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The Becker penetration test (BPT), through correlations
for foundation design and liquefaction assessment in grave
not adequately account for the variable energy output of the

with the standard penetration test (SPT), is widely used
lly soils. Most of the existing correlations, however, do
diesel hammer used in the Becker system, and shaft fric-

tion on the Becker casing is ignored. An alternative and more rational approach to BPT-SPT correlations is presented,
based on experimental and numerical studies conducted at the University of British Columbia. The research involves
performing SPT, BPT, and other in situ tests at several sites in British Columbia and includes dynamic measurements

of energy transfer in the SPT and BPT. Stress-wave measu
the effect of friction on the BPT blow count. New BPT-

rements and wave-equation analyses are used to evaluate
SPT correlations are proposed that consider the energy

transfer in both tests and explicitly consider casing friction in the BPT. A recommended procedure for estimating equiv-

alent SPT N, from BPT blow count is presented.

Key words: Becker penetration test, standard penetration test, dynamic measurement, pile driving, stress-wave

propagation.

L’essai de pénétration Becker (BPT) est utilisé couramment pour la conception de fondations et pour évaluer le
potentiel de liquéfaction dans les sols graveleux grace a des corrélations avec I’essai de pénétration standard (SPT).
Cependant, la plupart de ces corrélations ne considerent pas adéquatement que I’énergie fournie par le marteau
diesel utilisé par le systeme Becker est variable. De plus, elles ignorent la résistance au frottement le long du
tubage de I’essai Becker. Une approche différente et plus rationnelle des corrélations BPT-SPT fondée sur des
études expérimentales et numériques effectuées a I'université de Colombie-Britannique est présentée. Des essais
SPT, BPT et d’autres essais en place ont été effectués sur plusieurs sites en Colombie-Britannique en incorporant des

mesures dynamiques du transfert d’énergie dans les essais

SPT et BPT. Les effets du frottement sur le nombre de coups

du BPT ont été évalués 2 partir de mesures d’ondes et en utilisant I’équation de propagation des ondes. De nouvelles
corrélations BPT-SPT considérant le transfert d’énergie dans les deux essais et le frottement le long du tubage du
BPT sont proposées. On recommande une méthode pour estimer 1’équivalent SPT Ny, 2 partir de P'essai BPT.

Mots clés : essai de pénétration Becker, essai de pénétration standard, mesures dynamiques, fongage de pieux,

propagation d’ondes.
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Introduction

The standard penetration test (SPT) is the most widely
used in situ test in North America for foundation design,
liquefaction analysis, and compaction control in sandy and
silty soils. The well-known Seed’s simplified method of
liquefaction-potential assessment based on field observa-
tions of the performance of sites during actual earthquakes,
for example, uses the SPT blow count (or N value) as the soil
index. In gravelly soils, however, the SPT N value becomes
unreliable, and often too high, due to the large particle size
relative to the sampler diameter.

In coarse-grained soils, a large-scale penetration test
known as the Becker penetration test (BPT) has found use-
ful applications, particularly in western North America. The
BPT simulates the driving of a displacement pile and is
commonly used for pile driveability and pile length evalu-
ation, as well as for foundation design, usually through cor-
relations with the SPT (Morrison and Watts 1985). The BPT
is also becoming accepted as a practical tool for liquefaction-
potential assessment in gravelly sites, again through corre-
lations with the SPT (Harder and Seed 1986; Cattanach
1987; Stewart et al. 1990; Harder 1992).
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To make use of the large world-wide foundation perfor-
mance data base currently available for the SPT, such as
the SPT-based liquefaction data base, there is a need for
reliable BPT—SPT correlations. Numerous attempts have
been carried out in the past to correlate the BPT blow counts
to the SPT N values. Most of these correlations, however,
have limited applications, since they do not take into account
the inherent variable output of the diesel hammer used in
the Becker system and they ignore the soil friction acting
on the Becker casing during driving. .

An extensive study of the SPT and BPT has been con-
ducted at the University of British Columbia, and it includes
stress-wave measurements of both the SPT and BPT. Test
data from three research sites are presented in this paper,
and the effect of casing friction on the BPT blow count is
evaluated. A rational approach to BPT-SPT correlations
that considers the energy transfer in both tests and that
accounts for casing friction in the BPT is presented.

Previous BPT-SPT correlations

The Becker hammer drill was developed in the late 1950s
initially for exploration in gravel sites. It is now widely
used for geotechnical investigations in sand, gravel, and
cobble formations. The drill uses an ICE 180 double-acting
diesel pile hammer to drive a specially designed double-
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FiG. 1. BPT-SPT correlations by Becker Drills, Inc. (from
Harder and Seed 1986) (1 ft = 0.3048 m).

walled casing into the ground. When the casing is driven
open-ended, compressed air is forced down the annulus of
the casing to continually flush the soil particles or cuttings
up the centre of the inner pipe to the ground surface. The
casings come in 2.4 or 3.0 m lengths with threaded ends
and are available in three sizes, viz. 140, 170, and 230 mm
o.d., depending on the coarseness of the materials to be
sampled or the size of the hole to be drilled. The drill is
more or less “standardized,” being manufactured by only
one company. More details of the Becker hammer drill are
given in Anderson (1968) and Sy and Campaneila (1992).
The idea of driving the Becker casing close-ended like a
pipe pile and using the recorded blow counts (blows per
0.3 m) to indicate soil density was introduced in 1972 by
Becker Drills Limited of Vancouver (now SDS Drilling
Ltd.). That test. then coined as the Becker denseness test, is
now more commonly referred to as the Becker penetration
test (BPT). The BPT has generally been observed to be less
sensitive to gravel particle size than the SPT because of the
larger Becker pipe (140 mm o.d. or larger) compared with the
SPT sampler (51 mm o.d.) and has, therefore, been found to
be useful as an indicator of density in gravelly soils.
Numerous correlations have been proposed.in the past to
correlate the BPT blow counts to SPT N values. The earli-
est correlation. shown in Fig. 1. was based on BPT and SPT
data compiled from many sites in British Columbia in the
1970s. The sites were underlain by various soil deposits:
sand, silt, and gravelly sand. The BPTs were conducted with
the 140 mm diameter casing. driven close-ended. Measured

blow counts from side by side BPT and SPT conducted at the
same site were simply plotted as shown in Fig. 1. Although
a 1:1 BPT-SPT relationship was suggested, there was con-
siderable scatter in the correlation.

Other early BPT-SPT correlations with similar scatter
were summarized by Harder and Seed (1986). A big part
of the scatter was due to differences in equipment and pro-
cedure used for the SPT and BPT at different sites. Another
problem was that some correlations were developed in coarse
gravelly subsoils for which the SPT N values were highly
questionable. The variable energies in the SPT, as well as in
the BPT, were not always considered.

In an effort to come up with a practical technique for
evaluating liquefaction potential in gravelly soils, Harder
and Seed (1986) investigated the BPT and proposed an
improved correlation between it and the SPT. The correlation
was developed from test data at three sites in sand and silt
subsoils, where the SPT N values would not be affected by
large gravel particles. They realized that the Becker ham-
mer, like all diesel hammers, gives variable energy output
depending on combustion condition and soil resistance.
Accordingly, they proposed an empirical but ingenious
method of using the peak bounce chamber pressure to cor-
rect the BPT blow counts to a reference combustion con-
dition. Their proposed blow count correction procedure is
shown in Fig. 2. Using blow-count and bounce-chamber
(BC) data collected at various sites, they observed that as
the combustion efficiency increases, i.e., as BC pressure or
hammer energy increases, the blow count decreases accord-
ing to the paths (blow count correction curves) shown in
Fig. 2. Each curve represents a constant-resistance condition,
i.e., all points lying on the same curve have the same soil
resistance but different hammer combustion or energy effi-
ciencies. At a constant-combustion condition, however,” BC
pressure increases with increasing blow- count, and the data
points tend to lie on lines somewhat parallel to line A-A
shown. Harder and Seed suggested that line A—-A, which
they called the constant-combustion condition rating curve,
be used as the reference line for correcting the field blow
counts obtained on a 170 mm diameter pipe with AP1000
type Becker drill rig. Since the BC pressure is affected by
atmospheric pressure, they further proposed a correction for
atmospheric pressure other than the standard 100 kPa at sea
level.

To use Harder and Seed’s (1986) BPT blow count cor-
rection chart in Fig. 2, the field data point is first located on
the graph, using the measured blow count and correspond-
ing peak BC pressure at sea level, then following the appro-
priate correction curve or path down to the calibration curve
A—A. the corrected blow count N, is obtained. Two exam-
ples are shown in Fig. 2. the open circle and open square
representing two measured data, and the closed circle and
closed square giving the corresponding blow counts after
correction. The corrected BPT blow count N, is then used
to determine the equivalent corrected SPT blow count Ny,
using the correlation shown in Fig. 3.

The attractiveness of the Harder and Seed (1986) proce-
dure is that peak BC pressure can easily be measured in
the field without sophisticated equipment. The method, how-
ever. has some limitations. Since the reference combustion
line in Fig. 2 is specific for the particular drill rig — hammer
used. the method could not be gencrally applied to different
Becker rigs or hammers (Sy and Campanella 1993). Also, the
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Fi1G. 2. Harder and Seed’s BPT blow-count correction chart
based on bounce-chamber pressure (modified from Harder and
Seed 1986).

BPT-SPT correlation in Fig. 3 was based on test data to
only 15 m depth and did not explicitly consider soil fric-
tion on the Becker casing.

Dynamic measurements of SPT and BPT

At three research sites in Greater Vancouver, SPT, BPT,
and other in situ tests were performed in a controlled pattern,
and dynamic measurements of the SPT and BPT were con-
ducted. The SPTs were carried out in mud rotary drill holes.
The dynamic measurements of the SPT were made with a
piezoelectric load cell coupled with an accelerometer attached
near the top of the drill rods as described in Sy and
Campanella (1991a). The transferred energies were calculated
using both the force integration method as recommended
in ASTM D4633-86 (ASTM 1992a) and the more funda-
mental force—velocity integration approach as proposed by
Sy and Campanella (19915). For the SPT systems used in this
study, the calculated energies by the two methods were gen-
erally close.

The measured SPT N values were corrected to a refer-
ence energy level of 60% of the theoretical free-fall SPT
hammer potential energy (Seed et al. 1985; Skempton 1986),
using

ER
1] Ng=NZL
] 60 60

where N, is the N value corrected to 60% reference energy
level, N is the measured SPT N value, and ER is the mea-

sured energy ratio expressed in percent of the theoretical

free-fall SPT hammer potential energy of 475 J. This energy
correction of SPT blow count is widely accepted in practice.

For the BPT, the Becker casing was instrumented with
strain transducers and accelerometers at 0.4 m below the
top of the pipe and monitored using the “pile driving ana-
lyzer” (Goble et al. 1980), similar to the procedure cur-
rently used in dynamic testing of pile driving as recom-
mended in ASTM D4945-89 (ASTM 19925). The pile driving
analyzer measures strain (to determine force) and accelera-
tion for each hammer blow, integrates the acceleration time
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FIG. 3. Harder and Seed’s correlation between corrected BPT
blow count (¥,,) and corrected SPT blow count (N¢,) (modified
from Harder and Seed 1986).

history to obtain velocity, and computes quantities of inter-
est including peak force, peak velocity, and maximum trans-
ferred energy ENTHRU. The transferred energy is calcu-
lated by time integration of force times velocity. In addition,
peak BC pressure for every blow during the BPT was auto-
matically measured by connecting a 15 m long hose from the
hammer bounce chamber to a pressure transducer and a
computer-based data-acquisition system at ground level.

The measured BPT blow counts were corrected to a ref-
erence ENTHRU level of 30% of the manufacturer’s rated
energy for the ICE 180 hammer (Sy and Campanella 1993),
using

ENTHRU
30

where N,;, is the BPT blow count normalized to the 30%
reference energy level, N, is the measured blow count, and
ENTHRU is the measured maximum transferred energy
expressed as percentage of the rated hammer energy of
11.0 kJ.

For comparison, the measured BPT blow counts obtained
from AP1000 type Becker drill rigs were also corrected to
N,,, following Harder and Seed’s (1986) procedure shown in
Fig. 2.

[21 Ny =N,

Experimental test results
As part of the testing program at the Annacis test site,

. one cone penetration test (CPT), two drill-holes with SPTs,

and two BPTs were conducted. Figure 4 shows the CPT
data at the Annacis site. The site is covered by about 3 m of
sand fill over a 2 m thick natural silt stratum overlying fine-
to medium-grained, fairly clean sand to 37 m depth. A tran-
sition zone exists between 37 and 47 m and comprises sand
with interlayered silt. Below 47 m is a soft to firm clayey silt
marine deposit that extends to about 90 m depth in this
area.

The two drill holes, approximately 4 m apart, were carried
out using two different drill rigs and SPT hammer systems.
In DH90, two automatic trip hammers delivering 65-85%
of the theoretical free-fall SPT hammer energy were used,
whereas in DH92, a donut hammer with an average trans-
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ferred energy of about 42% was used (Sy 1993). Figure 5
shows the energy-corrected SPT N, values. The apparent
“erratic™ N, values below 27 m reflect the highly variable

densities in the river sand deposits as confirmed by the CPT
tip resistance (Q,) profile (Fig. 4). Figure 5 also summa-
rizes the results of laboratory grain-size analyses, i.e., mean

grain size, and fines content for the Annacis test site.
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FiG. 6. Blow count (N,), bounce-chamber (BC) pressure, peak force, and ENTHRU vs. depth for the Annacis test site.

grain size Ds, and fines content expressed as percent passing
the number 200 mesh sieve. The fine- to medium-grained
sand deposits between 5 and 47 m depths are uniformly
graded, with typical mean grain size of about 0.25-0.35 mm.

The two BPTs, also 4 m apart, were conducted using an
AP1000 type Becker hammer drill (rig No. 102) and 170 mm
diameter casing. To investigate the effect of combustion
conditions, BPT-B! was conducted to 51.2 m depth with
“full throttle” or maximum fuel setting, whereas BPT-B2
was performed to 42.4 m with variable and reduced fuel
throttle settings. The results of the dynamic measurements are
summarized in Fig. 6, which shows the measured blow count
(N,), peak BC pressure, peak force, and maximum trans-
ferred energy (ENTHRU) plotted against depth. The latter
three quantities are average values for each 0.3 m of pipe
penetration. The ENTHRU value is shown as a percentage
of the manufacturer’s rated energy of 11.0 kJ for the
ICE 180 hammer. A total of 15 000 blows was recorded for
BPT-B1 and 15 500 blows for BPT-B2. As expected, the
blow counts for reduced throttle or reduced fuel condition
(BPT-B2) are higher than those for the full-throttle condition
(BPT-B1), whereas the BC pressures, peak forces, and
ENTHRU values are lower. During hard driving below 35 m,
peak BC pressures reached 130 kPa, peak forces were up
to 710 kN, whereas ENTHRU values remained generally
constant at about 30%.

Figure 7 shows the measured BPT blow count (V,), BC
pressure-corrected blow count (N,.), and energy-corrected
blow count (N3, for BPT-B1 and BPT-B2. Note the large
differences between the two measured blow-count profiles,
particularly above 15 m and below 25 m, with some recorded
blow counts as high as 600 blows per 0.3 m. However, when

corrected by -either the Harder and Seed (1986) (N,.) or the
Sy and Campanella (1993) (N,5,) methods, the two mea-
sured profiles virtually collapse into one, as shown in Fig. 7.
The N, values are consistently lower than the N3, values,
suggesting that Harder and Seed’s calibration line A-A
(Fig. 2) corresponds to some energy transfer higher than
the 30% adopted by Sy and Campanella.

Figure 8 shows the BC pressure and ENTHRU data plot-
ted against the measured blow count (V,). As expected, the
reduced-combustion (BPT-B2) data points lie above and to
the left of the full-combustion (BPT-B1) data points in both
graphs, since blow count increases and BC pressure decreases
with decreasing combustion efficiency or ENTHRU. For
comparison, Harder and Seed’s (1986) calibration line A-A
is also shown on the BC pressure versus Ny graph. It can
be seen that all the data points plot to the left of the
A-A line, confirming that Harder and Seed’s reference cal-
ibration line corresponds, indeed, to energies higher than
those measured at this test site.

Another interesting observation is in the clayey silt below
47 m. Whereas the CPT Q, and SPT N, both show a sig-
nificant drop in value (Figs. 4 and 5), the BPT blow counts
do not (Fig. 7). The measured BPT blow counts are more
than 200 in this zone compared with a SPT N, of only 2 at
49 m depth, obviously a result of soil friction built up on the
Becker casing at large depth.

The second research site is the Richmond test site. Here,
three CPTs, two drill holes with SPTs, and five BPTs using
different Becker drill rigs, variable combustion conditions,
and different pipe sizes were conducted. Figure 9 shows
data from one CPT. The site is underlain by 25 m of fine- to
medium-grained sands overlying interbedded sand and silt
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FiG. 8. Bounce-chamber (BC) pressure and ENTHRU vs. blow count (N,) for the Annacis test site.

deposits. The upper sand deposits are generally clean, except
for a few silty layers as indicated in Fig. 9. The sands at
this site have gradational characteristics similar to those at
the Annacis test site. The top 10 m of the soil profile here
was densified by dynamic compaction prior to the field test-
ing program (Naesgaard et al. 1992).

The two drill holes at the Richmond test site were car-
ried out approximately 3 m apart using the same drill rig. and
the SPTs were conducted to 24 m with an automatic trip
hammer that gave average measured transferred energies of

55-60% (Sy 1993). A BPT was conducted nearby, also to
24 m depth. using an AP1000 drill rig (No. 107) with full
throttle and 170 mm diameter casing. The corrected SPT
and BPT blow counts are shown in Fig. 10. More details
of the other BPTs at the Richmond test site are given in Sy
and Campanella (1993).

The SPT and BPT blow counts from the Annacis and
Richmond test sites are shown together in Fig. 11, with
SPT N, plotted against both N, . and Ny, values at the cor-
responding SPT depth. Only SPTs in sands are presented
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in Fig. 11. For the Richmond site, the average of two SPTs
(DH91-01 and DH91-02) at the same depth is plotted. In
the Ny, versus N, plot, two data points with Ny;, greater
than 100 from the Annacis site are not shown. The data
points in Fig. 11 cover BPT-SPT data in sands to 43 m,
BPT blow counts obtained on 170 mm diameter casing, and
SPT N, values up to about 60. Both plots show similar
vertical spread in the data, but the N3, values are “stretched”
in the X axis relative to the N, values. Also shown in the Ny,
versus N, plot is Harder and Seed’s (1986) BPT-SPT cor-

relation, which appears to fit nicely through the middle of the
data points, albeit with some large scatter.

Effect of casing friction

In their study of the BPT, Harder and Seed (1986) sug-
gested that casing friction has a minimal effect on the Becker
blow count and, hence, friction was not considered in their
BPT-SPT correlation. The Harder and Seed data base,
although limited to 15 m depth, can be replotted as shown
in Fig. 12, with the blow-count ratio N, /N, against depth.
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Nbe/ Neo 55 m depths and BPTs were conducted through the pre-
0.0 0.5 1.0 1.5 2.0 cased holes. Not surprisingly, the blow counts at the same
ol b b depth reduced with increased cased length, again due to the
- . effect of friction on the uncased or embedded portion of
2 .’ . the Becker pipe.
- . Clearly, casing friction in the BPT cannot be ignored if
4 . A" reliable and useful BPT-SPT correlations are to be estab-
3 - . lished, particularly for use at large depth. Also, the fric-
6 a tional effects must be quantified if the correlations devel-
. o = oped on sand sites (to minimize the effect of particle size on
—~ _ SPT N value) are to be applicable to gravelly sites.
E 1 5N B Another way of looking at friction on the Becker pipe.
; 10 . and, in fact, a more direct way, is through stress-wave mea-
= - s e surements and application of wave-mechanics principles.
& - Fig. 13 shows measured wave traces of representative ham-
o 127 . mer blows at 15, 30, 43, and 49 m depths from BPT-B1 at
3 the Annacis test site. The wave traces shown are the force
4 . and velocity normalized by the pipe impedance. EAlc (ie.. the
] product of the Young’s modulus times the cross-sectional
167 HARDER AND SE area over the wave speed). For the 170 mm diameter casing
3 ED DATA used in the BPT, the impedance EA/c = 322 kN-m™'s™",
18 . ?QEQO?U%ESITE The sign convention used in the plot is positive force for
7] e SAN DIEGO SITE compression and negative force for tension. and positive
20 velocity for downward motion and negative velocity for

Fic. 12. Harder and Seed’s (1986) blow-count ratio. N, /Neg. VS.
depth.

Note the increasing trend in the blow-count ratio with depth,
which would suggest increasing friction on the Becker cas-
ing as the embedment increases. The effect of casing friction
would also explain the bending down or concave shape of
their proposed BPT-SPT correlation in Fig. 3.

Stewart et al. (1990) found that casing friction can have a
significant effect on the BPT blow count. At one test site, old
McDonald's Farm. appreciable friction had built up to such
an extent that a distinct stratigraphic unit change from dense
sand to soft silt at 15 m could not be detected by the BPT.
This change was apparently marked by a sharp drop in both
CPT tip resistance and SPT N values. similar to the obser-
vation noted above at the Annacis test site below 47 m. At
another reported test site, namely Duncan Dam, large-
diameter casings were installed in three holes to 5. 40, and

upward motion.

The proportional stress-wave plot shown in Fig. 13 is
commonly used in dynamic pile testing and is convenient
to illustrate the effect of soil resistance acting on the pipe dur-
ing the BPT. For impact wave propagation in one direction
in a uniform unsupported elastic rod, the force at a point
in the rod is equal to the particle velocity at that point times
the impedance. Therefore, when the force and the velocity
times impedance are plotted to the same scale. the two traces
will plot on top of each other until upward-travelling
reflections reach the measurement location. For a rod of
uniform cross section having no soil resistance. the first
upward-travelling wave will be from the toe and will arrive
at time 2L/c after impact. where L is the length of the pipe
below transducer location and ¢ is the wave speed in steel
(5100 m-s~ ). External soil resistance will also cause upward-
ravelling reflection that will arrive at time 2X/e, where X is
the distance from the measurement point to the location of
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TaBLE |. Summary of CAPWAP resistances and measured BPT-SPT blow counts
at the Annacis test site :

Pipe Total shaft Toe Total
embedment resistance resistance resistance Measured Measured
(m) (kN) (kN) (kN) BPT N3 SPT N,
9.1 120 31 151 19 10
12.2 147 53 200 26 14
15.2 156 44 200 28 23
21.3 188 66 254 46 33
42.7 356 111 467 181 56

the soil resistance. The upward-travelling wave due to soil
resistance will be compressive, with an amplitude propor-
tional to the magnitude of the soil resistance. These upward-
travelling compressive waves will cause an increase in force
and a decrease in velocity recorded near the top of the pipe,
i.e., a separation of force and velocity. The greater the sep-
aration, the greater is the shaft resistance.

In the wave traces shown in Fig. 13, the wave return
period after impact, 2L/c, is indicated by the horizontal bar,
the far end of which marks the wave reflection from the

pipe toe. The wave traces clearly show increasing force—
velocity separation, i.e., pipe friction, with increasing pipe
penetration or embedment.

The soil friction and its distribution along the Becker
pipe can also be quantified by CAPWAP analysis (Rausche
et al. 1985), another recognized technique used in pile
dynamics. CAPWAP is a computer program that uses the force
and velocity traces obtained with the pile driving analyzer to
evaluate the pile and soil boundary conditions through a
trial and error process of signal matching in a wave-equation
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FiG. 15. Computed BPT-SPT correlations for different BPT
shaft resistances (Rs).

analysis. The boundary conditions are the pile impedances,
soil resistance distribution, soil quake, and damping char-
acteristics. The results of cAPwAP analyses of five selected
blows from different depths in BPT-B1 at the Annacis test site
are summarized in Table 1. Also shown in Table 1 are the
measured BPT N,,, and SPT N, values at the five depths
analyzed.

As shown in Table 1, the computed total shaft resistance
increases with increasing embedment or pipe penetration.
The shaft resistances. even at shallow depths, are three to four
times the corresponding toe resistances. indicating the sig-
nificant effect of pipe friction in the BPT. The relative dif-
ferences between the N,3, and corresponding Ny, values also
provide another indication of the effect of friction, particu-
larly at large depth. One could postulate, then, that if shaft
resistances were somehow absent. the Becker blow counts
would reduce significantly. The SPT blow counts would.
of course. remain unchanged. Fortunately, the effect of fric-

tion on the BPT blow count can be evaluated theoretically by
wave-equation analysis as described below. The wave-
equation analysis also provides a means of incorporating
casing friction in BPT-SPT correlations.

Proposed BPT-SPT correlations

The wave-equation analysis is a numerical solution of
the pile-driving process. For this study, the GRLWEAP pro-
gram developed by Goble Rausche Likins and Associates,
Inc. (1992) was used. The program is based on the Smith
(1960) one-dimensional wave-equation model for pile-driving
analysis. The program models the three components of the
pile-driving problem: driving system, pile, and soil. The
driving system (i.e., hammer, cushion, and helmet) and pile
(or pipe) are represented by a series of masses, springs, and
dashpots. The soil is represented by a series of elastic—
plastic springs and linear dashpots attached to the pile mass
elements. The analysis gives the blow count (i.e., inverse
of set or displacement) for the given hammer—pile-soil input
parameters. The program also computes the maximum energy
transferred (ENTHRU) into the pile.

Wave-equation analyses of the BPT were conducted at
the five selected depths for which CAPWAP analyses were
performed. As a first step, each wave-equation model was cal-
ibrated as follows. The results of the CAPWAP analyses were
used to provide the pipe and soil input parameters in the
wave-equation analysis. It should be noted that the CAPWAP
analytical model is similar to the wave-equation model
except that the former does not include the driving system.
Another input parameter in the wave-equation program is
the hammer efficiency, which accounts for energy losses in
the hammer and is used to calculate the hammer impact
velocity to start the dynamic analysis. The hammer effi-
ciency was varied in the wave-equation analysis until the
computed ENTHRU matched the field-measured ENTHRU.
In all cases. the computed blow counts were found to be
close to the field-recorded blow counts.

After the wave-equation model was calibrated. the shaft or
side resistance component was removed in the subsequent
analysis and a “frictionless™ BPT blow count predicted. The
computed blow count was normalized to ENTHRU of 30%
using {2]. For the five depths analyzed. the measured Ny and
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FiG. 16. Cone penetration test data for the Delta test site.

corresponding computed “frictionless” Ny, are plotted against
SPT Ny, in Fig. 14. The capwap-computed total shaft resis-
tances (Rs) are also shown for the five measured data points.
Note the significant drop in BPT blow counts when the
shaft resistances are removed in the wave-equation analysis.
Also, the computed zero shaft resistance (Rs = 0) blow
counts fall almost in a straight line, with a slope of approx-
imately 2.5:1. These results have important implications
and illustrate that for a givén SPT Ny, there is a wide range
of possible BPT N,,, values depending on the amount of
shaft friction acting on the Becker pipe.

The wave-equation analyses were carried one step fur-
ther by assigning a series of total shaft resistances, i.e.,
Rs = 45, 90, 135, ..., 360 kN, to each BPT model and com-
puting the blow count corresponding to each given Rs. From
these analyses, contours of equal Rs can be drawn as shown
in Fig. 15. It is interesting to note that the shape of the
Rs contour is bending upward or convex, as opposed to
Harder and Seed’s (1986) correlation curve, which is bend-
ing downward or concave. Although Harder and Seed’s cor-
relation curve is based on N, it is not hard to imagine that
it would “pass” or “cut” through increasing Rs contours as
the blow count increases, suggesting that their correlation
has embedded site-specific friction effects, the magnitude
of which appear to increase with increasing blow count.
Because their correlation was developed on sites having
sand and silt subsoils, its application to other sites with dif-
ferent frictional characteristics, e.g., in gravelly soils, may
not be appropriate.

Sensitivity analyses were also performed by varying the
key input parameters in the wave-equation models, includ-
ing hammer efficiency, pipe length, shaft resistance distri-
bution, and soil damping. It was found that the theoretical
curves in Fig. 15 were reasonably robust for the average

expected conditions on granular soil sites and, as such, could
provide a rational basis for BPT-SPT correlations with con-
sideration of casing friction. It should be noted that Rs refers
to the total shaft resistance mobilized on a 170 mm o.d.
Becker pipe during the BPT.

Verification of BPT-SPT correlations

An opportunity arose for independent verification of the
above BPT-SPT correlations in a research project conducted
by Foundex Explorations Ltd. at the Delta test site to inves-
tigate a new BPT technique (Wightman et al. 1993). In the
newly developed technique, called the Foundex Becker pen-
etration test (FBPT), bentonite drilling mud is pumped down
the Becker pipe and comes out through a series of holes
just behind an oversized sleeved close-ended pipe section. In
this manner, the shaft friction is substantially reduced com-
pared with a conventional BPT.

Figure 16 shows data from a CPT at the Delta test site.
The site is underlain by a 1.5 m thick surficial silt layer
overlying a fine, fairly clean sand deposit to 41 m depth.
Below 41 m is sand with stratified silt layers.

As part of the testing program at the Delta site, dynamic
measurements of SPTs in two drill holes and of two types of
BPTs were conducted. The SPTs were carried out with an
automatic trip hammer that delivered energies of 60-70% to
the drill rods (Sy 1993). A HAV180 type Becker drill rig
was used for the BPTs. FBPTS was performed with the new
mud-injection technique and with a 170 mm diameter by
300 m long shoe at the end of a 140 mm diameter pipe,
while BPT10 was a “regular” or conventional BPT con-
ducted with a constant 170 mm diameter pipe. Both tests,
therefore, have the same toe diameter or end area.

The measured and energy-corrected BPT and SPT data
at the Delta test site are presented in Fig. 17. The left plot
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shows the N, profiles for FBPTS and BPTI0, as well as the
SPT N,, values in sand. The horizontal separation between
BPT10 and FBPT5 profiles is a measure of the effect of
friction. Note how the separation increases with increasing
depth, suggesting pipe friction ~growing™ with embedment.
In fact. several silt layers below 40 m depth as identified
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FiG. 19. Computed BPT-SPT correlations with measured dat2
from the Delta, Annacis. and Richmond test siles.

by FBPTS. and confirmed by adjacent CPTs, were com”
pletely “missed” by BPT10. The right plot in Fig. 17 shows
the BPT=SPT blow count ratios Ny, /Ny, versus depth for
FBPT5 and BPT10. These blow-count ratios again illustrate
the dramatic effect of pipe friction on the BPT blow count-
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The BPT N, values are plotted against the SPT Ny, val-
ues in Fig. 18. For each SPT Ny, there are two corre-
sponding N,,, values, i.e., one for FBPTS (closed circle)
and one for BPT10 (open circle). It can be seen that the
effect of removing pipe friction is to shift the BPT blow
counts to the left, an observed trend in agreement with the
computed wave-equation results in Fig. 14.

The energy-corrected BPT-SPT data from all three sites
in sand are plotted in Fig. 19, together with the computed cor-
relations from Fig. 15. As shown, the Delta mud-injection
(FBPTS) data points lie in a reasonably narrow band between
Rs curves of 0 and 45 kN. On the other hand, the data points
for the regular or conventional BPTs lie to the right of the
FBPT data and cover a wide range of Rs values. A closer
examination of these BPT data points indicates that most
of the shallow data, up to 10 m depth, lie between Rs curves
of 45 and 135 kN, whereas below 20 m depth, most of the
data lie beyond Rs of 180 kN. This is not surprising, since
total shaft resistance in sands invariably increases with depth
or pipe embedment.

The results shown in Fig. 19 ar€ encouraging and sug-
gest that the BPT-SPT correlations derived from wave-
equation analyses can provide a useful framework for deter-
mining equivalent energy-corrected SPT blow count (Ng)
from energy-corrected BPT blow count (N;,). Since Becker
casing friction or shaft resistance is accounted for, the
proposed correlations should also be applicable to gravel
sites for which the BPT has proven to be a most practical and
economical testing technique. So, given a BPT Ny, and
Rs value at a depth, the equivalent SPT N, can be deter-
mined from the appropriate Rs curve in Fig. 13.

Recommended procedure for estimating equivalent
SPT Ng,

The recommended procedure for estimating equivalent
SPT Ny, values given BPT blow counts from a 170 mm o.d.
Becker pipe is as follows:

(1) Monitor BPT with the pile driving analyzer in accor-
dance with ASTM standard D4945-89 (ASTM 1992b) and
correct the recorded blow counts to Ny, using [2].

(2) Select representative blows for CAPWAP analysis to
determine the total shaft resistances (Rs) at specific depths
and estimate or interpolate between computed Rs values for
other depths.

(3) With the energy-corrected BPT N, and Rs values,
estimate equivalent SPT Ny, from Fig. 15.

The above procedure is applied to BPT-B1 and BPT-B2 at
the Annacis site (see the measured blow-count profiles in
Fig. 7), and the results are presented in Fig. 20, which shows
the N, 3, Rs, and equivalent Ny, values plotted against depth.
For comparison, the measured SPT Ny, values from adja-
cent drill holes are also plotted in Fig. 20. As shown, the
measured SPT blow counts are in good agreement with the
estimated Ny, values.

Summary and conclusions

Experimental and numerical studies of the BPT and SPT
have been conducted with the objective of obtaining reli-
able BPT-SPT correlations. The experimental research
includes performing side by side SPTs and BPTs at three
sand sites in Greater Vancouver, with dynamic measure-
ments of energy transfer in both tests. An energy approach
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for correcting the BPT blow counts to account for the vari-
able energy output of the Becker hamimer, similar in principle
‘to that used in SPT energy correction, is used. The energy-
corrected BPT blow counts are then correlated to energy-
corrected SPT blow counts. It is shown that meaningful
BPT-SPT correlations can only be obtained if friction act-
ing on the Becker casing during the BPT is considered.
Stress-wave measurements and wave-equation analyses of
the BPT are used to evaluate the effect of shaft friction on
the BPT blow count.

A rational procedure for BPT-SPT correlations is pre-
sented. The proposed BPT-SPT correlations are verified by
data from another research site in which a new Becker pen-
etration testing technique was developed. At this site, the
effect of casing friction is dramatically illustrated by com-
paring blow counts from a conventional BPT with those
from the newly developed Foundex BPT in which friction is
reduced by downhole mud-injection from holes behind the
oversized shoe. It is shown that the proposed BPT-SPT cor-
relations, which consider the energy transfer in both tests
and explicitly consider shaft resistance in the BPT, can pro-
vide a useful framework for estimating equivalent SPT
N values from BPT blow counts in granular-soil sites. Finally,
a recommended procedure for estimating equivalent SPT
Ngo from BPT Ny, is presented and an example of its appli-
cation is given.
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