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ABSTRACT: Evaluations of Liquefaction Potential Index (LPI) in the 2010-2011 Canterbury earthquake se-
quence (CES) in New Zealand have shown that the severity of surficial liquefaction manifestations is signifi-
cantly over-predicted for a large subset of sites. While the potential cause for such over-predictions has been 
generally identified as the presence of thick, non-liquefiable crusts and/or interbedded non-liquefiable layers 
in a soil profile, the severity of surficial liquefaction manifestations at sites that do not have such 
characteristics are also often significantly over-predicted, particularly for the Mw 6.2, February 2011 
Christchurch earthquake. The over-predictions at this latter group of sites may be related to the peak ground 
accelerations (PGAs) used in the liquefaction triggering evaluations. In past studies, the PGAs at the case 
history sites were estimated using a procedure that is conditioned on the recorded PGAs at nearby strong 
motion stations (SMSs). Some of the soil profiles on which these SMSs were installed experienced severe 
liquefaction, often with an absence of surface manifestation, and the recorded PGAs are inferred to be 
associated with high-frequency dilation spikes after liquefaction was triggered. Herein the influence of using 
revised PGAs at these SMSs that are in accord with pre-liquefaction motions on the predicted severity of 
surficial liquefaction at nearby sites is investigated. It is shown that revising the PGAs improved these 
predictions, particularly at case history sites where the se-verity of the surface manifestations was previously 
over-predicted and could not be explained by other mecha-nisms. 
 
 
1 INTRODUCTION 
 
The 2010-2011 Canterbury, New Zealand, earth-quake 
sequence (CES) began with the 4 September 2010, Mw 
7.1 Darfield earthquake and included up to ten events 
that triggered liquefaction. However, most notably, 
widespread liquefaction was induced by the Mw 7.1, 4 
September 2010 Darfield and the Mw 6.2, 22 February 
2011 Christchurch earthquakes. The ground motions 
from these events were recorded across Christchurch 
and its environs by a dense net-work of strong motion 
stations (SMSs). Also, due to the severity and spatial 
extent of liquefaction result-ing from the 2010 Darfield 
earthquake, the New Zea-land Earthquake Commission 
(EQC) funded an ex-tensive subsurface 
characterization program for Christchurch, with over 
25,000 Cone Penetration Tests (CPT) performed to 
date. The combination of well-documented 
liquefaction response during multi-ple events, densely-
recorded ground motions for the events, and detailed 
subsurface characterization pro-vided an 
unprecedented opportunity to investigate liquefaction 
triggering and related phenomena. To-wards this end, 
multiple studies have investigated the 

 
 
accuracy of various liquefaction triggering 
evaluation procedures and liquefaction severity 
index models (e.g., Green et al. 2014, 2015; Maurer 
et al. 2014, 2015; van Ballegooy et al. 2014b). 
Among others, Maurer et al. (2014, 2015) evaluated 
the performance of the Liquefaction Potential Index 
(LPI) (Iwasaki et al. 1978) during the 2010-2011 
CES and found that it systematically over-predicted 
the severity of surficial liquefaction manifestations 
for a significantly large number of sites. Moreover, 
Maurer et al. (2014, 2015) found that such over-
predicted case histories gener-ally were comprised 
of soil profiles having thick, non-liquefiable crusts 
and/or interbedded non-liquefiable soils high in fines 
content, which could have sup-pressed the surficial 
manifestation of liquefied layers. However, the 
severity of surficial liquefaction mani-festations was 
also over-predicted for a number of soil profiles that 
do not have these characteristics, es-pecially for the 
Mw 6.2, February 2011 Christchurch earthquake.  

One reason for these latter over-predictions may be 
related to the peak ground accelerations (PGAs) used 
in the liquefaction triggering evaluations. The PGAs 



at CPT sites in most prior CES studies have been es-
timated using the Bradley (2013b) procedure, which 
combines the unconditional PGA distribution as esti-
mated by the Bradley (2013a) ground motion predic-
tion equation, the recorded PGAs at the SMSs, and 
the spatial correlations of intra-event residuals to 
compute the conditional PGAs at sites of interest. 
Thus, for sites that are located far enough away from 
an SMS, the conditional PGAs are similar to the un-
conditional PGAs, and for the sites that are located 
near an SMS, the PGAs approach the recorded PGA 
at the SMS. However, the soil profiles at some of the 
SMSs were found to have severely liquefied during 
the 2011 Christchurch earthquake, as evidenced by 
the cyclic mobility/dilation spikes and reduced high 
frequency content of the horizontal components of 
the recorded ground motions after liquefaction was 
trig-gered (Bradley & Cubrinovski 2011). Thus, the 
rec-orded PGAs at these SMSs typically 
corresponded to the amplitude of these high-
frequency dilation spikes, which are often higher 
than the PGAs of the pre-liq-uefaction portion of the 
ground motions and likely higher than the PGAs that 
would have been experi-enced at the sites if 
liquefaction had not been trig-gered. Wotherspoon et 
al. (2014, 2015) identified four such SMSs where 
the recorded PGAs were higher than the pre-
liquefaction PGAs and suggested reduced PGAs for 
those SMSs, as summarized in Ta-ble 1. An example 
acceleration time history at the North New Brighton 
School (NNBS) SMS is also shown in Figure 1, 
which indicates the cyclic mobil-ity/dilation spikes 
caused by the liquefaction of the underlying soils 
and the interpreted pre-liquefaction PGA. 
 
Table 1. Revised PGA values at four SMSs for Mw 6.2, 
February 2011 Christchurch earthquake as recommended by 
Woth-erspoon et al. (2015).  
 SMS Name SMS ID 

PGA (g) 
 Recorded Revised    

 Christchurch Botanical Gardens CBGS 0.50 0.32 
 Christchurch Cathedral College CCCC 0.43 0.35 
 North New Brighton School NNBS 0.67 0.32 
 Christchurch Resthaven REHS 0.52 0.36  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Ground motion record at NNBS during the Mw 6.2 
Christchurch earthquake showing cyclic mobility/dilation spikes 
and the pre-liquefaction PGA (Wotherspoon et al. 2015). 
 
Accordingly, the objective of this study is to investi-
gate the influence of using the pre-liquefaction PGA 

at the SMSs on the predicted severity of surficial liq-
uefaction manifestations at nearby case history sites 
during the 2011 Christchurch earthquake. Towards 
this end, the PGAs for a select group of case history 
sites that are located close to the SMSs listed in 
Table 1 are estimated following the Bradley (2013b) 
proce-dure, using both the actual recorded PGAs and 
the pre-liquefaction PGAs at the SMSs. Both sets of 
PGAs are then used to predict the severity of 
surficial liquefaction manifestations via LPI and the 
prediction accuracies are assessed. 
 
 
2 DATA AND METHODOLOGY 
 
As discussed previously, revising the PGAs at the 
four SMSs listed in Table 1 to the pre-liquefaction 
PGAs mostly affects nearby sites. Thus, only CPT 
soundings that are located within 1 km from at least 
one of the four SMSs listed in Table 1 are analyzed 
in this study. Maurer et al. (2015) found that sites 
with an average soil-behavior-type index (Ic) for the 
upper 10 m of the soil profile (Ic10) less than 2.05 
generally correspond to sites having predominantly 
clean sands to silty sands. Thus, only soundings that 
have Ic10 < 2.05 were considered in this study, with 
the intent of removing cases where the over-
predictions are poten-tially due to other causes (e.g., 
interbedded non-liq-uefiable layers high in fines 
content). Using all of the above criteria, 416 CPT 
soundings were selected for further analysis.  

The severity of surficial liquefaction manifestation 
at each of the 416 CPT sounding locations for the 2011 
Christchurch earthquake was classified in ac-cordance 
with Green et al. (2014) via post-earthquake ground 
reconnaissance and high-resolution aerial and satellite 
imagery. The CPT soundings and imagery were 
extracted from the New Zealand Geotechnical 
Database (NZGD 2016). The PGA at the site of each 
CPT sounding was estimated using two different ap-
proaches: a) the Bradley (2013b) procedure in con-
junction with the actual recorded PGAs at the SMSs, 
similar to prior CES studies; and (b) the Bradley 
(2013b) procedure in conjunction with the revised pre-
liquefaction PGAs at four SMSs (see Table 1). The 
PGAs at the selected case history sites resulting from 
approaches (a) and (b) are referred to herein as 
“existing” PGAs and “new” PGAs respectively. The 
depth of ground water table immediately prior to the 
earthquake was estimated using the event-specific 
model of van Ballegooy et al. (2014a). Finally, LPI 
was computed for each site using both sets of PGAs, 
where the factor of safety against liquefaction (FSliq) 
was computed using the Boulanger & Idriss (2014) 
deterministic liquefaction evaluation procedure (LEP). 
Inherent to this process, soils with Ic > 2.5 were 
considered to be non-liquefiable (Maurer et al. 2017, 
2018). 



The accuracy of LPI predictions for both sets of 
PGAs were assessed following the procedure used by 
Maurer et al. (2014), in which ranges of LPI values 
assigned to different categories of surficial liquefac-
tion manifestation severity (e.g., Table 2) are used to 
compute an error (E), where E = computed LPI – (min 
or max) of expected range (i.e. min if computed LPI is 
less than the lower limit of the expected range and max 
if computed LPI is higher than the upper limit of the 
expected range). For example: if the computed LPI is 
20 for a site with no observed surficial lique-faction 
manifestations, E = 20 - 4 = 16. Similarly, if the 
computed LPI is 7 for a site with severe surficial 
manifestations, E = 7 - 15 = -8. The prediction errors 
are then classified into one of the nine categories as 
shown in Table 3. Note that although Maurer et al. 
(2014) suggested the LPI ranges shown in Table 2 
based on the Robertson & Wride (1998) LEP, they 
were generally found to be applicable in this study as 
well, which uses the Boulanger & Idriss (2014) LEP. 
 
Table 2. LPI ranges used to assess the prediction accuracy 
(Maurer et al. 2014).   
 Manifestation severity category Expected LPI range 
    

 No liquefaction 0 ≤ LPI < 4 
 Marginal liquefaction 4 ≤ LPI < 8 
 Moderate liquefaction 8 ≤ LPI <15 
 Severe liquefaction LPI ≥ 15 
 
 
Table 3. LPI prediction error classification (Maurer et al. 2014).  
 Error category Prediction error (E) 
   

 Excessive under-prediction E < -15 
 Severe to excessive under-prediction -15 ≤ E < -10 
 Moderate to severe under-prediction -10 ≤ E < -5 
 Slight to moderate under-prediction -5 ≤ E < -1 
 Accurate prediction -1 ≤ E < 1 
 Slight to moderate over-prediction 1 ≤ E < 5 
 Moderate to severe over-prediction 5 ≤ E < 10 
 Severe to excessive over-prediction 10 ≤ E< 15 
 Excessive over-prediction E > 15 
 
 
3 RESULTS AND DISCUSSIONS 
 
Table 4 summarizes the number of case histories in 
each error category resulting from using the two sets of 
PGAs (i.e. existing and new PGAs). Moreover, his-
tograms of these results are presented in Figure 2.  

It can be seen that using the new PGAs decreased 
the total number of over-predictions (i.e. “Slight to 
moderate O-P” to “Excessive O-P) from 262 to 56. 
However, the new PGAs also increased the number 
of under-predictions (i.e. “Slight to moderate U-P” 
to “Excessive U-P”) from 13 to 90, but these were 
mostly slight-to-moderate under-predictions. Moreo-
ver, the rate at which the over-predictions changed 
to accurate predictions is significantly higher than 
the rate at which the accurate prediction changed to 
un-der-predictions. Overall, the number of accurate 
pre-dictions increased from 141 to 270. 

These findings suggest that corrections to the rec-
orded PGAs for SMS sites that experience liquefac-
tion is warranted in evaluating liquefaction proce-dures 
or documenting liquefaction case histories. 
Specifically, the high frequency cyclic mobility/dila-
tion spikes after liquefaction triggering can result in 
over-estimated PGA values (hence, overly conserva-
tive seismic demand) for liquefaction triggering eval-
uations, which in turn can lead to over-predictions of 
the severity of surficial liquefaction manifestations. 
The revised PGAs used in this study were proposed by 
Wotherspoon et al. (2104, 2015) and corresponded to 
the PGAs of the recorded motions prior to the onset of 
liquefaction, where judgement was used to deter-mine 
the timing of liquefaction triggering. More for-mal 
approaches for determining this timing are under 
development (e.g., Kramer et al. 2016, 2018).  

An example case history is presented next that il-
lustrates the influence of using the pre-liquefaction 
PGA at a nearby SMS on the predicted severity of 
surficial liquefaction manifestation. 
 
Table 4. Summary of number of case histories in each error 
cat-egory using the existing and new PGAs.  

Error category Number of Case Histories 
existing PGA new PGA  

Excessive U-P 0 0 
Severe to excessive U-P 0 1 
Moderate to severe U-P 4 14 
Slight to moderate  U-P 9 75 
Accurate Prediction 141 270 
Slight to moderate O-P 81 39 
Moderate to severe O-P 104 11 
Severe to excessive O-P 54 2 
Excessive O-P 23 3 

   

Total U-P 13 90 
Total O-P 262 56  
U-P = Under-predictions; O-P = Over-predictions 

_________________________________  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Histogram showing the number of case histories in 
each error category using the existing and new PGAs. 



Case History Site: NNB-POD03-CPT05 
 
This case history site is located ~0.4 km from the 
NNBS SMS and is predominantly comprised of clean 
sands, as inferred from the Ic profile (Fig. 3). The PGA 
estimated at this site during the Mw 6.2, Febru-ary 
2011 Christchurch earthquake prior to making any 
adjustments to the recorded PGAs was 0.531 g. The 
depth to the ground water table was estimated to be 
approximately 2 m. No evidence of surficial lique-
faction manifestation was observed at this site follow-
ing the 2011 Christchurch earthquake. However, the 
LPI value computed using the existing PGAs was 13, 
which corresponds to expected moderate surface 
manifestation. Thus, the severity of surficial liquefac-
tion manifestation is over-predicted at this site and the 
prediction error is moderate-to-severe over-predic-tion 
(e.g. Table 3). The new PGA estimated at this site 
using the revised (pre-liquefaction) PGAs at the SMSs 
was 0.334 g. The computed LPI value associ-ated with 
this new PGA was 2 which corresponds to no surficial 
liquefaction manifestations. Thus, it is seen that using 
the pre-liquefaction PGA at the SMSs to compute the 
PGA at this site corrected the predic-tion of the 
severity of surficial liquefaction manifes-tation at this 
site. 

Figure 3 contains the profiles of normalized and  
fines-content corrected CPT tip resistance (qc1Ncs) and 
Ic for the case history site, as well as the profiles of  
FSliq and LPI computed using both the existing and 
new PGAs. 
 
 
4 CONCLUSIONS 
 
This study investigated the influence of revising the 
recorded PGAs at the liquefied SMSs to the PGA of 
the pre-liquefaction portion of the ground motion on 
the predicted severity of surficial liquefaction at 
nearby sites. By analyzing 416 case-history sites lo-
cated within 1 km of such SMSs, it was shown that 
using the new PGAs estimated by revising the PGAs 
at the SMSs correctly predicted a significant number 
of case histories that were previously over-predicted, 
likely due to over-estimated PGAs. Finally, the find-
ings of this study highlight the need to accurately es-
timate PGAs for liquefaction evaluation by account-
ing for the effects that liquefaction of the underlying 
soils may have on recorded ground motions. 
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Figure 3. Profiles of qc1Ncs, Ic, FSliq, and LPI versus depth for 
NNB-POD03-CPT05 for the Mw 6.2 February 2011 Christ- 
church earthquake. The solid black and red dotted lines on the  
profiles of FSliq and LPI correspond to the existing and new 
PGAs at the site. 
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