accuracy assessment 

according to Table 3.1. This corrected LPI value based on Vs is very similar to the mean 

LPI value of 6 obtained after all refinements were made to the CPT-based triggering 

procedure. Furthermore, the H1 estimated from the Vs procedure is approximately 3 m, 



 

 

66 

which is the value required to suppress surficial liquefaction manifestations during the 

2010 Darfield earthquake according to Ishihara (1985). While this is a positive finding in 

light of the St. Teresa’s case history, it should be noted that the Kayen at al. (2013) Vs-

based procedure has been found to result in a number of false negative liquefaction 

predictions across Christchurch. So, one must be careful about extrapolating this success 

without first considering a large number of case histories.  

The February 2011 VS-based LPI is reduced to 7 after adjusting for the site-specific 

CFC and applying partial saturation corrections, which is smaller than the mean value of 11 

from CPT-based procedures after all refinements were made. This also yields a “none to 

marginal” liquefaction prediction, resulting in a “correct” accuracy assessment. 

Furthermore, the H1 value during the February 2011 earthquake is also about 3 m, which 

is significantly smaller than the 7.5 m needed to completely suppress surficial liquefaction 

manifestations according to Ishihara (1985). However, the VS-based liquefaction triggering 

predictions, including adjustments for site-specific FC and partial saturation, seem to 

reconcile the false-positive prediction of moderate-to-severe liquefaction at this site during 

the February 2011 earthquake even without depending exclusively on a very thick non-

liquefying crust.  

3.3.3 Combined CPT-VS Approach for Investigating Microstructure 

The DPCH VS data can be used in conjunction with the CPT data to consider the 

modified normalized rigidity index, KG* = (Go/qn)(Qtn)
0.75 after Schneider and Moss 

(2011), Robertson (2015) and Robertson (2016). A KG* value over 330 could indicate soils 

with significant microstructure due to the combined effects of cementation/bonding and 

aging that would result in a higher liquefaction resistance than indicated by qc alone. Figure 

3.5 shows the KG* data corresponding to the collocated DPCH VS profile and the CPT data 
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collected during the August 2015 study (i.e., SCPT 57345) at St. Teresa’s School relative 

to the KG* boundaries proposed by Robertson (2016). 

 

Figure 3.5:  KG* values obtained from DPCH VS measurements and tip resistance data 

from CPT 57345 at St. Teresa’s School plotted with boundaries suggested 

by Robertson (2016). 

All but two of the data points from St. Teresa’s School have KG* values less than 

330, indicating that the soil does not have significant microstructure resulting from 

cementation/bonding or aging that could be contributing to over-predictions of liquefaction 

severity at this site. It is possible that microstructure was present in the soil prior to the 

earthquakes, and was subsequently destroyed by the strong shaking. One would expect 

microstructure to be destroyed for a site that liquefied, however, no surface manifestations 

of liquefaction were observed at this site following either earthquake. Thus, there are not 

strong indications that enhanced microstructure contributed to higher than expected 

liquefaction resistance at this site.  
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3.4 DISCUSSION AND CONCLUSIONS 

The false positive liquefaction case history site at St. Teresa’s School was 

scrutinized in this paper by considering additional refined analyses to both the “standard” 

[refer to Section 2.0 four our definition of standard] Boulanger and Idriss (2015) 

deterministic CPT-based liquefaction triggering procedure and the Kayen et al. (2013) 

deterministic VS-based liquefaction triggering procedure as a means to reconcile over-

prediction of liquefaction severity. The factors considered in these refined analyses 

included: (1) site-specific soil plasticity and FC data, (2) partial saturation (as indicated by 

VP), (3) coarse-to-fine-grained soil interlayering, (4) non-liquefying crust thickness and (5) 

microstructure. Adjustments made to the standard CPT-based liquefaction triggering 

procedures based on (1), (2) and (3) significantly lowered the liquefaction severity 

parameters at this site, reconciling the over-prediction of liquefaction severity for the 

September 2010 Darfield earthquake and reducing the over-prediction from “severe” to 

“slight” in the February 2011 Christchurch earthquake. Adjustments made to Vs-based 

liquefaction triggering procedures based on (1) and (2) reconciled the “slight” over-

prediction of liquefaction severity for both the September 2010 and February 2011 

earthquakes to a “correct” prediction.  

Non-liquefying crust thickness based on Vs were found to be thicker than those 

based on CPT. While crust thickness based on VS may have played a strong role in 

mitigating surficial liquefaction manifestations in the September 2010 earthquake, its role 

in the February 2011 earthquake was likely less pronounced and could not be used to 

exclusively justify the absence of liquefaction manifestation in that event. Soil 

microstructure was found not to be a significant factor contributing to the over-prediction 
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of liquefaction severity at St. Teresa’s School, as the KG values did not indicate significant 

cementation/bonding or aging that would result in increased liquefaction resistance.  

After considering all reasonable adjustments to the standard CPT-based 

liquefaction triggering procedures, it appears that the most significant factor in the over-

prediction of liquefaction severity at St. Teresa’s School based on CPT data is the high FC 

measured in the silty soils throughout the profile, which appears to have been 

underestimated using the default IC-FC correlation from Boulanger and Idriss (2015). This 

underscores the importance of considering site-specific FC data for liquefaction triggering 

analyses, as stressed by Boulanger and Idriss (2015). However, it is likely that a number 

of other factors like partial saturation, thin coarse-to-fine grained interlaying, and non-

liquefying crust thickness combined in a complex manner to increase the overall 

liquefaction resistance at this site. Cyclic laboratory testing performed on silty soils at 

nearby sites in Christchurch may provide additional insight. However, Beyzaei et al. (2015) 

presented a case study at Riccarton Road, and concluded that while the CRR found through 

cyclic triaxial testing compared well to the CRR estimated through simplified CPT 

methods, the CRR values from both approaches were significantly lower than the CSR in 

the February 2011 earthquake. Thus, the absence of liquefaction manifestations could not 

be explained. 

While detailed examinations of single case histories (or even groups of similar case 

histories) are important and necessary, it should be stressed that conclusions derived from 

a single site should not be extrapolated too far until they have been put into context with 

many different types of case history sites. Thus, we must ensure that corrections made to 

increase liquefaction resistance and reconcile false positive liquefaction case histories do 

not result in false negative predictions of liquefaction at sites that did in fact liquefy.  For 
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example, Lees et al. (2015) and Leeves et al. (2015) describe efforts to refine IC-FC 

correlations for Christchurch soils. However, higher FC values resulting from these new 

correlations tended to alter many sites that were correctly predicted to liquefy based on 

default IC-FC correlations to false negative predictions.    

As discussed above, this paper does not attempt to reconcile the false-positive 

predictions at St. Teresa’s School based on adjustments to the PGA and/or PL CRR curves. 

While PGA is a very important factor, the ground motion estimates throughout the city 

were fairly well constrained by recordings at nearby strong motion stations. Furthermore, 

the PGA values recorded during the February event, when over-prediction was most 

severe, were high enough that the liquefaction triggering predictions were not overly 

sensitive to reasonable perturbations of PGA. The fragility of liquefaction severity 

parameters due to PGA and PL CRR curves at our case history sites remains a topic of 

interest.  

We cannot yet fully explain the observed no-liquefaction behavior at the St. 

Teresa’s site (particularly for the higher ground motions imparted by the February 2011 

Christchurch earthquake) and continue to study this case history, as well as the other 30-

plus case history sites we collected data at, in order to better understand the complex factors 

affecting liquefaction triggering and surface manifestation.  
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Chapter 4: St. Teresa’s School (VSVP 57191) – An Updated Look 

We have made a couple of changes to our analysis procedure since the acceptance 

of the conference paper presented in Chapter 3 to the 3rd International Conference on 

Performance-based Design in Earthquake Geotechnical Engineering (PBD-III). In the 

PBD-III paper, the LPI values alone are used in the assessment matrix to quantify the 

accuracy of the liquefaction severity predictions. We have since updated our assessment 

matrix to incorporate LPI, LPIISH, and LSN values. This allows for a more robust 

assessment rather than making an assessment based on one parameter alone. Additionally, 

the classification of predicted liquefaction severity was being made exclusively based on 

the LPI values obtained from the SCPT advanced as a part of the August 2015 study. Since 

the submission of the PBD-III paper, we have incorporated all of the CPTs available nearby 

that were relatively consistent in prediction and observations by using the mean value to 

classify the site. This is a more appropriate way to evaluate the site as a whole, instead of 

just evaluating the localized SCPT. Finally, we have also adjusted the boundaries used to 

assess liquefaction triggering predictions based on the liquefaction severity parameters, 

however, the boundaries for LPI remain unchanged from the ones presented in the PBD-

III paper. The updated assessment matrix was presented in Chapter 2 of this thesis. In light 

of the changes made to the analysis, as well as the content restrictions of the PBD-III paper, 

parts of the St. Teresa’s School case history site are reexamined in greater depth in this 

chapter.  

4.1 INTRODUCTION 

St. Teresa’s School is located in the Riccarton suburb of Christchurch at the corner 

of Riccarton Road and Puriri Street. No liquefaction was observed at this site, or anywhere 

in the Riccarton area during the September 2010 Darfield and February 2011 Christchurch 
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earthquakes. As discussed below, standard CPT-based procedures slightly over-predicted 

the occurrence of liquefaction manifestation in September, and severely over-predicted the 

occurrence of liquefaction manifestation in February. A more detailed look at the CPT- 

and VS-based liquefaction triggering procedures is presented in this chapter. 

4.2 STANDARD CPT-BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES: A MORE DETAILED LOOK 

SCPT, DPCH VSVP, and sonic borehole testing were conducted during the August 

2015 study in the parking lots surrounding St. Teresa’s School. The site plan indicating the 

locations of the essentially collocated SCPT 57345, DPCH VSVP, and BH 57241 are shown 

in Figure 4.1. Three other CPTs were advanced nearby in August 2013. 
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Figure 4.1: St. Teresa’s School (VSVP 57191) site plan showing absence of surficial 

liquefaction manifestation after the February 2011 Christchurch earthquake 

and the locations of in-situ testing (image taken on 24 February 2011, base 

layer from NZGD).   

As discussed in Chapter 3, the Boulanger and Idriss (2015) CPT-based standard 

deterministic liquefaction triggering procedure was performed on each CPT at this site 

using mean PGAs of 0.22 g for the September 2010 earthquake, and 0.34 g for the February 

2011 earthquake. Figure 4.1 duplicates Figure 3.1, with the addition of section line A-A,’ 

which is used as we take a deeper look into the lateral continuity across a cross section at 

this site.  

A subsurface cross section was created with plots containing IC, qc (color coded to 

indicate predicted liquefaction severity), and factor of safety (FS) against liquefaction 
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calculated using a PL = 15% and the Boulanger and Idriss (2015) liquefaction triggering 

method. The FS plots are shown for the February 2011 earthquake, which produced more 

severe ground motions at this site. Figure 4.2 shows cross section A-A’ corresponding to 

the section line shown in Figure 4.1. 

 

Figure 4.2:  St. Teresa’s School (VSVP 57191) subsurface cross section A-A’. IC is 

shown for February 2011 groundwater table conditions and factor of safety 

is shown for the February 2011 Christchurch earthquake using the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

with a PL = 15%. 

The cross section shown in Figure 4.2 exhibits good lateral continuity in layer 

thickness and boundaries. Eight well-defined layers are present, primarily consisting of 

silts, sands, and silt and sand mixes with some clays, according to the IC classification. 
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This cross section also highlights the interlayering between non-liquefiable and 

potentially liquefiable materials based on the IC = 2.6 cutoff, clearly shown by factors of 

safety jumping back and forth across the FS = 1.0 boundary. This is especially prevalent 

in the deeper layers below 7 m, but can be seen throughout much of the soil profile. 

Liquefaction severity parameters were calculated from the factors of safety 

obtained from the standard Boulanger and Idriss (2015) CPT-based liquefaction triggering 

procedure and did not differ from those presented in Table 3.1 in the previous chapter. As 

noted in Chapter 3, the standard CPT-based procedure results in a “severe over-prediction” 

of liquefaction manifestation in both the September 2010 and February 2011 earthquakes. 

In an attempt to reconcile these severe over-predictions, several refinements were 

considered to the standard analyses. As the application of these refinements changed 

slightly from how they were presented in Chapter 3, they will be presented in the following 

section. 

4.3 REFINED CPT-BASED LIQUEFACTION TRIGGERING ANALYSES 

Additional considerations that may have influenced the severe over-prediction of 

liquefaction at this include: (1) site-specific FC and soil plasticity, (2) partial saturation (as 

indicated by VP), (3) coarse-to-fine-grained soil interlayering, (4) non-liquefying crust 

thickness, and (5) microstructure. The first three were addressed using direct refinements 

to the standard Boulanger and Idriss (2015) liquefaction triggering procedure. A change 

that was made after the submission of the paper presented in Chapter 3 was considering 

the impact of each refinement individually, before applying them cumulatively. This 

allowed for a better understanding of which refinement was making the most significant 

impact. This updated procedure and the impact it had on the mean liquefaction severity 

parameters is shown in Table 4.1. 
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Table 4.1:  Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at St. Teresa’s School (VSVP 57191) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 16 12 35 143 5.6 

Fines Content 10 7 22 93 4.3 

Partial Saturation 15 11 33 139 5.5 

Thin Layer 14 11 31 121 4.9 

Cumulative 7 4 16 67 3.3 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 23 19 38 148 5.7 

Fines Content 16 13 27 106 4.8 

Partial Saturation 22 18 38 147 5.7 

Thin Layer 20 17 34 127 5.0 

Cumulative 12 9 21 83 3.9 

Discrete soil samples were taken at eight different locations from the sonic borehole 

log and were used to determine site-specific soil plasticity and FC. As discussed in Chapter 

3, it is not believed that high soil plasticity is responsible for the over-prediction of 

liquefaction severity at St. Teresa’s School. The development of a site-specific CFC was 

discussed in Chapter 3, but Figure 4.3 is included here to show the significantly large 

adjustment required to the default Boulanger and Idriss (2015) FC-IC correlation to be 

representative of the in-situ data. It was found that the default correlation with CFC = 0.0 

produced FCs that were significantly too small. 



 

 

80 

 

Figure 4.3:  Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for St. Teresa’s 

School (VSVP 57191). 

As discussed in Chapter 3, the refinements for the large site-specific FCs were the 

most significant in reducing the liquefaction severity parameters predicted by our refined 

CPT-based analyses. Corrections for partial saturation did not have a large impact on the 

results. Refinements for thin layers further reduced the predictions, but were not as 

significant as the FC correction.  

4.4 SHEAR-WAVE VELOCITY BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES WITH REFINEMENTS: A MORE DETAILED LOOK 

As Chapter 3 did not include much detail on the VS-based procedure or consider 

parameters other than LPI, the following information is provided for better comparison to 

the CPT-based method. A VS-based liquefaction triggering analysis using the Kayen et al. 
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(2013) procedure and the DPCH VSVP data collected during the August 2015 study was 

performed to compare with the CPT-based results. For consistency, with the CPT-based 

procedure, soils with IC > 2.6 were considered too clay-like to liquefy. Refinements were 

also made to the standard Kayen et al. (2013) procedure for site-specific FC and partially 

saturated soils. Thin layer corrections are not appropriate for VS-based methods, as they 

only apply to CPT data. The impact these refinements had on the liquefaction severity 

parameters is shown in Table 4.3.  

Table 4.3:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at St. Teresa’s School (VSVP 57191) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g) 

None 9 5 33 163 4.0 

Fines Content 8 4 32 158 4.0 

Partial Saturation 7 4 33 163 4.0 

Cumulative 7 2 32 158 4.0 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 9 6 33 163 4.0 

Fines Content 8 5 32 157 4.0 

Partial Saturation 8 4 33 163 4.0 

Cumulative 7 4 32 157 4.0 

 

As shown in Table 4.3, the refinements to the VS-based method reduce the severity 

of predicted liquefaction, but not as significantly as the refinements to the CPT-based 

method do. However, the parameters predicted by the “standard” VS-based method are 

generally smaller than the ones predicted by the CPT-based method. Without refinements, 

the VS-based method predicts moderate liquefaction in both the September 2010 and 

February 2011 earthquakes, both of which are “slight over-predictions.” After refinements 
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to the VS-based method, the liquefaction severity parameters are reduced enough to 

reconcile the over-prediction, and these refined predictions are considered “correct” for 

both earthquakes. The VS-based liquefaction triggering method with refinements is 

illustrated in Figure 4.6 for the February 2011 earthquake. 

 

 

Figure 4.4:  Profiles of soil behavior-type index, DPCH VS measurements, factor of 

safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) 

obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and 

partial saturation for the February 2011 Christchurch earthquake at St. 

Teresa’s School (VSVP 57191). 

As seen in Figure 4.4, the refinements for partial saturation have the most 

significant impact on reducing the LPI and LPIISH parameters, which is unsurprising since 

the Kayen et al. (2013) procedure is relatively insensitive to FC. However, the partial 

saturation reduction is not very significant. However, since LPI and LPIISH in September 
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2010 and February 2011 were relatively small to begin with, the small reduction was 

enough to reconcile the slight over-predictions. 

As discussed in Chapter 3, the VS-based method did suggest a thicker non-

liquefiable crust thickness in both earthquakes (of about 3 m) compared to the CPT-based 

method (which suggested 1.5 m and 1.15 m for the September and February earthquakes, 

respectively). The crust thickness suggested by the VS-based method just meets the 

minimum suggested by the Ishihara (1985) boundary curves in September, it is 

significantly too thin to meet the requirement for the February earthquake. As noted in 

Chapter 3, however, the refinements to the VS-based liquefaction triggering procedure to 

account for site-specific FC and partial saturation seem to reconcile the over-prediction of 

liquefaction severity at this site without depending on a thick non-liquefiable crust. 

4.5 COMBINED CPT-VS APPROACH FOR INVESTIGATING MICROSTRUCTURE 

A combined CPT-VS approach was used to investigate the presence of 

microstructure due to cementation/bonding and aging, and as discussed in Chapter 3, it is 

not believed that the presence of microstructure was the cause of over-predictions at this 

site. 

4.6 DISCUSSION AND CONCLUSIONS 

An updated look at the St. Teresa’s School (VSVP 57191) false-positive liquefaction 

case history site was presented in this chapter. Both standard and refined CPT- and VS-

based liquefaction triggering analyses were performed and their results were compared to 

the lack of observed liquefaction manifestation at this site. The results are summarized in 

Table 4.4. 

 



 

 

84 

Table 4.4:  Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at St. Teresa’s School (VSVP 57191) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to 

minor 

CPT-based Severely over Correct 

VS-based Slightly over Correct 

February 2011         

(MW = 6.2                      

PGA = 0.34g) 

None to 

minor 

CPT-based Severely over Slightly over 

VS-based Slightly over Correct 

The assessments of liquefaction prediction accuracy did not change at this site after 

incorporating the changes discussed at the beginning of this chapter. However, the more 

in-depth look at this case history site emphasizes that the most significant contributing 

factor to the over-prediction of liquefaction severity at this site using the standard CPT-

based liquefaction triggering method was the very high FC measured in the silty soils at 

this site. However, as discussed in Chapter 3, several additional factors including partially 

saturated soils below the water table, the presence of thin soil interlayering, and non-

liquefiable crust thickness likely combined in a complex way to contribute to the over-

prediction of liquefaction severity at this site. Although the refinements made to account 

for this were enough to reconcile the over-prediction of liquefaction severity by the 

standard CPT-based method in the September 2010 earthquake, they were not significant 

enough to completely reconcile the over-prediction in February 2011.  

 Refinements to the VS-based method reconciled the “slight over-predictions” from 

the standard Kayen et al. (2013) procedure in both the September 2010 and February 2011 

earthquakes. At this site, the predictions from the standard Kayen et al. (2013) procedure 

before refinements were made were generally lower than the predictions from the CPT-
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based method. Therefore, we must be cautious in considering this as a successful 

reconciliation of over-prediction without considering the trends of the Kayen et al. (2013) 

procedure within a larger number of case histories. 

 St. Teresa’s School is a unique case history site in which the presence of high FC, 

partially saturated soils below the groundwater table, thin interlayered soil deposits, and 

non-liquefiable crust thickness all likely played a role in the over-prediction of 

liquefactions severity at this site. Although refinements made to the standard procedures 

reconciled some of the over-predictions, it was not able to reconcile the over-prediction 

from the CPT-based method for the February 2011 earthquake. We continue to examine 

this site in an effort to better understand the complex mechanisms that contribute to 

surficial liquefaction manifestation. 
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Chapter 5: Palinurus Road (VSVP 57185) Case History 

5.1 INTRODUCTION 

The Palinurus Road site is located in a large, grassy pasture immediately behind a 

row of houses on the northeast corner of Palinurus Road and Ferry Road in the Woolston 

suburb of Christchurch (refer to Figure 5.1). No liquefaction was observed at this site or in 

the surrounding area during the September 2010 Darfield earthquake. During the February 

2011 Christchurch earthquake, no liquefaction was observed along the row of houses 

immediately southwest of the site, nor was liquefaction observed over a significant portion 

of the site/pasture (an area approximately 40 m wide by 90 m long) that borders the row of 

houses. However, some large sand boils were observed on the northeast portion of the 

pasture and moderate liquefaction effects were observed over a large area to the northeast 

of the pasture. Initial liquefaction triggering predictions from CPT-based methods over-

predicted liquefaction severity in both the September and February earthquakes, however, 

the over-predictions were more severe for the February event. 

5.2 STANDARD CPT-BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES 

No liquefaction was observed in either the September or February earthquakes 

within a 20 m radius around the essentially-collocated SCPT, DPCH and sonic borehole 

advanced as part of the August 2015 study (i.e., SCPT 57360, DPCH VSVP, BH 57235). 

However, after the February earthquake, sand boils were observed approximately 40 m 

away to the north of this location and approximately 80 m to the east, as shown in Figure 

5.1. Eight other CPT soundings were performed at this site on February 4, 2012 (i.e., CPT 

5462 through 5469), and an additional three CPTs were performed adjacent to the sand 

boils in February 2016 (i.e., CPT 62759, 62760, and 62761). 
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Figure 5.1:  Palinurus Road (VSVP 57185) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   

The CPT-based standard deterministic liquefaction triggering procedure from 

Boulanger and Idriss (2015) was performed on each CPT at the site. Soils with IC > 2.6 

were considered too “clay-like” to liquefy, and the default fines content fitting parameter 

(CFC) of zero was used in this initial analysis. The mean PGAs used for the case histories 

in this study were based on the conditional PGA distributions developed for Canterbury 

described by Green et al. (2014) and Bradley (2014). The mean PGAs at Palinurus Road 

were 0.24 g and 0.68 g during the September 2010 and February 2011 earthquakes, 
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respectively. The CPTs in Figure 5.1 have been color coded to represent the severity of 

liquefaction predicted at that particular location, with cooler colors representing lesser 

severity and warmer colors representing greater severity relative to the other CPTs at the 

site. For this specific figure, LPI over the top 10 m predicted for the February 2011 

earthquake was used as the indicator of severity at each CPT sounding. 

February LPI values ranged from 29–39 across the site. The greatest LPI was 

calculated for CPT 62759 (LPI = 39), where a massive sand boil occurred.  However, the 

next largest LPI was calculated for CPT 5466 (LPI = 38) which was not located anywhere 

close to surficial liquefaction manifestation. Although the liquefaction severity parameters 

are fairly consistent throughout the site, there are very significant differences in observed 

liquefaction manifestation that do not seem to correspond with the predicted severity 

parameters. Thus, either the soil was incorrectly predicted to liquefy at many CPT 

locations, or the soil was correctly predicted to liquefy but no free-field surface 

manifestations were observed in the 40 m by 90 m area. A closer examination of the CPT 

data is warranted. 

Data collected from the borehole, SCPT, and DPCH testing conducted in August 

2015 was compiled with the other CPT data available at the site to examine variation in the 

soil profile. Figure 5.2 shows the borehole log, the friction ratio (Rf), cone tip resistance 

(qc), and normalized soil behavior type index (IC) for each CPT at the site, and the DPCH 

VP and VS profiles. The CPT data is color coded according to LPI severity, identical to the 

coloring scheme used in Figure 5.1. 
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Figure 5.2:  1D site profile at Palinurus Road (VSVP 57185) with: continuous core sonic 

borehole log (BH 57235), data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

The continuous core sonic borehole log in Figure 5.2 indicates a profile composed 

primarily of low-plasticity silts (ML) and organic material (OL) down to about 3 m, 

underlain by a thick, poorly-graded sand layer (SP) with some gravel and trace silt from 

about 3 m to 7 m. Some organics and interbedded silt lenses were observed in the SP layer 

starting around 5.7 m. A low-plasticity silt layer (ML) with lenses of fine to medium sand 

is present between 7 and 8.25 m and is underlain by more poorly graded sand (SP). Lenses 

of silt were observed in the sand layer down to 9.15 m. This area of interbedded sands and 

silts is noted on the borehole log with hatching from 5.7 m to 9.15 m below ground surface. 

The CPT data qualitatively agrees with the borehole log but emphasizes the presence of a 
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thick, highly interbedded layer composed of sand-mix to silt-mix indicated by the erratic 

qc and IC data between 5.5 m to 9.5 m below ground surface. The IC plot shows that this 

interlayering is present in CPTs throughout most of the site, but is most pronounced in the 

CPTs where the LPI values are lower (indicated by the distinct separation of the cooler 

colors from the warmer colors in this depth range). While the three CPTs taken next to the 

observed sand boils had a clear area of variation in qc values within this depth range, the qc 

values were notably larger than in the other CPTs, and the IC values generally classified 

the soil as sand or sand-mixture rather than silt-mixture. According to the IC plots, those 

CPTs next to the sand boils did not contain non-liquefiable material (with IC > 2.6) in this 

region. However, a few of the other CPTs had IC values that briefly crossed the 2.6 

threshold, where it is common to assume the soil may not experience traditional 

liquefaction.   

The crosshole data provides further insight into the subsurface at this site. VP 

reaches 1500 m/s at a depth very near to the location of the static water table, which 

fluctuated only slightly from 1.34 m below the surface in September 2010 to 1.23 m in 

February 2011, as indicated by piezometer data available 250 m from the site. As the VP 

exceeds 1500 m/s near the static ground water level and remains greater than 1500 m/s 

throughout the entire profile, it appears that the entire profile is saturated below the water 

table. The VS data shows an abrupt increase in shear stiffness just below 2.0 m, which is 

about the same depth where the nearby borehole log shows a transition from ML to SP 

material. Nonetheless, VS remains less than 200 m/s for virtually the entire depth range 

down to 10 m.  There appears to be more VS variability in the interlayered region from 5.5 

to 9.5 m below the ground surface than in the uniform sand regions, although large 

variations in velocity are not observed.  
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Subsurface cross sections were created with plots containing IC, qc (color coded to 

indicate predicted liquefaction severity), and factor of safety (FS) against liquefaction 

calculated using a PL = 15% and the Boulanger and Idriss (2015) liquefaction triggering 

method. Note that the FS plots are shown for the February 2011 earthquake, which 

produced more severe ground motions at this site. Figures 5.3 and 5.4 show cross sections 

A-A’ and B-B’, respectively, corresponding to the section lines shown in Figure 5.1. 

 

 

Figure 5.3:  Palinurus Road (VSVP 57185) subsurface cross section A-A’ running 

parallel to Palinurus Road. IC is shown for February 2011 groundwater table 

conditions and factor of safety is shown for the February 2011 Christchurch 

earthquake using the Boulanger and Idriss (2015) CPT-based liquefaction 

triggering procedure with a PL = 15%. 
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Figure 5.4:  Palinurus Road (VSVP 57185) subsurface cross section B-B’ running 

perpendicular to Palinurus Road. IC is shown for February 2011 

groundwater table conditions and factor of safety is shown for the February 

2011 Christchurch earthquake using the Boulanger and Idriss (2015) CPT-

based liquefaction triggering procedure with a PL = 15%. 

The cross sections both exhibit relative lateral continuity in layer thicknesses and 

boundaries. Five well-defined layers are present, most of which are sandy in nature. A 

distinct layer of thinly interbedded material exists between approximately 5.5 and 9.5 m 

below the ground surface across the entire site. This layer transitions from a silty- and 

sandy-mix for the majority of the site to a predominantly sandy-mix on the north and east 

sides of the site, where the liquefaction was observed. This is visible when examining the 

A-A’ cross section that runs parallel to Palinurus Road (from southwest to northeast), 

shown in Figure 5.3. On the northeast side of the site, where this layer was predominately 

sand, the factor of safety remained below the boundary of one for nearly the entire depth. 

The CPTs that had the softer silt present in this region had a factor of safety that jumped 
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back and forth erratically across the FS = 1.0 boundary as IC fluctuated back and forth 

around 2.6, indicating thin, interbedded layers of liquefiable and potentially non-

liquefiable material.  

Liquefaction severity parameters calculated from factors of safety obtained using 

the standard Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure are 

summarized in Table 5.1. For the February 2011 event, the CPTs advanced where moderate 

liquefaction was observed (CPTs 62759, 62760, 62761) are analyzed separately from those 

advanced where liquefaction was not observed. 

Table 5.1:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Palinurus Road (VSVP 57185) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake 
Liquefaction 

Manifestation 
Value LPI LPIISH LSN 

SV1D 

(mm) 

CTL 

(m)  

September 2010 

(MW = 7.1,  

PGA = 0.24g)  

Not observed 

(12 CPTs) 

Range 9-14 6-9 21-29 92-132 4.5-6.6 

Mean 12 8 26 115 5.6 

σ 1.3 0.9 2.3 11 0.7 

February 2011 

(MW = 6.2,  

PGA = 0.68g) 

Not observed 

(9 CPTs) 

Range 29-38 25-31 33-41 135-175 6.2-8.2 

Mean 34 28 37 154 7 

σ 3.4 2.3 2.8 14.6 0.7 

Observed 

(3 CPTs) 

Range 35-39 29-31 39-41 162-173 8-8.6 

Mean 37 30 40 168 8.3 

σ 2.0 1.2 1.0 6 0.3 

 

The mean LPI, LPIISH, and LSN values calculated for the September earthquake indicate 

moderate liquefaction according to the classification system discussed previously. Since 

no liquefaction was observed at this site in September, these predictions are classified as 

“slight over-predictions.” An SV1D value over 100 mm and a CTL indicating that over half 
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of the top ten meters of material was predicted to liquefy are also not consistent with the 

lack of liquefaction manifestation in September 2010. The mean LPI, LPIISH, and LSN 

values calculated from the nine CPTs not located near liquefaction manifestation during 

the February 2011 earthquake are consistent with “severe” liquefaction predictions, despite 

no liquefaction being observed in the immediate area.  Thus, the standard analyses result 

in “severe over-predictions.” Even the CPTs located adjacent to the sand boils (classified 

as moderate observed liquefaction) had predictions that were more consistent with severe 

liquefaction, resulting in a “slight over-prediction.” Refined CPT-based analyses were 

performed in order to attempt to reconcile these over-predictions. 

5.3 REFINED CPT-BASED LIQUEFACTION TRIGGERING ANALYSES 

Additional factors that may have influenced the over-prediction of liquefaction at 

this site were considered, including:  (1) site-specific FC and soil plasticity data, (2) partial 

saturation (as indicated by VP), (3) coarse-to-fine-grained soil interlayering, (4) non-

liquefying crust thickness, and (5) microstructure. The first three were addressed using 

direct refinements to the standard Boulanger and Idriss (2015) liquefaction triggering 

procedure. The impact these refinements made on the liquefaction severity parameters is 

shown in Table 5.2. 
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Table 5.2:  Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Palinurus Road (VSVP 57185) after 

individual and then progressive/cumulative application of all refinements 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake 
Liquefaction 

Manifestation 
Refinements LPI LPIISH LSN 

SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.24g)  

None 

observed 

(12 CPTs) 

None 12 8 26 115 5.6 

Fines Content 6 3 14 66 4.0 

Partial Saturation 12 8 26 115 5.6 

Thin Layer 11 8 25 108 5.4 

Cumulative 5 3 13 60 3.8 

February 2011          

(MW = 6.2,              

PGA = 0.68g) 

None 

observed 

(9 CPTs) 

None 34 28 37 154 7.2 

Fines Content 29 24 33 134 7.1 

Partial Saturation 34 28 37 154 7.2 

Thin Layer 32 27 36 145 6.9 

Cumulative 28 24 32 126 6.8 

Observed 

(3 CPTs) 

None 37 30 40 168 8.3 

Fines Content 30 24 33 140 7.8 

Partial Saturation 37 30 40 168 8.3 

Thin Layer 37 30 40 168 8.3 

Cumulative 30 24 33 140 7.8 

Samples were taken at seven depths from the sonic borehole and provided further 

insight into the site-specific FC and soil plasticity at Palinurus Road. The PI was only 

determined at one depth (7.3 m below ground surface) and was found to be 11. According 

to Boulanger and Idriss (2006), this PI value is large enough to indicate that the soil at this 

depth would behave as “clay-like” material. Although the in-situ wc is not known at this 

depth, based on PI alone, the Bray and Sancio (2006) criteria would indicate that this 

material was “susceptible” to liquefaction. However, as can be seen in Figure 5.3, the IC 

log for SCPT 57360 indicates clay-like material with IC > 2.6 at 7.3 m. Thus, the relatively 

high PI value coupled with the high IC value would lead one to believe this material was 

indeed not highly susceptible to liquefaction.  

FC was determined at each of the seven sample depths using laser diffraction. FC 

varied at this highly interlayered site from 6% (at 4 m bgs) to 91% (at 7.3 m bgs). This site-
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specific data was used to calibrate the default Boulanger and Idriss (2015) FC-IC 

correlation, which was found to under-predict FC values when using the default CFC = 0.0. 

Using the procedure described in Boulanger and Idriss (2015), a site-specific CFC = 0.185 

was developed. This procedure is shown in Figure 5.5. 

 

Figure 5.5: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Palinurus Road 

(VSVP 57185) 

This site-specific CFC was then used to refine the standard Boulanger and Idriss (2015) 

CPT-based liquefaction triggering procedure, and was found to significantly reduce the 

liquefaction severity parameters, as shown for example CPT 57360 in Figure 5.6 for the 

September 2010 earthquake. Therefore, consideration of site-specific FC data helped 

address some of the over-prediction of liquefaction severity at this site by the “standard” 

CPT-based liquefaction triggering method.  
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Figure 5.6: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) after progressively applying the site-specific CFC and partial 

saturation refinements, followed by removal of thin (< 30 cm thick), 

interbedded sand layers from the standard deterministic liquefaction 

triggering analysis for SCPT 57360 in the September 2010 Darfield 

earthquake at Palinurus Road (VSVP 57185). 

A second factor considered in the refined analyses presented in Table 5.2 and 

illustrated for example CPT 57360 in Figure 5.6 was partially saturated soils below the 

water table. Palinurus Road did not exhibit partial saturation below the water table, as all 

VP values were greater than 1500 m/s once the water table was reached (as shown in Figure 

5.2). Therefore, the refinements made for partial saturation did not have any impact on 

reducing the liquefaction severity predictions at this site. 

The third factor addressed in the refined analyses presented in Table 5.2 and 

illustrated for example CPT 57360 in Figure 5.5 was the effect of coarse-to-fine-grained 

soil interlayering. While this site exhibited visible interlayering over certain depth intervals 
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in many of the CPTs, the CPT shown in Figure 5.6 had some of the least amount. Our 

simple thin layer refinements identified only two layers that were less than 30 cm thick to 

remove from consideration in CPT 57360, and these layers were below 7.5 m. Several of 

the liquefaction severity parameters use weighting functions to more heavily weight the 

near-surface liquefiable layers, so even with the removal of these two deep, thin layers 

there was very little impact on the liquefaction severity parameters. The thin layer 

refinements had a more significant impact on some of the other CPTs at the site that 

exhibited more significant interlayering, but overall, the reduction to the liquefaction 

severity parameters by thin layer refinements was quite small compared to the fines content 

refinement (refer to Table 5.2). 

Thickness of the non-liquefiable crust required to prevent surficial liquefaction 

manifestation was also considered in reference to the Ishihara (1985) boundary curves. The 

refined CPT-based procedure indicated a non-liquefiable crust thickness of approximately 

2 m in September, and approximately 1.4 m in February. These are significantly less than 

the crust thickness indicated by the Ishihara (1985) boundary curves of roughly 4 m for the 

PGA associated with the September earthquake. The PGA associated with the February 

earthquake is so large, one would need to extrapolate from Ishihara’s curves, so it is safe 

to assume the minimum thickness requirement has not been met at Palinurus Road. 

Therefore, non-liquefiable crust thickness does not appear to have played a significant role 

in the over-prediction of liquefaction severity at this site. 

5.4 SHEAR-WAVE VELOCITY BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES WITH REFINEMENTS 

A VS-based liquefaction triggering analysis using the Kayen et al. (2013) procedure 

and the DPCH VSVP data collected during the August 2015 study was performed to 
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compare with the CPT-based results. For consistency, soils with IC > 2.6 were considered 

too clay-like to liquefy. Refinements were also made to the standard Kayen et al. (2013) 

procedure for site-specific FC and partially saturated soils. Thin layer corrections are not 

appropriate for VS-based methods, as they only apply to CPT data.  The impact these 

adjustments had on the liquefaction severity parameters was very minor, and is shown in 

Table 5.3.  

Table 5.3:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Palinurus Road (VSVP 57185) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010           

(MW = 7.1,           

PGA = 0.24g) 

None 2 1 20 80 2.4 

Fines Content 2 1 19 77 2.2 

Partial Saturation 2 1 20 80 2.4 

Cumulative 2 1 19 77 2.2 

February 2011          

(MW = 6.2,              

PGA = 0.68g) 

None 17 15 40 147 6.4 

Fines Content 17 15 40 146 6.2 

Partial Saturation 17 15 40 147 6.4 

Cumulative 17 15 40 146 6.2 

In general, the VS-based method resulted in smaller liquefaction severity 

parameters than the CPT-based method. According to the mean values presented in Table 

5.3, the VS-based method produced a “correct” initial/standard prediction in September, 

and was still “correct” after the refinements to the procedure. The February predictions, 

although generally smaller than the ones from the CPT-based method, were still large 

enough to be considered “severely over-predicted” both before and after refinements. The 



 

 

100 

VS-based liquefaction triggering method with refinements is illustrated in Figure 5.7 for 

the September 2010 earthquake. 

 

Figure 5.7:  Profiles of soil behavior-type index, DPCH VS, factor of safety, and 

liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) obtained from 

the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial 

saturation for the September 2010 Darfield earthquake at Palinurus Road 

(VSVP 57185). 

 As seen in Figure 5.7, the refinements to the standard VS-based method do not 

significantly reduce any of the liquefaction severity parameters, even when applied 

cumulatively. Since the refinement for FC was the most impactful on reducing parameters 

while using the CPT-based procedure, and the Kayen et al. (2013) VS-based method is 

known to be relatively insensitive to FC, this is unsurprising. 

 A final consideration for the VS-based method is the impact of a non-liquefiable 

crust. The non-liquefiable crust thickness predicted by the VS-based method was 1.8 m in 
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September 2010, and 1.2 m in February 2011. Both thicknesses are slightly smaller than 

the thicknesses predicted by the CPT-based method, but when considering the higher 

resolution of the CPT data, are essentially the same. Regardless, as discussed previously, 

these crust thicknesses are not large enough according to the Ishihara (1985) curves to 

prevent surficial liquefaction manifestation. Therefore, large non-liquefiable crust 

thickness is not thought to have contributed to the over-prediction of liquefaction severity 

at this site. 

5.5 COMBINED CPT-VS APPROACH FOR INVESTIGATING MICROSTRUCTURE 

The potential impact of microstructure can be assessed using a combined CPT-VS 

approach to calculate KG*, the modified normalized rigidity index (after Schneider and 

Moss 2011, Robertson 2015, Robertson 2016). High KG* values can indicate 

microstructure due to bonding or cementation that may cause the soil to have a larger 

liquefaction resistance than expected. The KG* values calculated at this site are shown in 

Figure 5.8 relative to the boundaries for ideal, young and uncemented soils presented in 

Robertson (2016). 
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Figure 5.8:  KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57360 at Palinurus Road (VSVP 57185) plotted with boundaries 

suggested by Robertson (2016). 

As shown in Figure 5.8, all but four data points had KG* values less than 330, with 

all other data points falling into the “ideal soils” range. Although microstructure may have 

been present in the soil before the earthquakes and subsequently destroyed before the 

testing took place, this is a more likely scenario for a site that exhibited liquefaction. Since 

much of this site did not exhibit liquefaction, it is unlikely that microstructure was a 

significant factor in the over-prediction of liquefaction severity at Palinurus Road. 

5.6 DISCUSSION AND CONCLUSIONS 

The false positive liquefaction case history site Palinurus Road (VSVP 57185) was 

examined in this chapter using both CPT and Vs data. The liquefaction prediction accuracy 

is summarized in Table 5.4. 
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Table 5.4:  Assessment of liquefaction prediction accuracy before (initial predictions) 

and after corrections (refined predictions) for site-specific fines content, 

partial saturation, and thin layer effects using CPT- and VS-based methods 

for the September 2010 and the February 2011 earthquakes at Palinurus 

Road (VSVP 57185) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.24g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.68g) 

None to minor 
CPT-based Severely over Severely over 

VS-based Severely over Severely over 

Moderate CPT-based Slightly over Slightly over 

CPT-based liquefaction triggering procedures “slightly over-predicted” the 

liquefaction severity in the September earthquake, but refinements to these analyses were 

able to reconcile the over-prediction. In February, CPT-based liquefaction triggering 

procedures “severely over-predicted” the liquefaction severity at locations where 

liquefaction was not observed, and “slightly over-predicted” the liquefaction severity for 

the CPT locations where moderate liquefaction was observed. Refinements to the CPT-

based analyses were not able to reconcile these over-predictions. While the Kayen et al. 

(2013) VS-based liquefaction triggering procedure correctly predicted the liquefaction in 

September, it “severely over-predicted” the liquefaction manifestation at the site in 

February, and refinements were not able to reconcile the over-predictions of liquefaction 

severity. 

The most significant reductions in the CPT-based predictions were attributed to the 

consideration of site-specific FC data, which indicated FCs were being under-predicted by 

the default FC-IC correlation from Boulanger and Idriss (2015). This refinement was 

significant enough to reconcile the over-prediction in September, but not in February. 
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Partial saturation was not present at this site, and refinements for coarse- to fine-grained 

thin soil interlayering were not significant. Additionally, microstructure and non-

liquefiable crust thickness were considered and judged not to be contributing factors to the 

over-prediction of liquefaction severity at this site.  

The isolated instances of liquefaction manifestation at this site seemed to occur in 

areas with primarily sandy soil profiles, while much of the rest of the site had a relatively 

thick, highly interbedded layer of sands and silts somewhere between 5 and 8 m below the 

ground surface. While this layer may have interrupted the upward flow of water during 

liquefaction and potentially prevented any deeper liquefied material from reaching the 

ground surface, the entire site had at least 5 m of liquefiable sand immediately below the 

ground surface. Thus, the presence of deep interlayered deposits alone does not explain 

why liquefaction was not observed. CPT- and VS-based predictions indicate that in 

February, virtually all of the material in the top 4 m below the groundwater table should 

have liquefied. The non-liquefiable crust thickness is not believed to be large enough to 

prevent this material from manifesting at the surface, especially with the extremely large 

PGA in February. 

Palinurus Road continues to be one of the most fascinating case history sites 

available in this database. The false-positive liquefaction triggering predictions were 

reconciled in September, primarily by considering larger site-specific FCs, but remain very 

far from being reconciled in February. We continue to examine this site in an effort to 

better understand the complex mechanisms that contribute to surficial liquefaction 

manifestation. 
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Chapter 6: Cobra Reserve (VSVP 57156) 

6.1 INTRODUCTION 

Cobra Reserve (VSVP 57156) is located in the Halswell suburb of Christchurch. No 

observations of surficial liquefaction manifestation were observed at this site after either 

the September 2010 Darfield or February 2011 Christchurch earthquakes. Standard CPT-

based methods predicted moderate liquefaction in both earthquakes, making this site a 

false-positive liquefaction case history. 

6.2 STANDARD CPT-BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES 

SCPT, DPCH VSVP, and sonic borehole testing were conducted during the August 

2015 study in the open grassy area adjacent to Cobra Street. The site plan indicating the 

locations of the essentially collocated SCPT 57352, DPCH VSVP, and BH 57367 advanced 

as a part of the August 2015 study is shown in Figure 6.1. One other CPT (CPT 1210), 

advanced in November 2010, was available nearby. 
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Figure 6.1: Cobra Reserve (VSVP 57156) site plan showing in-situ test locations and 

absence of surficial liquefaction induced by the February 2011 Christchurch 

earthquake (image taken on 24 February 2011, base layer from NZGD).   

The Boulanger and Idriss (2015) standard deterministic liquefaction triggering 

procedure was performed on the two CPTs available at this site. Soils with IC > 2.6 were 

considered too “clay-like” to liquefy, and the default FC fitting parameter (CFC = 0.0) was 

used in the initial analyses.  The mean PGAs used at this site were 0.29 g and 0.35 g for 

the September 2010 and February 2011 earthquakes, respectively. These mean values were 

obtained from the conditional PGA distributions described in Green et al. (2014) and 
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Bradley (2014). The borehole, CPT, and DPCH data at Cobra Reserve is shown in Figure 

6.2.  

 

Figure 6.2:  1D site profile at Cobra Reserve (VSVP 57156) with: continuous core sonic 

borehole log BH 57367, data from all CPT soundings color-coded according 

to LPI severity, and direct-push crosshole VP and VS profiles. The ground 

water levels during the September 2010 and February 2011 earthquakes are 

indicated by blue dashed horizontal lines. 

The continuous core sonic borehole log shown in Figure 6.2 indicates a profile 

primarily composed of silt (ML) for the top 5.8 m, with a layer of silty sand (SM) and 

poorly-graded sand (SP) around 2 m. Another layer of SM and SP exists between 5.8 and 

6.5 m. These materials are underlain by a gravel layer (GW) that is over 2 m thick, the top 

of which corresponds with refusal in the CPT logs. The qc and IC plots generally agree with 

the borehole log and show large portions of the profile falling in the silt-mix and sand-mix 
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soil behavior type categories. However, the IC log highlights the silt and sand interlayering 

present between 3 and 4 m, as indicated by the rapid crisscrossing of the IC = 2.6 boundary 

line. The two CPT logs are fairly consistent with each other, although CPT 1210 is 

generally stiffer over the top 2.5 m. The water table varied from 1.12 m to 1.51 m below 

ground surface from September 2010 to February 2011, but the VP profile indicates that 

the soil was not fully saturated until at least 6.4 m below ground surface (as indicated by 

VP values less than 1500 m/s). The VS profile is quite uniform and characteristic of a soft 

soil site with all VS values falling below 150 m/s. 

Liquefaction severity parameters for both CPTs were calculated from factors of 

safety obtained using the results from the standard Boulanger and Idriss (2015) CPT-based 

liquefaction triggering analysis, as summarized in Table 6.1.  However, as noted above, 

neither CPT extended to 10 m due to the presence of the stiff gravel layer at approximately 

6.5 m.  Nonetheless, as discussed above, the soils between 6.5-10.0 m were likely too stiff 

to liquefy, so the liquefaction severity parameters are not expected to be adversely affected.   

Table 6.1:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Cobra Reserve (VSVP 57156) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.29g)  

Range 9-9 8-11 16-27 59-65 2.1-2.2 

Mean 9 10 22 62 2.2 

σ 0.0 2.1 7.8 4 0.1 

February 2011 

(MW = 6.2,  

PGA = 0.35g) 

Range 9-9 7-10 16-23 57-61 2-2.1 

Mean 9 9 20 59 2.1 

σ 0.0 2.1 4.9 3 0.1 
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Cobra Reserve was classified as a “slight over-prediction” in the September 2010 

earthquake after considering mean LPI, LPIISH, and LSN values that indicated moderate 

liquefaction manifestation. Similar values in the February 2011 earthquake also resulted in 

a “slight over-prediction.” SV1D and CTL values are relatively small in comparison, 

however, the other three parameters more heavily weight the contribution of the significant 

amount of near-surface liquefiable material. Also notable is that despite the smaller PGA 

in September, the significant drop in water table from September to February and the larger 

magnitude in September generally results in slightly more severe liquefaction predictions 

for the September 2010 earthquake. Subsequent refined analyses were performed in an 

attempt to reconcile these “slight over-predictions” from standard CPT-based liquefaction 

triggering procedures.  

6.3 REFINED CPT-BASED LIQUEFACTION TRIGGERING ANALYSES 

Several refinements were made to the standard Boulanger and Idriss (2015) CPT-

based liquefaction triggering analyses, including consideration of: (1) site-specific FC and 

soil plasticity data, (2) partial saturation (as indicated by VP), (3) coarse-to-fine-grained 

soil interlayering, (4) non-liquefying crust thickness, and (5) microstructure. The first three 

were accounted for by directly refining the standard Boulanger and Idriss (2015) CPT-

based liquefaction triggering procedure. The impact these refinements made on the 

liquefaction severity parameters is shown in Table 6.2. 
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Table 6.2:  Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Cobra Reserve (VSVP 57156) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.29g)  

None 9 10 22 62 2.2 

Fines Content 10 10 23 65 2.2 

Partial Saturation 8 7 21 61 2.2 

Thin Layer 7 7 17 45 1.6 

Cumulative 6 6 17 47 1.6 

February 2011          

(MW = 6.2,              

PGA = 0.35g) 

None 9 9 20 59 2.1 

Fines Content 9 10 21 61 2.1 

Partial Saturation 8 8 20 59 2.1 

Thin Layer 7 7 15 43 1.5 

Cumulative 6 6 16 45 1.5 

Samples taken from the sonic borehole at five depths in the top 10 m below the 

ground surface were subjected to lab testing and provided further insight into the site-

specific FC and soil plasticity. The plasticity indices (PI) calculated from samples taken at 

2.6 m and 4 m were 10 and 17, respectively. These PI values are large enough to indicate 

that the soil at these locations would behave as “clay-like” material, according to Boulanger 

and Idriss (2006). This is not surprising, as these samples were taken at locations identified 

by the CPT as silt-mix or clay soil behavior types. The in-situ water contents (wc) for these 

samples are unknown, but based on the PI values alone, the Bray and Sancio (2006) criteria 

would suggest that the shallower sample was “susceptible” to liquefaction while the deeper 

sample would be only “moderately susceptible”. As these PI values were relatively high, 

and they were obtained from samples taken at depths where IC > 2.6, these materials were 

considered as non-liquefiable in the refined CPT-based triggering analyses.  
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Grain size analyses were performed on the five samples using laser diffraction. 

Samples taken at 2.6 m, 3.6 m, and 4 m classify as silt with very high FCs, measured at 90-

99%. Samples taken at 1.5 m and 6.1 m had much lower FCs, measured at 28% and 37%, 

respectively. Based on these five samples, the default Boulanger and Idriss (2015) 

correlation between FC and IC was observed to predict FC values that were slightly too 

large. Thus, even though scatter in the data was significant, a site-specific CFC was 

developed according to the procedure discussed in Boulanger and Idriss (2015) and shown 

in Figure 6.3.  

 

Figure 6.3:  Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Cobra Reserve 

(VSVP 57156). 

This site-specific CFC = -0.052, which is very similar to the default value of zero, 

was then used in the CPT-based liquefaction triggering analyses. The site-specific CFC 
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value resulted in slightly larger liquefaction severity parameters, exacerbating the over-

prediction of liquefaction severity, as shown for the February 2011 earthquake and example 

CPT 57352 in Figure 6.4. Thus, high FCs were not found to be a source of over-prediction 

of liquefaction severity at Cobra Reserve. 

 

 

Figure 6.4:  CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) after progressively applying the site-specific CFC and partial 

saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction 

triggering analysis for SCPT 57352 in the February 2011 Christchurch 

earthquake at Cobra Reserve (VSVP 57156). 

An additional factor considered in the refined analyses shown in Figure 6.4 was 

partially saturated soils below the water table. As noted above (refer to Figure 6.2) VP 

values less than 1500 m/s were measured down to 6.4 m below the ground surface, 

indicating that much of the soil profile was not fully saturated. Therefore, adjustments were 

made to increase CRR in all partially saturated soils using the relationship proposed by 
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Ishihara and Tsukamoto (2004).  As shown in Figure 6.4, the refinements accounting for 

increased liquefaction resistance due to partial saturation did reduce liquefaction severity 

parameters slightly, but did not have a significant impact. The major reason is because 

much of the unsaturated portion of the profile consists of fine-grained soils with IC > 2.6. 

These soils are already considered as non-susceptible to liquefaction in the standard CPT-

based analyses. Therefore, despite a partially saturated profile for many meters below the 

water table, the presence of partially saturated soils are not thought to have had a large 

impact on the over-prediction of liquefaction severity at this site. 

The most significant factor causing over-prediction of liquefaction severity at this 

site appears to be the presence of thin interlayered silts and sands, which are predicted as 

susceptible according to standard CPT-based analyses.  As shown in Figure 6.4 for example 

CPT 57352, thin layers of sandy material at 1.75 m and between 3 and 4 m below the 

ground surface are all less than 30 cm thick and were originally predicted to liquefy by the 

standard CPT-based procedure. As discussed in Chapter 2, it is likely that the qc values are 

underdeveloped in these thin sand seams, leading basic triggering analyses to predict 

liquefaction in sands that were actually too stiff for liquefaction to occur. Additionally, the 

presence of interlayering is believed to interfere with the upward flow of water during 

liquefaction and could be limiting surficial manifestations from the deeper liquefiable 

layers. The elimination of these layers from the analysis (according to our thin layer 

corrections procedure discussed in Chapter 2) results in significant reductions to the 

liquefaction severity parameters (refer to Table 6.2). Furthermore, although slightly thicker 

than the 30 cm cutoff used in our thin-layer refinements, the relatively thin sand layer 

located at 2 m below ground surface is also imbedded in softer silt deposits. If this layer 

were to be eliminated from the liquefaction triggering analysis, not only would the 
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liquefaction severity parameters be reduced even further, but the depth to the first 

occurrence of liquefiable material would increase significantly. 

Ishihara (1985) presented guidelines to assess the required thickness of a non-

liquefiable crust to prevent surficial manifestation of liquefaction. The limiting crust 

thicknesses corresponding to PGAs of 0.29 g and 0.35 g at this site in the September 2010 

and February 2011 earthquakes, are roughly 5 m and 7 m, respectively. While Ishihara’s 

curves were developed for M7.5 earthquakes, these rough boundaries can still be used for 

perspective. The depth to liquefiable material after all refinements were made is 

approximately 2 m for both the September and February earthquakes. Clearly, the non-

liquefiable crust thickness according to the CPT-based triggering analysis is not large 

enough to prevent surface manifestations in either earthquake event. However, as noted 

above, if the relatively thin sand layer at 2 m were to be removed from consideration as 

liquefiable, the depth to the first occurrence of liquefiable material would be much closer 

to 5.5 m below the ground surface. This would be more in line with Ishihara’s limiting 

crust thickness values, at least for the September 2010 earthquake. Even without 

considering the crust thickness directly (it is incorporated in both the LPIISH and LSN 

parameters), the reductions in the liquefaction severity parameters, primarily due to thin 

layer refinements, are large enough to result in a “correct” prediction of liquefaction 

severity in both the September and February earthquakes and therefore reconcile the over-

prediction. 

6.4 SHEAR-WAVE VELOCITY BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES WITH REFINEMENTS 

A VS-based liquefaction triggering analysis using the Kayen et al. (2013) procedure 

and the DPCH VSVP data collected during the August 2015 study was performed to 
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compare with the CPT-based results. For consistency, refinements were also made to the 

standard Kayen et al. (2013) procedure for site-specific FC and partially saturated soils. 

Thin layer corrections are not appropriate for VS-based methods, as they only apply to CPT 

data. These adjustments and their impact on the liquefaction severity parameters are 

illustrated in Figure 6.5 for the February 2011 earthquake. 

 

 

Figure 6.5:  Profiles of soil behavior-type index, DPCH VS measurements, factor of 

safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) 

obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and 

partial saturation for the February 2011 Christchurch earthquake at 

Cobra Reserve (VSVP 57156). 

As shown in Figure 6.5, refinements accounting for site-specific FC and partial saturation 

do not have a large impact, even cumulatively, on the liquefaction severity parameters 

calculated using the VS-based method at this site. A summary of reductions to the 

liquefaction severity parameters is shown in Table 6.3. 
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Table 6.3: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Cobra Reserve (VSVP 57156) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010            

(MW = 7.1,           

PGA = 0.29g) 

None 6 5 21 80 1.8 

Fines Content 6 5 21 80 1.8 

Partial Saturation 5 4 18 76 1.6 

Cumulative 5 4 18 76 1.6 

February 2011          

(MW = 6.2,              

PGA = 0.35g) 

None 4 3 19 78 1.6 

Fines Content 4 3 19 79 1.6 

Partial Saturation 3 1 16 72 1.4 

Cumulative 4 2 16 72 1.4 

 

Since refinements for thin layers made the largest impact on the CPT-based 

liquefaction triggering methods, it is not surprising that the FC and partial saturation 

adjustments do not result in significant reductions to the severity parameters calculated 

using the VS-based method (refer to Table 6.3 and Figure 6.5). However, the liquefaction 

severity parameters calculated from the Kayen et al. (2013) method are not very large to 

begin with, and the minor reductions resulting from consideration of partial saturation are 

sufficient to reconcile the “slight over-prediction” in liquefaction severity during the 

September 2010 earthquake. The standard VS-based prediction in February was “correct” 

and remained “correct” after the refinements were made. 

A final consideration for the VS-based method is the impact of a non-liquefiable 

crust. The non-liquefiable crust thickness indicated by the VS-based procedure is about 2 

m for both earthquakes, which is the same as predicted by the CPT-based method. As noted 

for the CPT-based method, this thickness is not large enough to prevent the manifestation 
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of liquefaction at the ground surface according to the Ishihara (1985) boundary curves. 

Therefore, it is not believed that a large non-liquefiable crust thickness prevented the 

manifestation of liquefaction at this site. 

6.5 COMBINED CPT-VS APPROACH FOR INVESTIGATING MICROSTRUCTURE 

The potential impact of microstructure can be assessed using a combined CPT-VS 

approach to calculate KG*, the modified normalized rigidity index (after Schneider and 

Moss 2011, Robertson 2015, Robertson 2016).  KG* values over 330 indicate a soil might 

have significant microstructure due to bonding, cementation, or aging that could increase 

its liquefaction resistance. Figure 6.6 presents the KG* data calculated at this site and 

compares it to the boundaries for ideal, young and uncemented soils presented in Robertson 

(2016). 

 

Figure 6.6:  KG* values obtained from DPCH VS measurements and tip resistance data 

from 57352 at Cobra Reserve (VSVP 57156) plotted with boundaries 

suggested by Robertson (2016). 
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It is clear from Figure 6.6 that the soils at Cobra Reserve can be considered as 

young and uncemented without significant microstructure.  Although it is possible that 

microstructure was present prior to the earthquakes and was subsequently destroyed before 

the post-earthquake testing was conducted, this is unlikely at a site like Cobra Reserve 

where liquefaction did not seem to occur. Therefore, microstructure is not thought to be 

the cause of any over-prediction of liquefaction triggering at this site. 

6.6 DISCUSSION AND CONCLUSIONS 

The false-positive liquefaction predictions at Cobra Reserve were examined in this 

section. Both standard CPT-based and VS-based liquefaction triggering procedures were 

performed and their results were compared to the observed liquefaction manifestation at 

Cobra Reserve. The results are summarized in Table 6.4. 

Table 6.4: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Cobra Reserve (VSVP 57156) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.29g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Slightly over Correct 

February 2011         

(MW = 6.2                      

PGA = 0.35g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 

Both the standard CPT- and VS-based methods initially resulted in a “slight over-

prediction” of liquefaction manifestation during the September 2010 Darfield earthquake, 

and the standard CPT-based method also resulted in a “slight over-prediction” of 

liquefaction manifestation in the February 2011 Christchurch earthquake. These slight 
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over-predictions were reconciled after refinements were made to the liquefaction triggering 

procedures for site-specific fines content, partially saturated soils below the water table, 

and thin layer effects. 

The default Boulanger and Idriss (2015) FC- IC correlation was found to be fairly 

representative at this site, and adjustments made for site-specific fines content were minor, 

actually increasing the liquefaction severity parameters rather than lowering them. Partially 

saturated soils, though present throughout most of the profile, did not end up being a 

significant factor because most of the partial saturation existed in silts with IC > 2.6, which 

was already screened out as material not predicted to liquefy. The most significant factor 

in reducing the liquefaction severity predictions from the CPT-based method were 

refinements made for thin layer effects resulting from coarse-to-fine grained soil 

interlayering. The qc values in the thin sandy layers may have been underestimated and/or 

the interlayered soils may have interfered with the upward movement of water during 

liquefaction, preventing manifestation at the surface.  Non-liquefiable crust thickness likely 

did not contribute significantly to the over-prediction of liquefaction severity at this site, 

and microstructure was also found not to be significant.   

Cobra Reserve is an interesting case study site in which we are able to reconcile the 

false-positive liquefaction predictions in both the September 2010 and February 2011 

earthquakes. It highlights the importance of considering the effects that highly interlayered 

soils may have on liquefaction triggering predictions throughout Christchurch. 
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Chapter 7: Heaton Normal Intermediate School (VSVP 57181) 

7.1 INTRODUCTION 

Heaton Normal Intermediate School is located in the Papanui suburb of 

Christchurch on the corner of Heaton Street and Circuit Street. Moderate liquefaction was 

observed at this site in both the September 2010 Darfield and February 2011 Christchurch 

earthquakes. As discussed below, standard CPT-based methods correctly predicted the 

observation of moderate liquefaction in September, but over-predicted liquefaction 

severity in February. 

7.2 STANDARD CPT-BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES 

SCPT, DPCH VSVP, and sonic borehole testing were conducted during the August 

2015 study in the open grassy area just southwest of the school, behind the row of houses 

on Heaton Street. The site plan indicating the locations of the essentially collocated SCPT 

57224, DPCH VSVP, and BH 57224 advanced as a part of the August 2015 study is shown 

in Figure 7.1. Three other CPTs were available nearby: CPT 36224 (advanced in December 

2013), CPT 11875 (advanced in October 2012), and CPT 9636 (advanced in May 2012). 
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Figure 7.1: Heaton Normal Intermediate School (VSVP 57181) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   

The Boulanger and Idriss (2015) standard deterministic liquefaction triggering 

procedure was performed on all CPTs available at this site. Soils with IC > 2.6 were 

considered too “clay-like” to liquefy, and the default fines content fitting parameter (CFC) 

of zero was used in the initial analyses.  The mean PGAs used at this site were 0.21 g and 

0.32 g for the September 2010 and February 2011 earthquakes, respectively. These mean 

PGA values were obtained from the conditional PGA distributions described by Green et 
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al. (2014) and Bradley (2014). The borehole, CPT, and DPCH data at Heaton Normal 

Intermediate School are shown in Figure 7.2. 

 

Figure 7.2:  1D site profile at Heaton Normal Intermediate School (VSVP 57181) with: 

continuous core sonic borehole log BH 57224, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

The continuous core sonic borehole log shown in Figure 7.2 indicates a soil profile 

primarily composed of low plasticity silts (ML), with some organic materials (OL) and 

peat (Pt) in the top 1 m below the ground surface. There are two poorly graded sand layers 

(SP) in the top ten meters, at 3.8 to 5.75 m and 6.8 to 7.75 m. It is apparent in the qc and IC 

plots that the blue trace, corresponding to CPT 36224, is significantly different from the 

other three CPTs at this site. While the qc and IC logs for CPT 36224 indicate a profile of 

dense sand from 3 m down, the other CPTs show a much softer sand-mixture from 3 m 

down, and a silt-mixture above 3 m. The borehole log corresponds most closely with the 
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green CPT trace, which was taken immediately adjacent to the borehole. The water dropped 

between September 2010 and February 2011 from 1.59 m to 1.90 m below ground surface. 

However, VP values do not reach 1500 m/s until 3.2 m below ground surface, indicating 

that the profile was not fully saturated for over a meter below the ground water table. The 

VS profile shows a jump in velocity at 3.2 m, corresponding well with the CPT logs which 

indicate a transition from a silty-mix to a more sandy-mix at this depth.  

Liquefaction severity parameters were calculated for all CPTs using the factors of 

safety obtained from the standard Boulanger and Idriss (2015) CPT-based liquefaction 

triggering procedure, as summarized in Table 7.1. However, due to the significant 

difference between the soil profile indicated by CPT 36224 and the other three CPTs at this 

site, CPT 36224 was excluded from the liquefaction severity parameter statistics reported 

from this point forward. 

Table 7.1:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for all 

CPTs at Heaton Normal Intermediate School (VSVP 57181) except CPT 

36224 based on the September 2010 Darfield and February 2011 

Christchurch earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.21g)  

Range 10-15 5-10 21-30 111-159 4.9-6.7 

Mean 13 8 27 141 5.8 

σ 2.9 2.6 5.2 26 0.9 

February 2011 

(MW = 6.2,  

PGA = 0.32g) 

Range 17-23 11-15 24-33 125-168 5.3-6.7 

Mean 20 14 29 149 5.9 

σ 3.1 2.3 4.6 22 0.7 

 

The mean LPI, LPIISH, and LSN values calculated for the September 2010 

earthquake indicate moderate liquefaction manifestation according to our criteria, making 
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this a “correct” prediction. However, the mean LPI, LPIISH, and LSN values calculated for 

the February 2011 earthquake indicate severe liquefaction manifestation, while only 

moderate liquefaction was observed. Therefore, the February 2011 liquefaction severity 

predictions are considered a “slight over-prediction.” Refinements were applied to the 

“standard” CPT-based triggering method in an attempt to reconcile the over-prediction in 

February, and observe the effects on the “correct” prediction in September.  

7.3 REFINED CPT-BASED LIQUEFACTION TRIGGERING ANALYSES 

Several refinements were made to the standard Boulanger and Idriss (2015) CPT-

based liquefaction triggering analyses, including consideration of: (1) site-specific fines 

content and soil plasticity data, (2) partial saturation (as indicated by VP), (3) coarse-to-

fine-grained soil interlayering, (4) non-liquefying crust thickness, and (5) microstructure. 

The first three were accounted for by directly refining the standard Boulanger and Idriss 

(2015) CPT-based liquefaction triggering procedure. The impact these refinements made 

on the liquefaction severity parameters is shown in Table 7.2. 
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Table 7.2:  Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Heaton Normal Intermediate School 

(VSVP 57181) except CPT 36224 after individual and then 

progressive/cumulative application of all corrections considered for both the 

September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 13 8 27 141 5.8 

Fines Content 5 2 13 65 3.6 

Partial Saturation 13 8 27 140 5.8 

Thin Layer 13 8 26 137 5.6 

Cumulative 5 1 12 62 3.5 

February 2011          

(MW = 6.2,              

PGA = 0.32g) 

None 20 14 29 149 5.9 

Fines Content 11 7 18 90 4.6 

Partial Saturation 20 14 29 149 5.9 

Thin Layer 20 13 27 144 5.7 

Cumulative 10 6 17 86 4.4 

 

Samples taken from the sonic borehole at nine depths in the top 10 m below the 

ground surface were subjected to lab testing and provided further insight into the site-

specific fines content (FC) and soil plasticity. The plasticity indices (PI) calculated from 

samples taken at 2.1 m, 3 m, and 5.8 m were 10, 11, and 7, respectively. All of these PI 

values are large enough to indicate “clay-like” behavior according to Boulanger and Idriss 

(2006). However, although the in-situ wc of these samples was not known, PI values were 

all less than 12, and the Bray and Sancio (2006) criteria would indicate that these soils were 

susceptible to liquefaction. The shallowest sample was taken from a region where the IC 

log indicates a silt-mix with IC > 2.6, and therefore is not predicted to liquefy according to 

the standard screening criteria. The other two samples, however, are taken in regions where 

the IC log indicates potentially liquefiable sand, seemingly more consistent with the 

assessment based on the Bray and Sancio (2006) criteria. Regardless, these PI values are 
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relatively low, and high plasticity soils are not thought to be a significant contributing 

factor to the over-prediction of liquefaction severity at this site. 

Grain size analyses were performed on the nine samples using laser diffraction. FCs 

ranged from 14% to 99%. Based on these samples and the IC values determined from the 

CPT, the default Boulanger and Idriss (2015) correlation between IC and FC predicted FC 

values that were significantly too low. A site-specific CFC was developed according to the 

procedure in Boulanger and Idriss (2015) and is shown in Figure 7.3. 

 

Figure 7.3:  Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Heaton Normal 

Intermediate School (VSVP 57181). 
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The very large site-specific CFC = 0.365 was then used in the refined CPT-based 

liquefaction triggering analyses. This adjustment resulted in a significant decrease in 

liquefaction severity parameters in both the September 2010 and February 2011 

earthquakes. This is shown for the February 2011 earthquake and example CPT 57224 in 

Figure 7.4. 

 

Figure 7.4:  CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) after progressively applying the site-specific CFC and partial 

saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction 

triggering analysis for CPT 57224 in the February 2011 Christchurch 

earthquake at Heaton Normal Intermediate School (VSVP 57181). 

An additional factor considered in the refined analyses shown in Figure 7.4 was the 

presence of partially saturated soils below the water table. As noted above (refer to Figure 

7.2), VP values less than 1500 m/s were measured down to 3.2 m below the ground surface, 

indicating that the soil was unsaturated for over a meter below the water table. 

Consequently, adjustments were made to increase CRR in the partially saturated soils 
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according to the relationship proposed by Ishihara and Tsukamoto (2004). As shown in 

Figure 7.4, this refinement had little to no effect on the mean liquefaction severity 

parameters. This is primarily because almost all of the partially saturated soil was silt with 

IC > 2.6 and therefore already considered as non-susceptible to liquefaction. In the small 

portion of the partially saturated soils that had IC < 2.6 (from about 2.75 m to 3.2 m), the 

VP values were very close to 1500 m/s (the soil was close to being fully saturated), and the 

increase to CRR in this region was very minor. Therefore, the presence of partially 

saturated soils is not thought to have had a large impact on the over-prediction of 

liquefaction severity at this site. 

The third refinement considered in Figure 7.4 was to account for the presence of 

thin interlayered silts and sands. At this site, interlayering was not significant (none was 

present in the CPT shown in Figure 7.4, although it was observed in very minor capacity 

in the other CPTs). Consequently, the refinements for thin layers do not have a significant 

impact on the mean liquefaction severity parameters for either the September 2010 or 

February 2011 earthquakes. 

A final consideration for the CPT-based triggering analyses is the required non-

liquefiable crust thickness to prevent surficial manifestation of liquefaction, based on the 

Ishihara (1985) guidelines. The limiting crust thicknesses for no liquefaction manifestation 

corresponding to PGAs of 0.21 g and 0.32 g at this site in the September 2010 and February 

2011 earthquakes, are roughly 3 m and 7 m, respectively. While Ishihara’s curves were 

developed for M7.5 earthquakes, these rough boundaries can still be used for perspective. 

The non-liquefiable crust thickness in both September and February was 2.74 m, which is 

just less than the required thickness to prevent surficial liquefaction manifestation 

according to Ishihara (1985) during the September 2010 event, but significantly less than 
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the required thickness during the February 2011 event.  So, a particularly large crust 

thickness does not appear to be the cause of over-prediction of liquefaction severity during 

the February 2011 earthquake.   

After all refinements were made to the CPT-based liquefaction triggering 

procedures, the reduced mean liquefaction severity parameters for the February 2011 

earthquake were consistent with “moderate” liquefaction (refer to Table 7.3), which is 

consistent with the observations. This reduction was primarily due to the use of a large site-

specific CFC to account for the very large measured FC at this site. However, the reduced 

parameters for the September 2010 earthquake indicated “none to marginal liquefaction,” 

which is now inconsistent with the observation of “moderate” liquefaction. Thus, while the 

February 2011 over-prediction was reconciled by these refinements, the reduction in the 

September 2010 liquefaction severity parameters caused the initially “correct” prediction 

of liquefaction severity from the standard analyses to be changed to a “slight under-

prediction” after refinements were made.  

7.4 SHEAR-WAVE VELOCITY BASED DETERMINISTIC LIQUEFACTION TRIGGERING 

 ANALYSES WITH REFINEMENTS  

A VS-based liquefaction triggering analysis using the Kayen et al. (2013) procedure 

and the DPCH VSVP data collected during the August 2015 study was performed to 

compare with the CPT-based results. For consistency, refinements were also made to the 

standard Kayen et al. (2013) procedure for site-specific fines content and partially saturated 

soils, and soils with IC > 2.6 were screened out of the analysis as too “clay-like” to liquefy. 

Thin layer corrections are not appropriate for VS-based methods, as they only apply to CPT 

data. These refinements and their impact on the liquefaction severity parameters are 

illustrated in Figure 7.5 for the February 2011 earthquake. 



 

 

130 

 

Figure 7.5:  Profiles of soil behavior-type index, DPCH VS measurements, factor of 

safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) 

obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and 

partial saturation for the February 2011 Christchurch earthquake at 

Heaton Normal Intermediate School (VSVP 57181). 

Although the Kayen et al. (2013) simplified Vs-based method is less sensitive to 

FC than the CPT-based analyses, the impact of using the site-specific CFC to estimate FCs 

for the VS-based method is noticeable in Figure 7.5. However, the impact on the 

liquefaction severity parameters is minor, as shown in Table 7.3. 
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Table 7.3:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Heaton Normal Intermediate School 

(VSVP 57181) after individual and then progressive/cumulative application 

of the site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.21g) 

None 3 2 21 86 1.6 

Fines Content 3 1 20 81 1.4 

Partial Saturation 3 2 21 86 1.6 

Cumulative 3 1 20 81 1.4 

February 2011          

(MW = 6.2,              

PGA = 0.32g) 

None 3 2 22 88 1.6 

Fines Content 3 1 21 83 1.4 

Partial Saturation 3 2 22 88 1.6 

Cumulative 3 1 21 83 1.4 

For both the September 2010 and February 2011 earthquakes, with and without 

refinements, the Kayen et al. (2013) VS-based liquefaction triggering method produces 

liquefaction severity parameters consistent with the category of “none to marginal 

liquefaction”. Thus all severity predictions are considered “slight under-predictions” since 

moderate liquefaction was observed at this site in both events. 

A final consideration for the VS-based method is the impact of a non-liquefiable 

crust. The non-liquefiable crust thickness indicated by the VS-based method is the same as 

predicted by the CPT-based method. As previously discussed, the September crust 

thickness is just less than the required thickness to prevent surficial liquefaction 

manifestation according to the Ishihara (1985) boundary curves, but the February crust 

thickness is significantly too thin to be considered a source of over-prediction of 

liquefaction manifestation in that earthquake. 
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7.5 COMBINED CPT-VS APPROACH FOR INVESTIGATING MICROSTRUCTURE 

The potential impact of microstructure can be assessed using a combined CPT-VS 

approach to calculate KG*, the modified normalized rigidity index (after Schneider and 

Moss 2011, Robertson 2015, Robertson 2016).  KG* values over 330 indicate a soil might 

have significant microstructure due to bonding, cementation, or aging that could increase 

its liquefaction resistance. Figure 7.6 presents the KG* data calculated at this site and 

compares it to the boundaries for ideal, young and uncemented soils presented in Robertson 

(2016). 

 

Figure 7.6:  KG* values obtained from DPCH VS measurements and tip resistance data 

from 57224 at Heaton Normal Intermediate School (VSVP 57181) plotted 

with boundaries suggested by Robertson (2016). 

Figure 7.6 shows that the soils at Heaton Normal Intermediate School can generally 

be considered as young and uncemented without significant microstructure, as only three 

data point plot above the KG* = 330 line (although three points plot on the line). It is 
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possible that microstructure was present prior to the earthquakes and was subsequently 

destroyed before the post-earthquake testing was conducted, which is a possibility at this 

site since liquefaction did occur. However, this likely is inconsequential compared to the 

significant impact the refinement for high FCs has made on the analysis. 

7.6 DISCUSSION AND CONCLUSIONS 

The liquefaction severity predictions at Heaton Normal Intermediate School were 

examined in this section. Both standard and refined CPT- and VS-based liquefaction 

triggering analyses were performed and their results were compared to the observed 

liquefaction manifestation at this site. The results are summarized in Table 7.4. 

Table 7.4:  Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Heaton Normal Intermediate School (VSVP 57181) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

Moderate 
CPT-based Correct Slightly under 

VS-based Slightly under Slightly under 

February 2011         

(MW = 6.2                      

PGA = 0.32g) 

Moderate 
CPT-based Slightly over Correct 

VS-based Slightly under Slightly under 

Refinements to the basic CPT- and VS-based analyses were considered for site-

specific fines content and soil plasticity, partially saturated soils below the water table, and 

thin layer effects due to coarse-to-fine grained soil layering. Non-liquefiable crust 

thickness and microstructure/aging were also considered. The only refinement that had a 

significant impact on the results at this site was the use of a site-specific CFC in the FC- IC 

correlation in Boulanger and Idriss (2015). While we were able to use this FC refinement 
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to rectify the over-prediction of liquefaction severity for the February 2011 earthquake, the 

same refinement caused a previously “correct” prediction for the September 2010 

earthquake to become a “slight under-prediction.” 

Under-predictions of liquefaction severity are not conservative, and are therefore 

less desirable than over-predictions. Therefore, this site serves as a cautionary example of 

how sensitive the liquefaction triggering analyses can be to FC correlations. This has been 

discussed on a regional scale for Christchurch by Leeves et al. (2015) and Lees et al. 

(2015). Lees et al. (2015) found that a CFC = 0.0 was conservative in Christchurch, and that 

a CFC = 0.2 was more appropriate for the region. However, local variability in CFC was 

large and Leeves et al. (2015) recommend examining data on a site-by-site basis. Although 

we have done this here, the development of a site-specific CFC at this site did not result in 

a perfect prediction. 

Heaton Normal Intermediate School is a unique case study site in which the 

application of refinements for high site-specific FCs was able to reconcile the false positive 

liquefaction prediction for the February 2011 earthquake, but doing so resulted in a false 

negative liquefaction prediction in the September 2010 earthquake. This site highlights the 

sensitivity of the liquefaction triggering analyses to the FC-IC correlation, and shows that 

even derivation of a site-specific CFC may not solve the inconsistencies between 

liquefaction triggering predictions and observed liquefaction manifestation at all sites. 

 

 

 

 

 



 

 

135 

Chapter 8: Final Discussions and Conclusions 

8.1 OVERALL TRENDS IN THE CASE HISTORY DATABASE 

One of the goals of this study was to examine 31 case history sites as a group to see 

if there were any common characteristics that could have caused the inconsistencies 

between predicted and observed liquefaction severity at many of these sites. While further 

work is needed to analyze the immense quantity of data produced in this study, two big-

picture themes are presented in this section: (1) trends in liquefaction severity predictions, 

and (2) the impact of refinements to “standard” liquefaction triggering procedures. 

Refinements were made directly to the “standard” liquefaction triggering procedure to 

account for: (1) in-situ soil plasticity and fines content, (2) partially saturated soils, and (3) 

the effect of coarse-to-fine-grained soil interlayering. Additional considerations were 

addressed on a case-by-case basis for non-liquefiable crust thickness and soil 

microstructure. 

8.1.1 Trends in Liquefaction Severity Predictions 

The impact of refinements on the “standard” liquefaction triggering analyses across 

the entire case history database was examined. Differences between the CPT- and VS-based 

triggering methods were also observed. Table 8.1 summarizes the quantity of sites falling 

into each “accuracy of prediction” category both before and after refinements to the 

“standard” CPT- and VS-based liquefaction triggering procedures. 
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Table 8.1: Quantity of sites in each “accuracy of prediction” category both before and 

after refinements to the “standard” CPT- and VS-based liquefaction 

triggering procedures for the September 2010 and February 2011 

earthquakes. 

Accuracy of 

Prediction 

CPT-Based Predictions VS-Based Predictions 

September 2010 February 2011 September 2010 February 2011 

Before After Before After Before After Before After 

Severely Over 3 1 5 1 0 0 2 2 

Slightly Over 15 4 17 12 6 2 6 4 

Correct 12 23 4 10 23 27 15 15 

Slightly Under 1 3 5 8 2 2 7 9 

Severely Under 0 0 0 0 0 0 1 1 

In general, refinements to the “standard” CPT- and VS-based triggering analyses 

increased the number of “correct” predictions, with one exception: the number of “correct” 

predictions remained the same before and after refinements in February for the VS-based 

procedure. The VS-based procedure produced a larger number of “correct” predictions both 

before and after refinements. However, it must be stressed that this database was purposely 

selected to have a large number of false-positive liquefaction case histories based on 

simplified CPT-based liquefaction triggering analyses. The CPT-based predictions were 

also more likely to change after refinements were made to the “standard” liquefaction 

triggering procedure, while the Vs-based predictions were less affected by refinements. A 

histogram showing the distribution of predictions from the CPT-based liquefaction 

triggering procedures both before and after refinements is shown in Figure 8.1. A similar 

histogram for the Vs-based liquefaction triggering procedures is shown in Figure 8.2. 
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Figure 8.1: Histogram showing the quantity of sites falling into each “accuracy of 

prediction” category from the CPT-based predictions both before and after 

refinements to the “standard” CPT-based liquefaction triggering procedure 

for both the September 2010 and February 2011 earthquakes. 

 

Figure 8.2: Histogram showing the quantity of sites falling into each “accuracy of 

prediction” category from the VS-based predictions both before and after 

refinements to the “standard” VS-based liquefaction triggering procedure for 

both the September 2010 and February 2011 earthquakes. 
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Refinements to the “standard” CPT-based procedures lead to a reduction in “severe 

over-predictions” and “slight over-predictions.” The number of predictions that were 

considered “correct” in September 2010 increased from 12 to 23, and in February 2011 

increased from 4 to 10. The percentage of false-positives was reduced from 58% to 16% 

in September 2010, and 71% to 42% in February 2011. Unfortunately, the refinements also 

caused an increase in “slight under-predictions” in both September 2010 and February 

2011, from 1 to 3 and 5 to 8, respectively. However, no “severe under-predictions” were 

reported by the CPT-based methods. 

The distribution of predictions from the VS-based methods differed significantly 

from the CPT-based methods, as shown in Figure 8.2. The VS-based procedure has 

primarily “correct” predictions before refinements were made. Refinements made to the 

“standard” VS-based liquefaction triggering procedure did not have as significant an impact 

as they did on the CPT-based procedures. The number of “correct” predictions increased 

from 23 to 27 in September 2010, but remained the same in February 2011. The “slight 

over-predictions” were reduced from 6 to 2 in September 2010, and 6 to 4 in February 

2011, but the number of “severe over-predictions” remained the same in February 2011. 

The number of “slight under-predictions” remained the same in September 2010, but 

increased from 7 to 9 in February 2011. There was only one “severely under-predicted” 

site in February 2011, and it remained “severely under-predicted” after refinements. 

 In conclusion, refinements to the “standard” CPT-based liquefaction triggering 

procedure were significantly more effective in reducing over-predictions of liquefaction 

severity than the refinements to the “standard” VS-based procedure. However, refinements 

to the Vs-based procedure were not as critical because many of the sites in our database 

were already correctly predicted based on Vs. While refinements to the CPT-based 
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procedure both reduced the number of “over-predictions” and increased the number of 

“correct” predictions, they also marginally increased the number of “slight under-

predictions.” The trend to slightly increase under-predictions of liquefaction severity was 

also observed when applying refinements to the Vs-based procedure. Since under-

predictions of liquefaction severity are not conservative, and more serious than over-

predictions, this as a problematic consequence of applying refinements to “standard” 

liquefaction triggering procedures in an attempt to be less conservative at the majority of 

sites. 

8.1.2 Assessment of Refinements to “Standard” Liquefaction Triggering 

 Procedures 

The three direct refinements that were made to the “standard” CPT-based 

liquefaction triggering procedure are: (1) site-specific FCs and soil plasticity, (2) partially 

saturated soils below the water table, and (3) coarse-to-fine grained soil interlayering. By 

applying these refinements independently to the “standard” procedure before applying 

them cumulatively, the sensitivity of the liquefaction severity parameters to each individual 

refinement could be examined. Average reductions in LPI, LPIISH, and LSN across all 31 

sites after the application of refinements for site-specific FC were on the order of 25-35%. 

Refinements for partial saturation only reduced LPI, LPIISH, and LSN on average 1.5-10%.  

Reductions due to refinements for interlayering were about 7-8%. Clearly, corrections for 

site-specific FC dominated the refinement procedure when using CPT-based procedures. 

The VS-based liquefaction triggering procedure only had direct refinements for site-

specific FC and partial saturation, since coarse-to-fine grained soil interlayering 

refinements do not apply to VS-based methods. Since the Kayen et al. (2013) VS-based 

procedure is relatively insensitive to FC, it was unsurprising that refinements for site-
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specific FC had relatively little impact on reducing liquefaction severity parameters from 

the VS-based procedure. The average reduction in LPI, LPIISH, and LSN across all 31 sites 

from the FC refinements to the VS-based procedure ranged from about 1-8%. Refinements 

for partially saturated soils below the water table ranged from about 3-7%. Even when 

applied cumulatively, the refinements to the VS-based liquefaction triggering procedure 

had a significantly smaller impact than those to the CPT-based procedure, primarily due to 

the insensitivity of the VS-based procedure to FC. 

Because the CPT-based procedures are so sensitive to refinements for site-specific 

FC, it is important to apply these refinements with caution. Lees et al. (2015) and Leeves 

et al. (2015) showed that while application of a regional average CFC = 0.2 for Christchurch 

reduces liquefaction severity predictions, it is certainly not appropriate at every site. Even 

in this thesis, where a site-specific CFC was developed from data only at that particular site, 

there were instances in which the application of the FC refinement caused a previously 

“correct” liquefaction triggering prediction to become an under-prediction. It is clear from 

this case history dataset that high site-specific FC are playing a significant role in the over-

prediction of liquefaction severity at these sites, however, it is important that refinements 

to the analyses to address this challenge do not reduce predictions to the point at which 

they are not conservative. 

8.2 CHALLENGES, DISCUSSIONS, AND FUTURE RESEARCH 

8.2.1 Consideration of Cyclic Demand and PL 

The calculation of factor of safety against liquefaction consists of two main 

components: cyclic demand and cyclic resistance. The focus in this thesis is primarily on 

the resistance side, as noted in Chapter 1. The impact of uncertainty in the PGAs used in 
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this analysis was not robustly taken into account. However, PGAs were relatively well 

constrained throughout Christchurch. Thus, it is expected that uncertainty in PGA is not a 

significant factor. Furthermore, due to very large PGAs in the February event (where most 

of the over-predictions occurred), the liquefaction triggering predictions are not very 

sensitive to small changes in PGA. Even so, future work should be done to fully investigate 

the sensitivity of these analyses to changes in PGA.   

Another potentially important factor that was not considered in this thesis is the 

sensitivity of the analyses to adjustments in the PL CRR curves. This research focused on 

the deterministic liquefaction triggering procedures using a PL = 15% because that is what 

most practitioners use to evaluate liquefaction triggering. Thus, a deterministic analysis is 

meant to be conservative and will tend to yield false-positive/over-predictions of 

liquefaction severity on a more frequent basis than if PL = 50% were used. Probabilistic 

analyses that consider the sensitivity of the liquefaction triggering analyses to different PL 

curves remain a topic of interest and should be considered in future work. 

8.2.2 Further Development of VS-based Procedures 

One process that needs additional vetting in the future is the volumetric strain 

calculation for the VS-based procedure. Both LSN and SV1D calculations require calculation 

of a volumetric strain at each depth increment in addition to the factor of safety against 

liquefaction. The correlation between qc1ncs (from CPT data) and volumetric strain 

proposed by Zhang et al. (2002) is widely used and was implemented in this thesis when 

calculating LSN and SV1D from the CPT-based procedure. The same relationship, however, 

cannot be used for the VS–based procedure. The VS-based procedure has been less 

commonly used when examining liquefaction case histories compared to the CPT-based 

procedures, and there is very little literature that includes calculations of LSN or SV1D from 
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VS-based procedures. In response to this, Yi (2010) developed a relationship between 

corrected shear wave velocity, (VS1)CS, and post-liquefaction volumetric strain for use in 

estimating SV1D. Although this relationship does not seem to have been widely adopted yet, 

for the sake of completeness and comparison to the CPT-results, the Yi (2010) relationship 

was cautiously used in this thesis to calculate both LSN and SV1D. It was noticed that the 

LSN and SV1D values obtained using this relationship (and factor of safety from the Kayen 

et al. 2013 procedure) frequently suggested more severe liquefaction than the 

corresponding LPI and LPIISH values. Interestingly, it was also noticed that these larger 

parameters frequently corresponded better to the predictions from the CPT-based analysis. 

For example, in Chapter 7, the LPI and LPIISH values obtained from the VS-based procedure 

underestimate the liquefaction severity at Heaton Normal Intermediate School, while the 

LSN and SV1D values are not only consistent with the CPT-based prediction, but are 

consistent with the moderate liquefaction observed at the site. Regardless, the relative 

inconsistency with the LPI and LPIISH parameters from the VS-based procedure warrants 

further investigation in the future. 

8.2.3 Challenges in Defining a Case History “Site” and Liquefaction Severity 

Another challenge that presented itself during the course of this work was the need 

to accurately define the spatial boundaries of a liquefaction case history “site.” Several of 

the sites in this database had either: inconsistent liquefaction manifestation across the 

“site,” or inconsistent liquefaction triggering predictions from different CPTs across the 

“site.” While it is generally easy to classify liquefaction manifestation at a single CPT 

location, when you begin to introduce spatial variability, each case history “site” becomes 

much more complicated to analyze. Because of this, several of the 31 sites in this database 

warrant further attention. These sites are noted in Appendix B. 
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There is also a considerable amount of difficulty in consistently classifying 

observed liquefaction severity across the case history database. While classification criteria 

have been defined (see Table 2.1), we found that in many cases, the classification can be 

relatively subjective. It is typically easy to see the absence of liquefaction manifestation, 

but when liquefaction manifestation did occur, the severity was not always clear. Because 

the classification procedure can be nuanced, we attempted to simplify the categories of 

observed liquefaction by grouping categories together. While this grouping made the 

procedure of classifying sites more straightforward, there were still some instances in 

which it was difficult to distinguish between “moderate” and “major to very severe” 

liquefaction at a site. Furthermore, liquefaction observed through examination of aerial 

imagery was not always consistent with what had been observed by engineers in the field 

immediately following the earthquake. In many cases, ejecta had been moved prior to the 

aerial image being taken, or ejecta was obscured by trees or buildings. These complications 

made it difficult to consistently evaluate observed liquefaction manifestation at the 31 sites. 

To address this at some of the particularly difficult sites, an alternative observed 

liquefaction classification was considered, as noted in Appendix B.  

8.3 CONCLUSIONS 

In this thesis, we have attempted to reconcile false-positive liquefaction triggering 

predictions from standard CPT-based analyses at 18 sites in the September 2010 Darfield 

earthquake and 22 sites in the February 2011 Christchurch earthquake. Five additional 

considerations, above and beyond those commonly considered in “standard” CPT-based 

analyses were made, including: (1) site specific FC and soil plasticity, (2) partially 

saturated soils below the water table, (3) coarse-to-fine grained soil interlayering, (4) non-

liquefiable crust thickness, and (5) microstructure. Refinements to the CPT-based 
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procedure to account for (1) through (3) reduced the percentage of false-positive 

liquefaction predictions in this case history database by 42% in the September 2010 

earthquake and by 29% in the February 2011 earthquake. However, these refinements were 

not sufficient to rectify all of the false-positive predictions, and they also ended up turning 

a few correct predictions into false-negatives.   

Undoubtedly, there is much to be gained from additional in-depth consideration of 

individual case history sites, especially when several factors are likely contributing to the 

over-prediction of liquefaction severity. Four of the 31 case histories were selected for 

more detailed discussion in this thesis. These four sites were used to highlight the 

importance of considering site specific FC, accounting for thin coarse-to-fine soil 

interlayering, and partially saturated soils below the water table. Some of the case histories 

discussed in this thesis were successful examples of reconciliation of false-positive 

predictions. Some of the case histories remain unexplained. Clearly there is still much to 

learn from this extensive dataset. 
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Appendices 

APPENDIX A:  DPCH VSVP SUMMARY FILES 

The following pages were compiled by the author of this thesis to summarize the 

results of the DPCH testing that took place in August 2015. These files were submitted to 

the CGD for archival purposes in March 2016. 
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Avondale Playground (VSVP 57062) 

Table A.1:  P- and S-wave velocities determined from direct-push crosshole tests at 

Avondale Playground 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.4 335 - 149 - 
0.6 310 - 142 - 

0.8 342 - 133 - 

1 445 - 128 - 

1.2 475 - 125 - 

1.4 759 - 127 - 

1.6 715 - 124 - 

1.8 366 - 125 - 

2 416 - 127 - 

2.2 420 - 125 - 

2.4 639 - 127 - 

2.6 1167 - 126 - 

2.8 1417 - 121 - 

3 1543 - 128 - 

3.2 1603 - 129 - 

3.4 1611 - 141 - 

3.6 1634 - 138 - 

3.8 1629 - 140 - 

4 1667 - 140 - 

4.2 1633 - 137 - 

4.4 1644 - 141 - 

4.6 1588 - 141 - 

4.8 1639 - 139 - 

5 1611 - 139 - 

5.2 1610 - 168 - 

5.4 1652 - 167 - 

5.6 1641 - 171 - 

5.8 1658 - 171 - 

6 1703 - 166 - 

6.2 1694 - 168 - 

6.4 1699 - 171 - 

6.6 1720 - 173 - 

6.8 1741 - 176 - 

7 1720 - 181 - 

7.2 1717 - 178 - 

7.4 1727 - 179 - 

7.6 1724 - 175 - 

7.8 1748 - 179 - 

8 1787 - 184 - 

8.2 1801 - 185 - 

8.4 1816 - 189 - 

8.6 1815 - 191 - 

8.8 1814 - 189 - 

9 1789 - 191 - 

9.2 1802 - 196 - 
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Figure A.1:  P- and S-wave velocities determined from direct-push crosshole tests at 

Avondale Playground. 
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Figure A.2:  P- and S-wave records obtained from direct-push crosshole tests at 

Avondale Playground with initial and alternate (where appropriate) arrival 

times indicated. 
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Harrington Park (VSVP 57141) 

Table A.2: P- and S-wave velocities determined from direct-push crosshole tests at 

Harrington Park 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 226 - 154 - 
0.4 259 - 137 - 

0.6 287 - 159 - 

0.8 271 - 166 - 

1 268 - 159 - 

1.2 313 - 158 - 

1.4 381 - 141 - 

1.6 355 - 136 - 

1.8 247 - 156 - 

2 429 - 167 - 

2.2 427 - 161 - 

2.4 648 - 158 - 

2.6 649 - 138 - 

2.8 599 - 131 - 

3 654 - 132 - 

3.2 778 - 129 - 

3.4 1023 - 127 - 

3.6 1400 - 129 - 

3.8 1459 - 143 - 

4 1439 - 148 - 

4.2 1538 - 162 - 

4.4 1652 - 170 - 

4.6 1750 - 168 - 

4.8 1756 - 167 - 

5 1762 - 165 - 

5.2 1768 - 162 - 

5.4 1775 - 162 - 

5.6 1718 - 165 - 

5.8 1654 - 167 - 

6 1645 - 165 - 

6.2 1547 - 166 - 

6.4 1646 - 163 - 

6.6 1612 - 160 - 

6.8 1633 - 162 - 

7 1614 - 165 134 

7.2 1621 - 160 132 

7.4 1671 - 132 - 

7.6 1652 - 135 - 

7.8 1646 - 135 - 

8 1683 - 138 - 

8.2 1691 - 138 - 

8.4 1714 - 140 - 

8.6 1722 - 141 - 

8.8 1689 - 160 - 

9 1712 - 161 - 

9.2 1679 - 164 - 

9.4 1675 - 196 - 

9.6 1726 - 230 - 

9.8 1926 - 294 - 

10 2150 - 332 - 
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Figure A.3:  P- and S-wave velocities determined from direct-push crosshole tests at 

Harrington Park. 
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Figure A.4:  P- and S-wave records obtained from direct-push crosshole tests at 

Harrington Park with initial and alternate (where appropriate) arrival times 

indicated. 
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70 Langdons Road (VSVP 57142) 

Table A.3:  P- and S-wave velocities determined from direct-push crosshole tests at 70 

Langdons Road 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 244 - 114 - 
0.4 260 - 110 - 
0.6 255 - 138 - 
0.8 348 - 138 - 
1 481 - 135 - 

1.2 672 - 127 - 
1.4 877 - 123 - 
1.6 1326 - 147 - 
1.8 1456 - 162 - 
2 1545 - 165 - 

2.2 1647 - 159 - 
2.4 1728 - 161 - 
2.6 1730 - 161 - 
2.8 1732 - 163 121 
3 1718 - 127 - 

3.2 1702 - 130 - 
3.4 1689 - 133 - 
3.6 1725 - 131 - 
3.8 1550 - 142 - 
4 1542 - 154 - 

4.2 1519 - 161 - 
4.4 1498 - 155 - 
4.6 1502 - 151 - 
4.8 1120 - 155 - 
5 1130 - 153 - 

5.2 1080 - 151 - 
5.4 1001 - 156 - 
5.6 953 - 153 - 
5.8 855 - 147 - 
6 858 - 141 - 

6.2 860 - 143 - 
6.4 960 - 113 148 
6.6 974 - 114 148 
6.8 962 - 118 150 
7 981 - 128 166 

7.2 970 - 129 166 
7.4 994 - 132 - 
7.6 917 - 130 - 
7.8 827 - 130 - 
8 762 - 129 - 

8.2 925 - 112 155 
8.4 899 - 115 157 
8.6 916 - 118 158 
8.8 984 - 119 155 
9 1085 - 115 156 

9.2 1224 - 124 - 
9.4 1442 - 131 - 
9.6 1502 - 158 - 
9.8 1486 - 157 - 
10 1515 - 162 - 

10.2 244 - 114 - 
10.4 260 - 110 - 
10.6 255 - 138 - 
10.8 348 - 138 - 
11 481 - 135 - 
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Figure A.5:  P- and S-wave velocities determined from direct-push crosshole tests at 70 

Langdons Road. 
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Figure A.6:  P- and S-wave records obtained from direct-push crosshole tests at 70 

Langdons Road with initial and alternate (where appropriate) arrival times 

indicated. 
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38 Meadow Street (VSVP 57143) 

Table A.4:  P- and S-wave velocities determined from direct-push crosshole tests at 38 

Meadow Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone 

Depth 

Velocity Velocity Velocity Velocity 
(m) (m/s) (m/s) (m/s) (m/s) 

0.2 229 - 96 - 
0.4 237 - 102 - 
0.6 204 - 90 - 
0.8 270 - 78 - 
1 316 - 83 - 

1.2 334 - 88 - 
1.4 425 - 83 - 
1.6 575 - 81 - 
1.8 695 - 117 - 
2 909 - 122 - 

2.2 1397 - 122 - 
2.4 1519 - 119 - 
2.6 1561 - 116 - 
2.8 1411 - 116 - 
3 1358 - 116 - 

3.2 1280 - 118 - 
3.4 1202 - 118 - 
3.6 1246 - 118 - 
3.8 916 - 113 - 
4 1048 - 112 - 

4.2 958 - 112 - 
4.4 845 - 112 - 
4.6 782 - 109 - 
4.8 936 - 109 - 
5 1417 - 110 - 

5.2 1466 - 111 - 
5.4 1532 - 113 - 
5.6 1575 - 113 - 
5.8 1591 - 113 - 
6 1608 - 113 - 

6.2 1626 - 113 - 
6.4 1627 - 114 - 
6.6 1631 - 129 - 
6.8 1619 - 141 - 
7 1635 - 149 - 

7.2 1639 - 143 - 
7.4 1599 - 143 - 
7.6 1588 - 141 - 
7.8 1577 - 141 - 
8 1555 - 141 - 

8.2 1656 - 145 - 
8.4 1660 - 149 - 
8.6 1635 - 151 - 
8.8 1653 - 145 - 
9 1658 - 165 - 

9.2 1677 - 176 - 
9.4 1714 - 179 - 
9.6 1643 - 172 - 
9.8 1694 - 178 - 
10 1701 - 189 - 
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Figure A.7:  P- and S-wave velocities determined from direct-push crosshole tests at 38 

Meadow Street. 
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Figure A.8:  P- and S-wave records obtained from direct-push crosshole tests at 38 

Meadow Street with initial arrival times indicated. 
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Marblewood Reserve (VSVP 57155) 

Table A.5:  P- and S-wave velocities determined from direct-push crosshole tests at 

Marblewood Reserve 

Source Cone Depth (m) P-wave Velocity (m/s) Alt P-wave Velocity (m/s) S-wave  Velocity (m/s) Alt S-wave Velocity (m/s) 

 0.2 247 - 117 - 

0.4 271 - 128 - 

0.6 239 - 121 - 

0.8 353 - 123 - 

1 574 - 122 - 

1.2 859 - 122 - 

1.4 1384 - 114 - 

1.6 1499 - 119 - 

1.8 1604 - 116 - 

2 1678 - 119 - 

2.2 1678 - 115 - 

2.4 1589 - 114 - 

2.6 1618 - 112 - 

2.8 1577 - 111 - 

3 1564 - 113 - 

3.2 1635 - 114 - 

3.4 1636 - 111 - 

3.6 1621 - 107 - 

3.8 1605 - 145 - 

 4 1650 - 148 - 

4.2 1651 - 145 - 

4.4 1514 - 142 - 

4.6 1144 - 141 - 

4.8 1065 - 139 - 

5 1012 - 140 - 

5.2 1030 - 144 - 

5.4 1217 - 143 - 

5.6 1050 - 140 - 

5.8 967 - 137 - 

6 973 - 139 - 

6.2 964 - 140 - 

6.4 1007 - 135 - 

6.6 918 - 132 - 

6.8 961 - 131 - 

7 1005 - 134 - 

7.2 872 - 135 - 

7.4 917 - 125 - 

7.6 877 - 129 - 

7.8 921 - 128 - 

8 815 - 130 - 

8.2 698 - 132 - 

8.4 591 - 132 - 

8.6 698 - 131 - 

8.8 846 - 129 - 

9 896 - 134 - 

9.2 928 - 122 - 

9.4 786 - 123 - 

9.6 543 - 122 - 

9.8 633 - 133 - 

10 652 - 134 - 

10.2 866 - 135 - 

10.4 1004 - 153 - 
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Table A.5 continued: P- and S-wave velocities determined from direct-push crosshole 

tests at Marblewood Reserve 

Source Cone Depth (m) P-wave Velocity (m/s) Alt P-wave Velocity (m/s) S-wave  Velocity (m/s) Alt S-wave Velocity (m/s) 

 10.6 1255 - 162 - 

10.8 1499 - 168 - 

11 1632 - 175 - 

11.2 1634 - 183 - 

11.4 1652 - 183 - 

11.6 1764 - 179 - 
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Figure A.9:  P- and S-wave velocities determined from direct-push crosshole tests at 

Marblewood Reserve. 
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Figure A.10: P- and S-wave records obtained from direct-push crosshole tests at 

Marblewood Reserve with initial and alternate (where appropriate) arrival 

times indicated. 
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Cobra Reserve (VSVP 57156) 

Table A.6: P- and S-wave velocities determined from direct-push crosshole tests at 

Cobra Reserve 

Source P-wave Alt P-wave S-wave Alt S-wave 

Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 196 - 128 - 
0.4 255 - 131 - 

0.6 327 - 116 - 

0.8 377 - 124 - 

1 429 - 121 - 

1.2 454 - 119 - 

1.4 609 - 118 - 

1.6 726 - 119 - 

1.8 745 - 124 - 

2 649 - 132 - 

2.2 742 - 124 - 

2.4 696 - 120 - 

2.6 774 - 116 - 

2.8 1060 - 119 - 

3 1428 - 122 - 

3.2 1287 - 115 - 

3.4 1270 - 112 - 

3.6 895 - 107 - 

3.8 962 - 111 - 

4 905 - 110 - 

4.2 504 - 110 - 

4.4 1041 - 111 - 

4.6 981 - 114 - 

4.8 1127 - 117 - 

5 1143 - 116 - 

5.2 1299 - 119 - 

5.4 1368 - 118 - 

5.6 1447 - 128 - 

5.8 1471 - 131 - 

6 1428 - 130 - 

6.2 1476 - 126 - 

6.4 1620 - 130 - 

6.6 1907 - 223 - 
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Figure A.11: P- and S-wave velocities determined from direct-push crosshole tests at 

Cobra Reserve. 
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Figure A.12: P- and S-wave records obtained from direct-push crosshole tests at Cobra 

Reserve with initial arrival times indicated. 
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Wharenui School (VSVP 57165) 

Table A.7:  P- and S-wave velocities determined from direct-push crosshole tests at 

Wharenui School 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.6 295 - 117 - 
0.8 339 - 136 - 
1 427 - 137 - 

1.2 536 - 137 - 
1.4 658 - 134 - 
1.6 697 - 133 - 
1.8 1534 - 133 - 
2 1324 - 135 117 

2.2 1004 - 135 - 

 2.4 1140 - 135 111 
2.6 1676 - 135 - 
2.8 1626 - 130 - 
3 1233 - 129 - 

3.2 1379 - 130 - 
3.4 1536 - 150 - 
3.6 1606 - 152 - 
3.8 829 - 149 - 
4 710 - 144 - 

4.2 727 - 144 - 
4.4 1130 - 143 - 
4.6 1278 - 141 - 
4.8 1149 922 149 - 
5 1019 - 165 - 

5.2 1228 - 160 - 
5.4 1420 - 163 - 
5.6 1319 - 162 - 
5.8 1631 - 160 - 
6 1012 - 157 - 

6.2 739 - 155 - 
6.4 774 - 156 - 
6.6 868 - 157 - 
6.8 1029 - 156 129 
7 1334 - 153 124 

7.2 1303 - 151 121 
7.4 1351 - 148 108 
7.6 1466 - 107 - 
7.8 1424 - 105 - 
8 1434 - 107 - 

8.2 1394 - 105 - 
8.4 1402 - 142 105 
8.6 1448 - 142 104 
8.8 1538 - 140 - 
9 1534 - 142 - 

9.2 1531 - 142 - 
9.4 1527 - 141 - 
9.6 1538 - 141 - 
9.8 1534 - 150 - 
10 1516 - 163 - 
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Figure A.13: P- and S-wave velocities determined from direct-push crosshole tests at 

Wharenui School. 
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Figure A.14: P- and S-wave records obtained from direct-push crosshole tests at 

Wharenui School with initial and alternate (where appropriate) arrival times 

indicated. 
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St. Albans Catholic School (VSVP 57180) 

Table A.8: P- and S-wave velocities determined from direct-push crosshole tests at St 

Albans Catholic School 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 211 - 128 - 
0.4 268 - 132 - 
0.6 323 - 157 - 
0.8 315 - 179 - 
1 361 - 177 - 

1.2 531 - 164 - 
1.4 742 - 162 - 
1.6 1244 - 167 - 
1.8 1413 - 164 - 
2 1607 - 138 - 

2.2 1684 - 136 - 
2.4 1667 - 140 - 
2.6 1668 - 144 - 
2.8 1668 - 139 - 
3 1653 - 139 - 

3.2 1552 - 136 - 
3.4 1195 - 136 - 
3.6 1310 - 138 - 
3.8 1449 - 140 - 
4 1637 - 147 - 

4.2 1607 - 158 - 
4.4 862 - 161 - 
4.6 1028 - 153 - 
4.8 1194 - 153 - 
5 1380 - 153 - 

5.2 1748 - 152 - 
5.4 1619 - 153 - 
5.6 1605 - 158 - 
5.8 1575 - 148 - 
6 1633 - 151 - 

6.2 1632 - 154 - 
6.4 1630 - 155 - 
6.6 1658 - 153 - 
6.8 1610 - 149 - 
7 1640 - 149 - 

7.2 1652 - 149 - 
7.4 1649 - 152 - 
7.6 1631 - 149 - 
7.8 1628 - 152 - 
8 1610 - 145 - 

8.2 1536 - 145 - 
8.4 1651 - 162 - 
8.6 1662 - 179 - 
8.8 1692 - 194 - 
9 1690 - 203 - 

9.2 1669 - 202 - 
9.4 1716 - 189 - 
9.6 1712 - 187 - 
9.8 1691 - 187 - 
10 1653 - 188 - 
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Figure A.15: P- and S-wave velocities determined from direct-push crosshole tests at St 

Albans Catholic School. 
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Figure A.16: P- and S-wave records obtained from direct-push crosshole tests at St 

Albans Catholic School with initial and alternate (where appropriate) arrival 

times indicated. 
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Heaton Normal Intermediate School (VSVP 57181) 

Table A.9:  P- and S-wave velocities determined from direct-push crosshole tests at 

Heaton Normal Intermediate School 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.6 347 - 103 - 
0.8 295 - 108 - 
1 185 - 106 - 

1.2 307 - 107 - 
1.4 290 - 107 - 
1.6 892 - 105 - 
1.8 884 - 105 - 
2 1069 - 103 - 

2.2 1116 - 100 - 
2.4 1215 - 100 - 
2.6 1203 - 100 - 
2.8 1332 - 100 - 
3 1431 - 99 - 

3.2 1546 - 128 - 
3.4 1635 - 125 - 
3.6 1657 - 120 - 
3.8 1650 - 158 - 
4 1702 - 171 - 

4.2 1774 - 180 - 
4.4 1783 - 180 - 
4.6 1807 - 188 - 
4.8 1798 - 181 - 
5 1824 - 175 - 

5.2 1833 - 176 - 
5.4 1773 - 177 - 
5.6 1797 - 178 - 
5.8 1757 - 186 - 
6 1733 - 184 - 

6.2 1757 - 173 - 
6.4 1735 - 170 - 
6.6 1728 - 157 - 
6.8 1722 - 151 - 
7 1747 - 166 - 

7.2 1772 - 167 - 
7.4 1767 - 165 - 
7.6 1746 - 166 - 
7.8 1742 - 164 - 
8 1739 - 161 - 

8.2 1738 - 163 - 
8.4 1765 - 168 - 
8.6 1753 - 167 - 
8.8 1767 - 169 - 
9 1697 - 174 - 

9.2 1687 - 162 - 
9.4 1702 - 165 - 
9.6 1705 - 172 - 
9.8 1675 - 171 - 
10 1713 - 168 - 
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Figure A.17: P- and S-wave velocities determined from direct-push crosshole tests at 

Heaton Normal Intermediate School. 
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Figure A.18: P- and S-wave records obtained from direct-push crosshole tests at Heaton 

Normal Intermediate School with initial arrival times indicated. 
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Kaiwara Reserve (VSVP 57182) 

Table A.10: P- and S-wave velocities determined from direct-push crosshole tests at 

Kaiwara Reserve 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone 

Depth 

Velocity Velocity Velocity Velocity 
(m) (m/s) (m/s) (m/s) (m/s) 

0.2 243 - 114 - 

0.4 317 - 142 - 
0.6 290 - 156 - 
0.8 317 - 162 - 
1 283 - 157 - 

1.2 295 - 153 - 
1.4 364 - 139 - 
1.6 417 - 151 - 
1.8 632 - 158 - 
2 1108 - 108 - 

2.2 1410 - 113 - 
2.4 1481 - 112 - 
2.6 1392 - 107 - 
2.8 641 - 107 - 
3 745 - 111 - 

3.2 943 - 109 - 
3.4 1183 - 111 - 
3.6 1295 - 108 - 
3.8 1355 - 104 - 
4 1465 - 103 - 

4.2 1400 - 106 - 
4.4 1425 - 110 - 
4.6 1461 - 110 98 
4.8 1452 - 120 99 
5 1433 - 142 99 

5.2 1235 - 155 - 
5.4 1485 - 148 - 
5.6 1107 - 142 - 
5.8 1203 - 140 - 
6 1298 - 141 - 

6.2 1388 - 139 - 
6.4 1490 - 148 - 
6.6 1471 - 144 - 
6.8 1079 - 138 - 
7 1214 - 132 - 

7.2 1241 - 137 - 
7.4 1432 - 132 - 
7.6 1553 - 152 130 
7.8 1666 - 150 130 
8 1747 - 154 130 

8.2 1786 - 170 - 
8.4 1810 - 167 - 
8.6 1851 - 165 - 
8.8 1789 - 163 - 
9 1780 - 163 - 

9.2 1696 - 164 - 
9.4 1703 - 166 - 
9.6 1740 - 164 - 
9.8 1718 - 170 - 
10 1741 - 171 - 
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Figure A.19: P- and S-wave velocities determined from direct-push crosshole tests at 

Kaiwara Reserve. 
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Figure A.20: P- and S-wave records obtained from direct-push crosshole tests at Kaiwara 

Reserve with initial and alternate (where appropriate) arrival times 

indicated. 
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15 Cresselly Place (VSVP 57183) 

Table A.11: P- and S-wave velocities determined from direct-push crosshole tests at 15 

Cresselly Place 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone 

Depth 

Velocity Velocity Velocity Velocity 
(m) (m/s) (m/s) (m/s) (m/s) 

0.6 383 - 91 - 

0.8 498 - 90 - 
1 777 - 88 - 

1.2 1169 - 84 - 
1.4 1227 - 87 - 
1.6 1363 - 91 - 
1.8 1407 - 100 - 
2 1480 - 114 - 

2.2 1534 - 130 - 
2.4 1655 - 134 - 
2.6 1721 - 135 - 
2.8 1652 - 140 - 
3 1649 - 143 - 

3.2 1679 - 135 - 
3.4 1660 - 134 - 
3.6 1708 - 135 - 
3.8 1655 - 134 - 
4 1668 - 134 - 

4.2 1680 - 136 - 
4.4 1659 - 132 - 
4.6 1640 - 123 - 
4.8 1634 - 125 - 
5 1663 - 138 - 

5.2 1659 - 150 - 
5.4 1669 - 152 - 
5.6 1645 - 144 - 
5.8 1638 - 147 - 
6 1614 - 147 - 

6.2 1641 - 148 - 
6.4 1617 - 147 - 
6.6 1609 - 152 - 
6.8 1616 - 154 - 
7 1594 - 157 - 

7.2 1602 - 164 - 
7.4 1625 - 167 - 
7.6 1583 - 166 - 
7.8 1542 - 169 - 
8 1579 - 171 - 

8.2 1553 - 179 - 
8.4 1606 - 179 - 
8.6 1595 - 178 - 
8.8 1551 - 176 - 
9 1538 - 176 - 

9.2 1542 - 174 - 
9.4 1513 - 173 - 
9.6 1517 - 175 - 
9.8 1489 - 178 - 
10 1572 - 199 - 

10.2 1593 - 194 - 
10.4 1487 - 187 - 
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Figure A.21: P- and S-wave velocities determined from direct-push crosshole tests at 15 

Cresselly Place. 
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Figure A.22: P- and S-wave records obtained from direct-push crosshole tests at 15 

Cresselly Place with initial arrival times indicated. 
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Brougham Street/Columbo Street (VSVP 57184) 

Table A.12: P- and S-wave velocities determined from direct-push crosshole tests at 

Brougham Street/Columbo Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.4 470 - 138 - 

0.6 730 - 136 - 
0.8 1086 - 134 - 
1 1265 - 133 - 

1.2 1429 - 133 - 
1.4 1515 - 130 - 
1.6 1540 - 129 - 
1.8 1540 - 127 - 
2 1536 - 124 - 

2.2 1495 - 123 - 
2.4 1516 - 124 - 
2.6 1498 - 134 - 
2.8 1283 - 131 - 
3 1252 - 128 - 

3.2 1204 - 123 - 
3.4 1290 - 123 - 
3.6 1305 - 122 - 
3.8 936 - 126 - 
4 720 - 130 - 

4.2 826 - 132 - 
4.4 912 - 139 - 
4.6 768 - 141 - 
4.8 864 - 137 - 
5 1136 - 131 - 

5.2 1342 - 128 - 
5.4 1296 - 128 - 
5.6 1002 - 131 - 
5.8 792 - 135 - 
6 948 - 134 - 

6.2 870 - 126 99 
6.4 925 - 125 100 
6.6 1062 - 121 100 
6.8 1058 - 118 - 
7 1137 - 118 - 

7.2 1310 - 128 - 
7.4 1361 - 155 - 
7.6 1382 - 164 - 
7.8 1455 - 168 - 
8 1492 - 177 - 

8.2 1564 - 192 - 
8.4 1626 - 188 - 
8.6 1577 - 176 - 
8.8 1561 - 177 - 
9 1592 - 184 - 

9.2 1606 - 189 - 
9.4 1620 - 194 - 
9.6 1604 - 195 - 
9.8 1586 - 191 - 
10 1554 - 182 - 
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Figure A.23: P- and S-wave velocities determined from direct-push crosshole tests at 

Brougham Street/Columbo Street. 
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Figure A.24: P- and S-wave records obtained from direct-push crosshole tests at 

Brougham Street/Columbo Street with initial and alternate (where 

appropriate) arrival times indicated. 
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Palinurus Road (VSVP 57185) 

Table A.13: P- and S-wave velocities determined from direct-push crosshole tests at 

Palinurus Road 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 223 - 88 - 
0.4 266 - 92 - 
0.6 400 - 121 - 
0.8 519 - 127 - 
1 745 - 125 - 

1.2 1153 - 126 - 
1.4 1475 - 126 - 
1.6 1550 - 126 - 
1.8 1620 - 126 - 
2 1649 - 126 - 

2.2 1664 - 120 - 
2.4 1679 - 152 - 
2.6 1677 - 149 - 
2.8 1676 - 141 - 
3 1642 - 142 - 

3.2 1640 - 157 - 
3.4 1686 - 168 - 
3.6 1699 - 170 - 
3.8 1714 - 170 - 
4 1744 - 170 - 

4.2 1741 - 171 - 
4.4 1738 - 177 - 
4.6 1717 - 174 - 
4.8 1681 - 175 - 
5 1728 - 187 - 

5.2 1741 - 191 - 
5.4 1773 - 191 - 
5.6 1783 - 195 - 
5.8 1691 - 197 - 
6 1719 - 205 - 

6.2 1713 - 196 - 
6.4 1722 - 184 - 
6.6 1716 - 182 - 
6.8 1691 - 181 - 
7 1684 - 180 - 

7.2 1709 - 186 - 
7.4 1652 - 181 - 
7.6 1660 - 172 - 
7.8 1651 - 169 - 
8 1729 - 172 - 

8.2 1720 - 164 - 
8.4 1711 - 168 - 
8.6 1667 - 178 - 
8.8 1656 - 170 - 
9 1682 - 165 - 

9.2 1690 - 159 - 
9.4 1679 - 185 - 
9.6 1742 - 207 - 
9.8 1731 - 213 - 
10 1719 - 212 - 
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Figure A.25: P- and S-wave velocities determined from direct-push crosshole tests at 

Palinurus Road. 
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Figure A.26: P- and S-wave records obtained from direct-push crosshole tests at 

Palinurus Road with initial arrival times indicated. 
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Ti Rakau Reserve (VSVP 57186) 

Table A.14: P- and S-wave velocities determined from direct-push crosshole tests at Ti 

Rakau Reserve 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 296 - 153 - 

0.4 337 - 170 - 
0.6 445 - 157 - 
0.8 676 - 162 - 
1 1066 - 150 - 

1.2 1403 - 142 - 
1.4 1437 - 119 - 
1.6 1535 - 114 - 
1.8 1533 - 113 - 
2 1546 - 114 - 

2.2 1600 - 110 - 
2.4 1613 - 112 - 
2.6 1612 - 134 - 
2.8 1626 - 136 - 
3 1640 - 133 - 

3.2 1654 - 146 - 
3.4 1651 - 164 - 
3.6 1666 - 174 - 
3.8 1695 - 181 - 
4 1711 - 182 - 

4.2 1744 - 195 - 
4.4 1760 - 189 - 
4.6 1760 - 181 - 
4.8 1744 - 178 - 
5 1745 - 197 - 

5.2 1762 - 198 - 
5.4 1797 - 193 - 
5.6 1798 - 184 - 
5.8 1782 - 183 - 
6 1766 - 198 - 

6.2 1785 - 205 - 
6.4 1822 - 207 - 
6.6 1823 - 209 - 
6.8 1823 - 209 - 
7 1806 - 203 - 

7.2 1774 - 207 - 
7.4 1793 - 203 - 
7.6 1778 - 205 - 
7.8 1833 - 206 - 
8 1817 - 209 - 

8.2 1838 - 211 - 
8.4 1841 - 209 - 
8.6 1825 - 206 - 
8.8 1828 - 206 - 
9 1812 - 216 - 

9.2 1814 - 221 - 
9.4 1815 - 221 - 
9.6 1855 - 221 - 
9.8 1857 - 221 - 
10 1878 - 217 - 
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Figure A.27: P- and S-wave velocities determined from direct-push crosshole tests at Ti 

Rakau Reserve. 
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Figure A.28: P- and S-wave records obtained from direct-push crosshole tests at Ti 

Rakau Reserve with initial arrival times indicated. 
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Avondale Park (VSVP 57187) 

Table A.15: P- and S-wave velocities determined from direct-push crosshole tests at 

Avondale Park 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 325 - 134 - 

0.4 408 - 160 - 
0.6 398 - 155 - 
0.8 465 - 160 - 
1 605 - 155 - 

1.2 769 - 129 - 
1.4 1056 - 134 - 
1.6 1141 - 136 - 
1.8 1315 - 130 - 
2 1457 - 131 - 

2.2 1557 - 131 - 
2.4 1577 - 131 - 
2.6 1665 - 133 - 
2.8 1647 - 137 - 
3 1671 - 136 - 

3.2 1682 - 138 - 
3.4 1654 - 139 - 
3.6 1652 - 140 - 
3.8 1652 - 141 - 
4 1614 - 140 - 

4.2 1627 - 141 - 
4.4 1642 - 142 - 
4.6 1670 - 146 - 
4.8 1648 - 147 - 
5 1677 - 148 - 

5.2 1694 - 157 - 
5.4 1713 - 161 - 
5.6 1745 - 159 - 
5.8 1739 - 158 - 
6 1708 - 160 - 

6.2 1670 - 167 - 
6.4 1679 - 172 - 
6.6 1714 - 171 - 
6.8 1713 - 169 - 
7 1736 - 170 - 

7.2 1761 - 172 - 
7.4 1669 - 175 - 
7.6 1662 - 181 150 
7.8 1654 - 183 151 
8 1711 - 180 156 

8.2 1705 - 180 162 
8.4 1699 - 164 - 
8.6 1705 - 165 - 
8.8 1691 - 190 - 
9 1749 - 183 - 

9.2 1736 - 195 - 
9.4 1764 - 204 - 
9.6 1742 - 209 - 
9.8 1740 - 214 - 
10 1749 - 217 - 
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Figure A.29: P- and S-wave velocities determined from direct-push crosshole tests at 

Avondale Park. 
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Figure A.30: P- and S-wave records obtained from direct-push crosshole tests at 

Avondale Park with initial and alternate (where appropriate) arrival times 

indicated. 
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Rawhiti Domain (VSVP 57188) 

Table A.16: P- and S-wave velocities determined from direct-push crosshole tests at 

Rawhiti Domain 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone 

Depth 

Velocity Velocity Velocity Velocity 
(m) (m/s) (m/s) (m/s) (m/s) 

0.2 313 - 144 - 

0.4 316 - 144 - 
0.6 295 - 143 - 
0.8 277 - 142 - 
1 289 - 144 - 

1.2 302 - 151 - 
1.4 307 - 166 - 
1.6 303 - 167 - 
1.8 312 - 156 - 
2 422 - 162 - 

2.2 643 - 184 - 
2.4 1057 - 174 - 
2.6 1554 - 179 - 
2.8 1581 - 181 - 
3 1638 - 185 - 

3.2 1698 - 191 - 
3.4 1715 - 190 - 
3.6 1731 - 186 - 
3.8 1714 - 191 - 
4 1652 - 195 - 

4.2 1699 - 195 - 
4.4 1731 - 195 - 
4.6 1714 - 190 - 
4.8 1715 - 187 - 
5 1715 - 190 - 

5.2 1732 - 192 - 
5.4 1716 - 189 - 
5.6 1750 - 188 - 
5.8 1719 - 187 - 
6 1720 - 190 - 

6.2 1705 - 189 - 
6.4 1738 - 187 - 
6.6 1709 - 189 - 
6.8 1679 - 200 - 
7 1681 - 199 - 

7.2 1667 - 209 - 
7.4 1701 - 226 - 
7.6 1719 - 220 - 
7.8 1674 - 226 - 
8 1692 - 238 - 

8.2 1694 - 245 - 
8.4 1713 - 250 - 
8.6 1716 - 250 - 
8.8 1673 - 237 - 
9 1691 - 232 - 

9.2 1710 - 240 - 
9.4 1681 - 240 - 
9.6 1684 - 245 - 
9.8 1673 - 250 - 
10 1693 - 249 - 
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Figure A.31: P- and S-wave velocities determined from direct-push crosshole tests at 

Rawhiti Domain. 
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Figure A.32: P- and S-wave records obtained from direct-push crosshole tests at Rawhiti 

Domain with initial arrival times indicated. 
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455 Papanui Road (VSVP 57189) 

Table A.17: P- and S-wave velocities determined from direct-push crosshole tests at 455 

Papanui Road 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 283 - 116 - 

0.4 290 - 155 - 
0.6 285 - 153 - 
0.8 288 - 147 - 
1 271 - 141 - 

1.2 301 - 133 - 
1.4 419 - 124 - 
1.6 609 - 153 - 
1.8 1263 - 152 - 
2 1211 - 149 - 

2.2 1382 - 140 - 
2.4 1403 - 131 - 
2.6 1461 - 126 - 
2.8 1449 - 119 - 
3 1608 - 122 - 

3.2 1733 - 122 - 
3.4 1700 - 116 - 
3.6 1486 - 113 - 
3.8 961 - 115 - 
4 476 - 117 - 

4.2 468 - 118 - 
4.4 549 - 118 - 
4.6 788 - 112 - 
4.8 743 - 107 - 
5 723 - 108 - 

5.2 757 - 104 - 
5.4 730 - 105 - 
5.6 669 - 104 - 
5.8 540 - 108 - 
6 593 - 107 - 

6.2 594 - 110 - 
6.4 608 - 107 - 
6.6 538 - 105 - 
6.8 528 - 107 - 
7 539 - 109 - 

7.2 677 - 118 - 

 7.4 735 - 120 - 
7.6 929 - 120 - 
7.8 978 - 120 - 
8 1360 - 115 - 

8.2 1505 - 154 - 
8.4 1555 - 153 - 
8.6 1553 - 149 - 
8.8 1511 - 156 - 
9 1562 - 153 - 

9.2 1520 - 148 - 
9.4 1518 - 148 - 
9.6 1568 - 151 - 
9.8 1551 - 174 - 
10 1548 - 184 - 
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Figure A.33: P- and S-wave velocities determined from direct-push crosshole tests at 

455 Papanui Road. 
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Figure A.34: P- and S-wave records obtained from direct-push crosshole tests at 455 

Papanui Road with initial and alternate (where appropriate) arrival times 

indicated. 
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Rydal Reserve (VSVP 57190) 

Table A.18: P- and S-wave velocities determined from direct-push crosshole tests at 

Rydal Reserve 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 246 - 142 - 
0.4 341 - 108 - 

0.6 437 - 113 - 

0.8 519 - 112 - 

1 549 - 112 - 

1.2 548 - 114 - 

1.4 437 - 111 - 

1.6 364 - 139 - 

1.8 440 - 147 - 

2 799 - 145 - 

2.2 1174 - 147 - 

2.4 1473 - 153 - 

2.6 1563 - 150 - 

2.8 1621 - 157 - 

3 1653 - 161 - 

3.2 1702 - 160 - 

3.4 1722 - 172 - 

3.6 1726 - 182 - 

3.8 1699 - 186 - 

4 1719 - 177 - 

4.2 1693 - 172 - 

4.4 1682 - 174 - 

4.6 1701 - 173 - 

4.8 1768 - 175 - 

4.95 1931 - 291 - 
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Figure A.35: P- and S -wave velocities determined from direct-push crosshole tests at 

Rydal Reserve.  
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Figure A.36: P- and S-wave records obtained from direct-push crosshole tests at Rydal 

Reserve with initial arrival times indicated. 
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St. Teresa’s School (VSVP 57191) 

Table A.19: P- and S-wave velocities determined from direct-push crosshole tests at St 

Teresa’s School 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.6 552 - 185 - 
0.8 368 - 175 - 
1 552 - 153 - 

1.2 851 - 135 - 
1.4 1337 - 151 135 
1.6 1493 - 134 - 
1.8 1544 - 131 - 
2 1256 - 131 - 

2.2 1350 - 135 - 
2.4 843 - 134 - 
2.6 986 - 137 - 
2.8 1068 - 140 - 
3 1109 - 128 - 

3.2 1059 - 129 - 
3.4 903 - 124 - 
3.6 865 - 123 - 
3.8 738 - 122 - 
4 786 - 121 - 

4.2 882 - 123 - 
4.4 942 - 138 - 
4.6 973 - 136 - 
4.8 882 - 132 - 
5 1049 - 129 - 

5.2 1320 - 124 - 
5.4 1394 - 130 - 
5.6 1600 - 135 - 
5.8 1603 - 135 - 
6 1620 - 138 - 

6.2 1651 - 139 - 
6.4 1654 - 135 - 
6.6 1672 - 141 - 
6.8 1661 - 158 - 
7 1679 - 158 - 

7.2 1667 - 160 - 
7.4 1670 - 155 - 
7.6 1674 - 151 - 
7.8 1649 - 153 - 
8 1597 - 153 - 

8.2 1587 - 155 - 
8.4 1565 - 156 - 
8.6 1568 - 122 154 
8.8 1585 - 124 - 
9 1550 - 144 126 

9.2 1567 - 162 - 
9.4 1571 - 176 - 
9.6 1601 - 174 - 
9.8 1593 - 169 - 
10 1597 - 169 - 
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Figure A.37:  P- and S-wave velocities determined from direct-push cross hole tests at St 

Teresa’s School. 
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Figure A.38: P- and S-wave records obtained from direct-push crosshole tests at St 

Teresa’s School with initial and alternate (where appropriate) arrival times 

indicated. 
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Sabina Playground (VSVP 57192) 

Table A.20: P- and S-wave velocities determined from direct-push crosshole tests at 

Sabina Playground 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 289 - 167 - 

0.4 399 - 106 - 
0.6 563 - 113 - 
0.8 746 - 113 - 
1 1029 - 117 - 

1.2 1346 - 126 - 
1.4 1483 - 153 - 
1.6 1538 - 165 126 
1.8 1670 - 175 - 
2 1707 - 178 - 

2.2 1712 - 185 - 
2.4 1719 - 178 - 
2.6 1793 - 174 - 
2.8 1855 - 175 - 
3 1864 - 178 - 

3.2 1891 - 174 - 
3.4 1920 - 178 - 
3.6 1870 - 174 - 
3.8 1861 - 169 - 
4 1988 - 173 - 

4.2 2019 - 181 - 
4.4 2052 - 197 174 
4.6 2041 - 205 168 
4.8 2049 - 186 - 
5 2104 - 190 - 

5.2 2069 - 194 - 
5.4 1976 - 195 - 
5.6 1966 - 192 - 
5.8 1865 - 198 - 
6 1929 - 223 - 

6.2 1938 - 230 - 
6.4 1986 - 222 - 
6.6 1957 - 211 - 
6.8 1967 - 207 - 
7 1995 - 211 - 

7.2 1929 - 217 - 
7.4 1869 - 211 - 
7.6 1751 - 207 - 
7.8 1806 - 208 - 
8 1711 - 205 - 

8.2 1733 - 208 - 
8.4 1741 - 195 - 
8.6 1748 - 205 - 
8.8 1648 - 188 - 
9 1696 - 220 - 

9.2 1819 - 222 - 
9.4 1844 - 222 - 
9.6 1887 - 223 - 
9.8 1881 - 213 - 
10 1876 - 204 - 
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Figure A.39: P- and S-wave velocities determined from direct-push crosshole tests at 

Sabina Playground. 
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Figure A.40: P- and S-wave records obtained from direct-push crosshole tests at Sabina 

Playground with initial and alternate (where appropriate) arrival times 

indicated. 
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Carisbrooke Playground (VSVP 57193) 

Table A.21: P- and S-wave velocities determined from direct-push crosshole tests at 

Carisbrooke Playground 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 278 - 167 - 

0.4 355 - 167 - 
0.6 366 - 189 - 
0.8 382 - 193 - 
1 377 - 190 - 

1.2 352 - 191 - 
1.4 350 - 191 - 
1.6 411 - 193 - 
1.8 454 - 201 - 
2 361 - 195 - 

2.2 502 - 198 - 
2.4 821 - 206 - 
2.6 1272 - 169 - 
2.8 1609 - 177 - 
3 1707 - 176 - 

3.2 1815 - 183 - 
3.4 1843 - 187 - 
3.6 1854 - 182 - 
3.8 1847 - 175 - 
4 1840 - 175 - 

4.2 1869 - 182 - 
4.4 1881 - 185 - 
4.6 1875 - 191 - 
4.8 1868 - 188 - 
5 1897 - 192 - 

5.2 1908 - 193 - 
5.4 1885 - 188 - 
5.6 1914 - 194 - 
5.8 1906 - 207 - 
6 1937 - 221 - 

6.2 1930 - 223 - 
6.4 1961 - 219 - 
6.6 1992 - 233 - 
6.8 1985 - 244 - 
7 1925 - 244 - 

7.2 1956 - 246 - 
7.4 2003 - 238 - 
7.6 2016 - 246 - 
7.8 1955 - 252 - 
8 1966 - 249 - 

8.2 2015 - 247 - 
8.4 2008 - 267 - 
8.6 2002 - 274 - 
8.8 2014 - 272 - 
9 2007 - 263 - 

9.2 2001 - 258 - 
9.4 2049 - 270 - 
9.6 2030 - 282 - 
9.8 2090 - 284 - 
10 2064 - 285 - 
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Figure A.41: P- and S-wave velocities determined from direct-push crosshole tests at 

Carisbrooke Playground. 
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Figure A.42: P- and S-wave records obtained from direct-push crosshole tests at 

Carisbrooke Playground with initial arrival times indicated. 
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20 Corhampton Street (VSVP 57194) 

Table A.22: P- and S-wave velocities determined from direct-push crosshole tests at 20 

Corhampton Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 350 - 222 - 

0.4 422 - 205 - 
0.6 416 - 216 - 
0.8 396 - 198 - 
1 377 - 186 - 

1.2 384 - 181 - 
1.4 360 - 188 - 
1.6 397 - 189 - 
1.8 494 - 179 - 
2 670 - 179 - 

2.2 947 - 182 - 
2.4 1220 - 182 - 
2.6 1421 - 183 - 
2.8 1477 - 184 - 
3 1593 - 146 - 

3.2 1639 - 145 - 
3.4 1702 - 146 - 
3.6 1678 - 141 - 
3.8 1654 - 144 - 
4 1689 - 150 - 

4.2 1682 - 152 - 
4.4 1673 - 153 - 
4.6 1680 - 151 - 
4.8 1673 - 153 - 
5 1666 - 155 - 

5.2 1673 - 159 - 
5.4 1681 - 162 - 
5.6 1689 - 165 - 
5.8 1682 - 164 - 
6 1676 - 168 - 

6.2 1670 - 171 - 
6.4 1692 - 184 - 
6.6 1701 - 185 - 
6.8 1695 - 185 - 
7 1704 - 179 - 

7.2 1728 - 174 - 
7.4 1738 - 174 - 
7.6 1763 - 176 - 
7.8 1701 - 191 - 
8 1768 - 213 - 

8.2 1765 - 225 - 
8.4 1762 - 231 - 
8.6 1759 - 229 - 
8.8 1702 - 228 - 
9 1728 - 232 - 

9.2 1714 - 239 - 
9.4 1767 - 245 - 
9.6 1686 - 247 - 
9.8 1807 - 245 - 
10 1685 - 246 - 
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Figure A.43: P- and S-wave velocities determined from direct-push crosshole tests at 20 

Corhampton Street. 
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Figure A.44: P- and S-wave records obtained from direct-push crosshole tests at 20 

Corhampton Street with initial arrival times indicated. 
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50 Eureka Street (VSVP 57195) 

Table A.23: P- and S-wave velocities determined from direct-push crosshole tests at 50 

Eureka Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 254 - 151 - 

0.4 277 - 145 - 
0.6 292 - 155 - 
0.8 308 - 165 - 
1 389 298 159 - 

1.2 530 298 164 - 
1.4 779 - 162 - 
1.6 1555 - 163 - 
1.8 1496 - 156 - 
2 1341 - 156 - 

2.2 1488 - 159 - 
2.4 1576 - 161 - 
2.6 1644 - 154 - 
2.8 1632 - 155 - 
3 1633 - 150 123 

3.2 1649 - 120 - 
3.4 1679 - 142 121 
3.6 1724 - 141 124 
3.8 1652 - 141 126 
4 1653 - 147 - 

4.2 1653 - 156 - 
4.4 1683 - 160 - 
4.6 1697 - 158 - 
4.8 1698 - 167 - 
5 1682 - 178 - 

5.2 1683 - 191 - 
5.4 1696 - 191 - 
5.6 1698 - 191 - 
5.8 1697 - 188 - 
6 1697 - 187 - 

6.2 1697 - 190 - 
6.4 1696 - 192 - 
6.6 1727 - 195 - 
6.8 1696 - 195 - 
7 1711 - 195 - 

7.2 1741 - 188 - 
7.4 1725 - 195 - 
7.6 1724 - 195 - 
7.8 1709 - 191 - 
8 1708 - 194 - 

8.2 1707 - 216 - 
8.4 1736 - 223 - 
8.6 1720 - 215 - 
8.8 1704 - 205 - 
9 1719 - 203 - 

9.2 1702 - 203 - 
9.4 1717 - 205 - 
9.6 1685 - 212 - 
9.8 1699 - 212 - 
10 1683 - 199 - 
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Figure A.45: P- and S-wave velocities determined from direct-push crosshole tests at 50  

Eureka Street. 



 

 

215 

Figure A.46: P- and S-wave records obtained from direct-push crosshole tests at 50 

Eureka Street with initial and alternate (where appropriate) arrival times 

indicated. 
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29 Charles Street (VSVP 57196) 

Table A.24: P- and S-wave velocities determined from direct-push crosshole tests at 29 

Charles Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.4 519 - 132 - 
0.6 528 - 112 - 
0.8 617 - 108 - 
1 693 - 112 - 

1.2 1386 - 111 - 
1.4 1430 - 115 - 
1.6 1454 - 108 - 
1.8 1354 - 110 - 
2 1354 - 105 - 

2.2 1441 - 102 - 
2.4 1527 - 102 - 
2.6 1476 - 101 - 
2.8 1515 - 101 - 
3 1489 - 101 - 

3.2 1582 - 154 - 
3.4 1656 - 164 - 
3.6 1721 - 166 - 
3.8 1657 - 170 - 
4 1690 - 175 - 

4.2 1708 - 183 - 
4.4 1743 - 179 - 
4.6 1648 - 170 - 
4.8 1591 - 167 - 
5 1651 - 168 - 

5.2 1637 - 169 - 
5.4 1638 - 177 - 
5.6 1653 - 181 - 
5.8 1639 - 180 - 
6 1640 - 169 - 

6.2 1640 - 166 - 
6.4 1640 - 167 - 
6.6 1640 - 169 - 
6.8 1639 - 171 - 
7 1638 - 173 - 

7.2 1653 - 177 - 
7.4 1608 - 179 - 
7.6 1683 - 180 - 
7.8 1622 - 185 - 
8 1606 - 189 - 

8.2 1618 - 190 - 
8.4 1603 - 189 - 
8.6 1617 - 185 - 
8.8 1615 - 187 - 
9 1584 - 189 - 

9.2 1596 - 188 - 
9.4 1593 - 184 - 
9.6 1577 - 179 - 
9.8 1561 - 179 - 
10 1572 - 176 - 
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Figure A.47: P- and S-wave velocities determined from direct-push crosshole tests at 29 

Charles Street. 
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Figure A.48: P- and S-wave records obtained from direct-push crosshole tests at 29 

Charles Street with initial arrival times indicated. 



 

 

219 

59 Osborne Street (VSVP 57197) 

Table A.25: P- and S-wave velocities determined from direct-push crosshole tests at 59 

Osborne Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.4 308 - 112 - 

0.6 388 - 118 - 
0.8 565 - 120 - 
1 500 - 116 - 

1.2 451 - 116 - 
1.4 603 - 116 - 
1.6 737 - 116 - 
1.8 1140 - 117 - 
2 856 - 118 - 

2.2 967 - 114 - 
2.4 1193 - 116 - 
2.6 1398 - 117 - 
2.8 1503 - 120 - 
3 1528 - 119 - 

3.2 1542 - 121 - 
3.4 1582 - 128 - 
3.6 1568 - 133 - 
3.8 1555 - 142 - 
4 1595 - 148 - 

4.2 1568 - 146 - 
4.4 1610 - 141 - 
4.6 1567 - 147 - 
4.8 1654 - 155 - 
5 1539 - 159 - 

5.2 1623 - 160 - 
5.4 1579 - 154 - 
5.6 1511 - 146 - 
5.8 1551 - 147 - 
6 1564 - 147 - 

6.2 1563 - 152 - 
6.4 1536 - 159 - 
6.6 1523 - 160 - 
6.8 1523 - 161 - 
7 1590 - 164 - 

7.2 1618 - 170 - 
7.4 1618 - 174 - 
7.6 1618 - 176 - 
7.8 1562 - 180 - 
8 1604 - 188 - 

8.2 1589 - 188 - 
8.4 1548 - 197 - 
8.6 1617 - 204 - 
8.8 1547 - 199 - 
9 1561 - 193 - 

9.2 1520 - 190 - 
9.4 1495 - 189 - 
9.6 1548 - 185 - 
9.8 1546 - 186 - 
10 1533 - 192 - 
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Figure A.49: P- and S-wave velocities determined from direct-push crosshole tests at 59 

Osborne Street. 
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Figure A.50: P- and S-wave records obtained from direct-push crosshole tests at 59 

Osborne Street with initial arrival times indicated. 
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North New Brighton School (VSVP 57198) 

Table A.26: P- and S-wave velocities determined from direct-push crosshole tests at 

North New Brighton School 

Source P-wave Alt P-wave S-wave Alt S-wave 

Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 267 - 179 - 
0.4 319 - 142 - 
0.6 367 - 151 - 
0.8 387 - 167 - 
1 349 - 165 - 

1.2 325 - 173 - 
1.4 291 - 159 - 
1.6 320 - 162 - 
1.8 387 - 163 - 
2 402 - 169 - 

2.2 376 - 160 - 
2.4 385 - 164 - 
2.6 556 - 161 - 
2.8 741 - 167 - 
3 1121 - 168 - 

3.2 1476 - 169 - 
3.4 1568 - 175 - 
3.6 1655 - 172 - 
3.8 1513 - 171 - 
4 1720 - 169 - 

4.2 1702 - 164 - 
4.4 1669 - 166 - 
4.6 1669 - 167 - 
4.8 1685 - 173 - 
5 1685 - 173 - 

5.2 1718 - 177 - 
5.4 1717 - 180 - 
5.6 1751 - 179 - 
5.8 1735 - 176 - 
6 1721 - 179 - 

6.2 1722 - 178 - 
6.4 1724 - 178 - 
6.6 1710 - 184 - 
6.8 1663 - 183 - 
7 1698 - 182 - 

7.2 1623 - 181 - 
7.4 1720 - 182 - 
7.6 1677 - 186 - 
7.8 1681 - 191 - 
8 1670 - 191 - 

8.2 1691 - 191 - 
8.4 1763 - 191 - 
8.6 1702 - 188 - 
8.8 1692 - 208 - 
9 1653 - 223 - 

9.2 1659 - 235 - 
9.4 1680 - 232 - 
9.6 1688 - 221 - 
9.8 1695 - 231 - 
10 1703 - 229 - 
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Figure A.51: P- and S-wave velocities determined from direct-push crosshole tests at 

North New Brighton School. 
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Figure A.52: P- and S-wave records obtained from direct-push crosshole tests at North 

New Brighton School with initial arrival times indicated. 
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578 Barbadoes Street (VSVP 57199) 

Table A.27: P- and S-wave velocities determined from direct-push crosshole tests at 578 

Barbadoes Street 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 247 - 109 - 

0.4 318 - 126 - 
0.6 341 - 127 - 
0.8 329 - 136 - 
1 345 - 131 - 

1.2 336 - 128 - 
1.4 479 - 130 - 
1.6 526 - 130 - 
1.8 579 - 131 - 
2 940 - 131 - 

2.2 1349 - 129 - 
2.4 1552 - 121 - 
2.6 1564 - 116 - 
2.8 1622 - 122 - 
3 1700 - 118 - 

3.2 1683 - 116 - 
3.4 1684 - 115 - 
3.6 1654 - 116 - 
3.8 1625 - 121 - 
4 1674 - 131 - 

4.2 1691 - 133 - 
4.4 1663 - 141 - 
4.6 1680 - 147 - 
4.8 1684 - 142 - 
5 1737 - 142 - 

5.2 1740 - 141 - 
5.4 1618 - 141 - 
5.6 1635 - 141 - 
5.8 1637 - 145 - 
6 1655 - 156 - 

6.2 1673 - 146 - 
6.4 1724 - 169 - 
6.6 1649 - 191 - 
6.8 1697 - 189 - 
7 1733 - 186 - 

7.2 1719 - 181 - 
7.4 1721 - 181 - 
7.6 1739 - 176 - 
7.8 1759 - 198 - 
8 1729 - 203 - 

8.2 1749 - 204 - 
8.4 1735 - 195 - 
8.6 1737 - 191 - 
8.8 1724 - 205 - 
9 1695 - 226 - 

9.2 1763 - 227 - 
9.4 1748 - 214 - 
9.6 1688 - 209 - 
9.8 1675 - 213 - 
10 1741 - 208 - 
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Figure A.53: P- and S-wave velocities determined from direct-push crosshole tests at 

578 Barbadoes Street. 
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Figure A.54: P- and S-wave records obtained from direct-push crosshole tests at 578 

Barbadoes Street with initial and alternate (where appropriate) arrival times 

indicated. 
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Normans Road/Papanui Road (VSVP 57200) 

Table A.28: P- and S-wave velocities determined from direct-push crosshole tests at 

Normans Road/Papanui Road 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 256 - 147 - 
0.4 306 - 167 - 

0.6 322 - 173 - 

0.8 330 - 180 - 

1 316 - 192 - 

1.2 342 - 194 - 

1.4 311 - 188 - 

1.6 331 - 188 - 

1.8 276 - 174 - 

2 314 - 181 - 

2.2 399 - 195 - 

2.4 541 - 207 - 

2.6 658 - 185 148 

2.8 1002 - 180 - 

3 1233 - 169 - 

3.2 1386 - 167 - 

3.4 1517 - 157 - 

3.6 1615 - 155 - 

3.8 1643 - 157 - 

4 1643 - 159 - 

4.2 1656 - 138 - 

 4.4 1672 - 137 - 

4.6 1639 - 134 - 

4.8 1637 - 132 - 

5 1636 - 132 - 

5.2 1619 - 141 - 

5.4 1588 - 134 - 

5.6 1558 - 144 - 

5.8 1628 - 146 - 

6 1611 - 209 - 

6.2 1868 - 253 - 

6.4 2069 - 268 - 
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Figure A.55: P- and S-wave velocities determined from direct-push crosshole tests at 

Normans Road/Papanui Road. 
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Figure A.56: P- and S-wave records obtained from direct-push crosshole tests at 

Normans Road/Papanui Road with initial and alternate (where appropriate) 

arrival times indicated. 
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Hillmorten Highschool (VSVP 57201) 

Table A.29: P- and S-wave velocities determined from direct-push crosshole tests at 

Hillmorten Highschool 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 266 - 221 - 

0.4 - - - - 
0.6 320 - 166 - 
0.8 298 - 167 - 
1 289 - 159 - 

1.2 266 - 136 - 
1.4 341 - 129 - 
1.6 444 - 119 - 
1.8 583 - 122 - 
2 821 - 110 - 

2.2 1084 - 100 - 
2.4 1178 - 98 - 
2.6 1243 - 127 - 
2.8 1338 - 100 - 
3 1390 - 112 - 

3.2 2065 1305 104 - 
3.4 1950 - 100 - 
3.6 1927 1376 95 - 
3.8 1701 996 95 - 
4 1363 - 100 - 

4.2 1543 - 101 - 
4.4 1601 - 102 - 
4.6 1551 - 129 - 
4.8 1595 - 131 - 
5 1701 - 129 - 

5.2 1490 - 125 - 
5.4 1726 - 128 - 
5.6 1762 - 137 - 
5.8 1736 - 133 - 
6 1772 - 136 - 

6.2 1777 - 137 - 
6.4 1796 - 160 - 
6.6 1817 - 153 - 
6.8 1822 - 149 - 
7 1829 - 152 - 

7.2 1834 - 153 - 
7.4 1872 - 154 - 
7.6 1877 - 160 - 
7.8 1867 - 160 - 
8 1889 - 159 - 

8.2 1943 - 157 - 
8.4 1933 - 155 - 
8.6 1973 - 156 - 
8.8 1913 - 166 - 
9 1875 - 175   - 

9.2 1883 - 176 - 
9.4 1906 - 195 - 
9.6 1884 - 210 - 
9.8 1922 - 207 - 
10 2005 - 204 - 
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Figure A.57: P- and S-wave velocities determined from direct-push crosshole tests at 

Hillmorten Highschool. 
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Figure A.58: P- and S-wave records obtained from direct-push crosshole tests at 

Hillmorten Highschool with initial and alternate (where appropriate) arrival 

times indicated. 
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Hillsborough Park (VSVP 57202) 

Table A.30: P- and S-wave velocities determined from direct-push crosshole tests at 

Hillsborough Park 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone 

Depth 

Velocity Velocity Velocity Velocity 
(m) (m/s) (m/s) (m/s) (m/s) 

0.2 176 - 117 - 

0.4 230 - 123 - 
0.6 310 - 93 - 
0.8 386 - 112 - 
1 493 - 119 - 

1.2 732 - 122 - 
1.4 1044 - 124 - 
1.6 1370 - 124 - 
1.8 1429 - 123 - 
2 1521 - 124 - 

2.2 1551 - 144 - 
2.4 1541 - 142 - 
2.6 1617 - 126 - 
2.8 1606 - 126 - 
3 1641 - 122 - 

3.2 1645 - 126 - 
3.4 1619 - 126 - 
3.6 1321 - 128 - 
3.8 1467 - 138 - 
4 1575 - 164 - 

4.2 1653 - 182 - 
4.4 1739 - 182 - 
4.6 1728 - 183 - 
4.8 1767 - 183 - 
5 1772 - 185 - 

5.2 1728 - 197 - 
5.4 1734 - 198 - 
5.6 1723 - 210 - 
5.8 1697 - 206 - 
6 1673 - 200 - 

6.2 1664 - 200 - 
6.4 1687 - 203 - 
6.6 1662 - 227 - 
6.8 1715 - 231 - 
7 1738 - 223 - 

7.2 1763 - 227 - 
7.4 1754 - 220 - 
7.6 1746 - 221 - 
7.8 1707 - 221 - 
8 1747 - 231 - 

8.2 1772 - 230 - 
8.4 1703 - 237 - 
8.6 1698 - 231 - 
8.8 1708 - 224 - 
9 1689 - 237 - 

9.2 1776 - 236 - 
9.4 1854 - 249 - 
9.6 1850 - 250 - 
9.8 1782 - 246 - 
10 1780 - 240 - 
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Figure A.59: P- and S-wave velocities determined from direct-push crosshole tests at 

Hillsborough Park. 
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Figure A.60: P- and S-wave records obtained from direct-push crosshole tests at 

Hillsborough Park with initial and alternate (where appropriate) arrival 

times indicated. 
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Shirley Intermediate School (VSVP 57203) 

Table A.31: P- and S-wave velocities determined from direct-push crosshole tests at 

Shirley Intermediate School 

Source P-wave Alt P-wave S-wave Alt S-wave 
Cone Depth Velocity Velocity Velocity Velocity 

(m) (m/s) (m/s) (m/s) (m/s) 

0.2 241 - 106 - 

0.4 287 - 144 - 
0.6 301 - 148 - 
0.8 289 - 155 - 
1 327 - 139 - 

1.2 309 - 140 - 
1.4 313 - 152 - 
1.6 433 - 155 - 
1.8 672 - 155 - 
2 1210 - 148 - 

2.2 1475 - 146 - 
2.4 1567 - 144 - 
2.6 1641 - 144 - 
2.8 1642 - 147 - 
3 1690 - 145 - 

3.2 1691 - 144 - 
3.4 1676 - 149 - 
3.6 1693 - 163 - 
3.8 1662 - 166 - 
4 1663 - 171 - 

4.2 1713 - 165 - 
4.4 1681 - 161 - 
4.6 1667 - 157 - 
4.8 1666 - 191 - 
5 1717 - 191 - 

5.2 1735 - 186 - 
5.4 1736 - 193 - 
5.6 1754 - 188 - 
5.8 1705 - 190 - 
6 1705 - 188 - 

6.2 1707 - 188 - 
6.4 1708 - 181 - 
6.6 1647 - 190 - 
6.8 1648 - 185 - 
7 1665 - 182 - 

7.2 1666 - 185 - 
7.4 1653 - 187 - 
7.6 1670 - 190 - 
7.8 1656 - 197 - 
8 1690 - 203 - 

8.2 1707 - 206 - 
8.4 1709 - 206 - 
8.6 1711 - 199 - 
8.8 1697 - 205 - 
9 1700 - 199 - 

9.2 1702 - 196 - 
9.4 1787 - 216 - 
9.6 1922 - 210 - 
9.8 1969 - 212 - 
10 2062 - 220 - 



 

 

238 

Figure A.61: P- and S-wave velocities determined from direct-push crosshole tests at 

Shirley Intermediate School. 
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Figure A.62: P- and S-wave records obtained from direct-push crosshole tests at Shirley 

Intermediate School with initial arrival times indicated. 

 



 

 

240 

APPENDIX B:  LIQUEFACTION ANALYSIS SUMMARY FILES 

This appendix contains a liquefaction analysis summary file for each of the 31 case 

history sites. Each file contains a comprehensive analysis of observed versus predicted 

liquefaction severity based on standard and refined CPT- and VS-based liquefaction 

triggering methods. Sites that warrant further attention due to particularly complex 

conditions have been noted. Additionally, it is noted that while the reported liquefaction 

severity parameters are shown as whole numbers (these parameters are meant to be general 

indicators and have been rounded from their raw value), the actual classification of 

liquefaction predictions was based on the raw liquefaction severity parameters with 

additional decimals of accuracy. In some cases where the parameters are close to the 

threshold values between classifications, the rounding of the reported value results in an 

apparent discrepancy in the reported prediction category and thus the prediction accuracy 

category as reported in this Appendix. The few sites where this occurs are noted. 
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Avondale Playground (VSVP 57062)*** 

Table B.1:  Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Avondale Playground (VSVP 57062) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to marginal 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.40g) 

Moderate 
CPT-based Slightly over Slightly under1 

VS-based Correct Correct 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
 

*** Notes: 

 Two CPTs on the south side of this site, CPTs 62768 and 62769, were not located 

near any visible liquefaction manifestation in February. They also produced lower 

liquefaction severity predictions than the other CPTs. For consistency, they have 

been excluded from the tabulation of statistics at this site. In future work, they 

could be considered as a part of their own “no liquefaction” case history site. 
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Figure B.1:  Avondale Playground (VSVP 57062) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.2: 1D site profile at Avondale Playground (VSVP 57062) with: continuous core 

sonic borehole log BH 57217, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

 

Table B.2:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for all 

CPTs except CPTs 62768 and 62769 at Avondale Playground (VSVP 

57062) based on the September 2010 Darfield and February 2011 

Christchurch earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 2-7 0-3 11-28 59-119 3.2-5.1 

Mean 4 1 17 79 4.0 

σ 2.0 1.3 6.3 26 0.8 

February 2011 

(MW = 6.2,  

PGA = 0.40g) 

Range 19-26 14-19 30-37 127-174 6-7.7 

Mean 23 17 34 154 7.0 

σ 2.4 1.8 2.6 16 0.6 
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Figure B.3:  Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Avondale 

Playground (VSVP 57062). 
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Figure B.4: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57354 in the 

September 2010 Darfield earthquake at Avondale Playground (VSVP 57062). 
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Figure B.5: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57354 in the 

February 2011 Christchurch earthquake at Avondale Playground (VSVP 57062). 
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Table B.3:  Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings except CPTs 62768 and 62769 at 

Avondale Playground (VSVP 57062) after individual and then 

progressive/cumulative application of all corrections considered for both the 

September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 4 1 17 79 4.0 

Fines Content 0 0 4 14 0.7 

Partial Saturation 4 0 16 75 3.8 

Thin Layer 4 1 17 78 4.0 

Cumulative 0 0 4 14 0.6 

February 2011          

(MW = 6.2,              

PGA = 0.40g) 

None 23 17 34 154 7.0 

Fines Content 8 6 16 64 3.6 

Partial Saturation 22 16 32 152 6.9 

Thin Layer 23 17 34 154 7.0 

Cumulative 8 5 15 60 3.4 
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Figure B.6:  Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

Avondale Playground (VSVP 57062). 



 

 

249 

 

Figure B.7:  Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Avondale Playground (VSVP 57062). 
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Table B.4:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained from the 

DPCH VS measurements at Avondale Playground (VSVP 57062) after individual 

and then progressive/cumulative application of the site-specific CFC and partial 

saturation corrections to the standard deterministic liquefaction triggering analyses 

of Kayen et al. (2013) for both the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010                      

(MW = 7.1,           

PGA = 0.18g) 

None 1 0 21 82 1.6 

Fines Content 0 0 15 60 1.2 

Partial Saturation 1 0 20 80 1.6 

Cumulative 0 0 13 55 1.2 

February 2011          

(MW = 6.2,              

PGA = 0.40g) 

None 8 6 41 161 4.4 

Fines Content 7 5 40 154 4.2 

Partial Saturation 7 5 37 150 4.2 

Cumulative 6 5 35 142 3.8 
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Figure B.8:  KG values obtained from DPCH VS measurements and tip resistance data from 

SCPT 57354 at Avondale Playground (VSVP 57062) plotted with boundaries 

suggested by Robertson (2016). 
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Harrington Park (VSVP 57141) 

Table B.5:  Assessment of liquefaction prediction accuracy before and after corrections for site-

specific fines content, partial saturation, and thin layer effects using CPT- and VS-

based methods for the September 2010 and the February 2011 earthquakes at 

Harrington Park (VSVP 57141) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to 

minor 

CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.34g) 

None to 

minor 

CPT-based Severely over Correct 

VS-based Correct Correct 
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Figure B.9: Harrington Park (VSVP 57141) site plan showing areas of liquefaction induced by 

the February 2011 Christchurch earthquake (image taken on 24 February 2011, base 

layer from NZGD).   
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Figure B.10: 1D site profile at Harrington Park (VSVP 57141) with: continuous core sonic 

borehole log BH 57219, data from all CPT soundings color-coded according to LPI 

severity, and direct-push crosshole VP and VS profiles. The ground water levels 

during the September 2010 and February 2011 earthquakes are indicated by blue 

dashed horizontal lines. 

 

Table B.6:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for CPTs at 

Harrington Park (VSVP 57141) based on the September 2010 Darfield and February 

2011 Christchurch earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 8-11 5-6 22-24 91-116 4.1-4.9 

Mean 9 6 23 102 4.5 

σ 1.5 0.6 1.2 13 0.4 

February 2011 

(MW = 6.2,  

PGA = 0.34g) 

Range 15-18 11-13 26-29 105-130 4.4-5.3 

Mean 16 12 27 116 4.9 

σ 1.5 1.0 1.7 13 0.5 
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Figure B.11: Site-specific fines content fitting parameter (CFC) determined using the procedure 

recommended in Boulanger and Idriss (2015) for Harrington Park (VSVP 57141). 



 

 

256 

 

Figure B.12: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57337 in the September 2010 

Darfield earthquake at Harrington Park (VSVP 57141). 
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Figure B.13: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57337 in the February 2011 

Christchurch earthquake at Harrington Park (VSVP 57141). 
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Table B.7: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained from 

all CPT soundings at Harrington Park (VSVP 57141) after individual and then 

progressive/cumulative application of all corrections considered for both the September 2010 

and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 9 6 23 102 4.5 

Fines Content 4 2 10 47 2.1 

Partial Saturation 8 4 16 85 3.8 

Thin Layer 9 6 22 95 4.2 

Cumulative 3 1 5 32 1.4 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 16 12 27 116 4.9 

Fines Content 8 5 13 58 2.7 

Partial Saturation 14 10 24 109 4.7 

Thin Layer 15 12 26 109 4.6 

Cumulative 5 3 9 44 2.1 
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Figure B.14: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and 

SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively applying 

corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at Harrington Park 

(VSVP 57141). 
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Figure B.15: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity parameters 

(LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the February 2011 Christchurch 

earthquake at Harrington Park (VSVP 57141). 
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Table B.8:  Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained from the 

DPCH VS measurements at Harrington Park (VSVP 57141) after individual and then 

progressive/cumulative application of the site-specific CFC and partial saturation 

corrections to the standard deterministic liquefaction triggering analyses of Kayen 

et al. (2013) for both the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010                    

(MW = 7.1,           

PGA = 0.22g) 

None 4 1 23 118 3 

Fines Content 3 1 21 109 2.6 

Partial Saturation 3 1 18 106 2.6 

Cumulative 2 1 15 93 2.2 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 4 1 24 122 3.6 

Fines Content 3 1 22 117 2.8 

Partial Saturation 3 1 20 112 3.2 

Cumulative 2 1 18 104 2.4 

 

Figure B.16:  KG values obtained from DPCH VS measurements and tip resistance data from 

SCPT 57337 at Harrington Park (VSVP 57141) plotted with boundaries suggested 

by Robertson (2016). 
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70 Langdons Road (VSVP 57142) 

Table B.9: Assessment of liquefaction prediction accuracy before and after corrections for site-

specific fines content, partial saturation, and thin layer effects using CPT- and VS-

based methods for the September 2010 and the February 2011 earthquakes at 70 

Langdons Road (VSVP 57142) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to 

minor 

CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.22g) 

None to 

minor 

CPT-based Correct Correct 

VS-based Correct Correct 

 

 

 

 

 

 

 



 

 

263 

 

Figure B.17: 70 Langdons Road (VSVP 57142) site plan showing areas of liquefaction induced 

by the February 2011 Christchurch earthquake (image taken on 24 February 2011, 

base layer from NZGD).   
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Figure B.18: 1D site profile at 70 Langdons Road (VSVP 57142) with: continuous core sonic 

borehole log BH 57221, data from all CPT soundings color-coded according to LPI 

severity, and direct-push crosshole VP and VS profiles. The ground water levels 

during the September 2010 and February 2011 earthquakes are indicated by blue 

dashed horizontal lines. 

 

Table B.10: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for CPTs at 70 

Langdons Road (VSVP 57142) based on the September 2010 Darfield and February 

2011 Christchurch earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 7-8 5-6 17-24 69-89 2.8-3.9 

Mean 8 6 21 79 3.4 

σ 0.7 0.7 4.9 14 0.8 

February 2011 

(MW = 6.2,  

PGA = 0.22g) 

Range 5-6 4-4 16-20 65-78 2.7-3.4 

Mean 6 4 18 72 3.1 

σ 0.7 0.0 2.8 9 0.5 
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Figure B.19: Site-specific fines content fitting parameter (CFC) determined using the procedure 

recommended in Boulanger and Idriss (2015) for 70 Langdons Road (VSVP 57142). 
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Figure B.20: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57338 in the September 2010 

Darfield earthquake at 70 Langdons Road (VSVP 57142). 
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Figure B.21: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for 57338 in the February 2011 

Christchurch earthquake at 70 Langdons Road (VSVP 57142). 
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Table B.11: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from all CPT soundings at 70 Langdons Road (VSVP 57142) after individual and 

then progressive/cumulative application of all corrections considered for both the 

September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 8 6 21 79 3.4 

Fines Content 5 3 15 58 3.0 

Partial Saturation 8 6 21 79 3.3 

Thin Layer 7 5 20 78 3.3 

Cumulative 5 2 14 57 2.9 

February 2011          

(MW = 6.2,              

PGA = 0.22g) 

None 6 4 18 72 3.1 

Fines Content 3 1 11 47 2.5 

Partial Saturation 6 4 18 71 3.0 

Thin Layer 6 4 18 71 3.1 

Cumulative 3 1 11 46 2.5 
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Figure B.22: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and 

SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively applying 

corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 70 Langdons 

Road (VSVP 57142). 
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Figure B.23: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity parameters 

(LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the February 2011 Christchurch 

earthquake at 70 Langdons Road (VSVP 57142). 
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Table B.12: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained from the 

DPCH VS measurements at 70 Langdons Road (VSVP 57142) after individual and 

then progressive/cumulative application of the site-specific CFC and partial 

saturation corrections to the standard deterministic liquefaction triggering analyses 

of Kayen et al. (2013) for both the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010                  

(MW = 7.1,           

PGA = 0.22g) 

None 2 0 15 103 1.8 

Fines Content 2 0 15 101 1.8 

Partial Saturation 2 0 15 103 1.8 

Cumulative 2 0 15 101 1.8 

February 2011          

(MW = 6.2,              

PGA = 0.22g) 

None 0 0 2 12 0 

Fines Content 0 0 2 11 0 

Partial Saturation 0 0 2 11 0 

Cumulative 0 0 2 10 0 
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Figure B.24: KG values obtained from DPCH VS measurements and tip resistance data from 

SCPT 57338 at 70 Langdons Road (VSVP 57142) plotted with boundaries suggested 

by Robertson (2016). 
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38 Meadow Street (VSVP 57143) 

Table B.13: Assessment of liquefaction prediction accuracy before and after corrections for site-

specific fines content, partial saturation, and thin layer effects using CPT- and VS-

based methods for the September 2010 and the February 2011 earthquakes at 38 

Meadow Street (VSVP 57143) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

None to 

minor 

CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.25g) 

None to 

minor 

CPT-based Slightly over Correct 

VS-based Correct Correct 
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Figure B.25: 38 Meadow Street (VSVP 57143) site plan showing areas of liquefaction induced 

by the February 2011 Christchurch earthquake (image taken on 24 February 2011, 

base layer from NZGD).   
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Figure B.26: 1D site profile at 38 Meadow Street (VSVP 57143) with: continuous core sonic 

borehole log BH 57222, data from all CPT soundings color-coded according to LPI 

severity, and direct-push crosshole VP and VS profiles. The ground water levels 

during the September 2010 and February 2011 earthquakes are indicated by blue 

dashed horizontal lines. 

 

Table B.14: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for CPTs at 38 

Meadow Street (VSVP 57143) based on the September 2010 Darfield and February 

2011 Christchurch earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.21g)  

Range 9-14 5-10 15-31 97-139 4.1-5.2 

Mean 11 7 22 116 4.7 

σ 1.9 2.0 6.2 17 0.5 

February 2011 

(MW = 6.2,  

PGA = 0.25g) 

Range 11-17 7-13 19-31 102-140 4.2-5.2 

Mean 14 10 24 120 4.8 

σ 2.2 2.5 4.7 15 0.4 
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Figure B.27: Site-specific fines content fitting parameter (CFC) determined using the procedure 

recommended in Boulanger and Idriss (2015) for 38 Meadow Street (VSVP 57143). 



 

 

277 

 

Figure B.28: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57339 in the September 2010 

Darfield earthquake at 38 Meadow Street (VSVP 57143). 
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Figure B.29: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for 57339 in the February 2011 

Christchurch earthquake at 38 Meadow Street (VSVP 57143). 
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Table B.15: Mean liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) obtained from 

all CPT soundings at 38 Meadow Street (VSVP 57143) after individual and then 

progressive/cumulative application of all corrections considered for both the 

September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 11 7 22 116 4.7 

Fines Content 8 5 16 87 4.3 

Partial Saturation 11 6 19 110 4.4 

Thin Layer 10 6 19 100 4.1 

Cumulative 6 3 11 68 3.5 

February 2011          

(MW = 6.2,              

PGA = 0.25g) 

None 14 10 24 120 4.8 

Fines Content 10 7 19 93 4.4 

Partial Saturation 13 8 22 116 4.6 

Thin Layer 12 8 22 104 4.2 

Cumulative 8 4 14 75 3.7 
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Figure B.30: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and 

SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively applying 

corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 38 Meadow 

Street (VSVP 57143). 



 

 

281 

 

Figure B.31: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity parameters 

(LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the February 2011 Christchurch 

earthquake at 38 Meadow Street (VSVP 57143). 
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Table B.16: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 38 Meadow Street (VSVP 57143) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.21g) 

None 7 3 43 181 4 

Fines Content 6 3 42 177 4 

Partial Saturation 6 3 39 172 3.6 

Cumulative 6 3 38 172 3.6 

February 2011          

(MW = 6.2,              

PGA = 0.25g) 

None 3 1 30 115 2 

Fines Content 3 1 29 110 1.8 

Partial Saturation 3 1 29 113 2 

Cumulative 3 1 28 109 1.8 
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Figure B.32: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57339 at 38 Meadow Street (VSVP 57143) plotted with 

boundaries suggested by Robertson (2016). 
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Marblewood Reserve (VSVP 57155) 

Table B.17: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Marblewood Reserve (VSVP 57155) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to minor 
CPT-based Slightly over Slightly over 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.24g) 

None to minor 
CPT-based Slightly over Correct1 

VS-based Correct Correct 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
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Figure B.33: Marblewood Reserve (VSVP 57155) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).  
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Figure B.34: 1D site profile at Marblewood Reserve (VSVP 57155) with: continuous core 

sonic borehole log BH 57218, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

 

Table B.18: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Marblewood Reserve (VSVP 57155) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 8-9 6-7 21-25 80-90 3-3.5 

Mean 9 7 23 86 3.3 

σ 0.6 0.6 2.1 5 0.3 

February 2011 

(MW = 6.2,  

PGA = 0.24g) 

Range 7-8 5-6 17-22 73-86 2.7-3.3 

Mean 8 5 20 81 3.1 

σ 0.6 0.6 2.6 7 0.3 
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Figure B.35: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Marblewood 

Reserve (VSVP 57155). 
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Figure B.36: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57351 in the September 2010 

Darfield earthquake at Marblewood Reserve (VSVP 57155). 
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Figure B.37: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), interbedded 

sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57351 in the February 2011 

Christchurch earthquake at Marblewood Reserve (VSVP 57155). 
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Table B.19: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Marblewood Reserve (VSVP 57155) 

after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 9 7 23 86 3.3 

Fines Content 10 8 27 102 3.3 

Partial Saturation 8 6 22 85 3.3 

Thin Layer 5 4 16 56 2.2 

Cumulative 6 5 20 68 2.2 

February 2011          

(MW = 6.2,              

PGA = 0.24g) 

None 8 5 20 81 3.1 

Fines Content 9 7 24 96 3.1 

Partial Saturation 7 5 20 80 3.1 

Thin Layer 5 4 13 51 2.1 

Cumulative 6 5 17 62 2.1 
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Figure B.38: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and 

SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively applying 

corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at Marblewood 

Reserve (VSVP 57155). 
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Figure B.39: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity parameters 

(LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the February 2011 Christchurch 

earthquake at Marblewood Reserve (VSVP 57155). 
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Table B.20: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Marblewood Reserve (VSVP 57155) 

after individual and then progressive/cumulative application of the site-

specific CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.22g) 

None 3 1 19 94 2.2 

Fines Content 3 1 19 98 2.4 

Partial Saturation 2 1 19 93 2.2 

Cumulative 3 1 19 96 2.4 

February 2011          

(MW = 6.2,              

PGA = 0.24g) 

None 0 0 6 38 0.8 

Fines Content 0 0 7 47 0.8 

Partial Saturation 0 0 2 12 0 

Cumulative 0 0 3 14 0 
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Figure B.40: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57351 at Marblewood Reserve (VSVP 57155) plotted with 

boundaries suggested by Robertson (2016). 
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Cobra Reserve (VSVP 57156) 

Table B.21: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Cobra Reserve (VSVP 57156) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.29g) 

None to minor 
CPT-based Slightly over Slightly over 

VS-based Slightly over Correct 

February 2011         

(MW = 6.2                      

PGA = 0.35g) 

None to minor 
CPT-based Slightly over Correct1 

VS-based Correct Correct 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
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Figure B.41: Cobra Reserve (VSVP 57156) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.42: 1D site profile at Cobra Reserve (VSVP 57156) with: continuous core sonic 

borehole log BH 57367, data from all CPT soundings color-coded according 

to LPI severity, and direct-push crosshole VP and VS profiles. The ground 

water levels during the September 2010 and February 2011 earthquakes are 

indicated by blue dashed horizontal lines. 
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Table B.22: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Cobra Reserve (VSVP 57156) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.29g)  

Range 9-9 8-11 16-27 59-65 2.1-2.2 

Mean 9 10 22 62 2.2 

σ 0.0 2.1 7.8 4 0.1 

February 2011 

(MW = 6.2,  

PGA = 0.35g) 

Range 9-9 7-10 16-23 57-61 2-2.1 

Mean 9 9 20 59 2.1 

σ 0.0 2.1 4.9 3 0.1 

 

 

 

Figure B.43: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Cobra Reserve 

(VSVP 57156). 
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Figure B.44: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57352 in the 

September 2010 Darfield earthquake at Cobra Reserve (VSVP 57156). 



 

 

300 

 

Figure B.45: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57352 in the 

February 2011 Christchurch earthquake at Cobra Reserve (VSVP 57156). 
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Table B.23: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Cobra Reserve (VSVP 57156) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.29g)  

None 9 10 22 62 2.2 

Fines Content 10 10 23 65 2.2 

Partial Saturation 8 7 21 61 2.2 

Thin Layer 7 7 17 45 1.6 

Cumulative 6 6 17 47 1.6 

February 2011          

(MW = 6.2,              

PGA = 0.35g) 

None 9 9 20 59 2.1 

Fines Content 9 10 21 61 2.1 

Partial Saturation 8 8 20 59 2.1 

Thin Layer 7 7 15 43 1.5 

Cumulative 6 6 16 45 1.5 
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Figure B.46: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and 

SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively applying 

corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at Cobra Reserve 

(VSVP 57156). 
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Figure B.47: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity parameters 

(LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the February 2011 Christchurch 

earthquake at Cobra Reserve (VSVP 57156). 
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Table B.24: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Cobra Reserve (VSVP 57156) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.29g) 

None 6 5 21 80 1.8 

Fines Content 6 5 21 80 1.8 

Partial Saturation 5 4 18 76 1.6 

Cumulative 5 4 18 76 1.6 

February 2011          

(MW = 6.2,              

PGA = 0.35g) 

None 4 3 19 78 1.6 

Fines Content 4 3 19 79 1.6 

Partial Saturation 3 1 16 72 1.4 

Cumulative 4 2 16 72 1.4 
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Figure B.48: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57352 at Cobra Reserve (VSVP 57156) plotted with boundaries 

suggested by Robertson (2016). 
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Wharenui School (VSVP 57165) 

Table B.25: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Wharenui School (VSVP 57165) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.36g) 

None to minor 
CPT-based Slightly over Slightly over 

VS-based Correct Correct 
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Figure B.49: Wharenui School (VSVP 57165) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.50: 1D site profile at Wharenui School (VSVP 57165) with: continuous core 

sonic borehole log BH 57220, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.26: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Wharenui School (VSVP 57165) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 5-9 2-4 14-21 71-105 3.3-4.4 

Mean 7 3 18 92 4.0 

σ 2.1 1.2 3.8 18 0.6 

February 2011 

(MW = 6.2,  

PGA = 0.36g) 

Range 12-16 8-12 18-24 90-116 3.9-4.4 

Mean 15 10 22 106 4.2 

σ 2.3 2.1 3.2 14 0.3 
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Figure B.51: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Wharenui 

School (VSVP 57165). 
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Figure B.52: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57319 in the 

September 2010 Darfield earthquake at Wharenui School (VSVP 57165). 
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Figure B.53: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57319 in the 

February 2011 Christchurch earthquake at Wharenui School (VSVP 57165). 
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Table B.27: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Wharenui School (VSVP 57165) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 7 3 18 92 4.0 

Fines Content 4 2 10 53 2.5 

Partial Saturation 6 2 16 85 3.8 

Thin Layer 7 3 17 85 3.7 

Cumulative 3 1 8 42 1.9 

February 2011          

(MW = 6.2,              

PGA = 0.36g) 

None 15 10 22 106 4.2 

Fines Content 10 6 16 79 3.8 

Partial Saturation 14 10 22 105 4.2 

Thin Layer 14 10 20 98 3.9 

Cumulative 8 5 14 68 3.4 
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Figure B.54: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

Wharenui School (VSVP 57165). 
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Figure B.55: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Wharenui School (VSVP 57165). 

 



 

 

315 

Table B.28: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Wharenui School (VSVP 57165) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                      

(MW = 7.1,           

PGA = 0.22g) 

None 1 0 12 74 1.6 

Fines Content 1 0 11 64 1.2 

Partial Saturation 1 0 8 51 0.8 

Cumulative 1 0 8 47 0.6 

February 2011          

(MW = 6.2,              

PGA = 0.36g) 

None 2 0 18 103 3 

Fines Content 2 0 17 96 2.6 

Partial Saturation 1 0 12 72 1.4 

Cumulative 1 0 11 65 1 
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Figure B.56: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57319 at Wharenui School (VSVP 57165) plotted with 

boundaries suggested by Robertson (2016). 
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St. Albans Catholic School (VSVP 57180) 

Table B.29: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at St. Albans Catholic School (VSVP 57180) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.34g) 

Moderate 
CPT-based Slightly over Correct 

VS-based Slightly under Slightly under 
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Figure B.57: St. Albans Catholic School (VSVP 57180) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   
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Figure B.58: 1D site profile at St. Albans Catholic School (VSVP 57180) with: 

continuous core sonic borehole log BH 57223, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.30: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at St. Albans Catholic School (VSVP 57180) based on the September 

2010 Darfield and February 2011 Christchurch earthquakes and the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.21g)  

Range 11-14 6-9 25-28 114-137 5.6-5.9 

Mean 13 8 27 126 5.8 

σ 2.1 2.1 2.1 16 0.2 

February 2011 

(MW = 6.2,  

PGA = 0.34g) 

Range 20-22 15-16 31-31 137-147 5.9-6.1 

Mean 21 16 31 142 6.0 

σ 1.4 0.7 0.0 7 0.1 
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Figure B.59: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for St. Albans 

Catholic School (VSVP 57180). 
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Figure B.60: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57358 in the 

September 2010 Darfield earthquake at St. Albans Catholic School (VSVP 57180). 
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Figure B.61: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57358 in the 

February 2011 Christchurch earthquake at St. Albans Catholic School (VSVP 57180). 
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Table B.31: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at St. Albans Catholic School (VSVP 

57180) after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 13 8 27 126 5.8 

Fines Content 6 3 11 62 3.0 

Partial Saturation 12 8 26 124 5.7 

Thin Layer 11 6 23 108 5.0 

Cumulative 4 2 8 46 2.4 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 21 16 31 142 6.0 

Fines Content 11 7 16 80 3.9 

Partial Saturation 21 16 31 142 6.0 

Thin Layer 19 14 27 123 5.3 

Cumulative 9 5 13 63 3.2 

 

 



 

 

324 

 

Figure B.62: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

St. Albans Catholic School (VSVP 57180). 
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Figure B.63: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at St. Albans Catholic School (VSVP 57180). 
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Table B.32: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at St. Albans Catholic School (VSVP 

57180) after individual and then progressive/cumulative application of the 

site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.21g) 

None 4 0 25 135 3.8 

Fines Content 2 0 21 119 3.4 

Partial Saturation 4 0 24 134 3.6 

Cumulative 2 0 20 117 3.4 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 6 1 29 151 4.4 

Fines Content 4 0 26 141 4.2 

Partial Saturation 6 1 28 148 4.2 

Cumulative 4 0 26 139 4 
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Figure B.64: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57358 at St. Albans Catholic School (VSVP 57180) plotted with 

boundaries suggested by Robertson (2016). 
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Heaton Normal Intermediate School (VSVP 57181)*** 

Table B.33: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Heaton Normal Intermediate School (VSVP 57181) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

Moderate 
CPT-based Correct Slightly under 

VS-based Slightly under Slightly under 

February 2011         

(MW = 6.2                      

PGA = 0.32g) 

Moderate 
CPT-based Slightly over Correct 

VS-based Slightly under Slightly under 

 

 

*** Notes: 

 One of the CPTs available at this site, CPT 36224, had a significantly different 

soil profile and liquefaction severity prediction than the other CPTs. CPT 36224 

is shown in Figures 1 and 2, but is not considered in the statistics tabulated in 

Tables 2 and 3. 
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Figure B.65: Heaton Normal Intermediate School (VSVP 57181) site plan showing areas 

of liquefaction induced by the February 2011 Christchurch earthquake 

(image taken on 24 February 2011, base layer from NZGD).   
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Figure B.66: 1D site profile at Heaton Normal Intermediate School (VSVP 57181) with: 

continuous core sonic borehole log BH 57224, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

 

Table B.34: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for all 

CPTs at Heaton Normal Intermediate School (VSVP 57181) except CPT 

36224 based on the September 2010 Darfield and February 2011 

Christchurch earthquakes and the Boulanger and Idriss (2015) CPT-based 

liquefaction triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.21g)  

Range 10-15 5-10 21-30 111-159 4.9-6.7 

Mean 13 8 27 141 5.8 

σ 2.9 2.6 5.2 26 0.9 

February 2011 

(MW = 6.2,  

PGA = 0.32g) 

Range 17-23 11-15 24-33 125-168 5.3-6.7 

Mean 20 14 29 149 5.9 

σ 3.1 2.3 4.6 22 0.7 
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Figure B.67: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Heaton Normal 

Intermediate School (VSVP 57181). 
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Figure B.68: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57224 in the 

September 2010 Darfield earthquake at Heaton Normal Intermediate School (VSVP 57181). 
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Figure B.69: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57224 in the 

February 2011 Christchurch earthquake at Heaton Normal Intermediate School (VSVP 57181). 
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Table B.35: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Heaton Normal Intermediate School 

(VSVP 57181) except CPT 36224 after individual and then 

progressive/cumulative application of all corrections considered for both the 

September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 13 8 27 141 5.8 

Fines Content 5 2 13 65 3.6 

Partial Saturation 13 8 27 140 5.8 

Thin Layer 13 8 26 137 5.6 

Cumulative 5 1 12 62 3.5 

February 2011          

(MW = 6.2,              

PGA = 0.32g) 

None 20 14 29 149 5.9 

Fines Content 11 7 18 90 4.6 

Partial Saturation 20 14 29 149 5.9 

Thin Layer 20 13 27 144 5.7 

Cumulative 10 6 17 86 4.4 
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Figure B.70: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

Heaton Normal Intermediate School (VSVP 57181). 
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Figure B.71: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Heaton Normal Intermediate School (VSVP 57181). 
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Table B.36: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Heaton Normal Intermediate School 

(VSVP 57181) after individual and then progressive/cumulative application 

of the site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010               

(MW = 7.1,           

PGA = 0.21g) 

None 3 2 21 86 1.6 

Fines Content 3 1 20 81 1.4 

Partial Saturation 3 2 21 86 1.6 

Cumulative 3 1 20 81 1.4 

February 2011          

(MW = 6.2,              

PGA = 0.32g) 

None 3 2 22 88 1.6 

Fines Content 3 1 21 83 1.4 

Partial Saturation 3 2 22 88 1.6 

Cumulative 3 1 21 83 1.4 
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Figure B.72: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57224 at Heaton Normal Intermediate School (VSVP 57181) 

plotted with boundaries suggested by Robertson (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

339 

Kaiwara Reserve (VSVP 57182) 

Table B.37: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Kaiwara Reserve (VSVP 57182) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.25g) 

None to minor 
CPT-based Slightly over Correct1 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.46g) 

Moderate 
CPT-based Slightly over Slightly under1 

VS-based Correct Slightly under 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
 

 

 



 

 

340 

 

Figure B.73: Kaiwara Reserve (VSVP 57182) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.74: 1D site profile at Kaiwara Reserve (VSVP 57182) with: continuous core 

sonic borehole log BH 57225, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.38: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Kaiwara Reserve (VSVP 57182) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.25g)  

Range 12-13 8-10 21-28 104-114 3.9-4.3 

Mean 13 9 25 109 4.1 

σ 0.7 1.4 4.9 7 0.3 

February 2011 

(MW = 6.2,  

PGA = 0.46g) 

Range 17-18 12-14 19-25 101-109 3.8-4.1 

Mean 18 13 22 105 4.0 

σ 0.7 1.4 4.2 6 0.2 
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Figure B.75: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Kaiwara 

Reserve (VSVP 57182). 
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Figure B.76: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57340 in the 

September 2010 Darfield earthquake at Kaiwara Reserve (VSVP 57182). 
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Figure B.77: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57340 in the 

February 2011 Christchurch earthquake at Kaiwara Reserve (VSVP 57182). 
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Table B.39: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Kaiwara Reserve (VSVP 57182) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.25g)  

None 13 9 25 109 4.1 

Fines Content 11 8 22 92 3.9 

Partial Saturation 12 8 22 105 4.0 

Thin Layer 11 8 20 91 3.5 

Cumulative 8 5 15 72 3.2 

February 2011          

(MW = 6.2,              

PGA = 0.46g) 

None 18 13 22 105 4.0 

Fines Content 16 12 20 93 3.8 

Partial Saturation 18 13 22 105 4.0 

Thin Layer 15 11 17 88 3.4 

Cumulative 8 5 15 72 3.2 
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Figure B.78: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

Kaiwara Reserve (VSVP 57182). 
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Figure B.79: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Kaiwara Reserve (VSVP 57182). 
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Table B.40: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Kaiwara Reserve (VSVP 57182) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                

(MW = 7.1,           

PGA = 0.25g) 

None 5 3 26 128 3.6 

Fines Content 5 3 25 123 3.4 

Partial Saturation 5 3 26 128 3.6 

Cumulative 4 2 25 122 3.4 

February 2011          

(MW = 6.2,              

PGA = 0.46g) 

None 8 4 28 141 3.8 

Fines Content 7 4 27 139 3.8 

Partial Saturation 7 4 28 141 3.8 

Cumulative 7 4 27 139 3.8 
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Figure B.80: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57340 at Kaiwara Reserve (VSVP 57182) plotted with 

boundaries suggested by Robertson (2016). 
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15 Cresselly Place (VSVP 57183)*** 

Table B.41: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 15 Cresselly Place (VSVP 57183) 

Earthquake 

Liquefaction Severity 

Observed 
Method Initial Prediction 

Refined 

Prediction 

September 2010 

(MW = 7.1           

PGA = 0.23g) 

None to minor 
CPT-based Severely over Slightly over 

VS-based Slightly over Slightly over 

February 2011         

(MW = 6.2                      

PGA = 0.55g) 

Major to very 

severe 

CPT-based Correct Correct 

VS-based Correct Correct 

 

 

*** Notes: 

 CPTs 31911 and 31912 were found to have significantly different soil profiles and 

liquefaction severity prediction than the other CPTs. CPTs 31911 and 31912 are 

shown in Figures 1 and 2, but are not considered in the statistics tabulated in 

Tables 2 and 3.  

 This site warrants attention in further studies to address the significant difference 

in liquefaction severity predictions from CPTs 31911 and 31912. 
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Figure B.81: 15 Cresselly Place (VSVP 57183) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.82: 1D site profile at 15 Cresselly Place (VSVP 57183) with: continuous core 

sonic borehole log BH 57226, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

 

Table B.42: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at 15 Cresselly Place (VSVP 57183) except CPTs 31911 and 31912 

based on the September 2010 Darfield and February 2011 Christchurch 

earthquakes and the Boulanger and Idriss (2015) CPT-based liquefaction 

triggering procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.23g)  

Range 12-22 10-15 31-43 116-184 5.6-8.3 

Mean 17 11 32 124 5.7 

σ 3.6 2.1 4.2 26 1.1 

February 2011 

(MW = 6.2,  

PGA = 0.55g) 

Range 30-41 26-34 37-49 147-197 6.6-8.6 

Mean 30 25 37 143 6.3 

σ 4.3 2.7 3.8 21 0.8 
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Figure B.83: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 15 Cresselly 

Place (VSVP 57183). 
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Figure B.84: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57353 in the 

September 2010 Darfield earthquake at 15 Cresselly Place (VSVP 57183). 
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Figure B.85: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57353 in the 

February 2011 Christchurch earthquake at 15 Cresselly Place (VSVP 57183). 
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Table B.43: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 15 Cresselly Place (VSVP 57183) except 

CPTs 31911 and 31912 after individual and then progressive/cumulative 

application of all corrections considered for both the September 2010 and 

February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.23g)  

None 17 11 32 124 5.7 

Fines Content 10 6 22 85 5.2 

Partial Saturation 17 10 31 123 5.7 

Thin Layer 16 10 31 121 5.6 

Cumulative 10 5 21 81 5.0 

February 2011          

(MW = 6.2,              

PGA = 0.55g) 

None 30 25 37 143 6.3 

Fines Content 26 22 33 127 6.3 

Partial Saturation 30 25 37 143 6.3 

Thin Layer 29 25 36 140 6.2 

Cumulative 25 22 32 124 6.2 
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Figure B.86: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

15 Cresselly Place (VSVP 57183). 
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Figure B.87: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at 15 Cresselly Place (VSVP 57183). 
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Table B.44: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 15 Cresselly Place (VSVP 57183) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.23g) 

None 10 5 46 207 6.2 

Fines Content 10 5 45 202 5.8 

Partial Saturation 10 5 46 207 6.2 

Cumulative 10 5 45 202 5.8 

February 2011          

(MW = 6.2,              

PGA = 0.55g) 

None 25 18 54 262 8 

Fines Content 25 17 54 261 8 

Partial Saturation 25 18 54 262 8 

Cumulative 25 17 54 261 8 
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Figure B.88: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57353 at 15 Cresselly Place (VSVP 57183) plotted with 

boundaries suggested by Robertson (2016). 
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Brougham Street/Columbo Street (VSVP 57184) 

Table B.45: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Brougham Street/Columbo Street (VSVP 57184) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.46g) 

Moderate 
CPT-based Slightly over Slightly over 

VS-based Slightly over Correct 
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Figure B.89: Brougham Street/Columbo Street (VSVP 57184) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   
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Figure B.90: 1D site profile at Brougham Street/Columbo Street (VSVP 57184) with: 

continuous core sonic borehole log BH 57234, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.46: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Brougham Street/Columbo Street (VSVP 57184) based on the 

September 2010 Darfield and February 2011 Christchurch earthquakes and 

the Boulanger and Idriss (2015) CPT-based liquefaction triggering 

procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 7-12 4-7 15-26 77-126 3.9-5.5 

Mean 10 6 22 103 4.7 

σ 1.8 1.4 4.2 17 0.6 

February 2011 

(MW = 6.2,  

PGA = 0.46g) 

Range 19-25 13-21 20-35 100-142 4.5-6 

Mean 23 19 30 126 5.4 

σ 2.3 2.6 4.7 15 0.5 
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Figure B.91: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Brougham 

Street/Columbo Street (VSVP 57184). 
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Figure B.92: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57355 in the 

September 2010 Darfield earthquake at Brougham Street/Columbo Street (VSVP 57184). 
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Figure B.93: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after progressively 

applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57355 in the 

February 2011 Christchurch earthquake at Brougham Street/Columbo Street (VSVP 57184). 
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Table B.47: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Brougham Street/Columbo Street (VSVP 

57184) after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 10 6 22 103 4.7 

Fines Content 7 4 17 77 4.3 

Partial Saturation 8 4 22 99 4.6 

Thin Layer 9 5 21 98 4.5 

Cumulative 5 2 13 65 3.9 

February 2011          

(MW = 6.2,              

PGA = 0.46g) 

None 23 19 30 126 5.4 

Fines Content 21 17 28 115 5.4 

Partial Saturation 22 18 30 126 5.4 

Thin Layer 22 17 28 120 5.1 

Cumulative 19 15 26 109 5.1 
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Figure B.94: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, 

and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after progressively 

applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield earthquake at 

Brougham Street/Columbo Street (VSVP 57184). 
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Figure B.95: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Brougham Street/Columbo Street (VSVP 57184). 
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Table B.48: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Brougham Street/Columbo Street 

(VSVP 57184) after individual and then progressive/cumulative application 

of the site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.22g) 

None 6 3 34 136 3.4 

Fines Content 6 3 34 135 3.4 

Partial Saturation 4 1 34 135 3.4 

Cumulative 4 1 34 133 3.2 

February 2011          

(MW = 6.2,              

PGA = 0.46g) 

None 13 11 41 162 4.4 

Fines Content 13 10 40 161 4.4 

Partial Saturation 12 10 41 162 4.4 

Cumulative 12 9 40 161 4.4 
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Figure B.96: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57355 at Brougham Street/Columbo Street (VSVP 57184) 

plotted with boundaries suggested by Robertson (2016). 
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Palinurus Road (VSVP 57185)*** 

Table B.49: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Palinurus Road (VSVP 57185) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.24g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.68g) 

None to minor 
CPT-based Severely over Severely over 

VS-based Severely over Severely over 

Moderate CPT-based Slightly over Slightly over 

 

 

*** Notes: 

 Moderate liquefaction was observed near CPTs 62759, 62760, and 62761 during 

the February 2011 earthquake, but none was observed near the other CPTs. These 

three CPTs have been considered separately from the others in this document. 
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Figure B.97: Palinurus Road (VSVP 57185) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.98:1D site profile at Palinurus Road (VSVP 57185) with: continuous core sonic 

borehole log (BH 57235), data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 
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Figure B.99: Palinurus Road (VSVP 57185) subsurface cross section A-A’ running 

parallel to Palinurus Road. IC is shown for February 2011 groundwater table 

conditions and factor of safety is shown for the February 2011 Christchurch 

earthquake using the Boulanger and Idriss (2015) CPT-based liquefaction 

triggering procedure with a PL = 15%. 
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Figure B.100: Palinurus Road (VSVP 57185) subsurface cross section B-B’ running 

perpendicular to Palinurus Road. IC is shown for February 2011 

groundwater table conditions and factor of safety is shown for the February 

2011 Christchurch earthquake using the Boulanger and Idriss (2015) CPT-

based liquefaction triggering procedure with a PL = 15%. 

Table B.50: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Palinurus Road (VSVP 57185) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake 
Liquefaction 

Manifestation 
Value LPI LPIISH LSN 

SV1D 

(mm) 

CTL 

(m)  

September 2010 

(MW = 7.1,  

PGA = 0.24g)  

Not observed 

(12 CPTs) 

Range 9-14 6-9 21-29 92-132 4.5-6.6 

Mean 12 8 26 115 5.6 

σ 1.3 0.9 2.3 11.5 0.7 

February 2011 

(MW = 6.2,  

PGA = 0.68g) 

Not observed 

(9 CPTs) 

Range 29-38 25-31 33-41 135-175 6.2-8.2 

Mean 34 28 37 154 7.2 

σ 3.4 2.3 2.8 14.6 0.7 

Observed 

(3 CPTs) 

Range 35-39 29-31 39-41 162-173 8-8.6 

Mean 37 30 40 168 8.3 

σ 2.0 1.2 1.0 6 0.3 
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Figure B.101: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Palinurus Road 

(VSVP 57185).
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Figure B.102: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57360 in the September 2010 Darfield earthquake at Palinurus Road (VSVP 57185). 
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Figure B.103: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57360 in the February 2011 Christchurch earthquake at Palinurus Road (VSVP 57185).
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Table B.51: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Palinurus Road (VSVP 57185) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake 
Liquefaction 

Manifestation 
Corrections LPI LPIISH LSN 

SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.24g)  

None 

observed 

(12 CPTs) 

None 12 8 26 115 5.6 

Fines Content 6 3 14 66 4.0 

Partial Saturation 12 8 26 115 5.6 

Thin Layer 11 8 25 108 5.4 

Cumulative 5 3 13 60 3.8 

February 2011          

(MW = 6.2,              

PGA = 0.68g) 

None 

observed 

(9 CPTs) 

None 34 28 37 154 7.2 

Fines Content 29 24 33 134 7.1 

Partial Saturation 34 28 37 154 7.2 

Thin Layer 32 27 36 145 6.9 

Cumulative 28 24 32 126 6.8 

Observed 

(3 CPTs) 

None 37 30 40 168 8.3 

Fines Content 30 24 33 140 7.8 

Partial Saturation 37 30 40 168 8.3 

Thin Layer 37 30 40 168 8.3 

Cumulative 30 24 33 140 7.8 
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Figure B.104: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Palinurus Road (VSVP 57185). 
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Figure B.105: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Palinurus Road (VSVP 57185).  
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Table B.52: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Palinurus Road (VSVP 57185) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                 

(MW = 7.1,           

PGA = 0.24g) 

None 2 1 20 80 0.8 

Fines Content 2 1 19 77 0.8 

Partial Saturation 2 1 20 80 0.8 

Cumulative 2 1 19 77 0.8 

February 2011          

(MW = 6.2,              

PGA = 0.68g) 

None 17 15 40 147 2 

Fines Content 17 15 40 146 1.8 

Partial Saturation 17 15 40 147 2 

Cumulative 17 15 40 146 1.8 
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Figure B.106: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57360 at Palinurus Road (VSVP 57185) plotted with boundaries 

suggested by Robertson (2016). 

 

 

 

 

 

 

 

 

 

 

 



 

 

385 

Ti Rakau Reserve (VSVP 57186)***  

Table B.53: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Ti Rakau Reserve (VSVP 57186) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.23g) 

None to minor 
CPT-based Severely over Correct 

VS-based Slightly over Slightly over 

February 2011         

(MW = 6.2                      

PGA = 0.68g) 

Moderate 
CPT-based Slightly over Slightly over 

VS-based Slightly over Slightly over 

 

 

*** Notes: 

 Although the observed liquefaction was considered “moderate” at this site for the 

February 2011 earthquake, the severity appears to vary significantly across the 

site. Additionally, the standard deviations in mean liquefaction severity 

parameters from all the CPTs across the site were very large. An alternative 

liquefaction severity classification at this site could be “major to very severe” in 

February. If that classification was used, the following table would summarize the 

assessment of predictions: 

 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.23g) 

None to 

minor 

CPT-based Severely over Correct 

VS-based Slightly over Slightly over 

February 2011         

(MW = 6.2                      

PGA = 0.68g) 

Major to very 

severe 

CPT-based Correct Correct 

VS-based Correct Correct 
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Figure B.107: Ti Rakau Reserve (VSVP 57186) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.108: 1D site profile at Ti Rakau Reserve (VSVP 57186) with: continuous core 

sonic borehole log BH 57236, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.54: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Ti Rakau Reserve (VSVP 57186) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.23g)  

Range 6-21 6-18 17-45 47-166 2.3-7.8 

Mean 12 11 32 97 4.7 

σ 6.2 4.1 9.2 47 2.1 

February 2011 

(MW = 6.2,  

PGA = 0.68g) 

Range 18-47 22-46 30-58 76-191 3.9-8.8 

Mean 32 35 45 137 6.9 

σ 10.3 7.4 8.6 43 1.8 
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Figure B.109: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Ti Rakau 

Reserve (VSVP 57186). 
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Figure B.110: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57341 in the September 2010 Darfield earthquake at Ti Rakau Reserve (VSVP 57186). 
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Figure B.111: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57341 in the February 2011 Christchurch earthquake at Ti Rakau Reserve (VSVP 57186). 
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Table B.55: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Ti Rakau Reserve (VSVP 57186) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.23g)  

None 12 11 32 97 4.7 

FC Correction 5 5 18 46 2.5 

Partial Saturation 12 11 30 95 4.6 

Thin Layer 12 11 30 95 4.6 

Cumulative 5 5 16 43 2.4 

February 2011          

(MW = 6.2,              

PGA = 0.68g) 

None 32 35 45 137 6.9 

FC Correction 23 27 36 95 5.5 

Partial Saturation 32 34 44 137 6.9 

Thin Layer 32 33 42 134 6.8 

Cumulative 22 24 32 91 5.4 
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Figure B.112: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Ti Rakau Reserve (VSVP 57186). 
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Figure B.113: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Ti Rakau Reserve (VSVP 57186). 
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Table B.56: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Ti Rakau Reserve (VSVP 57186) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 

2010                

(MW = 7.1,           

PGA = 0.23g) 

None 5 6 29 63 2 

Fines Content 4 6 28 62 2 

Partial Saturation 5 6 29 63 2 

Cumulative 4 6 28 62 2 

February 2011          

(MW = 6.2,              

PGA = 0.68g) 

None 14 17 37 99 4.2 

Fines Content 13 16 37 97 3.8 

Partial Saturation 14 16 37 99 4.2 

Cumulative 13 16 37 97 3.8 
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Figure B.114: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57341 at Ti Rakau Reserve (VSVP 57186) plotted with 

boundaries suggested by Robertson (2016). 
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Avondale Park (VSVP 57187) 

Table B.57: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Avondale Park (VSVP 57187) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.37g) 

Moderate 
CPT-based Slightly over Slightly over 

VS-based Correct Slightly under 
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Figure B.115: Avondale Park (VSVP 57187) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.116: 1D site profile at Avondale Park (VSVP 57187) with: continuous core 

sonic borehole log BH 57237, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.58: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Avondale Park (VSVP 57187) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 7-9 2-3 24-27 114-130 5.4-6.9 

Mean 8 3 25 124 6.1 

σ 1.0 0.6 1.5 9 0.8 

February 2011 

(MW = 6.2,  

PGA = 0.37g) 

Range 26-29 18-21 34-40 171-189 7.1-7.9 

Mean 28 20 38 179 7.5 

σ 1.5 1.7 3.2 9 0.4 
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Figure B.117: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Avondale Park 

(VSVP 57187). 
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Figure B.118: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57342 in the September 2010 Darfield earthquake at Avondale Park (VSVP 57187). 
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Figure B.119: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57342 in the February 2011 Christchurch earthquake at Avondale Park (VSVP 57187). 
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Table B.59: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Avondale Park (VSVP 57187) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 8 3 25 124 6.1 

Fines Content 3 0 13 60 3.3 

Partial Saturation 8 3 25 124 6.1 

Thin Layer 8 3 25 123 6.0 

Cumulative 3 0 13 59 3.3 

February 2011          

(MW = 6.2,              

PGA = 0.37g) 

None 28 20 38 179 7.5 

Fines Content 20 15 31 140 6.9 

Partial Saturation 28 20 38 179 7.5 

Thin Layer 27 20 37 177 7.4 

Cumulative 20 15 30 138 6.8 

 

 



 

 

403 

 

Figure B.120: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Avondale Park (VSVP 57187). 
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Figure B.121: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Avondale Park (VSVP 57187). 
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Table B.60: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Avondale Park (VSVP 57187) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.18g) 

None 0 0 10 48 0.6 

Fines Content 0 0 9 41 0 

Partial Saturation 0 0 10 48 0.6 

Cumulative 0 0 9 41 0 

February 2011          

(MW = 6.2,              

PGA = 0.37g) 

None 8 3 42 176 6 

Fines Content 7 2 41 171 5.6 

Partial Saturation 8 3 42 175 6 

Cumulative 7 2 41 171 5.6 
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Figure B.122: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57342 at Avondale Park (VSVP 57187) plotted with boundaries 

suggested by Robertson (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

407 

Rawhiti Domain (VSVP 57188) 

Table B.61: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Rawhiti Domain (VSVP 57188) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.52g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 
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Figure B.123: Rawhiti Domain (VSVP 57188) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.124: 1D site profile at Rawhiti Domain (VSVP 57188) with: continuous core 

sonic borehole log BH 57240, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.62: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Rawhiti Domain (VSVP 57188) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 0-0 0-0 0-0 1-2 0.1-0.1 

Mean 0 0 0 2 0.1 

σ 0.0 0.0 0.0 1 0.0 

February 2011 

(MW = 6.2,  

PGA = 0.52g) 

Range 1-4 0-0 1-4 9-30 0.7-2 

Mean 3 0 3 20 1.4 

σ 2.1 0.0 2.1 15 0.9 
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Figure B.125: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Rawhiti Domain 

(VSVP 57188). 
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Figure B.126: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57343 in the September 2010 Darfield earthquake at Rawhiti Domain (VSVP 57188). 
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Figure B.127: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57343 in the February 2011 Christchurch earthquake at Rawhiti Domain (VSVP 57188). 
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Table B.63: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Rawhiti Domain (VSVP 57188) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 0 0 0 2 0.1 

Fines Content 0 0 0 1 0.0 

Partial Saturation 0 0 0 2 0.1 

Thin Layer 0 0 0 2 0.1 

Cumulative 0 0 0 1 0.0 

February 2011          

(MW = 6.2,              

PGA = 0.52g) 

None 3 0 3 20 1.4 

Fines Content 1 0 1 9 0.8 

Partial Saturation 3 0 3 20 1.4 

Thin Layer 3 0 3 20 1.4 

Cumulative 1 0 1 9 0.8 
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Figure B.128: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Rawhiti Domain (VSVP 57188). 
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Figure B.129: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Rawhiti Domain (VSVP 57188). 
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Table B.64: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Rawhiti Domain (VSVP 57188) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                  

(MW = 7.1,           

PGA = 0.18g) 

None 0 0 0 1 0 

Fines Content 0 0 0 1 0 

Partial Saturation 0 0 0 1 0 

Cumulative 0 0 0 1 0 

February 2011          

(MW = 6.2,              

PGA = 0.52g) 

None 1 0 4 19 1.2 

Fines Content 1 0 4 19 1.2 

Partial Saturation 1 0 3 18 1.2 

Cumulative 1 0 3 18 1.2 
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Figure B.130: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57343 at Rawhiti Domain (VSVP 57188) plotted with boundaries 

suggested by Robertson (2016). 
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455 Papanui Road (VSVP 57189) 

Table B.65: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 455 Papanui Road (VSVP 57189) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

None to minor 
CPT-based Slightly over Correct1 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.27g) 

None to minor 
CPT-based Slightly over Slightly over 

VS-based Correct Correct 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
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Figure B.131: 455 Papanui Road (VSVP 57189) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.132: 1D site profile at 455 Papanui Road (VSVP 57189) with: continuous core 

sonic borehole log BH 57238, data from all CPT soundings color-coded according to LPI 

severity, and direct-push crosshole VP and VS profiles. The ground water levels during 

the September 2010 and February 2011 earthquakes are indicated by blue dashed 

horizontal lines. 

 

Table B.66: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at 455 Papanui Road (VSVP 57189) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.21g)  

Range 6-9 4-7 14-25 70-106 2.5-3.8 

Mean 7 5 19 87 3.3 

σ 1.3 1.4 4.7 15 0.6 

February 2011 

(MW = 6.2,  

PGA = 0.27g) 

Range 7-11 5-9 14-26 69-107 2.6-3.8 

Mean 9 7 20 88 3.3 

σ 1.6 1.7 4.9 16 0.5 
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Figure B.133: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 455 Papanui 

Road (VSVP 57189). 
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Figure B.134: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57361 in the September 2010 Darfield earthquake at 455 Papanui Road (VSVP 57189). 
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Figure B.135: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57361 in the February 2011 Christchurch earthquake at 455 Papanui Road (VSVP 57189). 

 



 

 

424 

Table B.67: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 455 Papanui Road (VSVP 57189) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 7 5 19 87 3.3 

Fines Content 8 5 20 90 3.3 

Partial Saturation 7 5 19 86 3.3 

Thin Layer 6 4 17 75 2.9 

Cumulative 7 5 17 77 2.9 

February 2011          

(MW = 6.2,              

PGA = 0.27g) 

None 9 7 20 88 3.3 

Fines Content 9 7 20 91 3.3 

Partial Saturation 9 6 19 87 3.3 

Thin Layer 8 6 18 76 2.9 

Cumulative 8 6 18 78 2.9 
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Figure B.136: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at 455 Papanui Road (VSVP 57189). 
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Figure B.137: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at 455 Papanui Road (VSVP 57189). 
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Table B.68: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 455 Papanui Road (VSVP 57189) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                  

(MW = 7.1,           

PGA = 0.21g) 

None 1 0 13 63 1.6 

Fines Content 1 0 13 64 1.6 

Partial Saturation 1 0 13 63 1.6 

Cumulative 1 0 13 64 1.6 

February 2011          

(MW = 6.2,              

PGA = 0.27g) 

None 0 0 7 23 0.4 

Fines Content 0 0 7 23 0.4 

Partial Saturation 0 0 6 22 0.4 

Cumulative 0 0 7 23 0.4 
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Figure B.138: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57361 at 455 Papanui Road (VSVP 57189) plotted with 

boundaries suggested by Robertson (2016). 
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Rydal Reserve (VSVP 57190) 

Table B.69: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Rydal Reserve (VSVP 57190) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.24g) 

Moderate 
CPT-based Slightly under Slightly under 

VS-based Slightly under Slightly under 

February 2011         

(MW = 6.2                      

PGA = 0.44g) 

Moderate 
CPT-based Slightly under1 Slightly under 

VS-based Slightly under Slightly under 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
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Figure B.139: Rydal Reserve (VSVP 57190) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 February 

2011, base layer from NZGD).   
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Figure B.140: 1D site profile at Rydal Reserve (VSVP 57190) with: continuous core 

sonic borehole log BH 57239, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.70: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Rydal Reserve (VSVP 57190) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.24g)  

Range 2-5 2-6 12-21 26-49 1.5-2.5 

Mean 4 4 17 38 1.9 

σ 1.0 1.5 3.4 8 0.4 

February 2011 

(MW = 6.2,  

PGA = 0.44g) 

Range 5-10 5-10 11-19 33-56 1.5-2.8 

Mean 7 8 16 43 2.1 

σ 1.9 1.9 3.3 9 0.5 
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Figure B.141: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Rydal Reserve 

(VSVP 57190). 
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Figure B.142: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57344 in the September 2010 Darfield earthquake at Rydal Reserve (VSVP 57190). 
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Figure B.143: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57344 in the February 2011 Christchurch earthquake at Rydal Reserve (VSVP 57190). 
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Table B.71: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Rydal Reserve (VSVP 57190) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.24g)  

None 4 4 17 38 1.9 

Fines Content 1 1 4 7 0.3 

Partial Saturation 3 2 10 27 1.4 

Thin Layer 4 4 17 38 1.9 

Cumulative 0 0 1 3 0.1 

February 2011          

(MW = 6.2,              

PGA = 0.44g) 

None 7 8 16 43 2.1 

Fines Content 1 1 5 10 0.6 

Partial Saturation 7 7 15 41 2.0 

Thin Layer 7 8 16 43 2.1 

Cumulative 1 1 4 9 0.5 
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Figure B.144: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Rydal Reserve (VSVP 57190). 
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Figure B.145: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Rydal Reserve (VSVP 57190). 
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Table B.72: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Rydal Reserve (VSVP 57190) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                        

(MW = 7.1,           

PGA = 0.24g) 

None 0 0 9 18 0.2 

Fines Content 0 0 9 16 0.2 

Partial Saturation 0 0 3 9 0 

Cumulative 0 0 2 7 0 

February 2011          

(MW = 6.2,              

PGA = 0.44g) 

None 0 0 6 19 0.2 

Fines Content 0 0 6 17 0 

Partial Saturation 0 0 5 17 0.2 

Cumulative 0 0 5 15 0 
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Figure B.146: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57344 at Rydal Reserve (VSVP 57190) plotted with boundaries 

suggested by Robertson (2016). 
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St. Teresa’s School (VSVP 57191) 

Table B.73: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at St. Teresa’s School (VSVP 57191) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to minor 
CPT-based Severely over Correct 

VS-based Slightly over Correct 

February 2011         

(MW = 6.2                      

PGA = 0.34g) 

None to minor 
CPT-based Severely over Slightly over 

VS-based Slightly over Correct 
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Figure B.147: St. Teresa’s School (VSVP 57191) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.148: 1D site profile at St. Teresa’s School (VSVP 57191) with: continuous core 

sonic borehole log BH 57241, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 
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Figure B.149: St. Teresa’s School (VSVP 57191) subsurface cross section A-A’. IC is 

shown for February 2011 groundwater table conditions and factor of safety 

is shown for the February 2011 Christchurch earthquake using the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

with a PL = 15%. 

Table B.74: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at St. Teresa’s School (VSVP 57191) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 14-17 10-14 29-38 126-153 5.2-6 

Mean 16 12 35 143 5.6 

σ 1.4 1.7 4.3 12 0.4 

February 2011 

(MW = 6.2,  

PGA = 0.34g) 

Range 21-25 17-21 35-40 136-157 5.4-6 

Mean 23 19 38 148 5.7 

σ 1.7 1.7 2.2 9 0.3 
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Figure B.150: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for St. Teresa’s 

School (VSVP 57191). 
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Figure B.151: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57345 in the September 2010 Darfield earthquake at St. Teresa’s School (VSVP 57191). 
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Figure B.152: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for 57345 in 

the February 2011 Christchurch earthquake at St. Teresa’s School (VSVP 57191). 
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Table B.75: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at St. Teresa’s School (VSVP 57191) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 16 12 35 143 5.6 

Fines Content 10 7 22 93 4.3 

Partial Saturation 15 11 33 139 5.5 

Thin Layer 14 11 31 121 4.9 

Cumulative 7 4 16 67 3.3 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 23 19 38 148 5.7 

Fines Content 16 13 27 106 4.8 

Partial Saturation 22 18 38 147 5.7 

Thin Layer 20 17 34 127 5.0 

Cumulative 12 9 21 83 3.9 
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Figure B.153: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at St. Teresa’s School (VSVP 57191). 
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Figure B.154: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at St. Teresa’s School (VSVP 57191). 
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Table B.76: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at St. Teresa’s School (VSVP 57191) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.22g) 

None 9 5 33 163 4.0 

Fines Content 8 4 32 158 4.0 

Partial Saturation 7 4 33 163 4.0 

Cumulative 7 2 32 158 4.0 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 9 6 33 163 4.0 

Fines Content 8 5 32 157 4.0 

Partial Saturation 8 4 33 163 4.0 

Cumulative 7 4 32 157 4.0 
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Figure B.155: KG values obtained from DPCH VS measurements and tip resistance data 

from 57345 at St. Teresa’s School (VSVP 57191) plotted with boundaries 

suggested by Robertson (2016). 
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Sabina Playground (VSVP 57192) 

Table B.77: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Sabina Playground (VSVP 57192) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.34g) 

Moderate 
CPT-based Slightly under Slightly under 

VS-based Slightly under Slightly under 

 

 

 

 



 

 

453 

 

Figure B.156: Sabina Playground (VSVP 57192) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.157: 1D site profile at Sabina Playground (VSVP 57192) with: continuous core 

sonic borehole log BH 57242, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

 

Table B.78: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Sabina Playground (VSVP 57192) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 0-0 0-0 0-2 3-6 0.1-0.4 

Mean 0 0 1 5 0.2 

σ 0.0 0.0 1.0 2 0.2 

February 2011 

(MW = 6.2,  

PGA = 0.34g) 

Range 1-2 1-1 2-4 9-18 0.5-1.3 

Mean 1 1 3 13 0.8 

σ 0.6 0.0 1.0 5 0.4 
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Figure B.158: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Sabina 

Playground (VSVP 57192). 
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Figure B.159: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57346 in the September 2010 Darfield earthquake at Sabina Playground (VSVP 57192). 
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Figure B.160: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57346 in the February 2011 Christchurch earthquake at Sabina Playground (VSVP 57192). 
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Table B.79: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Sabina Playground (VSVP 57192) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 0 0 1 5 0.2 

Fines Content 0 0 0 1 0.1 

Partial Saturation 0 0 1 5 0.2 

Thin Layer 0 0 1 5 0.2 

Cumulative 0 0 0 1 0.1 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 1 1 3 13 0.8 

Fines Content 0 0 1 3 0.2 

Partial Saturation 1 1 3 13 0.8 

Thin Layer 1 1 3 13 0.8 

Cumulative 0 0 1 3 0.2 
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Figure B.161: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Sabina Playground (VSVP 57192). 
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Figure B.162: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Sabina Playground (VSVP 57192). 
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Table B.80: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Sabina Playground (VSVP 57192) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.18g) 

None 0 0 0 2 0 

Fines Content 0 0 0 1 0 

Partial Saturation 0 0 0 2 0 

Cumulative 0 0 0 1 0 

February 2011          

(MW = 6.2,              

PGA = 0.34g) 

None 0 0 1 6 0 

Fines Content 0 0 1 6 0 

Partial Saturation 0 0 1 6 0 

Cumulative 0 0 1 6 0 
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Figure B.163: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57346 at Sabina Playground (VSVP 57192) plotted with 

boundaries suggested by Robertson (2016). 
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Carisbrooke Playground (VSVP 57193)*** 

Table B.81: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Carisbrooke Playground (VSVP 57193) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.46g) 

Moderate 
CPT-based Correct Slightly under 

VS-based Slightly under Slightly under 

 

 

*** Notes: 

 Although the observed liquefaction at this site in February 2011 was classified as 

“moderate,” the CPTs were taken in an area where little to no liquefaction 

manifestation seems to have occurred. An alternate classification for the observed 

liquefaction in February 2011 is “none to minor.” If that classification was used, 

the following table would summarize the assessment of predictions: 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.46g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Correct Correct 
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Figure B.164: Carisbrooke Playground (VSVP 57193) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.165: 1D site profile at Carisbrooke Playground (VSVP 57193) with: continuous 

core sonic borehole log BH 57243, data from all CPT soundings color-

coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.82: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Carisbrooke Playground (VSVP 57193) based on the September 

2010 Darfield and February 2011 Christchurch earthquakes and the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 0-0 0-0 0-2 2-11 0-0.3 

Mean 0 0 1 6 0.1 

σ 0.0 0.0 1.0 5 0.2 

February 2011 

(MW = 6.2,  

PGA = 0.46g) 

Range 4-14 2-8 6-17 30-95 1.8-5.2 

Mean 9 5 12 62 3.5 

σ 5.0 3.0 5.5 33 1.7 
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Figure B.166: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Carisbrooke 

Playground (VSVP 57193). 
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Figure B.167: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57347 in the September 2010 Darfield earthquake at Carisbrooke Playground (VSVP 57193). 
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Figure B.168: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57347 in the February 2011 Christchurch earthquake at Carisbrooke Playground (VSVP 57193). 
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Table B.83: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Carisbrooke Playground (VSVP 57193) 

after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 0 0 1 6 0.1 

Fines Content 0 0 0 0 0.0 

Partial Saturation 0 0 1 6 0.1 

Thin Layer 0 0 1 6 0.1 

Cumulative 0 0 0 0 0.0 

February 2011          

(MW = 6.2,              

PGA = 0.46g) 

None 9 5 12 62 3.5 

Fines Content 2 0 4 19 1.2 

Partial Saturation 9 5 12 62 3.5 

Thin Layer 9 5 12 62 3.5 

Cumulative 2 0 4 19 1.2 
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Figure B.169: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Carisbrooke Playground (VSVP 57193). 
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Figure B.170: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Carisbrooke Playground (VSVP 57193). 
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Table B.84: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Carisbrooke Playground (VSVP 57193) 

after individual and then progressive/cumulative application of the site-

specific CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                  

(MW = 7.1,           

PGA = 0.18g) 

None 0 0 0 0 0 

Fines Content 0 0 0 0 0 

Partial Saturation 0 0 0 0 0 

Cumulative 0 0 0 0 0 

February 2011          

(MW = 6.2,              

PGA = 0.46g) 

None 0 0 3 13 0 

Fines Content 0 0 3 12 0 

Partial Saturation 0 0 3 13 0 

Cumulative 0 0 3 12 0 
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Figure B.171: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57347 at Carisbrooke Playground (VSVP 57193) plotted with 

boundaries suggested by Robertson (2016). 
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20 Corhampton Street (VSVP 57194)*** 

Table B.85: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 20 Corhampton Street (VSVP 57194) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.48g) 

Moderate 
CPT-based Slightly over Slightly over 

VS-based Correct Correct 

 

*** Notes: 

 CPT 26998 was found to have a slightly different soil profile and lower 

liquefaction severity predictions compared to the other CPTs at this site. For 

consistency, this CPT is shown in Figures 1 and 2, but is not included in the 

tabulation of statistics in this document. 
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Figure B.172: 20 Corhampton Street (VSVP 57194) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   
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Figure B.173: 1D site profile at 20 Corhampton Street (VSVP 57194) with: continuous 

core sonic borehole log BH 57244, data from all CPT soundings color-

coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.86: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for all 

CPTs at 20 Corhampton Street (VSVP 57194) except CPT 26998 based on 

the September 2010 Darfield and February 2011 Christchurch earthquakes 

and the Boulanger and Idriss (2015) CPT-based liquefaction triggering 

procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 0-2 0-0 5-10 23-54 0.6-2.9 

Mean 1 0 7 39 1.8 

σ 0.8 0.0 2.1 12 0.7 

February 2011 

(MW = 6.2,  

PGA = 0.48g) 

Range 16-23 9-16 19-27 101-145 5.1-7 

Mean 21 14 25 128 6.1 

σ 2.5 2.3 2.9 15 0.6 
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Figure B.174: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 20 Corhampton 

Street (VSVP 57194). 
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Figure B.175: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57348 in the September 2010 Darfield earthquake at 20 Corhampton Street (VSVP 57194). 
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Figure B.176: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57348 in the February 2011 Christchurch earthquake at 20 Corhampton Street (VSVP 57194). 
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Table B.87: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 20 Corhampton Street (VSVP 57194) 

except CPT 26998 after individual and then progressive/cumulative 

application of all corrections considered for both the September 2010 and 

February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 1 0 7 39 1.8 

Fines Content 1 0 5 27 1.2 

Partial Saturation 1 0 7 39 1.8 

Thin Layer 1 0 7 39 1.8 

Cumulative 1 0 5 27 1.2 

February 2011          

(MW = 6.2,              

PGA = 0.48g) 

None 21 14 25 128 6.1 

Fines Content 19 13 24 120 6.0 

Partial Saturation 21 14 25 128 6.1 

Thin Layer 21 14 25 128 6.1 

Cumulative 19 13 24 120 6.0 
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Figure B.177: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at 20 Corhampton Street (VSVP 57194). 
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Figure B.178: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at 20 Corhampton Street (VSVP 57194). 
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Table B.88: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 20 Corhampton Street (VSVP 57194) 

after individual and then progressive/cumulative application of the site-

specific CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                     

(MW = 7.1,           

PGA = 0.18g) 

None 0 0 5 26 0 

Fines Content 0 0 5 25 0 

Partial Saturation 0 0 5 26 0 

Cumulative 0 0 5 25 0 

February 2011          

(MW = 6.2,              

PGA = 0.48g) 

None 12 7 30 143 5 

Fines Content 11 7 30 143 5 

Partial Saturation 12 7 30 143 5 

Cumulative 11 7 30 143 5 
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Figure B.179: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57348 at 20 Corhampton Street (VSVP 57194) plotted with 

boundaries suggested by Robertson (2016). 
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50 Eureka Street (VSVP 57195) 

Table B.89: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 50 Eureka Street (VSVP 57195) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.18g) 

None to 

minor 

CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.43g) 

Moderate 
CPT-based Slightly under Slightly under 

VS-based Slightly under Slightly under 
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Figure B.180: 50 Eureka Street (VSVP 57195) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.181: 1D site profile at 50 Eureka Street (VSVP 57195) with: continuous core 

sonic borehole log BH 57245, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.90: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at 50 Eureka Street (VSVP 57195) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.18g)  

Range 0-0 0-0 1-3 4-19 0.1-1.1 

Mean 0 0 2 10 0.4 

σ 0.0 0.0 1.0 6 0.4 

February 2011 

(MW = 6.2,  

PGA = 0.43g) 

Range 5-9 2-6 7-12 39-72 1.8-3.8 

Mean 6 4 10 51 2.9 

σ 1.6 1.5 1.9 13 0.8 
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Figure B.182: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 50 Eureka 

Street (VSVP 57195). 
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Figure B.183: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57349 in the September 2010 Darfield earthquake at 50 Eureka Street (VSVP 57195). 
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Figure B.184: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-cm thick), 

interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 57349 in the February 2011 

Christchurch earthquake at 50 Eureka Street (VSVP 57195). 
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Table B.91: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 50 Eureka Street (VSVP 57195) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.18g)  

None 0 0 2 10 0.4 

Fines Content 1 0 4 20 0.9 

Partial Saturation 0 0 2 10 0.4 

Thin Layer 0 0 1 7 0.3 

Cumulative 1 0 3 17 0.8 

February 2011          

(MW = 6.2,              

PGA = 0.43g) 

None 6 4 10 51 2.9 

Fines Content 8 5 11 59 2.9 

Partial Saturation 6 4 10 51 2.9 

Thin Layer 6 3 8 47 2.7 

Cumulative 7 4 10 54 2.7 
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Figure B.185: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at 50 Eureka Street (VSVP 57195). 
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Figure B.186: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure 

after progressively applying corrections for site-specific CFC and partial saturation for the February 2011 Christchurch 

earthquake at 50 Eureka Street (VSVP 57195). 
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Table B.92: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 50 Eureka Street (VSVP 57195) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.18g) 

None 0 0 5 17 0.2 

Fines Content 0 0 5 18 0.2 

Partial Saturation 0 0 5 17 0.2 

Cumulative 0 0 5 18 0.2 

February 2011          

(MW = 6.2,              

PGA = 0.43g) 

None 3 0 18 80 1.6 

Fines Content 3 1 18 80 1.6 

Partial Saturation 3 0 18 80 1.6 

Cumulative 3 1 18 80 1.6 
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Figure B.187: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57349 at 50 Eureka Street (VSVP 57195) plotted with 

boundaries suggested by Robertson (2016). 
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29 Charles Street (VSVP 57196) 

Table B.93: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 29 Charles Street (VSVP 57196) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.22g) 

None to minor 
CPT-based Slightly over Slightly over 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.52g) 

Moderate 
CPT-based Slightly over Slightly over 

VS-based Correct Correct 
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Figure B.188: 29 Charles Street (VSVP 57196) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.189: 1D site profile at 29 Charles Street (VSVP 57196) with: continuous core 

sonic borehole log BH 57246, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.94: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at 29 Charles Street (VSVP 57196) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.22g)  

Range 8-14 4-10 13-30 81-130 3.9-6.1 

Mean 10 6 21 98 5.0 

σ 2.2 2.4 6.8 18 0.8 

February 2011 

(MW = 6.2,  

PGA = 0.52g) 

Range 20-32 12-26 18-40 111-166 5.8-7.6 

Mean 25 19 28 133 6.6 

σ 4.5 5.3 8.4 21 0.8 
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Figure B.190: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 29 Charles 

Street (VSVP 57196). 
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Figure B.191: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57356 in the September 2010 Darfield earthquake at 29 Charles Street (VSVP 57196). 
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Figure B.192: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57356 in the February 2011 Christchurch earthquake at 29 Charles Street (VSVP 57196). 
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Table B.95: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 29 Charles Street (VSVP 57196) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.22g)  

None 10 6 21 98 5.0 

Fines Content 10 6 21 97 4.9 

Partial Saturation 10 6 21 98 5.0 

Thin Layer 9 6 19 95 4.8 

Cumulative 9 5 19 93 4.8 

February 2011          

(MW = 6.2,              

PGA = 0.52g) 

None 25 19 28 133 6.6 

Fines Content 25 19 28 132 6.6 

Partial Saturation 25 19 28 133 6.6 

Thin Layer 24 17 25 128 6.3 

Cumulative 24 17 25 127 6.3 
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Figure B.193: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at 29 Charles Street (VSVP 57196). 
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Figure B.194: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at 29 Charles Street (VSVP 57196). 
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Table B.96: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 29 Charles Street (VSVP 57196) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.22g) 

None 0 0 6 39 0.6 

Fines Content 0 0 6 39 0.6 

Partial Saturation 0 0 6 39 0.6 

Cumulative 0 0 6 39 0.6 

February 2011          

(MW = 6.2,              

PGA = 0.52g) 

None 8 1 18 112 6 

Fines Content 8 1 17 112 6 

Partial Saturation 8 1 18 112 6 

Cumulative 8 1 17 112 6 
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Figure B.195: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57356 at 29 Charles Street (VSVP 57196) plotted with 

boundaries suggested by Robertson (2016). 
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59 Osborne Street (VSVP 57197) 

Table B.97: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 59 Osborne Street (VSVP 57197) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.23g) 

None to minor 
CPT-based Slightly over1 Severely over 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.54g) 

Moderate 
CPT-based Slightly over Slightly over 

VS-based Slightly over Slightly over 

1 This prediction is impacted by the classification based on raw liquefaction severity parameters rather than 

the rounded values presented in this document 
 

 

 



 

 

508 

 

Figure B.196: 59 Osborne Street (VSVP 57197) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD)1.   

                                                 
1 CPT 30444 was terminated at a depth of 3.09m due to “refusal (anchor failure)” and is not representative 

of the site. It is shown in Figure 1 for completeness but is not used in further analyses at this site. 
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Figure B.197: 1D site profile at 59 Osborne Street (VSVP 57197) with: continuous core 

sonic borehole log BH 59247, data from all CPT soundings color-coded 

according to LPI severity, and direct-push crosshole VP and VS profiles. The 

ground water levels during the September 2010 and February 2011 

earthquakes are indicated by blue dashed horizontal lines. 

Table B.98: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at 59 Osborne Street (VSVP 57197) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.23g)  

Range 9-18 2-11 18-40 102-196 4.9-7.9 

Mean 15 8 32 159 6.8 

σ 3.4 3.2 7.5 35 1.1 

February 2011 

(MW = 6.2,  

PGA = 0.54g) 

Range 26-38 17-28 25-43 142-206 5.3-8 

Mean 33 23 36 178 7.2 

σ 5.0 4.2 6.5 26 0.8 
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Figure B.198: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 59 Osborne 

Street (VSVP 57197). 
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Figure B.199: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

59359 in the September 2010 Darfield earthquake at 59 Osborne Street (VSVP 57197). 
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Figure B.200: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

59359 in the February 2011 Christchurch earthquake at 59 Osborne Street (VSVP 57197). 
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Table B.99: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 59 Osborne Street (VSVP 57197) after individual and 

then progressive/cumulative application of all corrections considered for both the 

September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.23g)  

None 15 8 32 159 6.8 

Fines Content 16 10 35 173 6.8 

Partial Saturation 14 8 31 159 6.8 

Thin Layer 14 8 31 159 6.7 

Cumulative 16 9 34 170 6.7 

February 2011          

(MW = 6.2,              

PGA = 0.54g) 

None 33 23 36 178 7.2 

Fines Content 34 24 38 188 7.2 

Partial Saturation 33 23 36 178 7.2 

Thin Layer 33 23 35 177 7.1 

Cumulative 33 24 37 186 7.1 
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Figure B.201: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at 59 Osborne Street (VSVP 57197). 
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Figure B.202: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at 59 Osborne Street (VSVP 57197). 
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Table B.100: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 59 Osborne Street (VSVP 57197) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                      

(MW = 7.1,           

PGA = 0.23g) 

None 6 2 44 174 4.4 

Fines Content 6 2 45 176 4.6 

Partial Saturation 5 2 44 174 4.4 

Cumulative 6 2 45 176 4.6 

February 2011          

(MW = 6.2,              

PGA = 0.54g) 

None 20 15 55 225 6.8 

Fines Content 20 15 55 225 6.8 

Partial Saturation 20 15 55 225 6.8 

Cumulative 20 15 55 225 6.8 
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Figure B.203: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 59359 at 59 Osborne Street (VSVP 57197) plotted with 

boundaries suggested by Robertson (2016). 
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North New Brighton School (VSVP 57198) 

Table B.101: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at North New Brighton School (VSVP 57198) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.20g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.64g) 

None to minor 
CPT-based Slightly over Slightly over 

VS-based Slightly over Slightly over 
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Figure B.204: North New Brighton School (VSVP 57198) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   
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Figure B.205: 1D site profile at North New Brighton School (VSVP 57198) with: 

continuous core sonic borehole log BH 57254, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.102: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at North New Brighton School (VSVP 57198) based on the September 

2010 Darfield and February 2011 Christchurch earthquakes and the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.20g)  

Range 0-1 0-0 1-2 4-13 0.1-0.7 

Mean 0 0 1 7 0.3 

σ 0.4 0.0 0.4 4 0.2 

February 2011 

(MW = 6.2,  

PGA = 0.64g) 

Range 9-15 5-10 11-17 58-86 3.7-5.6 

Mean 12 7 14 74 4.7 

σ 2.6 1.9 2.4 11 0.7 
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Figure B.206: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for North New 

Brighton School (VSVP 57198). 
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Figure B.207: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57350 in the September 2010 Darfield earthquake at North New Brighton School (VSVP 57198). 
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Figure B.208: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57350 in the February 2011 Christchurch earthquake at North New Brighton School (VSVP 57198). 
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Table B.103: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at North New Brighton School (VSVP 

57198) after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.20g)  

None 0 0 1 7 0.3 

Fines Content 0 0 1 7 0.3 

Partial Saturation 0 0 1 7 0.3 

Thin Layer 0 0 1 7 0.3 

Cumulative 0 0 1 7 0.3 

February 2011          

(MW = 6.2,              

PGA = 0.64g) 

None 12 7 14 74 4.7 

Fines Content 12 7 14 73 4.7 

Partial Saturation 12 7 14 71 4.5 

Thin Layer 12 7 14 74 4.7 

Cumulative 12 7 14 71 4.5 
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Figure B.209: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at North New Brighton School (VSVP 57198). 
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Figure B.210: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at North New Brighton School (VSVP 57198). 
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Table B.104: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at North New Brighton School (VSVP 

57198) after individual and then progressive/cumulative application of the 

site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.20g) 

None 0 0 3 17 0 

Fines Content 0 0 3 17 0 

Partial Saturation 0 0 3 17 0 

Cumulative 0 0 3 17 0 

February 2011          

(MW = 6.2,              

PGA = 0.64g) 

None 13 7 24 131 6.2 

Fines Content 13 7 24 131 6.2 

Partial Saturation 13 7 23 129 5.8 

Cumulative 13 7 23 128 5.8 
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Figure B.211: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57350 at North New Brighton School (VSVP 57198) plotted 

with boundaries suggested by Robertson (2016). 
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578 Barbadoes Street (VSVP 57199)*** 

Table B.105: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at 578 Barbadoes Street (VSVP 57199) 

Earthquake 

Liquefaction Severity 

Observed Method 
Initial 

Prediction 

Refined 

Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

None to minor 

(5 CPTs) 

CPT-based Slightly over Correct 

VS-based Slightly over Correct 

February 2011         

(MW = 6.2                      

PGA = 0.39g) 

None to minor        

(SCPT 57362) 

CPT-based Severely over Slightly over 

VS-based Slightly over Slightly over 

Moderate 

(4 CPTs) 
CPT-based Slightly over Correct 

 

 

 

***Notes: 

 Liquefaction was not observed on the property where SCPT 57362 was advanced, 

however it was observed near the CPTs available to the north of the site. 
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Figure B.212: 578 Barbadoes Street (VSVP 57199) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   
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Figure B.213: 1D site profile at 578 Barbadoes Street (VSVP 57199) with: continuous 

core sonic borehole log BH 57255, data from all CPT soundings color-

coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 
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Table B.106: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at 578 Barbadoes Street (VSVP 57199) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake 
Liquefaction 

Manifestation 
Value LPI LPIISH LSN 

SV1D 

(mm) 

CTL 

(m)  

September 

2010             

(MW = 7.1,  

PGA = 0.21g)  

Not observed 

(5 CPTs) 

Range 9-10 6-7 21-25 95-112 4.5-5.3 

Mean 10 6 23 103 5.0 

σ 0.5 0.4 2.0 7 0.3 

February 2011 

(MW = 6.2,  

PGA = 0.39g) 

Not observed 

(SCPT 57362) 
SCPT 20 14 25 116 5.1 

Observed            

(4 CPTs) 

Range 20-22 15-17 27-32 122-137 5.6-6.3 

Mean 21 16 29 131 6.0 

σ 0.8 1.2 2.6 7 0.3 
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Figure B.214: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for 578 Barbadoes 

Street (VSVP 57199). 
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Figure B.215: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57362 in the September 2010 Darfield earthquake at 578 Barbadoes Street (VSVP 57199). 
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Figure B.216: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57362 in the February 2011 Christchurch earthquake at 578 Barbadoes Street (VSVP 57199). 

 



 

 

536 

Table B.107: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at 578 Barbadoes Street (VSVP 57199) 

after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake 
Liquefaction 

Manifestation 
Corrections LPI LPIISH LSN 

SV1D      

(mm) 

CTL 

(m)  

September 

2010         

(MW = 7.1,           

PGA = 

0.21g)  

Not observed     

(5 CPTs) 

None 10 6 23 103 5.0 

Fines Content 4 2 13 54 3.3 

Partial Saturation 10 5 19 98 4.7 

Thin Layer 9 6 21 96 4.7 

Cumulative 3 1 9 45 2.9 

February 

2011          

(MW = 6.2,              

PGA = 

0.39g) 

Not observed 

(SCPT 57362) 

None 20 14 25 116 5.1 

Fines Content 14 11 19 83 4.1 

Partial Saturation 20 14 25 116 5.1 

Thin Layer 19 14 24 111 4.9 

Cumulative 13 10 18 78 3.9 

Observed 

(4 CPTs) 

None 21 16 29 131 6.0 

Fines Content 15 12 24 100 5.5 

Partial Saturation 20 15 27 129 5.9 

Thin Layer 20 15 27 124 5.7 

Cumulative 13 9 19 90 5.1 
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Figure B.217: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at 578 Barbadoes Street (VSVP 57199). 
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Figure B.218: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at 578 Barbadoes Street (VSVP 57199). 
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Table B.108: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at 578 Barbadoes Street (VSVP 57199) 

after individual and then progressive/cumulative application of the site-

specific CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.21g) 

None 8 4 36 144 3.6 

Fines Content 7 3 35 142 3.6 

Partial Saturation 8 4 36 144 3.6 

Cumulative 7 3 35 142 3.6 

February 2011          

(MW = 6.2,              

PGA = 0.39g) 

None 12 9 37 153 4.0 

Fines Content 12 9 37 152 4.0 

Partial Saturation 12 9 37 153 4.0 

Cumulative 12 9 37 152 4.0 
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Figure B.219: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57362 at 578 Barbadoes Street (VSVP 57199) plotted with 

boundaries suggested by Robertson (2016). 
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Normans Road/Papanui Road (VSVP 57200)*** 

Table B.109a. Assessment of liquefaction prediction accuracy based on SCPT 57363 

only before and after corrections for site-specific fines content, partial 

saturation, and thin layer effects using CPT- and VS-based methods for the 

September 2010 and the February 2011 earthquakes at Normans 

Road/Papanui Road (VSVP 57200)  

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.30g) 

Moderate 
CPT-based Slightly under Slightly under 

VS-based Slightly under Slightly under 

 

Table B.109b. Assessment of liquefaction prediction accuracy based on all CPTs only 

before and after corrections for site-specific fines content, partial saturation, 

and thin layer effects using CPT- and VS-based methods for the September 

2010 and the February 2011 earthquakes at Normans Road/Papanui Road 

(VSVP 57200)  

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.21g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.30g) 

Moderate 
CPT-based Correct Slightly under 

VS-based Slightly under Slightly under 

 

*** Notes: 

 The layers at this site do not have good lateral continuity. Some of the CPTs meet 

refusal when they hit gravel, some are advanced through the gravel, others do not 

hit gravel in the top ten meters. Therefore, we are showing two separate analyses: 

1) Based only on SCPT 57363 and 2) Based on all CPTs available at the site. 
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Figure B.220: Normans Road/Papanui Road (VSVP 57200) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD). 2  

                                                 
2 CPT 8054 was terminated at a depth of 3.0m for unknown reasons (it did not appear to hit refusal at 

gravel) and is not representative of this site. It is shown in Figure 1 for completeness but is not used in 

further analyses at this site. 
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Figure B.221: 1D site profile at Normans Road/Papanui Road (VSVP 57200) with: 

continuous core sonic borehole log BH 57256, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 
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Table B.110: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Normans Road/Papanui Road (VSVP 57200) based on the 

September 2010 Darfield and February 2011 Christchurch earthquakes and 

the Boulanger and Idriss (2015) CPT-based liquefaction triggering 

procedure using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.21g)  

SCPT 57363 3 0 9 42 2.0 

Range 1-11 0-3 3-23 13-147 0.8-6 

Mean 5 1 12 72 3.3 

σ 3.9 1.3 7.6 53 2.1 

February 2011 

(MW = 6.2,  

PGA = 0.30g) 

SCPT 57363 6 3 11 54 2.2 

Range 3-18 1-10 6-25 27-158 1.6-6.1 

Mean 9 5 15 88 3.8 

σ 6.0 3.4 7.6 54 2.1 
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Figure B.222: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Normans 

Road/Papanui Road (VSVP 57200). 
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Figure B.223: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57363 in the September 2010 Darfield earthquake at Normans Road/Papanui Road (VSVP 57200). 



 

 

547 

 

Figure B.224: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57363 in the February 2011 Christchurch earthquake at Normans Road/Papanui Road (VSVP 57200). 
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Table B.111a: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from SCPT 57363 only soundings at Normans Road/Papanui Road 

(VSVP 57200) after individual and then progressive/cumulative application 

of all corrections considered for both the September 2010 and February 

2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 3 0 9 42 2 

Fines Content 0 0 2 9 0.6 

Partial Saturation 3 0 9 42 2 

Thin Layer 3 0 8 41 1.9 

Cumulative 0 0 2 8 0.5 

February 2011          

(MW = 6.2,              

PGA = 0.30g) 

None 6 3 11 54 2.2 

Fines Content 2 0 4 21 1.3 

Partial Saturation 6 3 11 54 2.2 

Thin Layer 6 3 11 51 2.1 

Cumulative 1 0 4 19 1.2 

 

 

Table B.111b: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Normans Road/Papanui Road (VSVP 

57200) after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.21g)  

None 5 1 12 72 3.3 

Fines Content 1 0 4 24 1.3 

Partial Saturation 5 1 12 71 3.2 

Thin Layer 5 1 12 70 3.2 

Cumulative 1 0 4 23 1.3 

February 2011          

(MW = 6.2,              

PGA = 0.30g) 

None 9 5 15 88 3.8 

Fines Content 3 1 7 41 2.4 

Partial Saturation 9 5 15 88 3.8 

Thin Layer 9 5 15 86 3.8 

Cumulative 3 0 7 39 2.4 
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Figure B.225: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Normans Road/Papanui Road (VSVP 57200). 
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Figure B.226: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Normans Road/Papanui Road (VSVP 57200). 
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Table B.112: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Normans Road/Papanui Road (VSVP 

57200) after individual and then progressive/cumulative application of the 

site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                    

(MW = 7.1,           

PGA = 0.21g) 

None 3 0 16 80 1.8 

Fines Content 3 0 16 80 1.8 

Partial Saturation 3 0 16 80 1.8 

Cumulative 3 0 16 80 1.8 

February 2011          

(MW = 6.2,              

PGA = 0.30g) 

None 3 0 16 80 1.8 

Fines Content 3 0 16 80 1.8 

Partial Saturation 3 0 16 80 1.8 

Cumulative 3 0 16 80 1.8 
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Figure B.227: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57363 at Normans Road/Papanui Road (VSVP 57200) plotted 

with boundaries suggested by Robertson (2016). 
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Hillmorten High School (VSVP 57201) 

Table B.113: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Hillmorten High School (VSVP 57201) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.24g) 

Moderate 
CPT-based Correct Slightly under 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.39g) 

Moderate 
CPT-based Slightly over Correct 

VS-based Correct Correct 
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Figure B.228: Hillmorten High School (VSVP 57201) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).   
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Figure B.229: 1D site profile at Hillmorten High School (VSVP 57201) with: continuous 

core sonic borehole log BH 57257, data from all CPT soundings color-

coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.114: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Hillmorten High School (VSVP 57201) based on the September 

2010 Darfield and February 2011 Christchurch earthquakes and the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.24g)  

Range 11-13 7-8 21-23 117-130 4.3-4.6 

Mean 12 7 22 121 4.4 

σ 0.9 0.5 1.1 5 0.1 

February 2011 

(MW = 6.2,  

PGA = 0.39g) 

Range 16-18 11-11 21-22 115-128 4.2-4.5 

Mean 16 11 21 119 4.3 

σ 0.9 0.0 0.4 5 0.1 
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Figure B.230: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Hillmorten High 

School (VSVP 57201). 



 

 

557 

 

Figure B.231: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57364 in the September 2010 Darfield earthquake at Hillmorten High School (VSVP 57201). 



 

 

558 

 

Figure B.232: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57364 in the February 2011 Christchurch earthquake at Hillmorten High School (VSVP 57201). 

 



 

 

559 

Table B.115: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Hillmorten High School (VSVP 57201) 

after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.24g)  

None 12 7 22 121 4.4 

Fines Content 10 6 21 111 4.4 

Partial Saturation 12 7 22 121 4.4 

Thin Layer 9 6 17 99 3.7 

Cumulative 8 4 15 90 3.6 

February 2011          

(MW = 6.2,              

PGA = 0.39g) 

None 16 11 21 119 4.3 

Fines Content 16 10 20 111 4.3 

Partial Saturation 16 11 21 119 4.3 

Thin Layer 13 8 16 97 3.6 

Cumulative 12 8 15 90 3.6 
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Figure B.233: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Hillmorten High School (VSVP 57201). 
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Figure B.234: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Hillmorten High School (VSVP 57201). 
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Table B.116: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Hillmorten High School (VSVP 57201) 

after individual and then progressive/cumulative application of the site-

specific CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                   

(MW = 7.1,           

PGA = 0.24g) 

None 7 5 39 176 3.6 

Fines Content 7 5 39 173 3.6 

Partial Saturation 7 5 39 176 3.6 

Cumulative 7 5 39 173 3.6 

February 2011          

(MW = 6.2,              

PGA = 0.39g) 

None 8 5 40 180 3.6 

Fines Content 8 5 40 179 3.6 

Partial Saturation 8 5 40 180 3.6 

Cumulative 8 5 40 179 3.6 
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Figure B.235: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57364 at Hillmorten High School (VSVP 57201) plotted with 

boundaries suggested by Robertson (2016). 
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Hillsborough Park (VSVP 57202) 

Table B.117: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Hillsborough Park (VSVP 57202) 

Earthquake 
Liquefaction Severity 

Observed Method Initial Prediction Refined Prediction 

September 2010 

(MW = 7.1           

PGA = 0.25g) 

None to minor 
CPT-based Slightly over Correct 

VS-based Slightly over Correct 

February 2011         

(MW = 6.2                      

PGA = 0.63g) 

None to minor 
CPT-based Severely over Slightly over 

VS-based Severely over Severely over 
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Figure B.236: Hillsborough Park (VSVP 57202) site plan showing areas of liquefaction 

induced by the February 2011 Christchurch earthquake (image taken on 24 

February 2011, base layer from NZGD).   
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Figure B.237: 1D site profile at Hillsborough Park (VSVP 57202) with: data from all 

CPT soundings color-coded according to LPI severity, and direct-push 

crosshole VP and VS profiles. The ground water levels during the September 

2010 and February 2011 earthquakes are indicated by blue dashed 

horizontal lines. 

Table B.118: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Hillsborough Park (VSVP 57202) based on the September 2010 

Darfield and February 2011 Christchurch earthquakes and the Boulanger 

and Idriss (2015) CPT-based liquefaction triggering procedure using a PL = 

15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.25g)  

Range 8-12 8-11 22-30 61-99 3-3.9 

Mean 10 10 26 80 3.5 

σ 2.8 2.1 5.7 27 0.6 

February 2011 

(MW = 6.2,  

PGA = 0.63g) 

Range 20-24 21-25 29-36 82-114 4.3-4.6 

Mean 22 23 33 98 4.5 

σ 2.8 2.8 4.9 23 0.2 
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Figure B.238: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Hillsborough 

Park (VSVP 57202). 
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Figure B.239: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57365 in the September 2010 Darfield earthquake at Hillsborough Park (VSVP 57202). 
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Figure B.240: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57365 in the February 2011 Christchurch earthquake at Hillsborough Park (VSVP 57202). 
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Table B.119: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Hillsborough Park (VSVP 57202) after 

individual and then progressive/cumulative application of all corrections 

considered for both the September 2010 and February 2011 earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.25g)  

None 10 10 26 80 3.5 

Fines Content 6 5 15 48 2.4 

Partial Saturation 10 9 24 78 3.3 

Thin Layer 9 9 23 70 3.0 

Cumulative 5 4 12 41 2.0 

February 2011          

(MW = 6.2,              

PGA = 0.63g) 

None 22 23 33 98 4.5 

Fines Content 17 18 25 69 3.4 

Partial Saturation 22 23 33 98 4.5 

Thin Layer 20 20 28 87 4.0 

Cumulative 14 15 20 59 2.9 
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Figure B.241: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Hillsborough Park (VSVP 57202). 
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Figure B.242: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Hillsborough Park (VSVP 57202). 
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Table B.120: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Hillsborough Park (VSVP 57202) after 

individual and then progressive/cumulative application of the site-specific 

CFC and partial saturation corrections to the standard deterministic 

liquefaction triggering analyses of Kayen et al. (2013) for both the 

September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                     

(MW = 7.1,           

PGA = 0.25g) 

None 5 5 27 71 2 

Fines Content 5 4 26 70 1.8 

Partial Saturation 5 5 26 70 1.8 

Cumulative 5 4 25 69 1.8 

February 2011          

(MW = 6.2,              

PGA = 0.63g) 

None 14 14 37 95 3.6 

Fines Content 13 13 36 94 3.4 

Partial Saturation 13 14 37 95 3.6 

Cumulative 13 13 36 94 3.4 

 

  



 

 

574 

 

Figure B.243: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57365 at Hillsborough Park (VSVP 57202) plotted with 

boundaries suggested by Robertson (2016). 
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Shirley Intermediate School (VSVP 57203) 

Table B.121: Assessment of liquefaction prediction accuracy before and after corrections 

for site-specific fines content, partial saturation, and thin layer effects using 

CPT- and VS-based methods for the September 2010 and the February 2011 

earthquakes at Shirley Intermediate School (VSVP 57203) 

Earthquake 

Liquefaction Severity 

Observed Method Initial Prediction 
Refined 

Prediction 

September 2010 

(MW = 7.1           

PGA = 0.19g) 

None to minor 
CPT-based Correct Correct 

VS-based Correct Correct 

February 2011         

(MW = 6.2                      

PGA = 0.38g) 

Major to Very 

Severe 

CPT-based Slightly under Slightly under 

VS-based Severely under Severely under 
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Figure B.244: Shirley Intermediate School (VSVP 57203) site plan showing areas of 

liquefaction induced by the February 2011 Christchurch earthquake (image 

taken on 24 February 2011, base layer from NZGD).  
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Figure B.245: 1D site profile at Shirley Intermediate School (VSVP 57203) with: 

continuous core sonic borehole log BH 57258, data from all CPT soundings 

color-coded according to LPI severity, and direct-push crosshole VP and VS 

profiles. The ground water levels during the September 2010 and February 

2011 earthquakes are indicated by blue dashed horizontal lines. 

Table B.122: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, and CTL) for 

CPTs at Shirley Intermediate School (VSVP 57203) based on the September 

2010 Darfield and February 2011 Christchurch earthquakes and the 

Boulanger and Idriss (2015) CPT-based liquefaction triggering procedure 

using a PL = 15% 

Earthquake Value LPI LPIISH LSN 
SV1D 

(mm) 
CTL (m)  

September 2010 

(MW = 7.1,  

PGA = 0.19g)  

Range 2-3 0-0 9-9 50-53 2.8-2.9 

Mean 3 0 9 52 2.9 

σ 0.7 0.0 0.0 2 0.1 

February 2011 

(MW = 6.2,  

PGA = 0.38g) 

Range 15-17 9-10 21-24 115-127 5.6-6.3 

Mean 16 10 23 121 6.0 

σ 1.4 0.7 2.1 8 0.5 
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Figure B.246: Site-specific fines content fitting parameter (CFC) determined using the 

procedure recommended in Boulanger and Idriss (2015) for Shirley 

Intermediate School (VSVP 57203). 
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Figure B.247: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57366 in the September 2010 Darfield earthquake at Shirley Intermediate School (VSVP 57203). 
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Figure B.248: CPT data, factor of safety, and liquefaction severity parameters (LPI, LPIISH, LSN, and SV1D) after 

progressively applying the site-specific CFC and partial saturation corrections, followed by removal of thin (< 30-

cm thick), interbedded sand layers from the standard deterministic liquefaction triggering analysis for SCPT 

57366 in the February 2011 Christchurch earthquake at Shirley Intermediate School (VSVP 57203). 
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Table B.123: Mean liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) 

obtained from all CPT soundings at Shirley Intermediate School (VSVP 

57203) after individual and then progressive/cumulative application of all 

corrections considered for both the September 2010 and February 2011 

earthquakes  

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 

CTL 

(m)  

September 2010         

(MW = 7.1,           

PGA = 0.19g)  

None 3 0 9 52 2.9 

Fines Content 1 0 6 30 1.7 

Partial Saturation 3 0 9 52 2.9 

Thin Layer 3 0 9 51 2.8 

Cumulative 1 0 5 29 1.6 

February 2011          

(MW = 6.2,              

PGA = 0.38g) 

None 16 10 23 121 6.0 

Fines Content 14 8 20 108 6.0 

Partial Saturation 16 10 23 121 6.0 

Thin Layer 16 10 22 120 5.9 

Cumulative 14 7 20 107 5.9 

 

 



 

 

582 

 

Figure B.249: Profiles of soil behavior-type index, VS, factor of safety, and liquefaction severity parameters (LPI, LPIISH, 

LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering procedure after 

progressively applying corrections for site-specific CFC and partial saturation for the September 2010 Darfield 

earthquake at Shirley Intermediate School (VSVP 57203). 
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Figure B.250: Profiles of soil behavior-type index, DPCH VS measurements, factor of safety, and liquefaction severity 

parameters (LPI, LPIISH, LSN, and SV1D) obtained from the Kayen et al. (2013) Vs-based liquefaction triggering 

procedure after progressively applying corrections for site-specific CFC and partial saturation for the February 

2011 Christchurch earthquake at Shirley Intermediate School (VSVP 57203). 

 



 

 

584 

Table B.124: Liquefaction severity parameters (LPI, LPIISH, LSN, SV1D, CTL) obtained 

from the DPCH VS measurements at Shirley Intermediate School (VSVP 

57203) after individual and then progressive/cumulative application of the 

site-specific CFC and partial saturation corrections to the standard 

deterministic liquefaction triggering analyses of Kayen et al. (2013) for both 

the September 2010 and February 2011 earthquakes 

Earthquake Corrections LPI LPIISH LSN 
SV1D      

(mm) 
CTL (m)  

September 

2010                     

(MW = 7.1,           

PGA = 0.19g) 

None 0 0 2 10 0 

Fines Content 0 0 2 10 0 

Partial Saturation 0 0 2 10 0 

Cumulative 0 0 2 10 0 

February 2011          

(MW = 6.2,              

PGA = 0.38g) 

None 1 0 10 47 0.8 

Fines Content 1 0 10 45 0.8 

Partial Saturation 1 0 10 47 0.8 

Cumulative 1 0 10 45 0.8 
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Figure B.251: KG values obtained from DPCH VS measurements and tip resistance data 

from SCPT 57366 at Shirley Intermediate School (VSVP 57203) plotted with 

boundaries suggested by Robertson (2016). 
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APPENDIX C:  EARTHQUAKE DATA FLAT FILE 

This appendix contains information regarding the inputs used in the liquefaction 

triggering analyses for each earthquake (e.g. MW, PGA, depth to groundwater), as well as 

the observed liquefaction severity at each site. 
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Table C.1: Earthquake Data Flat File Containing Inputs to Liquefaction Triggering Analysis and Observed Liquefaction 

Severity at each  the 31 Case History  Sites.

Site 2010 September Darfield Earthquake 2011 February Christchurch Earthquake 

Name VsVp CGDID MW PGA (g) GWL (m) Observed Liq. Sev. MW PGA (g) GWL (m) Observed Liq. Sev. 

Avondale Playground** 57062 7.1 0.18 2.05 None to Minor 6.2 0.40 2.14 Moderate 

Harrington Park 57141 7.1 0.22 1.74 None to Minor 6.2 0.34 1.78 None to Minor 

70 Langdons Road 57142 7.1 0.22 1.54 None to Minor 6.2 0.22 1.71 None to Minor 

38 Meadow Street 57143 7.1 0.21 1.06 None to Minor 6.2 0.25 0.91 None to Minor 

Marblewood Reserve 57155 7.1 0.22 1.45 None to Minor 6.2 0.24 1.69 None to Minor 

Cobra Reserve 57156 7.1 0.28 1.12 None to Minor 6.2 0.35 1.51 None to Minor 

Wharenui School 57165 7.1 0.22 2.35 None to Minor 6.2 0.36 2.32 None to Minor 

St Albans Catholic School 57180 7.1 0.21 1.27 None to Minor 6.2 0.34 1.30 Moderate 

Heaton Normal Intermediate School** 57181 7.1 0.21 1.59 Moderate 6.2 0.32 1.90 Moderate 

Kaiwara Reserve 57182 7.1 0.25 1.58 None to Minor 6.2 0.46 1.78 Moderate 

15 Cresselly Place** 57183 7.1 0.23 1.18 None to Minor 6.2 0.55 1.26 Major to Very Severe 

Brougham Street / Columbo Street 57184 7.1 0.22 1.63 None to Minor 6.2 0.46 1.42 Moderate 

Palinurus Road** 57185 7.1 0.24 1.34 None to Minor 6.2 0.68 1.23 None to Minor 

Ti Rakau Reserve** 57186 7.1 0.23 0.67 None to Minor 6.2 0.68 0.59 Moderate 

Avondale Park 57187 7.1 0.18 1.68 None to Minor 6.2 0.37 1.60 Moderate 

Rawhiti Domain 57188 7.1 0.18 1.22 None to Minor 6.2 0.52 1.23 None to Minor 

455 Papanui Road 57189 7.1 0.21 1.64 None to Minor 6.2 0.27 1.72 None to Minor 

Rydal Reserve 57190 7.1 0.24 1.32 Moderate 6.2 0.44 1.72 Moderate 

St Teresa's School 57191 7.1 0.22 0.96 None to Minor 6.2 0.34 1.04 None to Minor 

Sabina Playground 57192 7.1 0.18 1.25 None to Minor 6.2 0.34 1.08 Moderate 

Carisbrooke Playground** 57193 7.1 0.18 2.87 None to Minor 6.2 0.46 2.91 Moderate 

20 Corhampton Street** 57194 7.1 0.18 2.86 None to Minor 6.2 0.48 2.79 Moderate 

50 Eureka Street 57195 7.1 0.18 2.85 None to Minor 6.2 0.43 2.89 Moderate 

29 Charles Street 57196 7.1 0.22 1.22 None to Minor 6.2 0.52 1.03 Moderate 

59 Osborne Street 57197 7.1 0.23 2.11 None to Minor 6.2 0.54 1.98 Moderate 

North New Brighton School 57198 7.1 0.20 2.44 None to Minor 6.2 0.64 2.41 None to Minor 

578 Barbadoes Street 57199 7.1 0.21 1.20 None to Minor 6.2 0.39 1.23 None to Minor* 

Normans Road / Papanui Road** 57200 7.1 0.21 2.81 None to Minor 6.2 0.30 2.86 Moderate 

Hillmorton Highschool 57201 7.1 0.24 2.64 Moderate 6.2 0.39 2.78 Moderate 

Hillsborough Park 57202 7.1 0.25 0.89 None to Minor 6.2 0.63 0.86 None to Minor 

Shirley Intermediate School 57203 7.1 0.19 2.80 None to Minor 6.2 0.38 2.70 Major to Very Severe 

*This site was initially classified "Moderate" but the classification near the SCPT was updated to "None to Minor" because no manifestation was observed on the property by the owner. 

**Varying degrees of liquefaction manifestation at these sites, or complicated site conditions led to exclusion of some CPTs from this overall analysis, and sites may need further 

attention. Refer to individual case history for more detail. 
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