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ABSTRACT 
In North American practice, the Becker Penetration Test (BPT) has become the primary field test used to evaluate 
liquefaction resistance of gravelly soils. However, this test is expensive and uncertainties exist regarding correlations and 
corrections for rod friction.  As an alternative, the dynamic cone penetration test (DPT) developed in China has recently 
been correlated with liquefaction resistance based on field performance data from the Mw7.9 Wenchuan earthquake. The 
DPT consists of a 74 mm diameter cone tip driven by a 120 kg hammer with a free fall height of 100 cm using a 60 mm 
drill rod to reduce friction. In this study, liquefaction resistance was evaluated using both BPT and DPT soundings at the 
Pence Ranch site where gravelly soil liquefied during the 1983 Mw6.9 Borah Peak earthquake. DPT testing in this study 
was performed using an automatic hammer at two energy levels; namely the energy specified in the original Chinese 
standard and the energy typical of SPT testing which would be easier to use in practice. Correlations suggest that 
standard energy corrections developed for the SPT can be used for the DPT.  In general, the liquefaction resistance from 
the BPT and DPT correlated reasonably well when using the 30% probability of liquefaction resistance curve developed 
for the DPT. These results suggest that the DPT can provide liquefaction hazard evaluations more economically than the 
BPT using more direct correlations with field performance.  
 
 
 
1 INTRODUCTION 
 
One of the most challenging problems in geotechnical 
engineering is characterizing gravelly soils in a reliable, 
cost-effective manner for routine engineering projects. 
Even for large projects, such as dams and power projects, 
characterization is still expensive and problematic. This 
difficulty is particularly important for cases where 
liquefaction may occur. Liquefaction is known to have 
occurred in gravelly soils in a significant number of 
earthquakes as shown in Table 1.  
 
Table 1 Case histories involving liquefaction of gravelly 
soil  

Earthquake Mw Refernce 

Mino-Owari, Japan 7.9 Tokiatsu & Yoshimi (1983) 

Fukui, Japan 7.3 Ishihara (1985) 

Valdez, Alaska 9.2 Coulter & Migliaccio (1966) 

Haicheng, China 7.3 Wang (1984) 

Tangshan, China 7.8 Wang (1984) 

Friuli, Italy 6.2 Sirovich (1996) 

Miyagiken-Oki, Japan 7.4 Tokimatsu & Yoshimi (1983) 

Borah Peak, Idaho 6.9 Youd et al(1985) 

Armenia 6.8 Yegian et al (1994) 

Roermond, Netherlands 5.8 Maurenbrecher et al (1995) 

Hokkaido, Japan 7.8 Kokusho et al (1995) 

Kobe, Japan 7.2 Kokusho & Yoshida (1997) 

Wenchuan, China 7.9 Cao et al (2013) 

Cephalonia Is., Greece 6.1 Nikolaou et al (2014) 

 

 
Engineers and geologists are frequently called upon to 
assess the potential for liquefaction in gravels. Therefore, 
innovative methods for characterizing and assessing 
liquefaction hazards in gravels are certainly an important 
objective 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 liquefaction 
assessment (Chinese Design Code, 2001). This test 
could provide an important new procedure for 
characterization of gravels that fills a void in present 
geotechnical practice.  The objective of this paper is to 
provide comparative evaluations of the liquefaction 
resistance estimated by the DPT and the BPT for a site 
where gravelly soils liquefied during a major earhtuqake.  
 

1.1 Limitations of current methods for characterizing 
gravels 

 
Because of the difficulty of extracting undisturbed 
samples from gravelly soils, laboratory tests on 
undisturbed samples have not proven effective or reliable 
for measurement of shear strength or liquefaction 
resistance. Freezing of a gravel layer before sampling 
improves sample quality, but the cost is prohibitive for 
routine projects. Even when undisturbed samples can be 
extracted, changes in stress conditions between the field 
and laboratory can limit the usefulness of laboratory test 
results.   



 

 

      For sands and fine-grained soils, standard penetration 
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 interference 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 
often makes it very difficult to obtain a consistent and 
reliable correlation between SPT or CPT penetration 
resistance and basic gravelly soil properties. 
     In North American practice, the Becker Penetration 
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 specified. To facilitate use of the BPT for 
liquefaction resistance 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 correlation 
appears to be reasonably good. 
     Disadvantages in applying the BPT for liquefaction 
hazard investigations include the high cost of mobilization, 
uncertainty in measuring BPT resistances, uncertainties in 
correlations between SPT and BPT blow counts, and 
friction resistance between the soil and the driven BPT 
casing. With respect to friction resistance, Harder (1997) 
states that for normally to slightly overconsolidated low 
plasticity soils, the effect of friction is adequately 
accommodated in the empirical correlations he and Prof. 
Seed developed.  

Figure 1. Correlation between corrected Becker and SPT 
blowcounts from Harder and Seed (1986) supplemented 
with data from additional test sites (Harder, 1997).  
 
     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 friction resistance by 
using instrumental measurements to conduct a CAPWAP 

analysis to quantify the effect of casing friction on BPT 
resistance. CAPWAP analyses, however, have not led to 
a significant reduction 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 developed in 
China in the early 1950s to measure penetration 
resistance of gravel for application in bearing capacity 
analyses. Based on their experience, standard 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 evaluation 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 attached 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 penetrate 
each 10 cm is recorded. The raw DPT blow count is 
defined as the number of hammer drops required to 
advance the cone tip 10 cm. A second penetration 
resistance measure, called N120, is specified in Chinese 
code applications where N120 is the number 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)

 

 
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/m
2
, and 'v is 

the vertical effective stress in kN/m
2
 (Cao et al, 2013). 

      Energy transfer measurements were made for about 
1200 hammer drops with the DPT in China using the 
conventional pulley tripod and free-fall drop weight system 
(Cao et al. 2013). 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 Mw7.9 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 consisted of 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 penetration 
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 DPT data, Cao et al. (2013) plotted the cyclic 
stress ratio causing liquefaction against DPT N’120 as 
shown in Figure 3. Points where liquefaction occurred are 
shown as solid red dots, while sites without liquefaction 
are shown with open circles. Cao et al. (2013) also 
defined curves indicating 15, 30, 50, 70 and 85% 
probability of liquefaction based on logistical regression. 
 
 
4 LIQUEFACTION RESISTANCE CURVE BASED ON 

BECKER PENETRATION RESISTANCE 
 
Using the correlation between the corrected BPT 
penetration resistance, NBC, and the SPT penetration 
resistance corrected for hammer energy, N60, shown in 
Figure 1, 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 
Earthquake based on DPT penetration resistance (Cao et 
al. 2013). 
 

 
Figure 4. Correlation between cyclic resistance ratio and 
corrected SPT blowcount based on liquefaction case 
histories for Mw7.5 earthquakes (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 resistance 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.     
 
 
 
5 LIQUEFACTION AND SITE CHARACTERIZATION 

AT PENCE RANCH IN IDAHO 
 
Liquefaction of gravelly soil was observed at the Pence 
Ranch during the Mw6.9 Borah Peak earthquake in 1983 
(Andrus, 1994; Youd et al. 1985). The Pence Ranch is 
located about 10 miles north of Mackay near the Big Lost 
River in central Idaho (latitude: 43.993860º, longitude: -
113.77300º). Peak ground acceleration was estimated to 

be about 0.39g at the ranch.   
 
5.1    Previous Subsurface Investigations at the Site 
    
A number of boils were observed at the surface consisting 
of sand and gravel as shown in Figure 5. In addition, 
gravelly sand ejecta erupted from a fissure formed as a 
result of lateral spreading near the hay yard as shown in 
Figure 6. After the earthquake, site investigations were 
reported by Andrus (1986) near the surface fissure.  The 
locations of closed-end BPT holes are shown in Figure 6 
and the interpreted soil profile is shown in Figure 7. 
   
 

 
 
Figure 5.  Photograph showing sand and gravel which 
erupted through a fissure in the ground at Pence Ranch 
during the Mw7.3 Borah Peak Earthquake in 1983.  

 

   
 
Figure 6. Plan view drawing showing location of closed-
end Becker Penetration tests (BPc-A, BPc-B, BPc-C, and 
BPc-3) relative to hay yard and large fissure that formed 
owing to lateral spreading (Simplified from Andrus, 1986). 

 
 
Figure 7. Interpreted soil profile at Area 3 based on soil 
property descriptions provided by Andrus (1994).  
 
    Based on descriptions provide by Andrus (1994), the 
soil profile consists of a surface layer which classifies as 
silty sand with gravel that is underlain by a layer ranging 
from gravelly sand to sandy gravel with cobbles. The 
water table was estimated to be at a depth of 1.5 m during 
the earthquake but was at a depth of about 4.5 m at the 
time of the DPT testing in November 2016. A plot showing 
the corrected Becker penetration resistance, NBC, as a 
function of depth is provided in Figure 8 for BPT hole 
BPc-B. The BPT sounding suggests that the critical zone 
for liquefaction was a layer of sandy gravel located 
between about 1.5 and 4.0 m below the ground surface 
(Unit C). Trenching also showed that the ejecta originated 
from this layer (Andrus, 1994). The BPT blow count 
increases to between 15 and 20 between 4 and 6.5 m 
(Unit D), then jumps above 25 at about 7.5 m (Unit E) and 
increases linearly to about 60 at a depth of 11 m. The 
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soils at the site are generally Holocene alluvial deposits 
(Andrus, 1994).  
 
5.2     Site Investigations During this Study 
       
    As part of this study, two DPT soundings were 
performed within about a meter of the previous BPT 
soundings using a CME 85 drill rig with the capability of 
using two different hammer energies.  In one sounding 
the DPT cone was advanced using a conventional 
automatic SPT hammer with a weight of 63.6 kg (140 lbs) 
dropped from a height of 0.76 m (30 in). The second 
sounding was performed using a 154.4 kg (340 lb) 
automatic hammer with a drop height of 0.76 m (30 in).  
Hammer energy measurements were made using an 
instrumented rod section and a PDA device.  These 
measurements indicate that the SPT hammer and the 
154.4 kg hammer delivered 93% and 85% of the 
theoretical free-fall energy, respectively.  Because the 
delivered energies are less than the energy typically 
supplied by a Chinese DPT hammer, it was necessary to 
correct the measured blow count downward using the 
equation  
 
 N120 = Nmeasured(EDelivered/EChinese DPT)  (2) 
The ratio of energy actually delivered divided by the 
energy delivered by the Chinese DPT hammer was 0.93 
and 0.42 for the 154.4 and 63.6 kg hammers, 
respectively.   
      Plots of the energy corrected DPT N120 versus depth 
for the 63.6 and 154.4 kg hammers are provided in 
Figures 8 and 9, respectively in comparison with the BPT 
NBC.   
 

 
 
Figure 8. Plots of BPT NBC and DPT N120 versus depth 
using a 63s.6 kg (140 lb) SPT automatic hammer to drive 
the DPT.  DPT N120 values are energy corrected to 
account for lower hammer energy. 
 

 
 
Figure 9. Plots of BPT NBC and DPT N120 versus depth 
using a 154.4 kg (340 lb) automatic hammer to drive the 
DPT.  DPT N120 values are energy corrected to account 
for lower hammer energy. 
 
For both hammer energies, the energy corrected DPT 
N120 value is fairly consistent with the trend defined by the 
BPT NBC value with depth.  The agreement is best within 
the depth range from 1.5 to 7.5 m.  At shallower depths, 
both DPT soundings appear to identify a denser layer 
within the top 1.5 m of the profile than observed in the 
BPT testing. Likewise, at depths greater than 7.5 m, 
where the BPT blow count began to increase significantly, 
the DPT N120 was typically less than the BPT NBC for 
both hammer energies. The may suggest that the cone tip 
is somewhat more efficient in penetrating the denser 
gravels than the Becker hammer, although the exact 
reason is unknown at present.       
      A comparison of the N120 blow counts obtained from 
the two different hammer energies after energy correction 
with Equation 2 is provided in Figure 10.  The data points 
generally fall within a reasonable range of the 1:1 line.  
Results from additional testing will be necessary to define 
the error bands and to determine if adjustments in the 
energy correction factor may be necessary for depth or 
gravel particle size.  
 

0

2

4

6

8

10

12

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100

D
e

p
th

 (
m

)

D
e

p
th

 (
ft

)

BPT NBC & DPT N120

1985 BPc-B Nbc

#140 N120

0

2

4

6

8

10

12

0

5

10

15

20

25

30

35

40

0 20 40 60 80

D
e

p
th

 (
m

)

D
e

p
th

 (
ft

)

BPT NBC & DPT N120

1985 BPc-B Nbc

#340 N120



 

 

 
Figure 10. Comparison of DPT N120 obtained using the 
63.6 kg and the 154.4 kg hammers after energy correction 
with equation 2. 
 
 
6 LIQUEFACTION EVALUATIONS 
 

Liquefaction potential was evaluated using both the DPT 
and BPT methods of analysis.  In the case of the BPT, the 
NBC value was converted to the equivalent sand SPT N60 
using the Harder and Seed (1986) correlation approach.  
The SPT N60 value was then corrected for overburden 
pressure effects using the equation 
 
      (N1)60 = N60 (pa/ σ’vo)

0.5
      (3) 

 
where pa is atmospheric pressure and σ’vo is the initial 
vertical effective stress in the same units as atmospheric 
pressure at the time of the field investigation. The 
liquefaction triggering curve recommended by Youd et al. 
(2001) was then used after upward adjustment to account 
for the lower magnitude of the Borah Peak earthquake 
(Mw6.9) relative to the standard Mw7.5 curve using the 
Magnitude Scaling Factor (MSF) equation 
 
       MSF = 10

2.24
/Mw

2.56   
  (4) 

 
The cyclic stress ratio or CSR was computed using the 
simplified equation 
 
      CSR = 0.65 (amax/g) (σvo/ σ’vo) rd    (5) 
 
where amax is the peak ground acceleration of 0.39g, σvo is 
the initial vertical total stress, σ’vo is the initial vertical 
effective stress, and rd is a depth reduction factor as 
defined by Youd et al (2001). 
      The cyclic stress ratio (CSR) is plotted as a function of 
BPT-based (N1)60 for the zone between 1.5 and 4 m 
below the ground surface in Figure 11. The adjusted 
triggering curve for the Mw6.9 Borah Peak earthquake is 
also plotted in Figure 11 for comparison.  All the CSR 
values are sufficiently high to produce liquefaction for the 
range of blow counts within this layer. (N1)60 values in the 

layer range from 6 to 16 and liquefaction factors-of-safety 
range from 0.28 to 0.54.  For comparison purposes, CSR 
vs (N1)60 values are also plotted for the denser layer from 
7.5 to 11 m below the ground surface.  A total of 10 of the 
12 data points in this layer fall to the right of the triggering 
curve indicating that liquefaction would not generally be 
expected. 
  

 
Figure 11. Comparison of CSR vs. BPT-based (N1)60 for 
layers that likely did and did not liquefy relative to 
liquefaction triggering curve for the Mw6.9 Borah Peak 
Earthquake. Solid dots indicate liquefaction while open 
dots indicate no liquefaction. 
 
In the case of the DPT, the N120 value was first converted 
to N’120 using Equation 1. Then CSR obtained from 
Equation 5 was plotted as function of N’120 within the zone 
of liquefaction from 1.5 to 4 m in Figure 12. The 
liquefaction triggering curve was based on the 30% 
probability curve develop by Cao et al (2013) shown in 
Figure 3 based on experience with comparative BPT and 
DPT testing at the Millsite Dam in Utah (Rollins et al 
2016). The triggering curve in Figure 12 was adjusted 
upward using the magnitude scaling factor defined by 
equation 4 to account for the lower magnitude of the 
Borah Peak earthquake (Mw6.9) earthquake relative to the 
Mw7.9 Wenchuan China earthquake used to develop the 
DPT triggering curves. 
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Figure 12. Comparison of CSR vs. DPT-based N’120 for 
layers that likely did and did not liquefy relative to 
liquefaction triggering curve for the Mw6.9 Borah Peak 
Earthquake. Solid dots indicate liquefaction while open 
dots indicate no liquefaction. 
 
As in the previous case with the BPT-based analysis, all 
the CSR values are high enough to produce liquefaction 
for the range of N’120 values within the susceptible layer. 
N’120 values in the layer range from 3 to 15, but are more 
typically between 6 and 10. Liquefaction factors-of-safety 
range from 0.18 to 0.45.  These values are quite similar to 
those observed for the BPT tests. For comparison 
purposes, CSR vs N’120 values are also plotted for the 
denser layer from 7.5 to 11 m below the ground surface.  
Only 2 of the 36 data points in this layer lie to the left of 
the triggering curve indicating that liquefaction would not 
generally be expected. 
      For both the BPT and DPT analysis procedures, the 
triggering curve appears to be in roughly the correct 
location bounding liquefied and non-liquefied layers.  
However, the DPT-based triggering curve bends upwards 
at a lower blow count than the BPT-based triggering 
curve.  
 
 
7 CONCLUSIONS 
 
Based on investigations conducted using the Chinese 
Dynamic Cone Penetrometer (DPT) test at the Pence 
Ranch liquefaction site the following conclusions have 
been developed: 
 
1. The Chinese dynamic cone penetrometer can generally 

be driven through gravelly profiles using only the 
conventional SPT hammer energy.   

2. Typical hammer energy correction factors provide a 
reasonable means for adjusting the blow count from 
the SPT hammer to give blow counts that would be 
obtained with the conventional Chinese DPT hammer 
energy. However, some adjustments for depth and 
particle size may be necessary when additional 
information is collected. 

3. CSR values for both the BPT based (N1)60 and the DPT 
based N’120, correctly identified the layer where 
liquefaction likely occurred and factors of safety were 
roughly comparable. In addition, layers which would not 
be expected to liquefy based on the BPT approach 
were also correctly predicted to not liquefy using the 
DPT approach. 

4. Although an expanded database is clearly necessary to 
adequately evaluate the effectiveness of the DPT 
based approach, the DPT-based triggering curve 
assuming a 30% probability of occurrence seems to 
provide a reasonable boundary relative to the BPT at 
present.  

5.The results in this paper suggest that the DPT can 
provide liquefaction hazard evaluations more 
economically than the BPT and use more direct 
correlations with field performance. 

 
 
8 ACKNOWLEDGEMENTS 

 
Funding for this study was provided by a grant from the 
US Geological Survey Earthquake Hazard Reduction 
Program.  This funding is gratefully acknowledged.  
However, the opinions, conclusions and 
recommendations in this paper do not necessarily 
represent those of the sponsors.  
 
 
9 REFERENCES 
 
Andrus, R.D. 1994. In situ characterization of gravelly 

soils that liquefied in the 1983 Borah Peak 
earthquake. Ph.D. Dissertation, Civil Engineering 
Dept., University of Texas at Austin, 579 p.   

Cao, Z., Yuan, X., Youd, T.L., and Rollins, K.M. 2012. 
Chinese Dynamic Penetration tests (DPT) at 
liquefaction sites following 2008 Wenchuan 
Earthquake. Proc. 4th Intl. Conf. on Site 
Characterization, Pernambuco, Brazil. 

Cao, Z. Youd, T.L., Yuan, X., 2011. Gravelly soils that 
liquefied during 2008 Wenchuan, China Earthquake, 
Ms=8.0. Soil Dynamics and Earthquake Engineering, 
Elsevier, v. 31 (1132-1143). 

Cao, Z., Youd, T., and Yuan, X. 2013. Chinese Dynamic 
Penetration Test for liquefaction evaluation in gravelly 
soils. J. Geotech. Geoenviron. Eng., ASCE 139(8): 

1320–1333. 
Chinese Design Code 2001. Design code for building 

foundation of Chengdu region, Administration of 
Quality and Technology supervision of Sichuan 
Province PRC. (in Chinese), DB51/T5026-2001. 

Chinese Specifications 1999. Specification of soil test, 
Ministry of Water Resources of the People’s Republic 
of China. (in Chinese), SL237-1999. 

Coulter, H.W. and Migliaccio 1966. Effect of the 
Earthquake of March 22, 1964 at Valdez. Alaska. U.S. 
Geological Survey Professional Paper 542-C 

Harder, L.F. 1997. Application of the Becker Penetration 
Test for evaluating the liquefaction potential of gravelly 
soils. NCEER Workshop on Evaluation of Liquefaction 
Resistance, held in Salt Lake City, Utah.  



 

 

Harder, L. F., Jr., and Seed, H. B. 1986. Determination of 
penetration resistance for coarse-grained soils using 
the Becker hammer drill. Report UCB/EERC-86/06, 
Earthquake Engrg. Res. Ctr., University of California -
Berkeley 

Ishihara, K. 1985. Stability of natural deposits during 
earthquakes. Proc. 11th Int. Conf. on Soil Mech. and 
Found. Eng., San Fransico, Calif., Vol. 1, 321-376 

Kokusho, T., Tanaka, Y., Kudo, K., and Kawai, T., 1995. 
Liquefaction case study of volcanic gravel layer during 
1993 Hokkaido-Nansei-Oki earthquake. Proc. 3rd Int. 
Conf. on Recent Advances in Geotech. Earthquake 
Eng. and Soil Dyn., St. Louis, Missouri, 235-242 

Kokushu, T. and Yoshida, Y., 1997. SPT N-value and S-
wave velocity for gravelly soils with different grain size 
distribution, Soils & Foundations, 37(4): 105-113 

Maurenbrecher P.M., Den Outer A. and Luger, H.J. 1995   
Review of geotechnical investigations resulting from 
the Roermond April 13, 1992 earthquake. Proc. 3

rd
 Int. 

Conf. on Recent Advances in Geotech. Earthquake 
Eng. and Soil Dyn., St. Louis, Missouri, 645-652.  

Nikolaou, S., Zekkos, D., Assimaki, D., and Gilsanz, R. 
2014. GEER/EERI/ATC Earthquake Reconnaissance 
January 26

th
/February 2

nd
 2014 Cephalonia, Greece 

Events, Version 1.                         .            
(http://www.geerassociation.org/index.php/component/
geer_reports/?view=geerreports&id=32) 

Rollins, K.M., Youd, T.L., and Talbot, M.  2016. 
Liquefaction resistance of gravelly soil from Becker 
penetrometer (BPT) and Chinese dynamic cone 
penetrometer (DPT), Procs. 5

th
 Intl. Conf. on Site 

Characterization, The Gold Coast, Australia. 
Sirovich, L., 1996. "In-situ testing of repeatedly liquefied 

gravels and liquefied overconsolidated sands". Soils 
and Foundations, (36)4: 35-44. 

Sy, A. 1997. Twentieth Canadian Geotechnical 
Colloquium: Recent developments in the Becker 
penetration test: 1986-1996.” Canadian Geotech. J. 

Vol. 34, 952-973 
Tokimatsu, K. and Yoshimi, Y., 1983. Empirical 

correlation of soil liquefaction based on SPT N-value 
and fines content. Soils and Foundations, 23(4): 56-74 

Wang. W.S. 1984. Earthquake damages to earth dams 
and levees in relation to soil liquefaction and 
weakness in soft clays. Procs. Intl. Conf. on Case 
Histories in Geotech. Eng., St. Louis, Missouri, Vol. 1, 
511-521 

Yegian, M.K., Ghahraman, V.G., and Harutiunyan, R.N., 
1994. Liquefaction and embankment failure case 
histories, 1988 Armenia earthquake. J. of Geotech. 
Eng., ASCE, 120(3): 581-596 

Youd, T.L., Idriss, I.M., Andrus, R.D., Arango, I., Castro, 

G., Christian, J.T., Dory, R., Finn, W.D.L., Harder, 

L.F., Hynes, M.E., Ishihara, K., Koester, J.P., Liao, 

S.S.C., Marcuson, W.F., Martin, G.R., Mitchell, J.K., 

Moriwaki, Y., Power, M.S., Robertson, P.K., Seed, 

R.B., and Stokoe, K.H. 2001. Liquefaction resistance 

of soils: Summary Report from the 1996 NCEER and 

1998 NCEER/NSF Workshops on evaluation of 

liquefaction resistance of soils., J Geotech. 

Geoenviron. Eng., ASCE, 127(10): 817-833. 

Youd, T.L., Harp, E.L., Keefer, D.K. and Wilson, R.C., 

1985, “The Borah Peak, Idaho Earthquake of October 
29, l983—Liquefaction,” Earthquake Spectra, v. 2, p. 
71-90 

http://www.geerassociation.org/index.php/component/geer_reports/?view=geerreports&id=32
http://www.geerassociation.org/index.php/component/geer_reports/?view=geerreports&id=32

