
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Evaluation of penetration tests and their correlations in gravelly soils 
Evaluations des essais de pénétration et leur correlations dans les sols graveleux 

Fred H. Kulhawy 
School of Civil and Environmental Engineering, Cornell University, Ithaca, New York 14853-3501, USA 

Jie-Ru Chen 
Moh and Associates, Inc., Taipei 105, Taiwan 

ABSTRACT 
All penetration tests are useful for site exploration and soil property characterization, but most have limited applicability in gravelly
soils. In these soils, the following dynamic tests dominate: Standard Penetration Test (SPT), Large Penetration Test (LPT), and
Becker Penetration Test (BPT). Although the SPT is most appropriate in sandy soils, it still is used in gravelly soils. To overcome this 
limitation, several large-scale penetration tests have been developed in the USA, Canada, Japan, and Italy, and they are categorized by
configuration of the testing equipment into LPT and BPT.  This paper surveys these tests and their basic procedures. Then correlations 
linking the SPT to the LPT and BPT are explored, resulting in design recommendations. 

RÉSUMÉ 
Les essais de pénétration sont tous utiles pour les reconnaissances des sols de chantiers et leur caractéristiques. Cependant la plupart
sont limités dans la mesure de leur application aux sols graveleux. Dans ces sols, les essais les mieux appropriés sont:  SPT, LPT ainsi 
que BPT. Bien que le SPT soit le plus approprié pour les sols sableux il est toujours utilisé pour les sols graveleux. Pour surmonter ces
limitations plusieurs essais de pénétration a grande échelle ont été développés aux USA, Canada, Japon, ainsi qu'en Italie, et sont tous
classés suivant les configurations des équipements utilisés pour les LPT et BPT. Cet article examine ces essais et leurs procédures de 
base. Puis des corrélations liant le SPT au LPT et au BPT sont explorées, ayant pour résultat des recommandations de conception.

1 PENETRATION TESTS AND THEIR CORRELATIONS  

Penetration tests are useful for site exploration and in-situ soil 
property characterizations.  Numerous types have been devel-
oped, but most have limited applicability in gravelly soils.  In 
these soils, the following dynamic tests dominate: Standard 
Penetration Test (SPT), Large Penetration Test (LPT), and 
Becker Penetration Test (BPT).  The SPT is popular and has 
been used for about a century.  Although the most consistent 
SPT results are found in sandy soils without gravel, it still is 
used in gravelly soils in practice.  The SPT often is considered 
inappropriate in gravelly soils because: (a) the gravel particles 
are large relative to the effective size of the sampler and (b) the 
input energy of the SPT often would be insufficient to penetrate 
the gravelly strata efficiently (e.g., Harder 1997, Daniel et al. 
2003).  To overcome these limitations, several large-scale pene-
tration tests have been developed independently in several coun-
tries (e.g., Burmister 1951, Kaito et al. 1971, Harder & Seed 
1986, Crova et al. 1993, Daniel et al. 2003).  For convenience, 
these tests can be categorized as either the LPT or BPT based on 
the configuration of the testing equipment.  Various studies 
have been conducted to correlate these LPTs to the SPT N val-
ues.  The basic reason is to use existing correlations between the 
engineering properties of cohesionless soils and the SPT results.  
In this paper, a brief survey is given of the development of these 
dynamic penetration tests and their essential testing procedures.  
Then existing correlations are reviewed that link the results of 
the large-scale penetration tests to the SPT N values.  Recom-
mendations are made on the relative merits of these tests. 

2 SPT, LPT, BPT DEVELOPMENT AND PROCEDURES 

2.1 Standard Penetration Test (SPT) 

A historical account of SPT development is given by Broms and 
Flodin (1988). The beginning of dynamic testing and sampling 

of soils correlates to the introduction in the U. S. in 1902 of 
driving a 25-mm diameter open-end pipe into the soil during the 
wash-boring process.  The test using a split-spoon sampler of 51 
mm outer diameter, driven into the soil with a weight of 63.6 kg 
having a free fall of 762 mm, was standardized first in 1930.  
Details of current standard procedures and the SPT sampler are 
given in ASTM D1586, and discussions of the test and its re-
sults are given elsewhere (e.g., Decourt et al. 1988, Kulhawy & 
Mayne 1990). 

To perform the test, the drilling crew advances a test boring 
to the desired depth, removes the drill rods, and cleans out the 
hole to the testing depth.  Then the standard split-spoon sampler 
is attached to the drill rods and is lowered to the bottom of the 
hole.  With the sampler at the bottom of the cleaned hole, the 
drive weight is allowed to fall freely onto a collar that is at-
tached to the top of the drill string until 450 mm of penetration 
has been achieved (or 100 hammer blows have been applied). 

The number of blows is recorded for each of the three 150 
mm intervals.  The first generally is considered a seating drive, 
and the number of blows for the final 300 mm is reported as the 
standard penetration resistance or N value.  After the sampler 
has been returned to the surface, the samples are removed, clas-
sified, placed into storage jars, and sealed. 

2.2 Large Penetration Test (LPT) 

The LPT is essentially the SPT with scaled-up sampler and in-
put energy.  To perform the LPT, the basic procedures for the 
SPT described above are followed.  Several different LPTs have 
been developed independently in different parts of the world in-
cluding the: (a) Burmister LPT using the Moran and Proctor (M 
& P) split barrel sampler with brass liner (Burmister 1951, 
Lowe & Zaccheo 1991), (b) Japanese LPT (Kaito et al. 1971), 
(c) Italian LPT developed for exploration of gravelly soils in the 
Messina Straits (Crova et al. 1993), and (d) Canadian LPT 
(Koester et al. 2000, Daniel et al. 2003).  The sampler and input 
energy for these LPTs and the SPT are compared in Table 1.
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Table 1.  Comparisons Between Six Types of Dynamic Penetration Tests  (Source: Jamiolkowski et al. 1988, Daniel et al. 2003) 

 SPT LPT 
(Burmister) 

LPT 
(Japan) 

LPT
(Italy) 

LPT
(Canada) 

BPT 

Drive method Fall weight Fall weight Fall weight Fall weight Fall weight Diesel hammer 
Weight (N) 623 1112 981 5592 1335 - 
Drop height (mm) 760 508 1500 500 760 - 
Nominal impact energy (N⋅m) 473 565 1472 2796 1020 344 to 6512 
Drive length (mm) 450 450 450 450 450 300 
Sampler OD (mm) 51 92 73 140 76 165 
Sampler ID (mm) 35 74 50 100 61 Closed end 

Table 2.  Correlations Between Italian LPT and SPT N Values in Cohesionless Soils (Source: Crova et al. 1993) 

Site Deposit D50 (mm) n NS / NL +/- S. D. [(N1)60]S / [(N1)60]L +/- S. D. 

San Prospero Po river sand 0.2 - 0.6 35 1.41 +/- 0.46 1.14 +/- 0.40 
Messina Straits Holocene sand & gravel 1 - 15 97 1.13 +/- 0.52 0.89 +/- 0.40 

″ Pleistocene sand & gravel 1 - 5 62 1.38 +/-! 0.45 1.02 +/- 0.36 

Table 3.  Observed and Predicted Correlations Between SPT and Various LPTs 

Test Daniel et al. (2003)  Burmister (1948, 1962) Observedb

ATE
(mm2)

ENTHRUa

(N·m) 
 (N60)S / (N60)L Do

2 - Di
2

(mm2)
W·H 
(N·m) 

NS / NL Deposit Soil D50
(mm) 

NS / NL

SPT 1358 285   1363 474  - - - - 
LPT Burmister 2873 339 0.56  2847 565 0.57 - - - - 
LPT Japan 2646 883 1.59 2829 1472 1.50 calibration chamber fine sand 0.34 1.50c

        m to c sand 1.1 - 2.3 2.00c

LPT Italy 8419 1678 0.95 9600 2796 0.84 San Prospero sand 0.2 - 0.6 1.14d

       Messina Straits sand & gravel 1 - 5 1.02d

       Messina Straits sand & gravel 1 - 15 0.89d

LPT Canada 2099 610 1.38 2085 1017 1.40 Fraser River sand 0.2 - 0.6 1.29d

a - ER = 60% used to compute ENTHRU       b - Sources: Yoshida et al., 1988; Crova et al., 1993; Daniel et al., 2003 
c - no ER correction; but average ER = 78% for both SPT and LPT  d - NS / NL corrected to ER = 60% 

2.3 Becker Penetration Test (BPT) 

The historical development of the Becker hammer drill and 
BPT are given elsewhere (Harder & Seed 1986, Sy & Cam-
panella 1993).  Basically, this drill was developed in 1958 by 
Becker Drills in Alberta, Canada, for rapid penetration in 
gravel and cobble deposits.  For drilling, a double-walled cas-
ing (pipe) is driven into the ground with a double-acting die-
sel pile hammer.  Equipment details are given by Lowe and 
Zaccheo (1991) and others.  During driving, air is forced 
down the annulus of the casing system to the drive bit, and 
soil particles entering the bit then are transported up the inner 
casing to the surface by the air flow into a cyclone. 

When a close-ended Becker casing is driven, without us-
ing compressed air, the process basically is a large-scale 
penetration test, which is referred to as the BPT.  During this 
test, the number of hammer blows is counted to drive the cas-
ing 300 mm; this is the Becker penetration resistance, NB.  A 
complete NB profile can be obtained because the driving is 
continuous and blows are counted for each 300 mm of pene-
tration until the desired depth is reached. 

The BPT has not been standardized, and tests have been 
performed with a variety of driving and penetration equip-
ment.  There are two types of Becker drill rigs: the older 
HAV-180 and the newer AP-1000.  The diesel hammer could 
be with or without the superchargers.  Three sizes of casing 
are available (140, 168, and 229 mm), and there are four drive 
bits (crown-in open or plugged, and crown-out open or 
plugged).  Therefore, NB is dependent upon the combination 
of equipment used.  Basic details are given in Table 1.  
Harder and Seed (1986) recommend using the AP-1000 rig 
with supercharger, along with the 168 mm casing and crown-
out plugged bit.  The BPT-SPT correlation developed by 
them is for this equipment combination. 

The hammer used in the Becker rig is an International 

Construction Equipment (ICE) Model 180 double-acting at-
omized fuel injection diesel pile hammer, with a manufacturer 
rated energy of 11 kN·m.  The energy output from this ham-
mer has been a concern in achieving consistent blow count 
measurements, because the hammer outputs variable energy 
depending on the combustion details and soil resistances 
(Harder 1997, Sy & Campanella 1993).  Procedures to correct 
the measured BPT blow counts (NB) are discussed later. 

3 CORRELATIONS BETWEEN LPT AND SPT

3.1 LPT versus SPT 

The earliest LPT-SPT correlation is probably the one by 
Burmister (1948), who used a 92-mm outer diameter M & P 
sampler driven by a nominal energy of 565 N·m.  Burmister 
(1948, 1962) proposed the following correlation to convert 
blow counts measured by various large penetration tests (NL)
to the equivalent SPT blow counts (NS) in similar soils: 

NS = NL [(WH)/(623N·0.762m)] [(50.82-34.92)/(Do
2-Di

2)] (1) 

in which W = hammer weight (N); H = hammer drop (m); 
and Do and Di = outer and inner diameter of larger sampler 
(mm).  This correlation is based on the nominal driving en-
ergy and the displacement areas of the sampler. A simplified 
version of Eq. 1 was suggested by Lacroix and Horn (1973), 
who suggested using only the outside diameters in Eq. 1. 
 The Japanese LPT adopts a larger hammer, rods, and sam-
pler than the SPT equipment, but follows the SPT procedures 
except for the drop height (Kaito et al. 1971, Tokimatsu 
1988).  The tombi method (trip monkey) is used for the ham-
mer release.  Tokimatsu (1988) compiled available lab and 
field tests to correlate the Japanese LPT and SPT resistances,  
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Figure 1.  Relationships Between Japanese LPT and SPT Resistances  
(Source: Tokimatsu 1988) 

as shown in Figure 1.  In general, a linear relationship exists 
between the N values, with NS /NL � 1.5 for sand-sized soils.  
For well-graded soils, they also showed that this value in-
creases with increasing mean grain size (D50), as follows: 1.5 
at D50 = 0.1 mm, 1.6 at 0.5 mm, 1.7 at 1 mm, 2.2 at 5 mm, 
and 2.6 at 10 mm. 

The correlation between the Italian LPT and SPT was de-
veloped using test data for the Messina Straits gravels and Po 
river sands (Crova et al. 1993).  The measured and normal-
ized N ratios are given in Table 2.  The normalized values 
were corrected for energy ratio to ER = 60% and for the 
overburden stress to one atmosphere.  As can be seen, the 
mean normalized ratio is close to 1.0, which suggests compa-
rable LPT and SPT values. 

For the Canadian LPT, field test data were used for sandy 
soils (Koester et al. 2000, Daniel et al. 2003).  Daniel et al. 
(2003) also proposed LPT-SPT correlations using wave equa-
tion analysis, linking the LPT and SPT N values through the 
output energy transmitted to the sampler (ENTHRU) and the 
bearing area of the sampler (ATE), expressed as follows: 

(N60)S / (NER)L = [ENTHRUL/ENTHRUS] [(ATE)S/(ATE)L] (2) 

in which (N60)S = SPT N value corrected for rod energy ratio 
to ER = 60%, (NER)L = LPT N value corrected to a selected 
rod energy ratio, and ENTHRU = stress wave energy passing 
a measurement point on the drill rod, as measured using the 
pile driving analyzer.  Eq. 2 uses the same factors suggested 
by Burmister (1948), as given in Eq. 1, and only output en-
ergy and bearing area of the sampler are involved in both.  
The bearing area factor (ATE) in Eq. 2 is more elaborate than 
Burmister’s proposal.  ATE considers both the tip and side re-
sistance of the sampler and is based on the SPT-CPT analogy 
proposed by Schmertmann (1979), as given below: 

ATE = C1 (Do
2 - Di

2) π / 4 + C2 (Di + Do) π L Rf (3) 

in which C1 and C2= SPT-CPT tip and side correlation fac-
tors, L = sampler embedment length, and Rf = ratio of meas-
ured CPT side (fs) to tip resistance (qc).  From a “quasistatic” 
penetration analysis of a SPT sampler, Schmertmann (1979) 
suggested that C1 = 1.0 and C2 = 0.7 to 1.0.  In addition, the 
nominal energy of the hammer system is used by Burmister, 
while the output energy to the drill rods is used in Eq. 2. 
 The general application of Eq. 2 to other types of LPT was 
illustrated by Daniel et al. (2003).  Their results are summa-
rized in Table 3.  For ATE, they assumed that C1 = C2 = 1.0, 
and Rf = 35% was assumed to represent a typical value for 
granular deposits.  In this table, the corresponding results us-
ing Burmister’s Eq. 1 also are given.  As can be seen, there is 
no appreciable difference between the two correlations, and 
both agree well with the observations.  These results suggest 

reasonable correlations between the SPT and a variety of 
LPTs.

3.2 BPT versus SPT

One of the first BPT-SPT correlations was given by Beckwith 
and Bedenkop (1973), as shown in Figure 2.  The data shown 
are all uncorrected NS and NB values in gravelly soil profiles.  
Since the Becker hammer energy output is not constant, an 
important aspect in recent BPT-SPT correlations is to estab-
lish a “reference” BPT blow count for comparison.  Two dif-
ferent approaches have been proposed, resulting in two dif-
ferent correlations.  However, it must be noted that these two 
correlations were developed using test results from sandy soil 
profiles. 

Figure 2.  Relation Between BPT and SPT Blow Counts for Gravelly 
Soils (Source: Beckwith & Bedenkop 1973) 

3.3 Harder and Seed (1986) Method 

Harder and Seed (1986) used the bounce chamber of the die-
sel hammer to monitor the combustion efficiencies, and they 
found that a relatively unique curved relationship between the 
bounce chamber pressure and Becker blow counts can result 
in a constant combustion condition (e.g., full throttle with a 
supercharger).  To correct the NB to the same “reference” en-
ergy, they adopted a standard constant combustion rating 
curve and developed the correction curves shown in Figure 3.  
The standard curve is AA in this figure, and the corrected NB
is NBC.  To obtain NBC, NB and its corresponding measured 
bounce chamber pressure are located first in Figure 3, and 
then this point is moved along the correction curves down to 
curve AA to obtain NBC.  This correlation was developed by 
comparing NBC measured in sandy to silty soils to corrected 
SPT N60 values from adjacent borings.  Additional data have 
been added to the 1986 original, and the updated correlation 
is shown in Figure 4.  However, this correlation does not ex-
plicitly consider the influence of the casing friction, although 
it is accounted for implicitly in Figure 4.  Since this correla-
tion has not been verified for depths greater than 30 m or for 
sites with thick dense deposits overlying loose sands and 
gravels, it is not advised for use under these circumstances 
(NCEER 1997). 

3.4 Sy and Campanella (1994) Method 

An alternative was proposed by Sy and Campanella (1993, 
1994), who used the energy transferred to the drill rod to cor-
rect NB.  In this approach, a pile driving analyzer (PDA) is 
used during the testing, and the recorded force and velocity 
time histories are used to compute the transferred energy in 
real time.  The maximum energy transferred to the top of the 
drive casing is the ENTHRU, which is expressed as a per-
centage of the manufacturer rated hammer energy of 11 
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Figure 3.  Becker Blow Count Correction Based on Measured Bounce 
Chamber Pressure (Source: Harder & Seed 1986) 

Figure 4.  Correlations Between Corrected Becker and SPT Blow 
Counts (Source: Harder & Seed 1986, Harder 1997) 

kN·m.  They found that an ENTHRU of 30% represents the 
average of several Becker rigs measured, and therefore it was 
suggested that the measured NB be corrected to this energy 
level, as given below: 

NB30 = NB ENTHRU / 30 (4) 

in which NB30 = BPT blow count corrected to 30% ENTHRU. 
For the BPT-SPT correlation, Sy and Campanella (1994) 

considered the soil frictional resistance acting on the Becker 
casing, in addition to the corrected blow count.  In this ap-
proach, the soil resistance and its distribution along the casing 
are estimated from the PDA stress wave measurements using 
CAPWAP (Rausche et al., 1985).  Theoretical BPT versus 
SPT correlations then were established using the corrected 
BPT blow counts (NB30) along with the CAPWAP-computed 
shaft resistance value (Rs) for estimating the equivalent SPT 
N60 value.  This approach was verified by field measurements 
at several research test sites.  To use this correlation, a PDA is 
required to estimate the transfer energy, and CAPWAP (or 
similar) is required to compute the casing shaft resistance.  
The design figure is given by Sy and Campanella (1994). 

4 SUMMARY 

Brief histories and procedures for the standard penetration 
test (SPT), four large penetration tests (LPT), and the Becker 
penetration test (BPT) were described.  Existing correlations 
between the LPT and BPT with the SPT were reviewed.  It 
appears that good correlations suggest SPT & LPT to be 

comparable, if evaluated properly.  BPT correlations are less 
well-developed and require substantial additional measure-
ments; all need to be used cautiously, with due appreciation 
of their limitations. 
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