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1 INTRODUCTION 

1.1 Background 

One of the most challenging problems in geotech-
nical engineering is characterizing gravelly soils in a 
reliable, cost-effective manner for routine engineer-
ing projects. Even for large projects, such as dams 
and power projects, characterization is still expen-
sive and problematic. Nevertheless, because lique-
faction is known to have occurred in gravelly soils in 
a significant number of earthquakes (Sy and Cam-
panella 1995, Cao et al 2012), engineers and geolo-
gists are frequently called upon to assess the poten-
tial for liquefaction in gravels. Therefore, innovative 
methods for characterizing and assessing liquefac-
tion hazards in gravels are certainly an important ob-
jective in geotechnical engineering. 

Over the past 60 years, Chinese engineers have 
developed a dynamic cone penetration test (DPT) 
which is effective in penetrating coarse or cobbly 
gravels and provides penetration data useful for liq-
uefaction assessment (Chinese Design Code, 2001). 
This test could provide an important new procedure 
for characterization of gravels that fills a void in pre-
sent geotechnical practice.  The objective of this pa-
per is to provide comparative evaluations of the liq- 

 
uefaction resistance estimated by the DPT and the 
BPT in the foundation of a dam with a gravel layer  

1.2 Limitations of current methods for 
characterizing gravels 

Owing to the difficulty of extracting undisturbed 
samples from gravelly soils, laboratory tests on un-
disturbed samples have not proven effective or relia-
ble for measurement of shear strength or liquefaction 
resistance. Freezing of a gravel layer before sam-
pling improves sample quality, but the cost is pro-
hibitive for routine projects. Even when undisturbed 
samples can be extracted, changes in stress condi-
tions between the field and laboratory can limit the 
usefulness of laboratory test results.   

For sands and fine-grained soils, standard penetra-
tion tests (SPT) and cone penetration tests (CPT) are 
widely used to measure penetration resistance for 
applications in engineering design and for assessing 
liquefaction resistance. However, SPT and CPT are 
not generally useful in gravelly soils because of in-
terference from large particles. Because of the large 
particles, the penetration resistance increases and 
may reach refusal even in cases when the soil is not 
particularly dense. This limitation makes it very dif-
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ficult to obtain a consistent and reliable correlation 
between SPT and CPT penetration resistance and 
basic gravelly soil properties. 

In North American practice, the Becker Penetra-
tion Test (BPT) has become the primary field test 
used to measure penetration resistance of gravelly 
soils. The BPT was developed in Canada in the late 
1950s and consists of a 168-mm diameter, 3-m-long 
double-walled casing, whose resistance is defined as 
the number of blows required to drive the casing 
through a depth interval of 30 cm. For liquefaction 
resistance evaluations, closed-end casing is speci-
fied. To facilitate use of the BPT for liquefaction re-
sistance calculations, Harder and Seed developed 
correlations between BPT and SPT blow counts in 
sand after correction for Becker bounce chamber 
pressure and atmospheric pressure at the elevation of 
testing (Harder and Seed 1986, Harder 1997) as 
shown in Figure 1. Despite the scatter, the correla-
tion appears to be reasonably good. 

Figure 1. Correlation between corrected Becker and SPT blow-
counts from Harder and Seed (1986) supplemented with data 
from additional test sites (Harder, 1997).  

 
Disadvantages in applying the BPT for liquefac-

tion hazard investigations include the high cost of 
mobilization, uncertainty in measuring BPT re-
sistances, uncertainties in correlations between SPT 
and BPT blow counts, and friction resistance be-
tween the soil and the driven BPT casing. With re-
spect to friction resistance, Harder (1997) states that 
for normally to slightly overconsolidated low plastic-
ity soils, the effect of friction is adequately accom-
modated in the empirical correlations he and Prof. 
Seed developed.  

In contrast, Sy and Campanella (1994) found that 
friction on the Becker penetrometer affects the 
measured penetration resistance.  They developed a 
procedure for correcting BPT measurements for fric-
tion resistance by using instrumental measurements 
to conduct a CAPWAP analysis to quantify the ef-
fect of casing friction on BPT resistance. CAPWAP 
analyses, however, have not led to a significant re-
duction of the overall uncertainty in BPT analyses 
(Harder, 1997). Sy (1997) has also used mud slurry 
injection at the base of the Becker to reduce casing 

friction, with some success, but both the CAPWAP 
and the mud injection approaches add to the overall 
complexity of the test procedure. 

2 DEVELOPMENT OF DYNAMIC CONE 
PENETRATION TEST (DPT) FOR GRAVELS 

 
A dynamic cone penetration test (DPT) was devel-
oped in China in the early 1950s to measure penetra-
tion resistance of gravel for application in bearing 
capacity analyses. Based on their experience, stand-
ard test procedures and code provisions have been 
formulated (Chinese Specifications 1999, Chinese 
Design Code 2001).  Because of widespread gravelly 
deposits beneath the Chengdu plain, the DPT is 
widely used in that region, particularly for the evalu-
ation of liquefaction potential (Cao et al. 2011). 

DPT equipment is relatively simple, consisting of 
a 120-kg (264 lb) hammer, raised to a free fall height 
of 100 cm (39 in), then dropped onto an anvil at-
tached to 60-mm diameter drill rods which in turn 
are attached to a solid steel cone tip with a diameter 
of 74 mm and a cone angle of 60º as shown in Figure 
2. The smaller diameter rod helps to reduce shaft 
friction on the rods behind the cone tip. 
 

Figure 2. Component sketch of tripod and drop hammer setup 
for dynamic penetration tests (DPT) along with DPT cone tip. 
(After Cao, Youd and Yuan 2011). 

 
Prior to testing, the drill rods are marked at 10 cm 

intervals and the number of blows required to pene-
trate each 10 cm is recorded. The raw DPT blow 
count is defined as the number of hammer drops re-
quired to advance the cone tip 10 cm. A second pen-
etration resistance measure, called N120, is specified 
in Chinese code applications where N120 is the num-
ber of blows required to drive the cone tip 30 cm; 
however, N120 is calculated simply by multiplying 
raw blow counts by a factor of three which preserves 
the detail of the raw blow count record.  

As with the standard penetration test, a correction 
for overburden stress on the DPT blow count was 
applied using the equation 

N'120 = N120(100/'v)
0.5             (1) 
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where N'120 is the corrected DPT resistance in blows 
per 30 cm, N120 is the measured DPT resistance in 
blows per 30 cm, 100 is atmospheric pressure in 
kN/m2, and 'v is the vertical effective stress in 
kN/m2 (Cao et al, 2013). 

Energy transfer measurements were made for 
about 1200 hammer drops with the DPT in China us-
ing the conventional pulley tripod and free-fall drop 
weight system. These measurements indicate that on 
average 89% of the theoretical hammer energy was 
transferred to the drill rods with this system.   

3 LIQUEFACTION RESISTANCE CURVE 
BASED ON DPT PENETRATION 
RESISTANCE 
 

Following the 2008 Mw=7.9 Wenchuan earthquake 
in China, 47 DPT soundings were made at 19 sites 
with observed liquefaction effects and 28 nearby 
sites without liquefaction effects. Each of these sites 
was underlain by 2 to 4 m of clayey soils, which, in 
turn, were underlain by gravel beds up to 500 m 
thick. Looser upper layers within the gravel beds are 
the materials that liquefied during the Wenchuan 
earthquake. Because samples are not obtained with 
DPT, boreholes were drilled about 2 m away from 
most DPT soundings with nearly continuous samples 
retrieved using 90 to 100 mm diameter core barrels. 
DPT soundings reached depths as great as 15 m, 
readily penetrating gravelly layers that liquefied as 
well as many layers that were too dense to liquefy.  

Layers with the lowest DPT resistance in gravelly 
profiles were identified as the most liquefiable. At 
sites with surface effects of liquefaction these pene-
tration resistances were generally lower than those at 
nearby DPT sites without liquefaction effects. Thus, 
low DPT resistance became a reliable identifier of 
liquefiable layers (Cao et al. 2011).  

Using the DPT data, Cao et al. (2013) plotted the 
cyclic stress ratio causing liquefaction against DPT 
blow count as shown in Figure 3. Points where liq-
uefaction occurred are shown as solid red dots, while 
sites without liquefaction are shown with open cir-
cles. Cao (2013) also defined boundary curves for 
15, 30, 50, 70 and 85% probability of liquefaction 
based on logistical regression. 

4 LIQUEFACTION RESISTANCE CURVE 
BASED ON BPT PENETRATION 
RESISTANCE 

 
Using the correlation between the corrected BPT 

penetration resistance, NBC, and the SPT penetra-
tion resistance corrected for hammer energy, N60, 
shown in Figure 2, the liquefaction resistance curves 
for sand shown in Figure 4 can be used to evaluate 
liquefaction in gravelly soil. This approach assumes 

that the Becker hammer is relatively unaffected by 
the particle size of the gravel. 

 

Figure 3. Liquefaction resistance curves for gravels in the 
Chengdu plain during the Mw=7.9 Wenchuan, China Earth-
quake based on DPT penetration resistance (Cao et al. 2013). 

 
Figure 4. Correlation between cyclic resistance ratio and cor-
rected SPT blowcount based on liquefaction case histories for 
Mw7.5 earthquakes (modified from Seed et al. 1985) (Youd et 
al. 2001). 

 
As shown in Figure 4, the liquefaction boundary 
curves are essentially vertical at cyclic stress ratios 
greater than 0.5.  For example, with a fines content 
less than 5%, the CRR is undefined for SPT (N1)60 
values greater than 29, although the liquefaction re-
sistance is clearly higher than a value of 0.50.  In 
contrast, the CRR vs N'120 curves have a somewhat 
positive slope at their upper limits likely because of 
the lack of adequate field performance data.       
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5 COMPARISON OF BPT AND DPT 
EVALUATIONS OF LIQUEFACTION AT 
MILLSITE DAM, UTAH 

 
Millsite dam (39.09733º, -111.1877º) is located in 
Ferron, Utah about 45 miles south of Price, Utah.  
Because the foundation soils beneath the dam con-
tain saturated sand and gravel layers, a liquefaction 
evaluation was performed at the site. In particular, 
the Becker hammer was used to evaluate the lique-
faction resistance of the gravel layers. Becker pene-
tration tests were performed at nine locations along 
the downstream toe of the dam.  At six of these loca-
tions, DPT soundings were also performed within 
about 1m of the BPT soundings using the Chinese 
DPT cone tip.   

In contrast to the Chinese DPT where applied en-
ergy was produced by a 120-kg weight dropped from 
a 1-m height, DPT soundings at Millsite in this study 
used two different hammers: (1) a 102 kg (225 lb) 
donut hammer weight dropped from 0.91 m (36 in) 
and (2) a 64 kg (140 lbs) automatic hammer dropped 
from a height of 0.76 m (30 in).  Energy transfer 
measurements were made with a PDA for each 
hammer at the site.  The donut hammer and the au-
tomatic hammer delivered 52% and 98% of the theo-
retical free-fall energy, respectively. Remarkably, 
despite the different applied hammer energies, both 
hammers transferred approximately 53% of the en-
ergy transferred by the Chinese hammer.  

To account for these energy differences, the meas-
ured blowcounts were corrected to obtain N'120 val-
ues using the equation:  

    
N'120 = (N'120)F(ECDPT/EF) 
 
where (N'120)F is the uncorrected blowcount obtained 
with the hammer in the field, ECDPT is the energy de-
livered by the Chinese DPT and EF is the energy de-
livered by the hammer in the field.  This linear ad-
justment factor is based on the energy correction 
approach used for the SPT hammer. In this case, the 
energy adjustment factor increased the measured 
blowcounts by a factor of 1.89.  
 Furthermore, to facilitate comparisons between 
the liquefaction resistance obtained with the DPT 
which is based on data from a Mw8.0 earthquake and 
the BPT which is based on Mw7.5 earthquake data, a 
magnitude scaling factor approach was used.  For 
example, the cyclic stress ratio, CRR, obtained from 
a DPT-based liquefaction triggering curve in Figure 
3 was adjusted using the equations below to obtain 
the CRR for a Mw7.5 earthquake.   
 
CRRM7.5 = CRRM8.0/MSF              (2) 
 
where MSF = 102.24/Mw

2.56 and Mw = 8.0          (3)  
This had the effect of increasing the CRR values ob-

tained from the DPT correlation by a factor of about 
15%. 

Correlations between BPT (N1)60 and DPT N'120 
were attempted for both the donut hammer and the 
automatic hammer data.  Correlations were much 
improved with the automatic hammer relative to the 
donut hammer which was operated manually.  The 
difficulty for the driller in consistently raising the 
heavier donut hammer (102 kg vs. 64 kg) led to 
much greater scatter in the test data relative to the 
automatic hammer. This finding is consistent with 
results obtained by Cao et al. (2013). A plot of BPT 
(N1)60 vs. DPT N'120 for gravel with the automatic 
hammer is provided in Figure 5.  The best-fit equa-
tion is 
 
BPT (N1)60 = 2.46N'120                          (4) 
 

Figure 5. Plot of BPT (N1)60 vs. DPT N'120 with the automatic 
hammer for gravel along with best-fit correlation line. 

 
In addition, analyses indicated that separate correla-
tions were necessary for DPT tests in sand and in 
gravel layers, even with the automatic hammer.  For 
example, for a given DPT N'120, the BPT (N1)60 in 
sand was typically about 65% of the value in gravel. 
This result suggests that the correlation may be de-
pendent on the maximum grain size at least for the 
lower energy levels used in this study.  Therefore, 
the correlation between liquefaction resistance and 
DPT N'120 proposed by Cao et al (2013) should 
probably be restricted to gravel layers at present. 
 A comparison of liquefaction resistance obtained 
from the BPT and DPT evaluations within (a) gravel 
layers and (b) sand layers in four test holes are pro-
vided in Figure 6.  In most of these holes, the BPT 
soundings indicated that the (N1)60 was higher than 
29 meaning the soil is non-liquefiable. This indicates 
that the CRR would be greater than 0.5 as discussed  
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in section 4.  Therefore, the CRR is plotted as 0.5 in 
this figure as a reference point.  It should be noted 
that the 30% probability DPT CRRs are generally 
considerably higher than the 0.5 boundary through-
out the majority of the profile consistent with the 
BPT results in the gravel layers.  However, some 
relatively thin (0.3-m to 0.6m-thick) potentially liq-
uefiable layers are identified by the DPT. The con-
sistency of the layer across the site suggests that the 
identification is accurate. These results also indicate 
that the DPT with values at 0.10 m intervals may 
provide better resolution for thin layers than the BPT 
at 0.3 m. Similar problems have been previously re-
ported by Harder (1997) for thin silt layers. 
 In contrast to the gravel layers, the agreement be-
tween the CRRs obtained from the BPT and DPT 
soundings in the sand layers is rather poor in many 
cases.  Typically, the CRR obtained from the DPT is 
lower than that from the BPT which is consistent 
with the lower correlation between DPT and BPT 
discussed previously.  These results strongly suggest 
that the DPT based liquefaction resistance curves at 
gravel sites are not appropriate for evaluating lique-
faction in sand.  

6 CONCLUSIONS 

The Chinese dynamic penetration test (DPT) pro-
vides a simpler, more economical approach for eval-
uating liquefaction resistance than the Becker pene-
tration test (BPT). In addition, the DPT liquefaction 
resistance curves for gravel are based on direct field 
performance while the BPT requires an intermediate 
correlation to obtain an equivalent sand SPT blow-
count.  Correlations between DPT N'120 and the BPT 
(N1)60 were reasonable for gravels when using an au-
tomatic hammer to increase consistency and reduce 
data scatter. Regression analysis indicates that sepa-
rate correlation curves would be required for sand 
relative to gravel.   

Cyclic resistance ratio curves from the DPT for 
the 30% probability curve are generally consistent 
with results from the BPT at this field test site; how-
ever, the DPT consistently identified a thin potential-
ly liquefiable layer that was apparently not resolved 
by the BPT.  The DPT soundings typically underes-
timated the liquefaction resistance in sand layers rel-
ative to the BPT soundings.  Therefore, the DPT liq-
uefaction resistance curves should only be used to 
evaluate liquefaction in gravels. Additional field 
testing would be very desirable in understanding the 
performance of the DPT versus the BPT in field test 
sites.  
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