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ABSTRACT:  The development of offshore wind parks in Japan is rapidly growing, necessitating more robust and stand-
ardized approaches for foundation design. A crucial aspect of foundation design is the assessment of liquefaction potential 
and site response analysis. This assessment can be conducted using both Standard Penetration Test (SPT) and Cone Pene-
tration Test (CPT) correlations. Building guidelines permit the use of both methods for liquefaction assessment, though SPT 
based methods have been more commonly used historically in Japan for onshore structures. Considering offshore wind, 
conducting SPT tests offshore is complex, costly, and presents significant challenges. A common approach is to convert 
CPT results to SPT values using available correlations, such as those proposed by Suzuki et al. (2003). Nevertheless, uncer-
tainties arise with this approach when soil conditions differ from those in the database used to develop these correlations. 
This paper addresses these challenges by evaluating the available SPT-CPT correlations using real data collected offshore 
in APAC, which comprises clays, silts, sands and gravel. The performance of different methods for liquefaction assessment 
will be compared and discussed. 
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1 BACKGROUND 

Standard Penetration Test (SPT) has been the main in-
situ site investigation tool in Japan ever since the 
1950’s, following the standard, JIS A 1219 (2023) 
firstly established in 1961 and recently revised in 
2023. Outside of Japan, the geotechnical community 
has embraced the use of Cone Penetration Test (CPT) 
as it can obtain continuous data with depth and is rela-
tively faster, safer, and easier to operate. The CPT is 
the in-situ test apparatus of choice for offshore site in-
vestigations whilst the SPT is rare for offshore site in-
vestigations. SPT are now being employed offshore 
Japan. However, SPT offshore needs to be performed 
with care to ensure safety of the crew and is more time 
consuming. It is therefore of interest to understand the 
performance of CPT to represent SPT through existing 
correlations and the differences between the SPT and 
CPT performance for liquefaction assessment. 

The standard range of SPT assemblies recom-
mended in JIS A 1219 (JIS, 2023) and ISO 22476-3 
(ISO, 2005) are similar. The SPT procedure from seat-
ing, final penetration, refusal criterion and extrapola-
tion of SPT N for refusal are the same. From herein, 
the SPT N and extrapolated N will be referred to as 
measured N (Nmeas). The major difference between ISO 

(2005) and Japan industry practice is the correction ap-
plied to Nmeas for deriving geotechnical parameters. 
ISO (2005) recommends Nmeas to be corrected for bore-
hole diameter, drill rod length, sampling method and 
hammer energy. The Japan industry uses Nmeas without 
applying any correction factors. JIS (2023) mentions it 
is difficult to implement energy loss correction to Nmeas 
at this stage considering the long history of current 
practices. It is however worth noting that JGS (2013) 
summarises previous research on influential factors on 
SPT N such as energy efficiency and their correction 
methodologies as well as several Japanese guidelines 
on liquefaction assessment.  

For liquefaction assessments in Japan, guidelines 
provided by the Architectural Institute of Japan (AIJ, 
2019) is commonly adopted and provides guidance for 
using SPT and CPT. AIJ (2019) recommends correc-
tion of SPT N for depth and fines content but not for 
energy efficiency as opposed to international practice 
typically based on recommendations by the Youd & 
Idriss (1997). For soils with high fines content, Nmeas is 
considered lower in reliability by the AIJ (2019) which 
further recommends the use of CPT or laboratory test-
ing-based methods over SPT methods. For gravelly 
soils with very high Nmeas values, the AIJ (2019) rec-
ommends reducing Nmeas and provides a method based 
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on median particle size diameter (D50). However, it is 
stated that the particle size correction method has low 
accuracy and recommends further studies or labora-
tory testing.  

This paper presents observations from an initial 
study of an offshore site with discussions on the ap-
plicability of using the CPT to SPT correlation by Su-
zuki et al (2003), the impact of SPT energy efficiency 
correction, and the results of liquefaction analyses 
comparison between CPT methods and SPT methods 
recommended in AIJ (2019). 

2 SITE DATA 

For this study, six pairs of SPT and CPT at six offshore 
locations have been used. Distance between the SPT 
and CPT pairs were within 5m. Observations indicate 
the soils are likely siliceous. The soil types encoun-
tered include sands, silts, clays, gravels, and transi-
tional soil mixtures. Soil type evaluation has been 
based on SPT sample descriptions and CPT soil behav-
iour type index excluding laboratory test data as these 
were not yet available at the time of writing this paper.  

2.1 CPT Soil behaviour type 

Soil behaviour type has been estimated using equa-
tions 1 to 3 in accordance with Suzuki et al. (2003). 
These are based on the soil behaviour type charts from 
Robertson (1990) and the soil behaviour type index (Ic) 
from Robertson & Wride (1998).  
 𝐼𝑐 =  [(3.47 − 𝑙𝑜𝑔𝑄𝑡)2 + (1.22 + 𝑙𝑜𝑔𝐹𝑟)2]0.5 (1) 𝑄𝑡 = (𝑞𝑡 − 𝜎𝑣0)/𝜎𝑣0′     (2) 𝐹𝑟 = 𝑓𝑠/(𝑞𝑡 − 𝜎𝑣0) × 100   (3) 
 
where Qt is the normalised cone resistance, Fr (%) is 
the normalised friction ratio, qt (kPa) corrected cone 
resistance,  σv0 (kPa) is the total vertical stress, σ'v0 
(kPa) is the effective vertical stress and fs (kPa) is the 
CPT shaft friction. Robertson & Wride  (1998) 
recommend equation 1 to fit the Robertson (1990) soil 
behaviour type chart noting the fit is not perfect for 
portions of the zones with increase in age and is not 
applicable for zones 1, 8 and 9. This does not affect the 
soils at this site that lie within the normally 
consolidated soils zones as shown in Figure 1.  

2.2 Data pairing 

SPTs were performed at 1 m intervals at each location 
with standard target penetration of 300 mm. The SPT 
Nmeas therefore represents up to 300 mm of soil. CPT 
data were recorded at 20 mm intervals. After convert-
ing CPT data to SPT N, herein referred to as Ncone, the 

Ncone values over the same SPT penetration interval 
were averaged to produce a pair with Nmeas. Not all 
Nmeas had corresponding Ncone value due to lack of fs 
data at CPT restroke depths and no data at CPT refus-
als. 

The offshore site is complex with a range of soil 
types as indicated in Figure 1. Care is needed when 
pairing data between adjacent in situ tests as it is found 
that the same soil is not necessarily found exactly at 
the same depth. Data pairs were removed where the 
SPT sample description did not match the CPT soil 
behaviour considering Ic, qt, fs and pore pressure (u2). 
A total of 78 data pairs were removed out of 285, 
leaving 207 data pairs for use in this study.   
 

 
Figure 1. Soil behaviour type of site data presented on Rob-

ertson (1990) chart indicating young deposits. 

3 CPT TO SPT CORRELATION 

The purpose of investigating the CPT to SPT 
correlation is to evaluate whether the CPT can be used 
to represent SPT in liquefaction analyses. Suzuki et al. 
(2003) CPT to SPT conversion was used for this site, 
as described in the guidelines by CDIT (2022). The 
conversion is presented in equation 4. 
 𝑁𝑐𝑜𝑛𝑒 = 0.341𝐼𝑐1.94(𝑞𝑡 − 0.2)(1.34−0.0927𝐼𝑐) (4) 
 
The fit of Nmeas to Ncone as a linear regression with its 
corresponding correlation coefficient (R2) presented in 
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Figure 2. The upper and lower bound lines from the 
CDIT (2022) guidelines are also presented. It is 
observed that the method proposed by Suzuki et al. 
(2003) tends to underestimate the N value and that the 
data assessed in this study is more scattered than the 
dataset analysed by Suzuki et al. (2003). Some 
possible reasons for these observations are listed 
below: 
a) The data reported in Suzuki et al. (2003) are from 

a different site with SPT N less than 50 while in 
this project, 65% of the SPT measurements 
refused i.e. this site exhibit stiffer and more 
gravelly soils than the sites assessed by Suzuki et 
al. (2003). 

b) For SPT refusal, it is standard practice to 
extrapolate N values based on the achieved 
penetration at N=50 as recommended in ISO 
(2005) and JIS (2023). The resulting N values 
extrapolated for this project suggest that some soil 
layers are very hard. In most cases, the CPT 
refused in the same layer and therefore Ncone is not 
available. 

c) As discussed in Section 1, it is not common 
pracice to correct the Nmeas value in Japanese 
industry practice but the AIJ (2019) recommends 
further studies to reduce Nmeas for gravelly soils 
with respect to liquefaction assessment. In the 
offshore case, it is considered relevant to correct 
Nmeas for energy loss as the rod lengths are 
considerably long. Correcting for energy loss 
would likely to reduce the N value resulting in a 
closer match between Ncone and Nmeas. 
 

To understand points a) and b) above, the fit of 
Nmeas with Ncone are split into N<50 and N≥50 plotted 
in Figure 2. For N<50 the fit is improved, possibly 
owing to the difference in the soil. Separating the data 
between soil type based on classification tests such as 
particle size distribution and CPT soil behaviour type 
is considered for a companion paper after laboratory 
testing is completed. For N≥50, Ncone is mostly above 
the 1:1 line indicating that the Suzuki et al (2003) 
method will understimate N. This can be due to both 
point b) and c). As classification test results are not yet 
available, only the SPT energy efficiency was 
investigated and is discussed in Section 4. 

4 SPT N ENERGY EFFICIENCY 

The loss of impact/hammer energy occurs during the 
process of transmitting the hammer's energy through 
the anvil and rods to the sampler tip. The ratio of the 
potential energy of the hammer (Ehammer) to the energy 
transferred to the anvil is often called the energy 

transfer ratio (ETR). The ETR is known to affect Nmeas 
e.g. in the case of SPT with a low ETR, the energy 
transmitted in a single blow is low, resulting in larger 
number of blows and vice versa. 

 

 
Figure 2. Goodness of fit for calculated Ncone versus Nmeas 

for all site data (top), for Nmeas <50 and Nmeas ≥50 (bottom). 
 
Traditionally, research on SPT energy efficiency 

have focused on measurements below the anvil (e.g. 
Morgano & Liang, 1992). The instrumentation is 
relatively easy to adopt on site. More recent studies 
have adopted the use of instrumentation under the 
anvil and right above the sampler to measure the 
energy loss through the SPT rod (e.g. Odebrecht et al., 
2005). Odebrecht et al. (2005) identified that the 
transfer of energy to the SPT sampler needs to take 
into account the impact force transferred from the 
hammer to the rod, the energy loss from the rod to the 
sampler, and the additional potential energy from the 
displacement of the mass of the entire SPT assembly 
(hammer, anvil and rod) after impact. From chamber 
and field tests with rod lengths up to 35.8 m and Nmeas 
below 30, Odebrecht et al. (2005) developed equation 
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5 as a method for calculating the total energy at the 
sampler (Esamp). 

 𝐸𝑠𝑎𝑚𝑝 = 𝜂3[𝜂1(0.76 + ∆𝑝)𝑀ℎ𝑔 + ∆𝑝𝑀𝑟𝑔]  (5) 𝜂3 = 1 − 0.0042𝑙    (6) 
 
where η1 is the energy transfer ratio between hammer 
and anvil, η3 is the energy efficiency ratio through the 
rods, l (m) is the rod length, Δp (m) is the penetration 
displacement per blow estimated as average of each 
Nmeas value, g (m/s2) is the gravitational acceleration, 
Mh (kg) is the mass of the hammer, Mr (kg) is the mass 
of the rods plus anvil. 

The first component in equation 5 is the potential 
energy of the hammer considering energy loss from 
impact, a standard drop height of 0.76 m, and an 
additional drop height due to penetration of the 
sampler per blow (Δp). The second component is the 
potential energy of the rod assembly moving down 
with each blow. The total potential energy is then 
multiplied by the energy efficiency ratio due to rod 
length (η3). The η3 formula presented in equation 6 is 
similar to those referenced in JGS (1998). Uto et al. 
(1981), as cited in JGS (1998), measured the loss of 
wave energy on horizontally suspended rods of up to 
120m and recommended equation 7 for rod lengths of 
more than 20m. Yoshinaka (1967) as cited in JGS 
(1998), recommend η3 as presented in equation 8. 

 𝜂3 = 1.06 − 0.003𝑙 for l > 20 m  (7) 𝜂3 = 1 − 0.005𝑙    (8) 
 

Based on the work by Odecrecht et al. (2005), the 
Nmeas was corrected for energy loss as the corrected N 
value (Ncorr) using the ISO (2005) energy correction 
formulation presented in equation 9. The assumption 
that energy efficiency is directly proportional to 
correcting N has been common practice. This 
correction is mentioned in JGS (2013) along with 
another method to correct N by the square root of 
energy efficiency ratio. However, energy correction is 
not required in the JIS (2023). For this study, the ISO 
(2005) energy correction method is adopted to 
estimate Ncorr. 
 𝑁𝑐𝑜𝑟𝑟 = 𝑁𝑚𝑒𝑎𝑠 ∙ (𝐸𝑠𝑎𝑚𝑝 𝐸ℎ𝑎𝑚𝑚𝑒𝑟⁄ )   (9) 

 
The goodness of fit between Ncone and Ncorr is presented 
in Figure 3. The correction is less significant for N<50 
soils and very significant for N>50 soils due to the rod 
length correction. In general, the correction transforms 
the data to better agree with the upper and lower 
bounds of Suzuki et al. (2003). The effects of the 

correction on the liquefaction assessment is discussed 
Section 5.  
 

 
Figure 3. Goodness of fit for calculated Ncone versus Ncorr. 

5 LIQUEFACTION ASSESSMENT 

The liquefaction assessment was performed in accord-
ance AIJ (2019). At this early stage, the simple method 
to calculate factor of safety against liquefaction (FL) 
using SPT and CPT was investigated since laboratory 
tests to correct for fines content and the Site Response 
Analysis (SRA) to determine cyclic stress are not yet 
available. The AIJ (2019) simple method is applicable 
for soil layers with fines content (Fc) equal to 35 % or 
less and down to a depth of 20 m from the ground sur-
face. It is recommended to perform SRA for depths be-
low 20 m as the accuracy of the simple method de-
creases for deeper depths. The AIJ (2001) simplified 
method is outlined below. 

 
1. Calculate equivalent Cyclic Stress Ratio (CSR) 

using equation 10. 
 𝐶𝑆𝑅 = 0.1(𝑀 − 1) 𝑎𝑚𝑎𝑥𝑔 𝜎𝑣𝜎𝑣′ (1 − 0.015𝑧) (10) 

where M is the reference earthquake magnitude of 7.5, 
amax (m/s2) is the maximum acceleration at the ground 
surface recommended as 3.5 m/s2 for Level 2 earth-
quake, and z (m) is depth below seabed. For this study, 
σv and σ‘v are set as σv0 and σ‘v0 (kPa) respectively.  
 
2. Calculate Cyclic Resistance Ratio (CRR) 

 
a. For the SPT method: Calculate corrected N (Na) 

for overburden stress and Fc using equation 11, 
then use figure 3.2.1 in AIJ (2019) following the 
5% shear strain curve to select CRR. 
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𝑁𝑎 = √100𝜎𝑣′ 𝑁𝑚𝑒𝑎𝑠 + ∆𝑁𝑓   (11) 

where ΔNf is the correction for fines content from 
figure 3.2.2 in AIJ (2019). 

 
b. For the CPT method: Calculate corrected cone 

penetration resistance (qta) for overburden stress 
and Fc using equation 12, then use figure 3.2.4 in 
AIJ (2019) to determine CRR. 

 𝑞𝑡𝑎 = √100𝜎𝑣′  𝑞𝑡𝐹(𝐼𝑐)    (12) 

where F(Ic) is the fines content correction based on 
Ic from figure 3.2.5 in AIJ (2019). 

 
3. Calculate factor of safety against liquefaction (FL), 

that is the ratio of CRR/CSR and is an indication of 
the liquefiable potential of the soil. Low FL indi-
cate higher liquefiable potential. FL greater than 
unity indicate not liquefiable. 

 
The general procedure of the AIJ (2019) is the same as 
Youd & Idriss (1997) with the main difference being 
the fines content corrections and CSR calculation. As 
laboratory tests are ongoing, fines content for the SPT 
method were estimated using Ic correlations from the 
recommendations developed by Baez et al. (2000). 

5.1 Comparison of CPT vs SPT method 

Liquefaction analyses were performed for the 6 
borehole locations. The FL results to a depth of 30 m is 
presented in Figure 4. The FL results for the CPT 
method is labelled CPT. The FL results for the SPT 
method is labelled based on the N values used in the 
analysis i.e. Nmeas, Ncorr, and Ncone. FL results from pre-
liminary cyclic triaxial liquefaction tests, JGS (2016), 
are also presented in Figure 4 for comparison. 

The liquefaction prediction results are generally in 
good agreement for categorising whether a soil layer 
is liquefiable or not in the top 20m of soil. Ncone is typ-
ically most conservative. Baez et al. (2000) performed 
a similar study, using the SPT liquefaction method 
proposed by Youd and Idriss (1997), and found that 
using CPT derived N values gave reasonable agree-
ment with SPT method and was typically more con-
servative for CRR < 0.23. The CRR for this site, 
though not presented, is typically lower than 0.23 in 
the top 20 m. 

Inconsistency between predictions was observed at 
borehole 4 in the top 10m where SPT method using 
Ncone did not compare well with the others. This may 
be because the Suzuki et al. (2003) correlation does not 
cover dense shallow sand with qt greater than 20 MPa. 
Inconsistency is also observed at borehole 5 from 5 to 

15 m where the CPT method indicate no liquefaction 
while the others do. This is due to a gravelly layer with 
qta greater than 22 MPa and therefore considered not 
liquefiable. In this instance, no correction for gravel is 
mentioned in the AIJ (2019) for CPT method. Below 
20 m the results are generally more scattered likely due 
to the inaccuracy of the simplified method for deeper 
depths and gravelly soils, as mentioned in AIJ (2019). 

The calculated liquefaction potential does not al-
ways compare well with the laboratory test results and 
it is inconclusive which method is more accurate. This 
comparison will be assessed in greater detail once 
more test results are available. 

6 CONCLUSIONS 

This study has shown that using the AIJ (2019) 
simplified liquefaction analyses based on CPT and 
SPT are comparable in assignment of soil liquefaction, 
except in gravelly soils due to the limited guidance 
available. Using CPT to SPT N correlation gives the 
most conservative result followed by Ncorr that 
considers energy correction of Nmeas. The accuracy of 
the current analysis is noted to be limited as particle 
size distribution tests are not yet available to correct 
the CRR. At this stage, it cannot be concluded which 
method is the most accurate when compared to the 
preliminary cyclic triaxial test results.  

To complete this study, a follow up paper will 
assess the performance of the CPT and SPT methods 
compared with triaxial liquefaction tests, use better 
estimation of CSR from site response analyses, and 
consider different soil types at the site. 
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Figure 4. Factor of safety against liquefaction FL at 6 off-

shore locations (capped at 1.5 for plotting purposes). 

Shaded grey depths have estimated Fc ≥ 35%. 
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