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1 INTRODUCTION 

The importance of characterization of the initial (or 
small-strain) shear modulus ( 𝐺𝐺0 ) is recognized 
because of its applications in nonlinear seismic 
ground response analysis, such as site response 
analysis and soil-structure interaction (SSI) analysis.  
Required inputs for seismic ground response 
analysis include initial soil stiffness information for 
each soil layer of the site in question.  Initial soil 
stiffness is usually represented by 𝐺𝐺0.  The direct 
measurement of G0 is very difficult.  Fortunately, it 
is directly related to small strain shear wave 
velocity, 𝑉𝑉𝑠𝑠, by  𝐺𝐺0 = 𝜌𝜌𝑉𝑉𝑠𝑠2 (1) 

where ρ = mass density of soil (total unit weight of 
the soil divided by the acceleration of gravity). 

Another important role of 𝑉𝑉𝑠𝑠 is its use in site 
classification.  The Next Generation Attenuation 
ground motion prediction equations use the shear 
wave velocity of the top 30 m of the subsurface pro-
file (𝑉𝑉𝑠𝑠30) as the primary parameter for characteriz-
ing the effects of sediment stiffness on ground mo-
tions (Wair et al. 2012).  This issue has captured 
the attentions of researchers in recent years. 

Although less attention has been paid to it, 𝑉𝑉𝑠𝑠 al-
so plays a very important role in the estimation of 
dry sand seismic settlement.  Dry sand seismic set-

tlement is governed by 3 key factors, earthquake 
level, shear modulus ratio vs. shear strain relation-
ship and the volumetric strain model.  𝑉𝑉𝑠𝑠 is usually 
utilized to calculate G0 and further to calculate the 
shear modulus ratio, G/G0.  Other than in ground 
motion prediction, the depth of soil profile is more 
focused on top approximately 20 m in dry sand 
seismic settlement estimation.  Due to the sensitivi-
ty of estimated dry sand settlement to G/G0, a more 
accurate 𝑉𝑉𝑠𝑠 profile is preferred. 𝑉𝑉𝑠𝑠 can be directly measured by various methods 
such as crosshole seismic (CH), seismic cone pene-
trometer test (SCPT), multichannel analysis of sur-
face waves (MASW) and refraction microtremor 
analysis (ReMi).  However, not all projects can ab-
sorb the cost of direct measurement. This is espe-
cially true for small projects.  In most cases, these 
projects must rely on shear wave velocity correla-
tions with standard penetration test (SPT) data.    

The earliest published studies comparing SPT 
N-value and 𝑉𝑉𝑠𝑠  were performed by Japanese re-
searchers in the 1960s and early 1970s.  Wair et al. 
(2012) provided a relatively detailed review of those 
early studies.  From that review, it is clear that in 
most of the early studies, 𝑉𝑉𝑠𝑠 was solely correlated 
to SPT N-value.  Ohta & Goto (1978) were the first 
to correlate 𝑉𝑉𝑠𝑠 to N-value, depth, geologic age and 
soil type.  They developed different empirical 𝑉𝑉𝑠𝑠 
correlation equations considering these four index 
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ABSTRACT: In most of the early studies, researchers correlated shear wave velocity with Standard Penetra-
tion Test blowcounts (e.g., Kanai 1966 and Ohta & Goto 1976).  Later correlations developed by various re-
searchers (e.g., Ohta & Goto 1978; Andrus et al. 2004, Branderburg et al., 2010; and Wair et al., 2012) direct-
ly or indirectly took into account the effect of overburden pressure.  The author of this paper found that the 
fines contents and the mean grain size of the soil also play an important role in the estimation of shear wave 
velocity based on SPT data.  In this paper, a predictive equation for estimating shear wave velocity based on 
SPT profile data including SPT blowcounts (N60), fines contents (FC) and normalized mean effective confin-
ing stress (𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎) are presented.  The equation was developed based on a statistical analysis of 179 valid da-
ta sets obtained from northern to southern California with soil profiles predominately of clean sands, silty 
sands or sandy silts. The comparison of measured and calculated shear wave velocities yields a better predic-
tion using the proposed equation than existing methods for soils which vary from clean sand to sandy silt with 
low plasticity.  
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properties.  Andrus & Stokoe (2000) pointed out 
that the state of stresses in the soil is also an im-
portant factor influencing 𝑉𝑉𝑠𝑠. They corrected 𝑉𝑉𝑠𝑠 to a 
reference overburden stress using the following 
equation (Sykora 1987; Robertson et al. 1992),  𝑉𝑉𝑠𝑠1 = 𝑉𝑉𝑠𝑠 ( 𝑃𝑃𝑎𝑎𝜎𝜎𝑣𝑣′)0.25

 (2) 

where, 𝑃𝑃𝑎𝑎 = the reference stress of 100 kPa or about 
atmospheric pressure and 𝜎𝜎𝑣𝑣′ = initial effective 
overburden stress (kPa). They developed a 
correlation between overburden stress-corrected 
shear-wave velocity 𝑉𝑉𝑠𝑠1  and corrected blowcount (𝑁𝑁1)60  based on liquefaction case history data.  
The correlation was later updated by Andrus et al. 
(2004). 

A detailed discussion about the influence of 𝜎𝜎𝑣𝑣′ 

was made by Branderburg et al. (2010).  To count 
for the influence of soil type, separate empirical 
equations were proposed for sand, silt and clay (e.g., 
Imai 1977, Ohta & Goto 1978, Branderburg et al. 
2010, Wair et al. 2012).  The author noted that it is 
difficult to apply those empirical equations to soils 
transiting from clean sand to sandy silt and fines 
contents (FC) exerts important influences on the 
measured shear wave velocity.  No publications are 
available which discuss soil types that transit from 
silty sand to sandy silt.  

In this study, the author utilized data sets collect-
ed at various sites from northern to southern Cali-
fornia. Statistical analysis was performed in order to 
correlate 𝑉𝑉𝑠𝑠 to blowcount (𝑁𝑁60), normalized mean 
effective confining stress (𝜎𝜎𝑚𝑚′/𝑃𝑃𝑎𝑎) and FC.   

 

 
Figure 1. Vs profiles of sites predominated by clean sands, silty sands, and sandy silts.  

 
2 EFFECT OF FINES CONTENTS  

In previous studies, different correlation equations 
were developed by researchers for different soil 
types, such as sand, silt, clay, and/or gravel.  The 
reason for this may have been that most of these 
equations were developed based on previous data 
which did not include detailed information for soil 
classification but relied on simple soil type 
classification.  In daily practice, engineers can 
become confused when they encounter a transiting 
soil type such as silty sands and sandy silts as shown 
in Figure 1(b) and (c). 

Figure 1 shows three typical soil profiles from 
sites predominately composites of (a) clean sands, 
(b) silty sands with 𝐹𝐹𝑂𝑂 varing from 12 to 50%, and 
(c) sandy silt with 𝐹𝐹𝑂𝑂 up to 90%.  The measured 𝑉𝑉𝑠𝑠 profiles are compared with those predicted using 
various methods (Pradel 1998, Andrus et al. 2004, 
Brandenberg et al. 2010, Wair et al. 2012).  
Pradel's equation does not provide a direct correla-
tion between 𝑉𝑉𝑠𝑠 and SPT-N, but an equation calcu-

lating 𝐺𝐺0 as a function of mean effective confining 
stress 𝜎𝜎𝑚𝑚′  and corrected blowcounts (𝑁𝑁1)60 . This 
was originally proposed by Seed & Idriss (1970) and 
Seed et al. (1984).  Andrus et al. (2004) utilized 
stress corrected shear wave velocity 𝑉𝑉𝑠𝑠1 correlated 
to (𝑁𝑁1)60.  Both equations were utilized to calcu-
late the uncorrected 𝑉𝑉𝑠𝑠 values in Figure 1.  

It can be seen from Figure 1 that if 𝐹𝐹𝑂𝑂 is very 
low (clean sand) and 𝑁𝑁60 is relatively high, most of 
current correlation equations tend to overestimate 𝑉𝑉𝑠𝑠 

(Figure 1(a)), while if 𝐹𝐹𝑂𝑂 is relatively high (silty 
sand or sandy silt) and 𝑁𝑁60 is relatively low, most 
of current correlation equations tend to underesti-
mate 𝑉𝑉𝑠𝑠 (Figures 1(b) and 1(c)),.  The author believe 
that this inconsistency overwhelmingly demonstrates 
that 𝐹𝐹𝑂𝑂 is one of the critical factors influencing 𝑉𝑉𝑠𝑠.  

3 DATA COLLECTION 

In order to correlate various field measurements, a 
specially designed field investigation program was 
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set up and performed (Yi, 2014).  Soil conditions 
underlying test site were explored by means of three 
groups of exploratory borings and SCPT soundings.  
Each of the three groups included two exploratory 
borings (using a standard SPT sampler and a modi-
fied California (MC) sampler, respectively) and one 
SCPT sounding, placed on vertexes of an approxi-
mately equilateral triangle forming a circumcircle 
approximately 3 m in diameter.  The layout and 
distance were established so as to ensure the compa-
rability of the soil profiles but at the same time not 
affect the adjacent SPT or SCPT results.  

3.1 Measurement of SPT-N values 

The soil borings were drilled with hollow-stem au-
ger, per ASTM D6151, using a truck-mounted 
CME 75 drill rig equipped for soil sampling.  
Standard SPT blowcounts were obtained at approx-
imately 0.75 m intervals.  Relatively undisturbed 
samples were obtained at the same depth using a 
MC sampler in order to test field density.  Samplers 
were driven with an automatic hammer that drops a 
63.5-kg weight 76 cm for each blow.  Blowcounts 
were recorded.  Relatively undisturbed as well as 
bulk samples obtained were returned to the laborato-
ry in sealed containers for filed density and FC tests.  

3.2 Measurement of Vs 

SCPT soundings were performed per ASTM 
D-5778, utilizing a 25-ton truck mounted CPT rig.  
A seismic pizeocone with tip surface area of 10 cm2 
and friction sleeve area of 150 cm2 was used. A pore 
pressure transducer was also utilized.  The CPT 
cone was pushed to practical refusal between 20 and 
21 meters below existing ground surface.  Shear 
wave velocity was measured at 0.75 m interval. 

3.3 Laboratory Testing 

Included in the laboratory testing program were field 
moisture content and field dry density tests on all of 
the relatively undisturbed samples.  Fines content 
testing was performed on all samples obtained with 
the standard SPT sampler.  Atterberg limit testing 
was conducted on selected silty soils as an aid to 
classification.   

3.4 Other data collection 

In order to provide a larger sample size, the author 
also collected measured SPT-N, 𝑉𝑉𝑠𝑠  and 𝐹𝐹𝑂𝑂  from 
various sites spread from northern to southern Cali-
fornia (Boulanger et al. 1995). For those sites, SPT 
borings were placed generally no more than 3 m 
from SCPT soundings.  A total of 188 data sets 
were collected. 9 of those were considered extreme 
and were removed from this regression analysis.  

4 STATISTICAL REGRESSION ANALYSIS 

In the opinion of the author, for low plasticity sandy 
to silty soils, the factors influencing 𝑉𝑉𝑠𝑠 include SPT 
blowcounts (𝑁𝑁60), fine contents (𝐹𝐹𝑂𝑂), normalized 
mean effective confining stress (𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎) and median 
grain size (𝐷𝐷50). The general expression of correla-
tion is in following form:  𝑉𝑉𝑠𝑠𝑠𝑠 = 𝛽𝛽0 ∙ (𝑁𝑁60)𝛽𝛽1 ∙ (𝐹𝐹𝑂𝑂)𝛽𝛽2 ∙ (𝜎𝜎𝑚𝑚′𝑃𝑃𝑎𝑎 )𝛽𝛽3 ∙ (𝐷𝐷50)𝛽𝛽4  (3) 

where, 𝜎𝜎𝑚𝑚′ = (1+2𝐾𝐾03 ) 𝜎𝜎𝑣𝑣′  and 𝛽𝛽0 , 𝛽𝛽1 ,  𝛽𝛽2 ,  𝛽𝛽3 , and  𝛽𝛽4 are constants that were obtained by regression 

analysis. 𝐾𝐾0  = coefficient of geostatic horizontal 

stress (𝐾𝐾0 = 𝜎𝜎ℎ′ 𝜎𝜎𝑣𝑣′⁄ ).  Due to the lack of available 𝐷𝐷50 data, 𝛽𝛽4 was assumed to be 0 in this study. 𝑉𝑉𝑠𝑠𝑠𝑠 

= calculated 𝑉𝑉𝑠𝑠 in m/s. 
Eq. (3) can be rewritten as a polynomial in 

log - log form. By using the Data Analysis tool in 
Microsoft Excel, a multiple regression analysis was 
performed for a total of 179 valid data sets. Table 1 
shows the summary of the regression statistics. 

 
Table 1.  Summary of regression statistics 

 
 

 
 

The residuals are plotted in Figure 2 as functions 
of 𝑁𝑁60 , 𝐹𝐹𝑂𝑂 , and 𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎 , respectively. The ±1 
standard deviation lines (±1σ) are also included in 
Figure 2.  Figure 2 shows that the majority of the 
residuals fall within the ±1σ range. For ±1σ, the pos-
sible error in the predicted 𝑉𝑉𝑠𝑠  using Eq. (3) is ap-
proximately 17.8%. 

Figure 3 shows the line fit plots of measured and 
predicted 𝑉𝑉𝑠𝑠  versus 𝑁𝑁60 , 𝐹𝐹𝑂𝑂 , and 𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎 , respec-

tively. These plots show that the measured 𝑉𝑉𝑠𝑠  ex-
hibits more dispersion with respect to 𝑁𝑁60 and 𝐹𝐹𝑂𝑂 
than to 𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎.  

Utilizing the constants obtained from the statisti-
cal regression analysis, measured shear wave veloci-
ty data could be normalized to other variables in or-
der to demonstrate the influence of only one variable 
as shown in Figure 4.  These figures indicate that 
the influence of fine contents in predicting 𝑉𝑉𝑠𝑠  is as 
important as that of blowcounts but appears to be 
lower than that of mean effective confining stress.  
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Figure 2. Residual plots                Figure 3. Line fit plots 

 
This may be due in part to the small sample size 
used in this study. It is expected that with more 
measured data sets, 𝑁𝑁60 and 𝐹𝐹𝑂𝑂 may show more 
influence in predicting 𝑉𝑉𝑠𝑠 .  

The comparison of measured and calculated shear 
wave velocities is shown in Figure 5 in quantile-
quantile plot.  The circular marks show calculated 𝑉𝑉𝑠𝑠  using the regression constants shown in Table 1.  
Ideally, the calculated and measured data should be 
of 1:1 regression line.  However, the results indi-
cate that the regression analysis constants underes-
timate the calculated 𝑉𝑉𝑠𝑠  by approximate 3%. By ad-
justing the intercept coefficient shown in Table 1, 
this underestimation can be corrected as shown as 
diamond shaped marks in Figure 5.  Table 2 shows 
the adjusted constants for Eq. (3) for low plasticity 
sandy to silty soils with a Holocene geologic epoch. 

 
Table 2.  Summary of regression constants (𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎) 

 

4.1 Correction for low confining stresses  

The 𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎 term in Eq. (3) tends to yield very low 
values near the surface where the stress ratio is very 
low.  This may significantly deviate from actual 
site condition.  In the simplified liquefaction calcu-
lation method, an overburden stress correction fac-
tor, 𝑂𝑂𝑁𝑁, is introduced to correct 𝑁𝑁60 to the equiva-
lent value, (𝑁𝑁1)60, that would have been obtained in 
sand if the vertical effective stress had been 1 atm.  
The 𝑂𝑂𝑁𝑁 value is limited to a maximum value of 1.7 
because of practical considerations and the fact that 
the equations in the method were not derived for 
very low effective stresses (Idriss & Boulanger, 
2008). 𝑂𝑂𝑁𝑁 = (𝑃𝑃𝑎𝑎𝜎𝜎𝑣𝑣′)0.5 ≤ 1.7 (4) 

With the same consideration and assuming 𝐾𝐾0 of 

0.5 for normally consolidated soils, the normalized 

mean effective confining stress in Eq. (3) should be 

taken as  
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𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎 ≥ 0.23 (5) 

when the calculated value is too small. 

4.2 Regression for overburden pressure, 𝜎𝜎𝑣𝑣′  
In Eq. (3), the calculation of 𝜎𝜎𝑚𝑚′  requires a known 𝐾𝐾0.  In general, laboratory data on small triaxial 
specimens and instrumented oedometer tests indi-
cate that the following relationship can be adopted in 
uncemented sands and well-behaved clays of low to 
medium sensitivity (Mayne 2007):  𝐾𝐾0 = (1 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′)𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′ (6) 

where OCR = over-consolidation ratio and 𝑠𝑠′ = ef-
fective frictional angle of soil.  Various methods 
are available for the calculation of the OCR and 𝑠𝑠′ 

(Mayne 2007 and Yi 2015).  For overconsolidated 
soils, some iteration is required in the calculation.  

To avoid iterating calculations, regression can be 
performed directly on the effective overburden pres-
sure. 𝑉𝑉𝑠𝑠𝑠𝑠 = 𝛽𝛽0 ∙ (𝑁𝑁60)𝛽𝛽1 ∙ (𝐹𝐹𝑂𝑂)𝛽𝛽2 ∙ (𝜎𝜎𝑣𝑣′𝑃𝑃𝑎𝑎)𝛽𝛽3 ∙ (𝐷𝐷50)𝛽𝛽4  (7) 

The regression results for Eq. (7) indicate a R2 of 
0.595 which is lower than R2 of 0.737 when re-
gressed with respect to 𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎.  Table 3 shows the 
summary of constants. 

 
Table 3.  Summary of regression constants (𝜎𝜎𝑣𝑣′ /𝑃𝑃𝑎𝑎) 

 

 
Figure 4(a). Relationship of normalized 𝑉𝑉𝑠𝑠 versus SPT 𝑁𝑁60 
 

 
Figure 4(b). Relationship of normalized 𝑉𝑉𝑠𝑠 versus 𝐹𝐹𝑂𝑂

 
Figure 4(c). Relationship of normalized 𝑉𝑉𝑠𝑠 versus 𝜎𝜎𝑚𝑚′ /𝑃𝑃𝑎𝑎 
 

 
Figure 5. Quantile-quantile plot showing measured and 
calculated 𝑉𝑉𝑠𝑠   
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4.3 Comparison of 𝑉𝑉𝑠𝑠  Profiles  

Eq. (3) was used to predict 𝑉𝑉𝑠𝑠  for the soil profiles 
shown in Figure 1.  The results are shown in Figure 
6 which indicates that in general, Eq. (3) provides a 
better prediction of 𝑉𝑉𝑠𝑠  for soil profiles varying from 
clean sand to sandy silt.  

5 CONCLUSIONS 

A new empirical equation for shear wave velocity 
prediction based on SPT profile data was proposed 
in this paper using statistical regression method. 

Based upon recent studies by the author, the pro-
posed new equation not only considers the influence 
of confining stresses or overburden stress but also 
the influence of fine contents.  Comparison of 𝑉𝑉𝑠𝑠  
profiles show that the proposed equation provides 
better prediction of 𝑉𝑉𝑠𝑠  for soil profiles which vary 
from clean sand to sandy silt.  
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Figure 6. Comparison of measured and predicted Vs profiles of sites predominated by clean sands, silty sands, and sandy silts.  
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