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ABSTRACT: In the weeks immediately following the 4 September 2010 Darfield Earthquake, some 
80 Swedish Sounding (SWS) tests were carried out in Christchurch and the nearby township of 
Kaiapoi that were affected by extensive liquefaction related ground damage. SWS is a simple manually 
operated penetration test under a dead-load of 100 kg in which the number of half-rotations required 
for a 25 cm penetration of a rod (screw point) is recorded. One of the advantages of the SWS test 
which was heavily utilised in this investigation is the ability to perform the test within a confined 
space in backyards of residential properties. Other advantages include the fact that SWS has been 
successfully utilised in liquefaction studies and that SWS penetration resistance NSW can be expressed 
in terms of conventional SPT blow count using established N-NSW empirical correlation.  Even though 
manually operated, the test setup used in the reconnaissance could probe soils up to 9 m depth. This 
paper presents an initial appraisal of the results of this data in terms of liquefaction triggering 
evaluation using semi-empirical methods.  The evaluation methods have been applied to and 
scrutinised in areas including very severe, moderate-to-low or no liquefaction manifestation during the 
Darfield earthquake. 

1 INTRODUCTION 

1.1 Motivation for testing 

The 4 September 2010 Darfield Earthquake presented a need to rapidly collect geotechnical data 
across large areas of eastern Christchurch and the nearby Kaiapoi township, with many of these sites 
having limited access - such as the backyards of residential properties, adjacent wetlands and 
floodplain areas.  Although an appraisal of the geology of Christchurch (Brown & Weeber, 1992) and 
Kaiapoi (Brown, 1973) provides a good overview as to the areas most likely to be susceptible to 
liquefaction, geotechnical data obtained from site-specific testing provides further information that 
allows the user to identify in situ conditions for evaluation using published empirical liquefaction 
criteria, and to quantify the thickness of liquefiable strata, which may be correlated to observed or 
expected ground damage at the surface. 

Testing of sites with restricted access in New Zealand has traditionally been carried out by means of 
the Scala Penetrometer test (Scala, 1956), a form of Dynamic Cone Penetration Test (DCPT) specific 
to Australasia in terms of test dimensions (weight of hammer used, drop height, cone tip dimensions).    
The key advantages of this test are that it is highly portable and low cost (“HP-LC”), and as such the 
test is widely used for assessing the bearing capacity of housing foundations, and pavement subgrade 
testing.  It is commonly used to provide approximate indications of allowable bearing pressures 
(Stockwell, 1977) or California Bearing Ratio (CBR) (AUSTROADS, 2004). Tests are typically 
performed to shallow depths of 1-2m, but may be carried out up to 5m at most in conjunction with 
hand auguring to achieve the greater depths whilst reducing the adverse affects of side friction on the 
rods (particularly rod connections) which can significantly increase the recorded resistance even if the 
density of the deposit is relatively low and uniform.  

For liquefaction hazard assessment however, the common empirical procedures for evaluation using 
site investigation data, e.g. Seed and Idriss (1971) and more recent modifications of that approach such 
as Youd et al. (2001), require the use of Standard Penetration Test (SPT) number of blows/ 300mm or 
‘N value’, or indeed Cone Penetration Test (CPT) resistance qc. Whilst some attempts have been made 
to estimate a suitable correlation of DCPT to the SPT N value, these have typically been conducted via 
existing correlations between bearing pressure or CBR with both DCPT and SPT N rather than 
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rigorous testing in a controlled setting (e.g. laboratory calibration chamber).  Such correlations are 
therefore likely to be highly approximate, of low reliability and not appropriate for liquefaction 
assessment. 

1.2 The SWS test 

An alternative test, fulfilling essentially the same quality as a HP-LC penetration test is the Swedish 
Weight Sounding test (SWS) - ‘sounding’ here is synonymous with ‘penetration with depth’. The 
SWS is a simple manually operated penetration test under a dead-load of 100 kg (981 N) in which the 
number of half-rotations required for a 25 cm penetration of a rod (screw point) is recorded (JIS, 
1995). 

The SWS in its original form was developed in 1915 and standardised shortly thereafter by the 
Swedish Railway Association. It has been used ever since in predominantly Nordic countries both 
manually and as operated by hydraulic machinery with the number of half turns and resistances 
measured by electronic sensors (Smoltczyk & Bauduin, 2002), and is mentioned in EN 1997-1, 
3.3.10.3 (CEN, 2004).  It has also been adopted by the Japanese as a standard test required for small 
scale housing development investigations. Consequently extensive field experience has been obtained 
using this technique (Ishihara, 1993).   

The penetrometer in its original form consists of a screw shaped point (diameter: 25 mm), a set of 
weights (1x 5 kg, 2x 10 kg, and 3 x 25 kg; total 100 kg), a number of rods (dia. 22 mm), and a handle.  
The Japanese standardised configuration includes a modified screw point (dia. 33 mm at its widest 
girth), and rods of 19 mm, retaining the 100 kg dead load (Figure 1).  

 
Figure 1: Swedish Weight Sounding Test Equipment – Japanese standardised configuration, after JIS (1995). 

1.3 Correlations to SPT and CPT 

Empirical correlations for both sandy and clayey soils have been developed for the Japanese test 
configuration to the SPT N value with relatively impressive degree of accuracy (Inada, 1960). The 
latter N value is the Japanese implementation of the SPT test, which has a reported energy efficiency 
rate at 65% or 78% depending on the method used (the US and NZ efficiency has been reported as 
being of the order of 60%).  In the analyses presented herein a value of 72% has been assumed for the 
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purposes of calculation.   

A more recent attempt at correlation was performed between the Japanese implementation of the SWS, 
and the SPT N value (Tsukamoto, Ishihara, & Sawada, 2004).  The correlation between NSW and 
relative density Dr (%) was established for four soils with varying particle size distributions and fines 
contents.  Existing correlations between SPT N1 and Dr as a function of particle size characteristics 
have been previously established by Cubrinovski & Ishihara (1999) as a function of D50 or more 
rigorously emax-emin - the range of possible void ratios over which the soil may exist for any given 
confining stress.  A similar correlation was established by Tsukamoto et al. (2004) for NSW and Dr 
using emax-emin.  By combining the two relations, a new correlation between NSW and SPT N could be 
established that considered the particular particle size characteristics of the soil.   

Recently a direct correlation between CPT qc and SWS NSW has shown an impressive degree of 
agreement in cohesionless Christchurch soils at 60 sites where both SWS and CPT have been 
conducted (M. Cubrinovski, pers. comm. Jan 2011).  Such correlations provide a large confidence to 
the use of the SWS test for this type of investigation, and present a much superior alternative to the 
Scala penetrometer (DCPT).  

1.4 Use of SWS data for liquefaction hazard assessment 

The correlation of SWS NSW to SPT N value (and indeed CPT qc), enables the data to be used for 
conventional evaluation of liquefaction hazard using published empirical and theoretical energy based 
methods.  The empirical methods adopted most commonly for evaluating liquefaction susceptibility 
are those established by the NCEER working group (Youd, et al., 2001).  Here a factor of safety 
against liquefaction occurrence (triggering) is established for the soil under a certain specified 
earthquake load.  A subsequent evaluation for the anticipated effects of liquefaction is then made; be it 
settlement or lateral ground deformations as required by the engineer. This paper focuses on the 
appraisal of liquefaction triggering at various sites in Christchurch due to the 2010 Darfield 
earthquake. 

 

         
Figure 2: (A): Locations of post earthquake SWS testing across the Christchurch region, and (B): Kaiapoi (red: Sept.- 
Oct 2010, blue: Summer 2010/2011). Google Inc. (2010) 

2 FIELD TESTING IN CHRISTCHURCH  

Following the initial earthquake reconnaissance conducted by researchers from New Zealand, the US, 
and Japan, the University of Canterbury organised a follow up geotechnical data capture exercise 
including SWS testing, mapping of lateral spreading and liquefaction, and inspection of residential 
houses/ properties associated with land damage.  A total of 80 SWS tests were conducted over the 
course of September and early October 2010 predominantly in those areas most affected by observed 
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liquefaction phenomena such as Kaiapoi (north and south of the Kaiapoi River), and the eastern 
Christchurch suburbs of Avonside, Dallington and Bexley. Subsequent testing over the summer 
(2010/2011) extended the database of testing across further areas of Christchurch and Kaiapoi (Figures 
2 and 3). The SWS test allows penetration data collection up to 9m below ground surface provided 
refusal is not met.  Some sites with compacted fill at the surface required manual excavation of the top 
soil in order to test below the fill in the underlying soft natural or non-engineered fill deposits. 

        
Figure 3: SWS test locations (A) Avonside & Dallington and (B) Bexley (red: Sept-Oct 2010, blue: Summer 2010/2011) 
Google Inc. (2010). 

3 ANALYSIS OF LIQUEFACTION POTENTIAL 

3.1 Estimating cyclic demand 

In the simplified assessment procedure of Seed & Idriss, the cyclic stress is normalised by effective 
overburden pressure and expressed as a ratio (CSR), using the following relation: 

 
Where peak ground acceleration multiplied by the total vertical stress (PGA * σv) estimates the peak 
shear stress imposed on the soil by the earthquake; which is modified to account for the average cyclic 
stress and number of significant cycles throughout the entire ground motion using factors 0.65 and the 
magnitude scaling factor MSF (Magnitude, Mw, is a proxy for the duration and hence number of cycles 
of earthquake shaking; the factor is applied as the method is normalised to a theoretical Mw 7.5 event 
corresponding to an assumed 15 significant cycles). The factor rd is a stress reduction coefficient to 
account for the flexibility (deformability) of the soil deposit and the variation between ground motions 
recorded at the surface and at depths within the soil profile.  A large degree of variability in the ground 
motion across Christchurch during the Sept. 4 Mw 7.1 earthquake was observed due in large part to 
local site effects; topography and basin edge; and non-linearity of the soft post-glacial deposits in 
Christchurch and Kaiapoi (Cubrinovski et al., 2010). Typical values were observed to range from 0.15 
- 0.35g. The results of the analyses presented in this paper are in terms of preliminary PGA values 
used for liquefaction triggering evaluation. 

3.2 Estimating cyclic resistance 

In addition to a recording of penetration resistance, a knowledge of the soil composition is critically 
important for liquefaction assessment.  It is well known that the fines content of the soil has a 
significant impact on both its susceptibility to liquefaction and affects the correlation between field 
measurement of SPT N and relative density (Cubrinovski & Ishihara, 1999; Youd, et al., 2001). Soil 
plasticity is also known to significantly reduce liquefaction potential. 

(A) (B) 
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The site profiles presented in this paper include sites that were observed to liquefy with significant 
ground deformations during the Sept. 4 2010 Darfield Earthquake.  Some profile data from 
Christchurch suburbs Avonside and Bexley and the satellite township of Kaiapoi were considered 
from available GI data, with some details presented in Table 1.  However, as typically only sand ejecta 
deposits at the ground surface were tested for grain size attributes (M. Yusa, pers. comm., Oct 2010), 
the fines content presented may not be representative of the liquefied soil strata – and indeed not for 
the entire soil column.  For this reason a variety of possible fines contents are considered at each site 
location in the analyses presented, and the value in the table provides a possible guide only.  A more 
thorough characterisation of the site specific soil profile is desirable in combination with the SWS test 
than presented in this paper (work in this regard is ongoing). 

Table 1: Details of sites presented in this paper 

Location FC 
(%) 

D50 Est. WL  
 (m BGL) 

Soil profile information obtained 
from nearby GI information where 
available. 

A Avonside 16 0.128 1 Loose fine to coarse silty sand to ~ 
5m, over gravels. 

B Bexley 9 0.164 1 Variable upper 1m (fill), loose silty sand 
to 9m+. 

C S. Kaiapoi 14 0.135 1.5 Variable upper 1m (fill), up to 6m of 
loose silty sand (non plastic), over 
gravels. 

D N. Kaiapoi (adj. to river) 39 0.087 0.5 
Variable upper 2m, approx 4-6m loose 
fine to med. sand, 2m med.-dense sand, 
over gravels.1 

E N. Kaiapoi (280m from river) 15 0.142 2 

F N. Kaiapoi (420m from river) ? ? 2.5? 

1. Sources: (Beca Ltd., 2000; Berrill, Mulqueen, & Ooi, 1994) 

The plots in Figures 4 and 5 provide a number of comparisons, both within each location and between 
locations. Firstly the initial two plots provide comparison between the two empirical correlations 
between Swedish weight sounding, NSW and SPT N parameters.  The recent method of Tsukamoto et 
al. (2004) provides uniformly higher estimates of SPT N value on account of the fines content and 
approximate relation this has to the compressibility of the material represented by the range emax-emin. 
Secondly a plot of threshold acceleration (to trigger liquefaction) with depth is provided with 
comparison of the effect of fines content according to the method of Youd et al. (2001). 

4 RESULTS & CONCLUSIONS 

By considering the plots (Figures 4 and 5) we may observe that all sites presented appear to be 
susceptible to some degree of liquefaction under the ground motions provided by the Sept. 4 event.  
Apart from the sites located > 250 m north of Kaiapoi River which either exhibited limited/sparse sand 
boils at the ground surface or no sand boils at all (at 420 m from river), all other sites exhibited 
extensive liquefaction with thicknesses of sand ejecta exceeding 0.2 m.  From the profiles obtained 
from SWS testing, and the interpretations based on published empirical procedures, an indication of 
the thickness of liquefiable materials have been estimated and tabulated in Table 2 alongside 
qualitative descriptions of observed liquefaction at the site. 

The SWS test is demonstrated in this paper to facilitate useful quantitative and qualitative comparisons 
of liquefaction susceptibility between sites with varying soil strata, and provides ready comparison to 
established testing methods (SPT, CPT).  The SWS test is seen as an HP-LC test for sites with limited 
access requirements such as residential properties.  A further 140 SWS tests have been carried out in 
the summer research programme. What are presented in this paper are preliminary findings and should 
be treated with utmost care. More detailed studies/ analysis and results will be presented in the near 
future. 
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Figure 4: Typical profiles (A) Avonside, (B) Bexley, and (C) Kaiapoi South - 1m compacted fill on reclaimed river bed. 
NB: Estimate of fines content in red, and water table as noted (W.T.). 
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Figure 5: Typical profiles Kaiapoi North D) within 50m of river, (E) Approx. 280m from river. (F) Approx. 420m 
from river. NB: Estimate of fines content in red, and water table as noted (W.T.). 
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Table 2: Interpreted thickness of liquefiable material 

Site location Potential thickness of liquefiable 
material  

Observed liquefaction at 
site 

Avonside ~4 – 6 m Extensive 

Bexley ~6 – 8 m Extensive 

North Kaiapoi (adj. to river) ~6 – 7 m Extensive 

North Kaiapoi (280m from river) ~2 – 4 m Moderate/low 

North Kaiapoi (420m from river) ~2 – 4 m Low/none 

South Kaiapoi ~4 – 6 m Moderate to Extensive 
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