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Abstract: Developing empirical correlations between the shear-wave velocity (Vs) and the standard penetration test (SPT) blow count has
been a long-term practice for sandy, silty, and clayey soils. However, the existing correlations are not suitable for gravelly soils because the
SPT is not particularly reliable for gravelly soils due to the interference of SPT sampler with relatively large-size gravel particles. Hence, in
the present study, a new correlation has been developed between Vs and the dynamic cone penetration test (DPT) resistance for gravelly soils.
The DPT, which consists of a 74-mm-diameter cone to reduce the interference of large particles, has recently been used to correlate the
liquefaction resistance of gravelly soils. A large database has recently been developed based on both DPTand Vs data collected from different
companion sites all around the world to develop new liquefaction triggering procedures. Based on this database, linear and log-linear cor-
relations have been developed considering the effect of vertical effective stress. Results showed that the correlations among the uncorrected
DPTand Vs resistance and the vertical effective stress are much stronger in comparison with the correlation obtained between the overburden-
corrected DPT resistance and Vs. A reasonable agreement was observed between the measured and computed Vs for both linear and log-linear
correlations. DOI: 10.1061/JGGEFK.GTENG-11254. © 2023 American Society of Civil Engineers.

Introduction

The small-strain shear modulus G0 is a fundamental mechanical
property of soil and is directly related to the shear-wave velocity
Vs. The shear modulus (G0) is a key soil parameter necessary for
analyzing ground response, soil–structure interaction under seismic
loading, and machine vibration problems. In addition, Vs has also
been correlated to the liquefaction resistance of sandy soils (Kayen
et al. 2013; Andrus and Stokoe 2000; Cao et al. 2011; Zhou et al.
2020) and gravelly soils (Chang 2016; Rollins et al. 2022) based on
large liquefaction case history databases. Therefore, estimating Vs
for any soil deposit in a reliable cost-effective manner is of great
importance for geotechnical engineers.

Although the shear-wave velocity can be measured by using a
variety of in situ methods, e.g., the downhole test, cross-hole test, seis-
mic cone penetration test (CPT), multichannel analysis of surface
waves (MASW), suspension logging, and so on, these methods
usually require a substantial amount of additional time and expense
in any project. On the other hand, data from penetration testing are
routinely available for most projects; therefore, reliable correlations
between Vs and penetration resistance would be very desirable.

Although measured values are always preferable, there is certainly
a trade-off between accuracy and economics. This is particularly
true when preliminary analyses must be performed within a limited
budget.

To address these issues, several researchers have developed em-
pirical correlations between the standard penetration test (SPT)
blow count (N60) and Vs based on both field and laboratory test
data. Most of these correlations are in the functional form

Vs ¼ ANB ð1Þ

where A and B = constants that depend on the soil type as derived
from a database for which this relation is developed. Several
SPT-Vs correlations for sand have been developed (e.g., Ohta
et al. 1978; Ohta and Goto 1978; Hasancebi and Ulusay 2007;
Dikmen 2009), and these early correlations did not include any
of the correction factors associated with SPT hammer efficiency,
rod length, sample inside diameter, and even overburden pressure,
as summarized by Jafari et al. (2002). Sykora and Koester (1988)
found relatively poor correlation between Vs and overburden-
corrected SPT blow count ðN1Þ60 compared with the previously
developed correlations between Vs and N60. Afterward, Andrus
et al. (2004) correlated overburden-corrected shear-wave velocity
(Vs1) with overburden-corrected SPT blow count ðN1Þ60 for
Holocene clean sands with the following functional form:

Vs1 ¼ AðN1ÞB60 ð2Þ

The SPT-Vs correlations developed to date have primarily in-
volved sandy, silty, or clayey deposits, although some correlations
are more generic for all soil types. But these correlations would not
generally be applicable for gravelly soils because the SPT is not
particularly reliable for gravelly soils due to the small (51 mm)
diameter of the SPT penetrometer relative to large gravel particles,
which can artificially increase the penetration resistance even for
loose to medium dense gravelly deposits (Cao et al. 2013).

A well-known alternative to the SPT or CPT for gravelly soils
in North America is the Becker penetration test (BPT). The BPT
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penetrometer is a closed-end 168-mm-diameter casing with a diam-
eter that is intended to reduce the effect of particle size on the pen-
etration resistance. The BPT blow count NBC is converted to an
equivalent SPT N60 value using correlations based on field tests
(Harder and Seed 1986). Rollins et al. (1998) used equivalent
SPT N60 values derived from BPT testing and cross-hole shear-
wave velocity tests at gravel sites to develop correlations between
shear-wave velocity and equivalent SPT blow counts for gravelly
soils and found better prediction of Vs using blow counts uncor-
rected for overburden pressure along with vertical effective stress as
a second independent variable.

The dynamic cone penetration test (DPT) is an alternative
penetrometer that was developed in China to characterize gravelly
soil (Cao et al. 2013). The DPT equipment consists of a 74-mm-
diameter cone tip attached to a 60-mm-diameter drill rod continu-
ously driven by a 120-kg hammer with a free fall height of 100 cm.
With a 74-mm-diameter cone tip, the DPT is significantly larger
than the SPT and reduces the effect of interference with gravel par-
ticles. In addition, the smaller-diameter drill rod reduces the loss in
energy due to rod friction. Recently, DPT has been used to correlate
the liquefaction resistance of gravelly soil based on a gravel lique-
faction case history database from different sites around the world
(Cao et al. 2013; Rollins et al. 2021).

Geophysical investigations have also been performed at many
sites where gravels have and have not liquefied throughout the
world. For example, Andrus and Stokoe (2000) made velocity
measurements at gravel liquefaction sites in Idaho to correlate
the liquefaction resistance of gravelly soils with Vs. Cao et al.
(2011) developed direct correlations between the liquefaction re-
sistance and Vs1 based on gravel liquefaction case history data at
the Chengdu plain in China. Recently, the Vs database for gravel
liquefaction case histories has been expanded by performing in situ
Vs tests at various gravel liquefaction sites around the world and
Rollins et al. (2022) developed a new probabilistic liquefaction trig-
gering procedure for gravelly soil based on Vs1. Although there have
been several investigations to characterize the liquefaction potential
of gravelly soil, no specific correlation between the Vs and DPT pen-
etration resistance has been developed for gravelly soil to date.

In the newly collected DPT and Vs databases for gravelly soils
reported by Cao et al. (2011, 2013) and Rollins et al. (2021, 2022),
there were many sites where Vs measurements were conducted
near companion DPT boreholes to characterize the same gravelly
deposit by two different methods. Hence, in this study, these
companion DPT and Vs test results from the database of Cao et al.
(2011, 2013) and Rollins et al. (2021, 2022) have been collected
to investigate potential correlations between Vs and the DPT pen-
etration resistance. Details regarding both the DPT and Vs data
collection along with the regression procedure to develop the
DPT-Vs correlation are described in the following sections.

Collection of DPT and Vs Data

As reported by Cao et al. (2013) and Rollins et al. (2021), the DPT
was performed at various gravelly sites around the world where
gravelly soil did or did not liquefy during past earthquake events
and the DPT resistance (N120) has been correlated with liquefaction
potential of gravelly soil. The DPT blow count, N120, indicates the
number of hammer blows required to drive the DPT cone 30 cm
with a 120-kg hammer dropped from a height of 1 m. As stand-
ardized by the Chinese Design Code (2001), raw DPT blow counts
are collected at every 10 cm of penetration and multiplied by three
to get the equivalent N120 for 30 cm of penetration to maintain

consistency with the SPT drive length as well as preserve the
10-cm detail in the penetration profile (Cao et al. 2013).

Based on 1,200 hammer energy measurements, Cao et al.
(2013) found that the Chinese DPT provided an average of 89%
of the theoretical hammer free-fall energy (EChinese DPT) at sites
on the Chengdu plain in China. Rollins et al. (2021) performed
DPT soundings at most sites using the standard Chinese hammer
energy (120 kg weight and 1 m drop) or by performing companion
DPT tests with both the Chinese hammer energy and SPT hammer
energy (63.5 kg weight and 0.76 m drop). The hammer energy
transferred to the drill rods was measured by a pile-driving analyzer
(PDA) device at each respective location. Because the energy de-
livered by a given hammer (EHammer) in the study of Rollins et al.
(2021) was likely different from the energy transferred by a Chi-
nese DPT hammer (EChinese DPT), energy correction was made using
the simple linear reduction suggested by Seed et al. (1985) for SPT
testing as follows:

N120 ¼ NHammer · ðEHammer=EChineseDPTÞ ð3Þ

where NHammer = number of blows per 0.3 m of penetration ob-
tained with a hammer transferring an energy of EHammer to the drill
rods and EChinese DPT is the 89% of the theoretical free-fall energy
provided by the Chinses DPT.

In addition, Cao et al. (2013) recommend an overburden cor-
rection factor, CN , to obtain the normalized N 0

120 value using the
following equation:

N 0
120 ¼ N120CN ð4Þ

where

CN ¼ ð100=σ 0
voÞ0.5 ≤ 1.7 ð5Þ

where σ 0
o = initial vertical effective stress (kN=m2). In the current

study, a limiting value of 1.7 was included to be consistent with the
CN used to correct penetration resistance from other in situ tests
(Youd et al. 2001).

Thus, by applying the energy and overburden correction on the
raw blow counts, both N120 and N 0

120 versus depth profiles were
produced by Cao et al. (2013) and Rollins et al. (2021) for all
the DPT investigation sites.

On the other hand, geophysical tests were also performed by
Cao et al. (2011) and Rollins et al. (2022) at various liquefaction
and no-liquefaction gravelly sites around the world to correlate the
liquefaction potential of gravelly soil with Vs. Among all the sites
investigated by Cao et al. (2011, 2013) and Rollins et al. (2021,
2022), a total of 54 sites where companion DPT and Vs tests were
performed at the same locations within a distance of 1 to 6 m have
been considered in the present study, as listed in the Supplemental
Materials. Among these 54 locations, there are 48 sites where Vs
data were obtained using the MASW method conducted in just the
forward direction. At the remaining six sites, Vs profiles were ob-
tained by performing other types of in situ measurements. As pre-
sented in the Supplemental Materials, the spectral analysis of
surface wave (SASW) method (Andrus 1994) was used to obtain
Vs data at the sites at Pence Ranch, Larter Ranch, and Whiskey
Springs in Idaho. At a site in L’Aquila, Italy, a downhole (DH)
test was used to obtain Vs data, and at one site in Avasinis, Italy,
the Vs profile was obtained by a cross-hole (CH) test.

The MASWmethod considers the dispersion of Rayleigh waves
to generate an apparent phase-velocity dispersion relationship that
is then used in an inversion analysis to derive a Vs profile. MASW
surveys were typically performed, as described by Rollins et al.
(2022), using a linear array at each site composed of vertical
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geophones (4.5 Hz) typically spaced at 1-m intervals to increase
resolution near the surface and at 3-m intervals for greater depths.
A sledgehammer (usually 5.5. kg) striking on a plastic plate was
used as the seismic source. The source was aligned to the geo-
phones and located at several offsets (three to five) for each linear
array. For each offset, a stack of three to five measurements was
considered adequate to increase the signal-to-noise ratio.

The recorded phase offset of different frequency waves (f-k
analysis) was used to develop a relationship between phase velocity
and frequency (or wavelength), called a dispersion curve. Based on
the dispersion curves, inversion analyses were conducted using the
Park et al. (1999) methodology and typically without a priori sub-
surface information to derive a shear-wave velocity model. It is well
known that major differences in interpretation arise not from the
dispersion analyses particularly, but from the inversion algorithm
used to estimate the Vs profile from the dispersion curve. There-
fore, the inversion process has a much stronger influence over
the final Vs model compared with the dispersion curve generation
method (Garofalo 2016). More details regarding the inversion pro-
cedure used for various sites have been given by Rollins et al. (2022).

The Vs values obtained by various surface-wave and in situ
methods were corrected for overburden pressure to obtain Vs1 us-
ing the following equation:

Vs1 ¼ VsðPa=σ 0
voÞ0.25 ð6Þ

where σ 0
vo = initial vertical effective stress; and Pa = atmospheric

pressure approximated by a value of 100 kPa as suggested by
Sykora (1987) and adopted by Youd et al. (2001). These normal-
ized Vs1 profiles and the original Vs profiles were then plotted as a
function of depth for all the boreholes reported by Cao et al.
(2011) and Rollins et al. (2022).

As a part of the present study, the DPT N120 profiles and their
paired Vs profiles along with other relevant information about the
soil profiles (groundwater table, total stress, and effective stress)
have been collected. Then, for each of these boreholes, average
N120 and effective stress (σ 0

v) has been calculated for each layer
portion, through which the corresponding Vs is interpreted to be
constant. Thus, N120, Vs, and σ 0

v sets at different depths from each
borehole have been obtained. The number of these sets depends on
the number of stair steps identified in the Vs profile where average
N120 and σ 0

v were also obtained for each interval.
Paired N120, Vs, and σ 0

v values have been obtained only for the
gravelly soil layers. At some locations in Italy (Avasinis, Bordano,
and L’Aquila), there are several thin silty and sandy layers, which
are reflected by various peaks and troughs in the DPT profiles,
but the Vs profiles remain constant along the depth. Part of the rea-
son behind this discrepancy can be that the in situ Vs methods often
estimate the Vs of a large volume of soil strata, and hence thin
layers at the exact location of the DPT might not have been cap-
tured in the Vs profiles. For these locations, average N120, Vs, and
σ 0
v values have been obtained only for the critical gravelly layers

excluding the thin soil deposits to reduce the error while developing
correlation among these parameters. Critical gravelly layers indi-
cate those layers most likely to trigger and manifest liquefaction
at the ground surface. Typically, these are the layers with the lowest
average DPT or Vs resistance below the groundwater table but near
the ground surface. Critical layers have been selected over an in-
terval of 1 m or more representative N120 or Vs1 that is less affected
by thin peaks or troughs.

The values of N120, Vs, and σ 0
v from all the companion boreholes

are summarized in the Supplemental Materials, along with some
other relevant features of each site. The overburden-corrected DPT
blow count (N 0

120), and Vs1 values computed for each borehole have

also been included in the Supplemental Materials. In total, 242 data
points have been collected from 54 different sites, among which 150
data points come from China and the remaining 92 data points come
from other parts of the world. Although a large portion of these data
(64%) come from the Chengdu plain of China, this database is com-
prised of a variety of gravelly deposits including natural deposits
from alluvial fans, glacial outwash, fluvial, and glaciofluvial de-
posits as well as human-made fills at ports and dams.

In this database, the maximum depth is typically about 15 m and
the maximum vertical effectives stress, σ 0

v, is about 250 kPa. These
deeper layers are mostly from the sites in Alaska and a few sites in
China. The N120 values ranged from 2 to 55 and Vs values typically
ranged from about 100 to 400 m=s. Using the correlations to
extrapolate beyond these ranges should be done with appropriate
caution. This range of Vs (most less than 200 m=s and nearly
all less than 300 m=s) is relatively low compared with the Vs range
of 300 to 900 m=s reported by Foti et al. (2018) for gravelly soil.
One likely reason for this is that many of these soil deposits were
relatively loose and hence liquefied during a seismic event. There-
fore, they would be expected to have lower Vs values. In addition,
the gravelly soils at sites investigated by Cao et al. (2011, 2013) and
Rollins et al. (2021, 2022) were primarily comprised of sandy
gravel or a gravelly sand mixture where sand contents are in the
range of 30%–70%. So those gravelly deposits with substantial
sand contents might produce Vs values more in the range of sandy
soil than that of clean gravelly soil.

Development of Correlations between DPT
Penetration Resistance and Shear-Wave Velocity

Based on the database reported in the Supplemental Materials, cor-
relations can be developed between the DPT blow count (N120) and
shear-wave velocity (Vs) for gravelly soil. In this context, the in-
fluence of overburden pressure (σ 0

v) can be considered in two ways:
(1) by transforming N120 and Vs to N 0

120 and Vs1 using Eqs. (3) and
(4) prior to the regression analysis, or (2) by performing the stat-
istical regression considering σ 0

v as an independent variable along
with N120 and Vs. These two approaches were previously adopted
in developing some SPT blow count-Vs correlations (Rollins et al.
1998; Brandenberg Scott et al. 2010) and hence similar procedures
have been followed in the present study.

Although, the SPT blow count-Vs correlations are primarily
based on log-linear combinations of N60, Vs, and σ 0

v or ðN1Þ60
and Vs1, in this study, both linear and log-linear combinations
of N120, Vs, and σ 0

v or N 0
120 and Vs1 have been considered to in-

vestigate the performance of different variations. All these regres-
sions were performed by using the JMP Pro 16 commercial
program (SAS Institute Inc. 2021; Youd and Noble 1997). Results
of all these regression outcomes are summarized in the following
sections.

Linear Correlation between Vs1 and N 0
120

To obtain the correlation between Vs1 and N 0
120, the N120 and Vs

values have first been converted to N 0
120 and Vs1, as shown in the

Supplemental Materials, by using Eqs. (4) and (6), respectively.
Based on these N 0

120 and Vs1 values, the equation for Vs1, given by

Vs1 ¼ 180.34þ 3.23N 0
120 ð7Þ

has been obtained by linear regression analysis. The p-values for
all the regression variables were less than 0.0001, and the F-ratio of
the regression model was 172.81. However, the correlation coeffi-
cient (R2) for this regression equation was found to be 0.436 with a
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root-mean square error of 0.39. These statistics clearly indicate a
poor correlation between N 0

120 and Vs1.

Log-Linear Correlation between Vs1 and N 0
120

In this regression, the logarithm of Vs1 and N 0
120 has been con-

sidered. The correlation obtained by this approach provides the
following equation for Vs1:

Vs1 ¼ 121.51
�
N 0

120

�
0.238 ð8Þ

The p-values for all the regression variables were less than
0.0001, and the F-ratio of the regression model was 159.24. The
correlation coefficient (R2) for this correlation was 0.409 with a
root-mean square error of 0.17. Therefore, the correlation between
N 0

120 and Vs1 was found to be consistently weak for both the linear
and log-linear combinations.

Linear Correlation among Vs, N120, and σ 0
v

In this approach, both the uncorrected N120 and the effective
overburden pressure (σ 0

v) have been considered as independent
variables for predicting the uncorrected Vs. Based on a linear re-
gression, the following equation for Vs has been obtained:

Vs ¼ 108.25þ 3.66N120 þ 0.642σ 0
v ð9Þ

The p-values for all the regression variables were less than
0.0001, and the F − ratio of the regression model was 318.47.
The regression coefficient (R2) for this correlation was 0.724, with
a root-mean square error of 0.34. Clearly, the consideration of σ 0

v as
a separate independent variable has significantly improved the cor-
relation coefficient compared with the previous approaches of cor-
recting N120 and Vs for overburden pressure prior to the regression.

Log-Linear Correlation among Vs, N120, and σ 0
v

In this trial, a regression analysis has been performed using the
logarithms of Vs, N120, and σ 0

v with the logarithms of N120, and
σ 0
v as the independent variables to obtain the following correlation

equation for Vs:

Vs ¼ 40.44ðN120Þ0.242ðσ 0
vÞ0.24 ð10Þ

The p-values for all the regression variables were less than
0.0001, and the F-ratio of the regression model was 293.2. In this
case, the correlation coefficient (R2) was found to be 0.674 with a
root-mean square error of 0.16. Interestingly, the regression indi-
cates that the exponent of the vertical effective stress was 0.24,
which is close to the value of 0.25 that is known to describe the
influence of effective stress on shear-wave velocity for granular
soils in general, as well as gravelly soils in particular (Menq 2003;
Hubler et al. 2017) as indicated in Eq. (6).

Although the regression correlation coefficient in the log-linear
regression was somewhat lower compared with the linear regres-
sion, the correlation was still significantly stronger than the corre-
lations provided by using the overburden-corrected values based on
Eqs. (7) and (8). The correlation coefficients for Vs, based on N120

and σ 0
v [Eqs. (9) and (10)], were similar to several existing corre-

lations developed between Vs and SPT N60 values for sandy soils.
For example, Dikmen (2009) obtained a correlation between uncor-
rected Vs and N with a correlation coefficient (R2) of 0.72 based on
82 borehole samples of sand. Hasancebi and Ulusay (2007) also
obtained a correlation between uncorrected Vs and N with a cor-
relation coefficient of 0.65 for sandy soil. Ohta and Goto (1978)
found different correlations between Vs and N for different soil

types including the effect of soil depth and geologic epoch. These
correlation coefficients varied from 0.72 to 0.86 for different soils,
among which one correlation for sandy soil was found to be 0.72.

Although, the correlations developed for gravelly soil based on
the DPTand Vs database would not be directly comparable with the
existing Vs and SPT-N correlations for sandy soil, the range of cor-
relation coefficients indicates that a reasonable correlation has been
developed for gravelly soil based on the database of DPT N120 and
Vs values.

Relative Influence of N120 and σ 0
v on the

Correlation with Vs

Based on the correlations developed in Eqs. (9) and (10), the trend
lines of Vs versus N120 and Vs versus σ 0

v for both linear and log-
linear correlations have been plotted in Figs. 1 and 2, respectively
along with all the data points reported in the Supplemental Materi-
als. Multiple regression lines have been obtained in both Vs versus
N120 and Vs versus σ 0

v plots for the multiple values of σ 0
v and N120,

respectively. In this study, the mean and mean ± one standard
deviation values of σ 0

v ð92� 48 kPaÞ and N120 (15� 10 blows/
0.3 m) have been considered to obtain the regression lines in each
plot and provide a fair comparison regarding the relative influence
of the two variables.

The plots corresponding to the linear correlation in Fig. 1 show
that the influence of N120 on Vs in Fig. 1(b) was slightly more than

Fig. 1. Variation of (a) Vs versus N120 for the mean and mean � one
standard deviation values of σ 0

v; and (b) Vs versus σ 0
v for the mean

and mean � one standard deviation values of N120 for the linear
correlation model.
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the influence of σ 0
v on Vs in Fig. 1(a) because the spread between

different N120 lines was slightly more in the Vs versus σ 0
v plot than

the spread between various σ 0
v lines in the plot of Vs versus N120.

For example, considering the mean N120 of 15, the corresponding
Vs took the values of 222, 189, and 255 m=s for the mean and
mean ± one standard deviation values of σ 0

v, i.e., 92, 44, and
140 kPa. On the other hand, for the mean σ 0

v of 92 kPa, the cor-
responding Vs attained the values of 222, 187, and 258 m=s for
the mean and mean± one standard deviationN120 values of 15, 5,
and 25. Clearly, these values indicate that the influence of N120 on
Vs is a little more than the influence of σ 0

v on Vs.
The plots corresponding to the log-linear correlation in Fig. 2

depict similar behavior in the Vs versus N120 and Vs versus σ 0
v plots

as that observed for the linear correlation. For the mean N120 of 15,
the corresponding Vs took the values of 192, 231, and 257 m=s for
three different values of σ 0

v, i.e., 44, 92, and 140 kPa, whereas for
the mean σ 0

v of 92 kPa, the corresponding Vs attained the values of
185, 232, and 258 m=s for the N120 values of 5, 15, and 25.

Therefore, the Vs of gravelly soil is governed slightly more by
N120 compared with σ 0

v, although the difference was not substan-
tial. This can be explained by the fact that the Vs of any gravelly
stratum would depend more on the density of the soil matrix in that
stratum than the effective overburden pressure produced by the
overlying soil strata. This fact is also supported by the plots of
Figs. 1 and 2, where the points on the Vs versus σ 0

v plot were more
unevenly scattered (specifically between σ 0

v of 80 to 120 kPa), in

comparison with the points on the Vs versus N120 plot, indicating
that the correlation between Vs and N120 is a bit stronger than the
correlation between Vs and σ 0

v.
Figs. 1 and 2 (both Vs versus N120 and Vs versus σ 0

v plots)
showed a certain amount of scatter, as indicated by the standard
root-mean square error values of 0.34 and 0.17 for the linear and
log-linear model, respectively. This range of errors is similar to the
range of 0.29 obtained by Brandenberg Scott et al. (2010) for Vs
versus N60 correlations for sands.

One major reason behind the scatter in Fig. 3, or even in Figs. 1
and 2, is the use of different methods of determining Vs at different
sites of the world. Different methods can produce different Vs pro-
files at different depths because they use different ranges of wave
frequency and soil volumes in each method (Brandenberg Scott
et al. 2010). Moreover, geophysical measurements sample a large
volume of soil to yield an average Vs profile for a particular soil
layer and do not often capture the local variations, which are usu-
ally captured by the typical penetration test methods such as the
SPT or CPT. On the other hand, the penetration test results were
considered as point measurements for each borehole, and spatial
averaging of penetration resistance was required to define the
whole soil layer and may also contribute some uncertainty in
the overall site characterization.

Fig. 2. Variation of (a) Vs versus N120 for the mean and mean � one
standard deviation values of σ 0

v; and (b) Vs versus σ 0
v for the mean

and mean � one standard deviation values of N120 for the log-linear
correlation model.

Fig. 3. Comparison between the measured and computed Vs values for
(a) linear; and (b) log-linear models developed in the present study.
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Relative Influence of Geological Origin on
Vs Correlations

In addition to the regression analysis of the entire database, indi-
vidual regressions have also been performed for different types of
gravelly deposits viz. alluvial, man-made and fluvial or glacioflu-
vial deposits. In the current database, the sites in China, Idaho and
Italy (Avasinis) primarily consist of alluvial deposits. The ports of
Manta in Ecuador, Wellington in New-Zealand and Cephalonia
(Lixouri and Argostoli) in Greece provided data for human-made
gravelly fill. The sites at L’Aquila in Italy and the sites of Alaska
consisted of fluvial and glacio-fluvial deposits. The resulting cor-
relation equations for human-made fill, alluvial fan, and fluvial de-
posits are provided in Eqs. (11)–(16) along with their respectively
correlation coefficients. The p-values for all the variables in each
equation were found to be less than 0.0001.

Linear Correlations

The linear correlation for human-made deposits is calculated as
follows:

Vs ¼ 117.25þ 5.396N120 þ 0.396σ 0
v; R2 ¼ 0.79 ð11Þ

The linear correlation for alluvial deposits is calculated as follows:

Vs ¼ 115.99þ 3.28N120 þ 0.696σ 0
v; R2 ¼ 0.73 ð12Þ

The linear correlation for fluvial deposits is calculated as
follows:

Vs ¼ 70.78þ 4.284N120 þ 0.81σ 0
v; R2 ¼ 0.75 ð13Þ

Log-Linear Correlations

The log-linear correlation for human-made deposits is calculated as
follows:

Vs ¼ 31.37ðN120Þ0.215ðσ 0
vÞ0.305; R2 ¼ 0.76 ð14Þ

The log-linear correlation for alluvial deposits is calculated as
follows:

Vs ¼ 46.52ðN120Þ0.23ðσ 0
vÞ0.22; R2 ¼ 0.70 ð15Þ

The log-linear correlation for fluvial deposits is calculated as
follows:

Vs ¼ 26.79 × ðN120Þ0.386ðσ 0
vÞ0.225; R2 ¼ 0.73 ð16Þ

The regression analyses show that the equation for human-made
fill produced the highest correlation coefficient of about 0.79,
whereas the correlation correlations for the alluvial and fluvial de-
posits were 0.73 and 0.75, respectively, for the linear correlation.
On the other hand, the regression coefficients for the log-linear cor-
relations were 0.79, 0.69, and 0.76 for the human-made, alluvial,
and fluvial deposits, respectively. Hence, in all cases, accounting
for the geological origin of the gravelly deposits yielded somewhat
higher correlation coefficients than the general correlations in
Eqs. (9) and (10). This result is reasonable and consistent with re-
sults of regression analyses correlating Vs with N60 values obtained
from BPT reported by Rollins et al. (1998).

Comparison between the Measured and Computed Vs

To compare the performance of both the linear and log-linear cor-
relations, the Vs values computed by Eqs. (9) and (10) have been

plotted versus the corresponding measured Vs values for all the
sites, as shown in Figs. 3(a and b). In addition, the perfect agree-
ment line along with the 25% and 50% overestimate and underes-
timate lines are shown.

It can be observed that the linear correlation in Fig. 3(a) gives
somewhat better agreement between the measured and computed
values compared with the log-linear correlation in Fig. 3(b). The
statistics indicate that approximately 83% of the data points fell
within the �25% error bound lines and 98% of the data fell within
�50% error bound lines in Fig. 3(a). But, the 25% and 50% error
bounds in Fig. 3(b) contained approximately 82% and 97% of the
data, respectively. The difference between the linear and log-linear
correlations are relatively minor, which has already been indicated
by the very similar regression coefficients for the data in Figs. 1
and 2. However, the overall data set in Fig. 3(b) for the log-linear
model still seems to be slightly skewed with respect to the perfect
agreement line, whereas the data set in Fig. 3(a) seems to be more
evenly distributed, indicating less skewness or bias with respect to
the perfect agreement line. Therefore, the linear correlation is rec-
ommended for the gravelly soils based on the database collected
in the present study.

Summary and Conclusions

A large database consisting of 242 data pairs with DPT penetration
resistance (N120) and shear-wave velocity (Vs) in gravelly deposits
at the same depth has been collected. The data came from a variety
of countries and geological environments. Using the data set, stat-
istical regressions have been performed to develop correlations be-
tween Vs and DPT penetration resistance.

Correlations have been developed between (1) the overburden-
corrected shear-wave velocity (Vs1) and the overburden-corrected
DPT penetration resistance (N 0

120), and (2) the uncorrected shear-
wave velocity (Vs) and the uncorrected DPT penetration resistance
(N120) along with the effective vertical effective stress (σ 0

v). The
second approach with the effective overburden pressure as an
independent variable produced a better regression model with a
higher correlation coefficient (R2 ¼ 0.72 versus R2 ¼ 0.44).

Both linear and log-linear combinations have been evaluated,
and the linear correlation appears to have somewhat better predic-
tive capability in comparison with the log-linear model, although
both are acceptable. In the linear correlation, 83% of the data points
fell within 25% of the predicted value, and 98% of the data points
fell within 50% error bound lines. In contrast, the same 25% and
50% error bounds contained 82% and 97% data points in the log-
linear model. Correlation coefficients improved by 7 to 12 percent-
age points when regression equations were developed using data
with similar geologic origin, consistent with previous reports by
Rollins et al. (1998) for gravels and Brandenberg Scott et al. (2010)
for sands.

Investigation of the relative effect of effective overburden pres-
sure (σ 0

v) and DPT resistance (N120) on the variation of Vs showed
that σ 0

v had a little more influence on the variation of Vs compared
with N120, although the difference was not substantial. This obser-
vation is consistent with observations made by Brandenberg Scott
et al. (2010) for the correlation among Vs, N60, and σ 0

v for sands.

Limitations of the Present Study

In the present data set, the depth of gravelly soil strata where DPT
blow count and Vs data have been collected was within 1–15 m
below the ground surface, and the corresponding effective stress
was in the range of 20–330 kPa. No data were collected beyond
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15 m depth with higher overburden stress. Therefore, the empirical
correlations developed in this study should be applicable within
shallow depths (0–15 m) but not necessarily for the deeper gravelly
strata.

Secondly, in the current database, 29 datapoints came from
human-made fills. The remaining 213 datapoints came from natural
soils (alluvial, fluvial, and glaciofluvial deposits) among which 122
datapoints were for liquefaction sites and 91 datapoints were from
no-liquefaction sites. Hence, most datapoints in the reported data-
base were from natural soil deposits Geologic factors such as for-
mation of soil deposits, aging, cementation, stress, and strain
history may significantly govern the microstructure of the soil ma-
trix and eventually can have substantial impact on the in situ
measurement of Vs.

Lastly, the Vs data in the present database were in the range of
100–530 m=s among which 80% of the data fall below 300 m=s.
Similarly, the DPTN120 blow counts are in the range of 2–55 where
almost 80% of the data fall below the blow count of 25. Hence, the
current database primarily consists of loose to medium dense grav-
elly soil with a few datapoints corresponding to dense gravelly
strata. But the denser gravelly soil, which consist of relatively
large gravel particles, can produce a substantially higher range of
Vs ð300–900 m=sÞ, and the correlations developed in the present
study may not necessarily be appropriate for dense gravelly strata.
Also, the DPT resistance can be affected due to the interference
with large gravel particles; Meyerhof (1957) stated that all pen-
etration tests become unreliable if the maximum particle size ap-
proaches the diameter of the penetrometer or the sampler spoon.
However, further investigation is still required to specifically
quantify the effect of particle size on DPT.
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