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ABSTRACT: The influence of age on liquefaction resistance of Holocene alluvial and marine soils in Christchurch and 
Kaiapoi, New Zealand is characterized in this paper using published results of investigations in four areas (i.e., Kilmore 
Street, Gainsborough Reserve, Riccarton Road, and Kaiapoi). Much of Christchurch and Kaiapoi experienced minor to 
severe liquefaction during the 2010-2011 Canterbury earthquake sequence. Ratios of measured small-strain shear wave 
velocity to estimated small-strain shear wave velocity based on penetration resistance (MEVR) determined for the critical 
layers in the four areas agree well with the study by McGann et al., and are similar to ratios computed for recently liquefied 
deposits in other areas of the world. Deposit resistance correction factors to account for aging processes (KDR) determined 

for the four areas also compared well with factors determined for deposits in other areas of the world. These findings 
support the use of MEVR and KDR for accurate site-specific liquefaction assessment and performance-based design. 
 
 
 
1 INTRODUCTION 
 
Liquefaction-induced ground failure is a major cause of 
damage during earthquakes, occurring more frequently in 
younger soil deposits than in older deposits (Youd and 
Perkins 1978). The influence of processes that occur in soil 
over time (or simply age) on resistance to liquefaction is not 
well understood currently, and uncertainty is generally 
greater in assessments of older soils. The purpose of this 
paper is to characterize the influence of age on liquefaction 
resistance of Holocene soils shaken by the 2010-2011 
Canterbury, New Zealand earthquake sequence.  

During the 2010-2011 Canterbury earthquakes, over 
half of the Christchurch area experienced minor to severe 
surface manifestations of liquefaction. The most damaging 
earthquakes occurred on 4 September 2010 (moment 
magnitude, Mw 7.1), 22 February 2011 (Mw 6.2), 13 June 
2011 (Mw 6.0), and 23 December 2011 (Mw 5.9). Presented 
in Figure 1 is a map of liquefaction severity interpreted from 
aerial photography taken after the February 2011 
earthquake. Regions were classified as moderate to 
severe liquefaction if roads had ejected material and/or wet 
patches wider than a typical vehicle width, and/or if more 
than two ejected material boils were observed within 
properties or parks. Regions were classified as minor 
liquefaction if roads had ejected material and/or wet 
patches narrower than a typical vehicle width, and/or if two 
or less ejected material boils were observed within 
properties or parks. 

Also shown in Figure 1 are the locations of four 
investigation areas considered in this paper. The areas are: 
1) Kilmore Street investigated by Taylor et al. (2013a, 
2013b) and Taylor (2015); 2) Gainsborough Reserve 
investigated by Stringer et al. (2015a, 2015b); 3) Riccarton 
Road investigated by Beyzaei et al. (2015); and 4) Kaiapoi 
investigated by Maurer et al. (2014). Based on maps (CGD 
2013), minor to severe surface manifestations of 

liquefaction occurred at Kilmore Street during the 
September 2010, February 2011, June 2011 and 
December 2011 earthquakes. The Gainsborough Reserve 
area was mapped as minor manifestations following only 
the February 2011 earthquake. The Riccarton Road area 
also was mapped as minor manifestations following only 
the June 2011 earthquake. Beyzaei et al. (2015), however, 
reported that no surface manifestation occurred at 
Riccarton Road during any of the events. In the Kaiapoi 
area, moderate to severe manifestations were mapped 
following the September 2010 event; and minor to 
moderate manifestations following the February 2011 
event. Maurer et al. (2014), however, reported that only 
minor manifestations occurred in Kaiapoi in February 2011. 

Liquefaction resistance of soils is commonly expressed 
in terms of the cyclic resistance ratio (CRR) estimated from 

semi-empirical charts based on the simplified procedures 
originally proposed by Seed and Idriss (1971) using 
penetration resistance and/or shear wave velocity 
measurements. Most CRR charts were established with 

field case histories from relatively young soil deposits. To 
extend the charts to older deposits, CRR can be adjusted 
as follows (Seed 1979; Arango et al. 2000; Hayati and 
Andrus 2009): 
 
  

CRRK = CRR × KDR      [1] 
 
 
where CRRK is the corrected cyclic resistance ratio; and 
KDR is a correction factor to capture the influence of aging 
processes on CRR, including interlocking of grains, 

cementation, and stress history. 
The objectives of this paper are to determine values of 

KDR for the four investigation areas, and to compare the 
values with the predictive relationships proposed by Hayati 
and Andrus (2009). 



 

 
Figure 1. Map of Christchurch and Kaiapoi showing regions of surface manifestations of liquefaction as interpreted from 
aerial photography after the 22 February 2011 earthquake (Cubrinovski et al. 2012; CGD 2013) and the four investigation 
areas considered in this study.  
 
 
2 KDR FROM LABORATORY CYCLIC TESTS 
 
One approach to determining KDR is to divide the CRR of 
an intact laboratory test specimen by the CRR of a 
reconstituted laboratory test specimen with matching 

density, herein denoted as KDR,LL. Summarized in Table 1 
are the results of cyclic triaxial tests conducted by Taylor et 
al. (2013a) and Taylor (2015) on soil specimens obtained 
from the Kilmore Street area, which is located within the 
Christchurch Central Business District. 



 

Table 1. Average properties of soils at Kilmore Street (Talyor 2015) based on laboratory cyclic tests. 
 

Area 
Depth 

(m) 

Date of 

liquefaction 

Date of  

sampling 

Agea  

(yrs) 

D50
b 

(mm) 

FCb 

(%) 

σ'c
b 

(kPa) 

Lab CRR 
KDR,LL

b 

Intact Reconstituted 

Kilmore Street 4.0-6.4 6/2011 8/2011 0.14 0.088 35 73 0.215 0.229 0.94 

Kilmore Street 11.5-12.8 2/2011c 8/2011 0.46 0.243 3 138 0.273 0.250 1.09 
aAge = age of deposit at time of laboratory cyclic test (i.e., time between last prior liquefaction event and intact sampling).   
bD50 = median grain size; FC = fines content (material < 0.075 mm); σ'c = average effective confining stress; and KDR,LL  = deposit resistance 
correction factor based on laboratory cyclic tests on intact and reconstituted specimens. 
cBased on the procedure by Idriss and Boulanger (2008), the factor of safety against triggering of liquefaction (FS) at 11.5-12.8 m is < 1.0 
(FS = 0.67) for the February 2011 event and > 1.0 for the June 2011 event.  Thus, 2/2011 is assumed as the last date of liquefaction. 

 
 

The near-surface geology at Kilmore Street consists of 
8 m of fluvial non-plastic silty sand (SM) to sandy silts (ML) 
belonging to the Springston Formation, overlying marine 
poorly-graded clean sands (SP) of the Christchurch 
Formation (Taylor 2015). Average values of the coefficient 
of uniformity (Cu) for these materials are 3.0 and 2.7, 
respectively. The sands consist of about 65% quartz and 
35% albite minerals, with trace amounts of kaolinite and 
muscovite. The particle shapes are sub-angular to 
moderately spherical, with finer particles tending to be 
more angular, elongated and plate-like for the Springston 
Formation; and sub-angular to sub-rounded for the 
Christchurch Formation. Because ejected material onto the 
ground surface exhibited high fines content (~30%), it most 
likely came from the Springston Formation (Taylor 2015).  
Applying the liquefaction triggering assessment procedure 
by Idriss and Boulanger (2008) using cone penetration test 
(CPT) measurements, liquefaction is predicted in the 
Springston Formation during all four major events, which 
agrees with field observations; and in the Christchurch 
Formation during only the February 2011 event. 

The intact test specimens from Kilmore Street were 
obtained by the gel-push sampling method (i.e., Osterberg 
fixed-piston sampler with a closing-core catcher and gel 
lubrication) at borehole K-1 in early August 2011. As 
described by Taylor (2015), intact samples were generally 
of good to excellent quality, except at depths of 4, 6 and 
6.4 m where “liquefaction holes”, minor cracks and center 
crack, respectively, were observed. The top-most sand 
sample obtained at 11 m depth also had cracks 
progressing towards the base. Assuming the time between 
the last prior liquefaction event and intact sampling, the 
geotechnical ages of the specimens are 0.14 and 0.46 
years for the depths of 4-6.4 and 11.5-12.8 m, respectively. 

The reconstituted specimens were formed by the moist 
tamping method (Taylor 2015). Typical ages of 
reconstituted specimens are 1 to several days, depending 
on back-pressure saturation and consolidation times. 

Values of CRR presented in Table 1 are taken from the 
cyclic strength curves of Taylor (2015, Figures 12.4 and 
12.5) at 15 loading cycles. It can be seen in Table 1 that 
the intact specimens from the shallower silty sand layer 
exhibit slightly lower CRR than the corresponding 
reconstituted specimens. On the other hand, the intact 
specimens from the deeper clean sand layer exhibit slightly 
higher CRR than corresponding reconstituted specimens. 

Presented in Figure 2 are the time-KDR,LL data pairs for 
the Kilmore Street sands (denoted by triangles) compared 
with the relationship developed by Hayati and Andrus 

(2009) for predominantly silicate sands. The data points for 
Kilmore Street plot below the best-fit relationship of Hayati 
and Andrus (2009), but within the scatter of their data. 
 
 

 
 

Figure 2. Time-KDR data pairs for the Kilmore Street sands 
based on laboratory cyclic testing (Taylor 2015) compared 
with the relationship by Hayati and Andrus (2009). 
 
 
3 KDR FROM LABORATORY AND FIELD TESTS 
 
A second approach to determining KDR is to divide the CRR 
of an intact laboratory test specimen adjusted to field 
conditions (CRRfield) by the CRR obtained from commonly 
used field-based charts, denoted herein as KDR,LF. 
Laboratory CRR can be adjusted to field conditions by 
applying the criteria proposed by Seed (1979) and the 
stress normalization relationship suggested by Idriss and 
Boulanger (2008). This adjustment is expressed as: 
 
 

CRRfield = 0.9Cr × CRR / Kσ     [2] 
 

Cr = (1 + 2K0) / 3      [3] 
 
 
where Cr is the initial stress condition adjustment 
coefficient; Kσ is the overburden stress correction factor; 
and K0 is the at-rest earth pressure coefficient. 

KDR = 0.12 log(t) + 1.28
r² = 0.56, n = 13
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Table 2. Average properties of Kilmore Street (Taylor 2015), Gainsborough Reserve (Stringer et al. 2015a, 2015b; CGD 
2015) and Riccarton Road (Beyzaei et al. 2015; CGD 2015) soils based on laboratory and field tests. 
 

Area 
Depth 
(m) 

Date of 
liquefac-
tion 

Date of  
sampling 

Agea  
(yrs) 

D50
b 

(mm) 
FCb 
(%) 

Lab 
CRR 

CRRfield 

CPT 
site 
number 

Date  
of  
CPT 

qc1Ncs
b 

CRR 
for 
50% 
PLc 

KDR,LF
b 

Kilmore Street 4.0-6.4 6/2011 8/2011 0.14 0.088 35 0.215 0.118 Z1-B4 7/2011 74 0.129 0.91 

Kilmore Street 11.5-12.8 2/2011d 8/2011 0.46 0.243 3 0.273 0.172 Z1-B4 7/2011 86 0.161 1.07 

Gainsborough 
Reserve 

4.6-6.2; 
7.9-9.5 

6/2011e 6/2014 3 0.109 32 0.250 0.146 36417 12/2013 70 0.122 1.19 

Riccarton Road 6.2-8.5 12/2011f 6/2014 2.5 0.064 66 0.260 0.177 36420 12/2013 73 0.129 1.37 
aAge = age of deposit at time of laboratory cyclic test (i.e., time between last prior liquefaction event and intact sampling).   
bD50 = median grain size; FC = fines content (material < 0.075 mm); qc1Ncs = CPT tip resistance corrected for fines content and overburden 
pressure based on procedure of Youd et al. (2001); and KDR,LF  = deposit resistance correction factor based on laboratory and field tests. 
cEstimated from CRR middle-of-range curve for 50% probability of liquefaction based on CPT (Hayati and Andrus 2009). 
dBased on the procedure by Idriss and Boulanger (2008), the factor of safety against triggering of liquefaction (FS) at depths of 11.5-12.8 
m is < 1.0 (FS = 0.67) for only the February 2011 event. 
eMinor surface manifestations of liquefaction were observed at site only in February 2011. However, FS is < 1.0 for both the February 
2011 (FS = 0.4) and June 2011 (FS = 0.9) events. 
fNo surface manifestation of liquefaction occurred at site during any 2010-2011 event (Beyzaei et al. 2015). However, FS is < 1.0 for the 
February 2011 (FS = 0.4), June 2011 (FS = 0.9) and December 2011 (FS = 0.9) events. 

 
 

Summarized in Table 2 are the results of laboratory 
cyclic triaxial tests on intact specimens and field CPTs for 
Kilmore Street, Gainsborough Reserve and Riccarton 
Road. Values of CRRfield for Kilmore Street intact 
specimens are taken from the curves presented in Taylor 
(2015, Figure 13.5) for 5% double-amplitude strain at 15 
loading cycles. Taylor (2015) assumed a K0 value of 0.5. 
The normalized, clean sand-corrected cone tip resistance 
(qc1Ncs) is used to estimate the CRR from the middle-range 
CPT-based curve for 50% probability of liquefaction (PL) 
presented in Hayati and Andrus (2009). The distance 
between the CPT and the sample borehole is ~5 m. Values 
of KDR,LF for Kilmore Street are slightly lower than values of 
KDR,LL presented in Table 1. 

For Gainsborough Reserve, soil in the critical layer is 
predominantly non-plastic silty sand (SM) with an average 
Cu of 3.3 (Stringer et al. 2015b). Laboratory CRR values 

are taken from the cyclic resistance curves presented in 
Stringer et al. (2015a, Figure 5b) for 5% double-amplitude 
strain at 15 loading cycles. The values are converted to 
CRRfield assuming K0 of 0.52, which is based on CPT and 

dilatometer test (DMT) measurements and the relationship 
by Hossain and Andrus (2016) with the over-consolidation 
ratio estimated using the relationship by Monaco et al. 
(2014). Intact samples were obtained using both the gel-
push sampling method and the Dames & Moore hydraulic 
fixed-piston sampler at boreholes GP1, GP3 and DM1. The 
CPT, DMT and intact sampling were conducted within a 
distance of 4 m from each other. 

For Riccarton Road, soil in the critical layer classifies 
as sandy silty clay (CL – ML), with average Cu and plasticity 
index of 7.1 and 6, respectively. The laboratory CRR value 
is obtained from the curve presented in Beyzaei et al. 
(2015, Figure 6) for 5% double-amplitude strain at 15 
loading cycles. Beyzaei et al. (2015) applied a K0 value of 
0.63 to adjust the laboratory CRR value to CRRfield. Intact 
samples were obtained using the Dames & Moore 
hydraulic fixed-piston sampler at borehole GP-1. The 
distance between CPT and intact sampling was ~2.5 m. 

No corrections for unsaturated conditions below the 
groundwater table are made to the values of CRR listed in 
Table 2. Soils with compression wave velocity (Vp) < 1,400 
m/s are considered unsaturated and resistance to 
liquefaction can be higher than if they were saturated 
(Hossain et al. 2013). Based on available data (CGD 2015; 
van Ballegooy et al. 2015), Vp is > 1,400 m/s below the 
depth of 4.4 m at Gainsborough Reserve and Riccarton 
Road. Presented in Figure 3 is a summary of Vp conditions 

below the groundwater table in Christchurch. It can be seen 
in Figure 3(a) that > 85% of the test sites have depths to 
the top of Vp > 1,400 m/s less than 4 m, which supports the 
assumed saturation condition at Kilmore Street. In Figure 
3(b), the thicknesses of zone below the groundwater table 
with Vp < 1,400 m/s and < 900 m/s are shown. 
 
 

 

 
Figure 3. Histograms summarizing unsaturated soil 
conditions in Christchurch based on data in CGD (2015)–
(a) depth to top of groundwater table or Vp > 1,400 m/s, and 
(b) thickness of Vp < 1,400 or < 900 m/s zone. 
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Plotted in Figure 4 are the Christchurch time-KDR,LF data 

pairs based on laboratory and field testing (denoted by 
triangles) compared with the relationship developed by 
Hayati and Andrus (2009). Opposite to the observation in 
Figure 2, all four Christchurch data pairs shown in Figure 4 
plot above the Hayati and Andrus (2009) relationship.  
 
 

 
Figure 4.  Time-KDR data pairs for Christchurch and Kaiapoi 
based on laboratory cyclic testing and/or field penetration 
testing compared with the relationship by Hayati and 
Andrus (2009). 
 
 

There are several possible explanations for why all 
Christchurch data points plot above the Hayati and Andrus 
(2009) relationship shown in Figure 4. Four possible 
explanations include: 1) Error in the laboratory-to-field 
correction of CRR. Values of Kσ and K0 must be assumed 
to adjust laboratory CRR to equivalent field values. If K0 of 
0.5 is assumed, the value of KDR,LF for Riccarton Road 
would decrease by about 10%, which explains some but 
not all of the difference. 2) Error in FC correction applied to 
the cone tip resistance. Studies (e.g., Maurer et al. 2015; 
Robertson 2015) have indicated that the FC corrections 
recommended by Youd et al. (2001) and Idriss and 
Boulanger (2008) yield low estimates of CRR, which in turn 
result in high estimates of KDR,LF. Values of KDR,LF given in 
Table 2 reduce an average amount of 14% if the FC 
correction of Idriss and Boulanger (2008) and the 
laboratory FC values are assumed; and 20% if the modified 
fines correction relationship proposed by Robertson (2015) 
is assumed. 3) Error in the CRR curve for 50% probability 
of liquefaction. The accuracy of the probability curve 
depends on the field case history data and the 
mathematical model applied to the data. 4) Error in the 
assumption that the aging clock is reset completely when 
FS < 1.0. If the aging clock is not reset completely, the ages 
listed in Table 2 could be as old as 4,000 years. 
 
 
4 KDR FROM FIELD TESTS 
 
A third approach to estimating KDR is by back-calculation 
through a comparison of the computed liquefaction 
potential index (LPI) (Iwasaki et al. 1982) with a LPI 
threshold based on observed ground behavior, herein 

denoted as KDR,F. Given in Table 3 are the LPI thresholds 

based on the calibration study of Maurer et al. (2015) and 
the liquefaction severity criteria for Christchurch developed 
by Green et al. (2014) using the Idriss and Boulanger 
(2008) liquefaction assessment procedure. The LPI 

thresholds separating cases of minor and moderate-severe 
surface manifestations of liquefaction is 6-8 for sandy soil 
sites and 8-15.5 for silty soil sites. 
 
 
Table 3. LPI thresholds based on Maurer et al. (2015). 
 

Liquefaction 
manifestation 

All  
sites 

Sites with 
Ic10 < 2.05a 

Sites with 
Ic10 ≥ 2.05a 

None < 6 < 6 < 15.5 

Minor 6-8 6 15.5 

Moderate-severe > 8 > 6 > 15.5 
aIc10 = average CPT soil behavior type index in the top 10 m. 

 
 

Maurer et al. (2014) applied this third approach to the 
results from cone testing at 8 CPT sites in Kaiapoi (see 
Figure 1) where moderate to severe manifestations of 
liquefaction occurred in September 2010; and minor to 
moderate manifestations occurred in February 2011. Using 
the Idriss and Boulanger (2008) assessment procedure 
and assuming an LPI threshold of 7.5 for the February 
2011 event, Maurer et al. (2014) obtained a median KDR,F 
value of 0.78. Considering that the CPTs were conducted 
in November 2010, a KDR,F of 0.78 would plot very close to 

the best-fit line in Figure 4 at an age of 0.47 years. 
To better understand the Kaiapoi case history, the 

back-calculation of KDR,F is repeated in this paper using the 
same 8 CPT profiles analyzed by Maurer et al. (2014) and 
the LPI thresholds separating minor and moderate-severe 
liquefaction surface manifestations given in Table 3. 
Presented in Table 4 is a summary of mean properties for 
the 8 CPTs. Because all 8 CPTs terminate in materials with 
high cone tip resistance, FS > 1 is assumed below the 
termination depth. Peak horizontal ground acceleration 
(PGA) at each site is estimated from the conditional median 
PGA contours developed by Bradley (2014). Because a 
zone of low Vp measurements below the groundwater table 
exists at a nearby site (VsVp-36464 located about 200 m 
from CPT-1273, CGD 2015), an unsaturation correction 
factor (KS) is applied to CRR in the calculation of KDR,F 

values listed in Table 4.  
Shown in Figure 5 are selected cone profiles for Kaiapoi 

CPT-1278. It can be seen in Figures 5(a), 5(b) and 5(c) that 
the soil transitions from silty sand (low qt; friction ratio, FR 
> 1 and Ic > 2.0) to clean sand (higher qt; FR < 1 and Ic < 
2.0) at a depth of 3.8 m. Values of qt continue to increase 
and likely represent the top of the denser Riccarton Gravel 
below the depth of 8 m. The unsaturation correction 
presented in Figure 5(e) is applied to all 8 CPT profiles. It 
is based on Vp measurements at the VsVp-36464 site and 
the relationship by Hossain et al. (2013). Profiles of CRR 
and the cyclic stress ratio (CSR), which represents the 

loading on the soil, based on the Idriss and Boulanger 
(2008) procedure are presented in Figure 5(f). A plot 
showing the cumulative contributions to LPI with depth is 

KDR = 0.13 log(t) + 0.82
r² = 0.62; n = 24
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shown in Figure 5(g). It can be seen in Figure 5(g) that LPI 
remains constant below the depth of 6 m, where FS is > 1.  

KDR,F is back-calculated by adjusting the correction 
applied to each profile until the assumed LPI threshold is 
obtained. Computed average values of KDR,F applying the 

unsaturation correction are 0.85 or 0.89, depending on the 
assumed LPI threshold. Without the unsaturation 
correction, average values of KDR,F are 0.88 and 0.93, 
respectively. The difference between KDR,F values with and 

without the unsaturation correction is small because layers 
below 3.3 m are contributing significantly to LPI. In both 
cases, KDR,F values computed in this study are slightly 
higher than the median value of 0.78 obtained by Maurer 
et al. (2014). This difference may be the result of different 
assumed PGAs. Nevertheless, as seen in Figure 4, the 
back-calculated KDR,F for Kaiapoi (denoted by a square) is 
in good agreement with the best-fit time-KDR relationship of 
Hayati and Andrus (2009).

 
 
Table 4. Summary of the eight CPT sites in Kaiapoi (CGD 2015). 
 

CGD 
CPT 
site 
number 

Date of 
liquefaction 
before CPT 

Date of 
CPT 

Date of 
liquefaction 
after CPT 

Agea  
(yrs) 

Depth to 
bottom of 
CPT (m) 

Depth 
to 
GWTa 
(m) 

Ic10
b FCb 

(%) 
qc1Ncs

b 
PGAb 
(g) 

KDR,F
b 

Assumed threshold 

LPI = 8 
LPI = 6 
or 15.5 

1268 9/2010 11/2010 2/2011 0.47 6.1 1.5 2.18 22 87 0.188 0.73 0.50c 

1270 9/2010 11/2010 2/2011 0.47 7.3 0.9 1.77 10 108 0.186 1.03 1.17d 

1272 9/2010 11/2010 2/2011 0.47 9.2 1.0 1.83 10 138 0.188 0.80 0.87d 

1273 9/2010 11/2010 2/2011 0.47 10.6 1.3 2.01 15 97 0.19 0.83 0.90d 

1275 9/2010 11/2010 2/2011 0.47 11.0 1.0 1.89 10 132 0.192 0.86 0.93d 

1278 9/2010 11/2010 2/2011 0.47 10.2 0.5 1.86 13 124 0.19 0.81 0.90d 

1291 9/2010 11/2010 2/2011 0.47 8.0 1.9 1.76 8 107 0.185 0.68 0.76d 

1292 9/2010 12/2010 2/2011 0.47 10.3 1.1 2.00 16 101 0.19 1.02 1.10d 

       Average   = 0.85 0.89 
aAge = age of deposit at the time of earthquake under consideration (i.e., time between liquefaction before CPT and after CPT). 
bGWT = groundwater table; Ic10 = average cone soil behavior type index in top 10 m; FC = fines content estimated from Ic-FC relationship 
of Robertson and Wride (1998); qc1Ncs = CPT tip resistance corrected for fines content and overburden pressure based on procedure of 
Idriss and Boulanger (2008); PGA = peak horizontal ground acceleration; and KDR,F  = deposit resistance correction factor based on field 
tests. 
cKDR,F based on LPI threshold = 15.5. 
dKDR,F based on LPI threshold = 6. 
 
 

 
Figure 5.  CPT profile from testing at CPT-1278 in Kaiapoi. 
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5 MEASURED TO ESTIMATED VELOCITY RATIO 
 
The ratio of measured small-strain shear wave velocity (VS) 
to estimated VS based on penetration resistance (MEVR) 
is a promising proxy variable for the influence of aging 
processes on soils (Hayati and Andrus 2008; Andrus et al. 
2009; Hayati and Andrus 2009). Listed in Table 5 are 
measured and estimated VS adjusted to a clean sand 
equivalent and a reference overburden pressure of 100 
kPa (VS1cs) for Kilmore Street, Gainsborough Reserve and 
Riccarton Road. Values of MEVR given in Table 5 agree 
with the study of Christchurch by McGann et al. (2015), and 
are similar to ratios computed for recently liquefied 
deposits in other areas of the world.    

Presented in Figure 6 are the four Christchurch MEVR-
KDR data pairs compared with the relationship by Hayati 
and Andrus (2009). Two of the four cases plot close to the 
relationship, and the other two plot within the scatter of the 
data compiled by Hayati and Andrus (2009). Thus, the four 
cases and the previously published relationship compare 
well. The KDR values of 0.91 and 1.07 for Kilmore Street 
support the young ages assumed in Tables 1 and 2 and in 
Figures 2 and 4. 
 
 
Table 5. MEVR-KDR data pairs for Christchurch cases. 

 

Area 
Measured 
Vs1cs

a
 

qc1Ncs
b
 

Estimated 
Vs1cs

c MEVR  KDR,LF
d 

Kilmore Street 155 74 169 0.92 0.91 

Kilmore Street 169 86 175 0.97 1.07 

Gainsborough 
Reserve 

152 70 167 0.91 1.19 

Riccarton Road 157 73 169 0.93 1.37 
aDownhole testing at Kilmore Street near sample borehole (Taylor 
2015); crosshole testing at Gainsborough Reserve (VsVp-38176) 
and Riccarton Road (VsVp-38170) (CGD 2015). 
bClean sand correction based on procedure of Youd et al. (2001). 
cEstimated Vs1cs = 62.6(qc1Ncs)

0.231 (Andrus et al. 2004). 
dKDR,LF  = deposit resistance correction factor based on laboratory 
and field tests. 

 
 

 
Figure 6.  MEVR-KDR data pairs for Christchurch compared 
with the relationship by Hayati and Andrus (2009). 

6 SUMMARY AND CONCLUSIONS 
 
The influence of age on liquefaction resistance of Holocene 
soils in the Christchurch area was assessed using four 
approaches. Three approaches involved comparisons with 
time and KDR based on: 1) CRR values from laboratory 
testing of intact and remolded specimens; 2) CRR values 
from laboratory testing of intact specimens and a CPT-
based chart; and 3) computed LPI to match a threshold. 
The fourth approach involved a comparison of MEVR and 
KDR from laboratory testing of intact specimens and a CPT-
based chart. All four approaches provided results 
consistent with the correction factors proposed by Hayati 
and Andrus (2009). The results indicate behavior similar to 
deposits that are less than a few years old, which may be 
explained by disturbance caused during recent liquefaction 
prior to the field sampling and testing. 
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