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COMPARISON BETWEEN CLEAN SAND LIQUEFACTION CHARTS BASED ON 
PENETRATION RESISTANCE AND SHEAR WAVE VELOCITY  

 
Ricardo Dobry        
Rensselaer Polytechnic Institute  
Troy, New York, USA   
 
 
 
ABSTRACT 
 
A comparison is conducted between clean sand liquefaction charts based, respectively, on normalized point penetration resistance in 
CPT static cone tests (qc1N) and shear wave velocity (Vs1). Examination of the shape of these field-calibrated curves, review of the 
factors influencing liquefaction resistance in the laboratory, field correlations between qc1N and Vs1, and field and laboratory evidence 
related to some of the factors influencing cone penetration resistance and shear wave velocity in sands, are all used in the discussion. It 
is concluded that the difference between the shapes of the two charts at the high end may be due - at least partially - to lateral stress 
effects associated with overconsolidation and preshaking, which are known to increase liquefaction resistance, and specifically to the 
higher sensitivity of the penetration resistance to the value of the coefficient of lateral stress at rest, K0.   

 
 

INTRODUCTION 
 
Almost 40 years ago, Seed and Idriss (1971) proposed a 
simplified procedure for evaluating liquefaction potential 
based on the normalized standard penetration resistance of the 
sand, N1 (later refined to (N1)60), obtained from field SPT 
measurements, and calibrated with actual case histories during 
earthquakes. The procedure has been modified and improved 
periodically with more case histories, and similar charts have 
also been calibrated using the normalized static cone 
penetration resistance, qc1N (Robertson and Wride, 1998), 
obtained from field CPT measurements. The latest version of 
these CPT charts for clean sands is shown in Fig. 1 (Idriss and 
Boulanger, 2004, 2008). The SPT and CPT charts use the 
same basic approach and share important characteristics; and 
they have both stood the test of time by showing again and 
again their predictive power when earthquakes occur. As a 
result, they still define today’s state-of-practice of seismic 
liquefaction evaluation of saturated sand sites (Youd et al., 
2001; Idriss and Boulanger, 2008).  
 
That is, the original vision of the original Simplified 
Procedure in 1971, which combined the best available 
research results with actual earthquake field experiences, 
managed to produce a viable engineering method for the very 
complex phenomenon of liquefaction. This and subsequent 
adaptations and developments such as Fig. 1, illustrates why 
Dr. Idriss has had such a large impact on geotechnical 

earthquake engineering: by being both a top engineer and a 
top researcher and always knowing how to combine the best 
of both worlds for the benefit of engineering practice. 
 
 

 
 
Fig. 1.  Liquefaction chart based on point resistance measured 

during static cone penetration tests, CPT  (Idriss and 
Boulanger, 2004, 2008).  

 
More recently, liquefaction charts have been developed using 
the same simplified procedure framework, but now based on 
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the normalized shear wave velocity, Vs1, of the sand to 
measure the liquefaction resistance of the soil. This was 
originally motivated by the strain approach to liquefaction 
(Dobry et al., 1981, 1982), and subsequently compared with 
liquefaction performance at sites in the Imperial Valley 
earthquakes in Southern California by Bierschwale and Stokoe 
(1984). A Vs-based liquefaction chart calibrated with a few 
case histories of liquefaction was proposed by Robertson et al. 
(1992), and subsequent developments and addition of many 
other case histories culminated in the Andrus and Stokoe 
(2000) chart shown in Fig. 2. The chart bounds well the sites 
that have experienced liquefaction, and thus it has also been 
added to the arsenal of tools available to practitioners (Youd et 
al., 2001; Idriss and Boulanger, 2008).  Besides the usefulness 
of Figs. 1 and 2, the fact that both penetration resistance and 
shear wave velocity - based respectively on field 
measurements inducing very large and very small strains in 
the soil - manage to produce liquefaction charts having 
significant predictive power, makes it worth further 
comparison and discussion. 
 
 

 
 

  Fig. 2. Liquefaction chart based on measured shear wave 
velocity (Andrus and Stokoe, 2000).  

 
Idriss and Boulanger (2008) compared liquefaction charts 
based on penetration resistance and shear wave velocity, such 
as Figs. 1 and 2. They suggested that greater weight be given 
to the results of penetration charts, given the higher sensitivity 
of penetration resistance to changes in the relative density of 
the sand, DR. This paper continues the comparison and extends 
it to other factors in addition to DR. 
 
The rest of this paper focuses on comparison and observations 
related to Figs. 1 and 2 for the case of clean sands (that is with 

fines content, FC ≤ 5%). While the CPT chart of Fig. 1 
corresponds to clean sands, the Vs chart of Fig. 2 includes both 
clean and silty sands, so the comparison has to be done with 
some care. Still, some observations emerge clearly from visual 
inspection of both figures even when restricting it to sands 
with FC ≤ 5%: 
 The range of values of qc1N for liquefied sand sites 

corresponds to a factor of about 8 (20-160), compared 
with a factor of about 2 (100-200 m/s) for Vs1, suggesting 
that qc1N is more sensitive than Vs1 to the factors 
underlying the sand liquefaction resistance. 

 At the high end of the charts, for which high Cyclic Stress 
Ratios are needed to trigger liquefaction, the curve in Fig. 
1 rises rather smoothly. On the other hand, the curve in 
Fig. 2 rises abruptly, so that for Cyclic Stress Ratios 
greater than 0.2, all Vs1 values are in the extremely 
narrow range between about 190 and 210 m/s. This again 
suggests a greater sensitivity of qc1N when compared to 
Vs1N, to the factors underlying sand liquefaction 
resistance. 

 
 
DISCUSSION OF LIQUEFACTION CHARTS  
 
Originally it was believed that liquefaction resistance was 
mainly controlled by either void ratio, e, or relative density, 
DR. In that context, penetration resistance (which at that time 
meant (N1)60), was believed to be mainly or exclusively 
correlated with DR. However, first research by Finn et al. 
(1970), and then several other laboratory cyclic loading 
studies summarized by Seed (1979) and Finn (1981), showed 
that a number of other factors could be as important as DR or e 
in determining liquefaction resistance.  This caused a decisive 
switch in engineering practice away from the laboratory and 
toward the use of liquefaction charts based on penetration 
resistance. In his 1979 paper, Seed proposed as explanation for 
the success of penetration-based charts, the hypothesis that 
“the factors tending to increase the resistance to cyclic 
mobility or liquefaction also tend to increase the penetration 
resistance of a sand.” He listed these factors as: the density or 
relative density, the grain structure or fabric (method of sand 
deposition), the length of time the sand is subjected to 
sustained pressure, overconsolidation and the value of the 
coefficient of lateral stress at rest, K0, and preshaking. A 
recent centrifuge study by Sharp (1999) on a clean sand, has 
confirmed Seed’s hypothesis, showing that both liquefaction 
and associated ground deformation (lateral spreading, 
settlement), are better correlated with penetration resistance 
than with either DR or e alone when overconsolidation and 
preshaking are included. 
 
Both overconsolidation and preshaking (Youd and Craven, 
1975) increase the value of K0 of a sand. Overconsolidation 
and associated increases in lateral stress and K0 also increase 
dramatically the values of CPT point resistance and qc1N 
(Alperstein and Leifer, 1976; Baldi et al., 1981; Lunne and 
Kleven, 1981; Schmertmann, 1973, 1978). More limited 
evidence also points to possible large increases in qc1N when 
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the sand is preshaken with small change in e or DR (Sharp, 
1999). Therefore, while DR is probably more important at the 
lower end of the charts, the effect of K0 may contribute 
significantly to the success of penetration resistance in 
predicting liquefaction at the high end, due to the great 
sensitivity of both liquefaction and penetration resistances to 
increases in K0. Therefore, K0, in conjunction with DR and 
perhaps other factors, could explain the overall sensitivity of 
qc1N to liquefaction resistance, shown by Fig. 1 and discussed 
in the previous section. The next question is how sensitive is 
Vs1 to K0, as the answer to this may help clarify some of the 
features of the chart in Fig. 2 discussed in the previous section. 
 
In an effort to understand better the differences between the 
charts in Figs. 1 and 2, the next two sections discuss, 
respectively: field-based correlations between qc1N and Vs1, 
and the sensitivity of Vs1 to K0 using an available laboratory-
based correlation for clean sands. 
 
 
FIELD CORRELATIONS BETWEEN qc1N AND Vs1  
 
Several authors have correlated penetration resistance with 
shear wave velocity at potentially liquefiable clean sand sites. 
Youd et al. (2001) presented such a correlation between (N1)60 

and Vs1, while Andrus et al. (2004) studied the correlation 
between qc1N and Vs1 (Fig. 3).  These correlations, as well as 
the additional ones developed by the author and discussed 
below, are done in two different ways: (i) by using pairs of 
measurements of qc1N and Vs1 performed in the same sand 
layer and depth (data points in Fig. 3); and (ii) by cross-
plotting values of qc1N and Vs1 at the same Cyclic Stress Ratio 
in liquefaction charts like those in Figs. 1 and 2 (line labeled 
“curve implied from CRR relationships” in Fig. 3).   
 

 

Fig. 3. Field relationships between equivalent clean sand 
values of qc1N and Vs1 for uncemented, Holocene sands 
(Andrus et al., 2004). 
 

The advantage of method (i) is that it is more general and 
clearly applicable to very liquefiable or very nonliquefiable 
sands plotting far from the liquefaction-nonliquefaction 
boundaries in the charts. As illustrated by Fig. 3, the two 
methods give very similar results, which is encouraging.  
 
However, the mean curve using method (ii) in the figure, of 
equation: 
 

(Vs1)cs = 62.6 [(qc1N)cs]
0-231                            (1) 

 
was obtained by a regression of 39 data points which included 
silty sands with fines contents up to FC = 20%. For sites with 
FC > 5%, a correction was applied by Andrus et al. to both Vs1 

and qc1N measurements to obtain “clean sand equivalents,” 
before obtaining the regression equation. To avoid such clean 
sand correction and to make sure that the regression curve 
didn’t change much when only clean sands were considered, 
the author repeated the regression using only the 13 sites with 
FC ≤ 5% included in the database provided by Andrus et al. 
Both the original Andrus et al. regression and the new 
regression obtained by the author are listed in Table 1. 
Furthermore, the “implied” curve in Fig. 3 was obtained by 
Andrus et al. using qc1N values from the older chart provided 
by Robertson and Wride (1998). The author recalculated a 
similar implied regression curve by cross-plotting qc1N and Vs1 

values from Figs. 1 and 2, that is by using the updated CPT 
curve proposed by Idriss and Boulanger. This new “implied” 
regression equation between qc1N and Vs1 is also included in 
Table 1. 
 
While the three equations listed in Table 1 are different, they 
predict very similar values of Vs1 at a given qc1N. For qc1N = 50, 
representative of the low end of the chart in Fig. 1, the 
predicted Vs1 = 148-161 m/s, that is a difference of less than 
10%. Similar good agreements within 10% or so are found at 
the high end of the chart (qc1N = 150), as well as for sites that 
are definitely nonliquefiable (qc1N = 300). While the 
information sources used to generate the three equations in 
Table 1 are limited and overlapping, the agreement is still 
encouraging.  
 
An important observation about the three regression equations 
in Table 1 is the fact that the power for qc1N is always much 
lower than 1.0 (0.15-0.27). This translates into a significant 
flattening of the curves at higher values of qc1N (Fig. 3), and a 
decreasing sensitivity there of Vs1 to large increases in qc1N. As 
a result, when qc1N increases in Table 1 by a factor of 2 (from 
qc1N = 150 to 300), the value of Vs1 increases by only 10-20%. 
This is consistent of course with the smooth rise of the curve 
in Fig. 1 and simultaneous abrupt rise of the curve in Fig. 2 at 
the high end of the chart, already discussed. It suggests again 
that there is at least one underlying factor controlling 
liquefaction resistance at the high end of the charts, to which 
qc1N is much more sensitive than Vs1. After the discussion in 
the previous section, an obvious candidate for the role of such 
underlying factor, is the effective lateral stress and associated 



 

Paper No. IMI 4              4 

K0, which can be increased by either overconsolidation or 
preshaking. 
 
 

 
 
 

Table 1.  Field correlations between qc1N and Vs1 (m/s). 
 

Source of Correlation Sand Description Equation 

Vs1 (m/s) calculated with Equation 
for: 

qc1N = 50 qc1N = 150 qc1N = 300 

Andrus et al. (2004) (39 
data points, see Fig. 3) 

Holocene sand sites with   
FC  ≤ 20% or Ic ≤ 2.25 

(Vs1)cs = 62.6 [(qc1N)cs]
0-231    155 199 234 

This work, using only those 
Andrus et al. (2004) sites 

corresponding to clean sand 
(13 data points) 

Holocene sand sites with   
FC  ≤ 5%   

Vs1 = 89.3 (qc1N)0-150         161 189 210 

This work, correlating qc1N 
and  Vs1  from liquefaction – 

no liquefaction curves in 
Figs. 1 and 2 

FC  ≤ 5%   Vs1 = 51.1 (qc1N)0-272         148 200 - 

 
NOTES: FC = fines content; Ic = soil behavior type index obtained from CPT friction resistance; (qc1N)cs and (Vs1)cs = equivalent clean 
sand values corrected for fines when FC > 5%.

PREDICTED FIELD SHEAR WAVE VELOCITY FROM 
LABORATORY RESULTS 
 
The author conducted a parametric study to evaluate the 
sensitivity of Vs1 to K0, by using the equation proposed by 
Hardin and Drnevich (1972) for clean sands (see also Hardin, 
1978):  
 

Gmax = 3230 (2.97 – e)2  ( )0.5 / (1 + e)   (kPa)           (2) 

  

where Gmax is the shear modulus of the sand at very small 
strains. The correlation was obtained from a large number of 
resonant column laboratory measurements in dry sand of Gmax 
and Vs = (Gmax/ρ)0.5, where ρ = mass density of the dry soil. In 
each test the sand specimen of void ratio, e, was confined 
under an isotropic effective confining pressure, . 
 
For the parametric study, Vs1 =  [(Gmax)1/ρsat]

0.5, where (Gmax)1 

was obtained using Eq. 1 for a vertical effective confining 
pressure,  = 1 atmosphere = 101.3 kPa, and ρsat was 
calculated for the given void ratio, e, after assuming full 
saturation with water and a specific gravity of the soil grains 
of 2.65.  Finally, for the field case where the horizontal and 
vertical effective pressures are usually different, with  = K0 

,  in Eq. (2) was replaced by the mean effective pressure, 
that is  = (1 + 2K0) /3. Under these assumptions, the value 
of Vs1 is a function of only two parameters, e and K0. This 
function is plotted in Fig. 4 for a wide range of possible values 
of e and K0, and selected values of Vs1 have been listed in 
Table 2.   

As additional verification, the author repeated the 
computations but now using in Eq. (2) the more exact 
expression for  = (K0)

0.5   (Stokoe et al., 1985), instead of 
the approximation   = (1 + 2K0) /3 utilized to generate 
Fig. 4 and Table 2. It was found that these two definitions of 

 produced values of Vs1 which were within 2% of each 
other.  
 
 

 
Fig. 4.  Normalized shear wave velocity of saturated clean 

sand, Vs1, predicted from the laboratory correlation proposed 
by Hardin and Drnevich (1972). 
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Table 2.  Values of Vs1 (m/s) computed using 
laboratory-based Eq. (2), proposed by Hardin  

and Drnevich (1972) for clean sands. 
 

Coefficient of 
lateral stress 

at rest, K0 

Void ratio, e 

e = 0.35 e = 0.75 e = 1.1 

K0 = 0.4 240 191 153 

K0 = 0.8 263 209 168 

K0 = 1.2 281 224 180 

 
 
As expected, Fig. 4 and Table 2 show a significant influence 
of the void ratio on Vs1. For example, for K0 = 0.4, close to the 
situation expected for a normally consolidated sand, Vs1 
ranges from 153 m/s for very loose sands  to 240 m/s for very 
dense sands. On the other hand, while Vs1 does increase when 
K0 increases, Vs1 is much less sensitive to this parameter. The 
total variation in Vs1 when going from a low K0 = 0.4 to the 
large K0 = 1.2 that may exist in a heavily overconsolidated 
sand, is less than 20%. This confirms the assumption that the 
relative insensitivity of Vs1 to significant increases in K0 due 
to overconsolidation or preshaking may constitute a significant 
part of the explanation of the shape of the liquefaction chart in 
Fig. 2 when Vs1 approaches values on the order of 200 m/s. 
This is in contrast with the much greater sensitivity of CPT 
measurements to K0, which may help explain the smoother 
shape of the curve at high qc1N in Fig. 1. 
 
The value Vs1 = 210 m/s, which appears to be a limiting value 
for clean sand liquefaction, at least for the earthquake 
magnitude associated with Fig. 2 (M = 7.5), has also been 
superimposed on Fig. 4. While Fig. 4 does not provide an 
obvious explanation of this limiting Vs1, a study of 
combinations of e and K0 that produce Vs1 above and below 
210 m/s, may perhaps be a good starting point for future 
investigations explaining why clean sands in the field don’t 
seem to liquefy when Vs1 exceeds 210 m/s. 
 
 
CONCLUSION  
 
A comparison is conducted between clean sand liquefaction 
charts based on normalized penetration resistance (qc1N) and 
shear wave velocity (Vs1). It is concluded that the difference 
between the shapes of the two charts at the high end may be 
due - at least partially - to lateral stress effects, specifically to 
the higher sensitivity of the penetration resistance to the value 
of K0. 
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