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Abstract. To improve the accuracy of the standard penetration test (SPT) results, smart measurement system, which considers
the energy transfer ratio into the sampler (ETRsampler), i required. The objective of this study is to evaluate the effects of joints
and rod length on the transferred energy into the sampler. The energy transfer ratios into the rod head (ETR#ead) and ETRsampler,
and the energy ratio from the head to the sampler (ERns) were obtained using energy modules, which were installed at the rod
head and above the SPT sampler. Linear regression analyses are conducted to correlate the ERns with the number of joints, rod
length, and SPT N-values. In addition, the dynamic resistances are calculated using both transferred energies into the rod head
and into the sampler, and are compared with the corrected cone tip resistance measured from the cone penetration test (CPT).
While the ETRuead are generally constant, but the ETRsampler and ERus gradually decrease along the depth or the number of
joints, except at certain depths with high SPT N-values. Thus, the ERus can be estimated using the number of joints, rod length,
and SPT N-values. The dynamic resistance evaluated by Esampler produces a better correlation with the corrected cone tip
resistance than that by Enea. This study suggests that transferred energy into the SPT sampler may be effectively used for more

159

accurate subsurface characterization.
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1. Introduction

Prior to the design and construction of an infrastructure,
in situ tests are conducted to characterize the subsurface and
determine the engineering properties of the soils. The
standard penetration test (SPT) is one of the most popular in
situ tests, and the driving rod is penetrated by dropping a
hammer at a constant potential energy (473.5 N'm) during
the SPT. The number of blows required for a 30 cm deep
penetration are recorded as the SPT N-value after 15 cm of
initial penetration (Decourt ef al. 1988, Clayton 1995). The
SPT N-value represents the strength characteristics of the
ground at each depth, and soil properties such as cohesion,
internal friction angle, and relative density were estimated
using several SPT N-value empirical equations (Melzer
1971, Marcuson and Bieganousky 1977, Skempton 1986,
Kulhawy and Mayne 1990, Hatanaka and Uchida 1996,
Cubrinovski and Ishihara 1999, Das ef al. 2012). The SPT is
most widely used due to its simplicity, convenience, and
applicability compared to the other in situ tests. In addition,
the SPT has been studied and applied in several cases such as
geotechnical investigation, liquefaction, and pile foundation,
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etc. (Bahari et al. 2020, Seo et al. 2021), thus, the SPT N-
value is used with many empirical correlations.

Despite the advantages of the SPT, the test results
obtained may be less accurate depending on the
experimental conditions, resulting from an inconsistent
driving energy (Sjoblom et al. 2002). Therefore, the
transferred energy at the SPT rod head was measured using
the energy module, and the SPT N-values were corrected
using the measured transferred energy (Schmertmann and
Palacios 1979, Kovacs and Salomone 1982, Butler et al.
1998, Sjoblom et al. 2002). The measured transferred
energy is lower than the potential energy of the drop
hammer due to the energy loss at the anvil and inconsistent
driving energy. Note that the SPT N-values, which are
corrected using the transferred energy at the rod head with a
reference energy ratio of 60%, have been used to estimate
engineering parameters (Hettiarachchi and Brown 2009,
Mujtaba et al. 2018, Ghali ef al. 2020).

The actual penetration energy of the split spoon sampler
may be lower than the transferred energy at the rod head
because of the energy loss in the extended driving rods. The
energy loss contributes to the inaccuracy of the estimation
of the engineering parameters based on the corrected SPT
N-value using the transferred energy at the head of the
driving rods. Several studies have been conducted on the
measurement of the energy near the cone tip to compensate
for the inaccuracy of the energy correction at the head of the
driving rods. Kianirad et al. (2011) also installed an
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accelerometer and a load cell at the cone tip of a dynamic
cone penetrometer and analyzed the force signal with
account of the energy loss. In addition, Byun ef al. (2014)
and Kim et al. (2019) measured the energies at the rod head
and tip using a dynamic cone penetrometer, and the strength
of the ground was evaluated based on these energies.
Furthermore, Lee and Byun (2020) developed an
instrumented cone penetrometer and studied its dynamic
and static resistances under the same ground conditions.
These studies were conducted using portable dynamic
penetrometer.

Lukiantchuki et al. (2011) installed an accelerometer
and a load cell outside just above the SPT sampler and
measured the dynamic responses to evaluate the transferred
energies. Note that these sensors had durability issues
because they were installed externally. Hong et al. (2022)
instrumented energy modules incorporated with an
accelerometer and a load cell inside. The energy modules
were located at the rod head and above the SPT sampler to
measure the transferred energies. They showed that the
transferred energy into the SPT sampler was less than that
into the rod head. Note that the mechanism of the energy
loss in the SPT sampler has not studied in details.

The objective of this study is to evaluate the effects of
rod and ground parameters on the energy transfer ratio from
the head to the sampler in the SPT. SPT tests were
performed on weathered soils at three sites to measure the
transferred energies at the rod head and above the SPT
sampler. The energy ratio was calculated using the
measured transferred energies at the rod head and above the
SPT sampler. The calculated energy ratio was subsequently
correlated with the number of joints, the rod length and the
SPT N-value using multiple regression analysis. In addition,
the calculated dynamic resistances were compared with the
measured static resistances. This study presents the effects
of the rods on the energy loss using smart measurement
system of the transferred energy at the SPT sampler. The
paper first explains the background theories including N-
value correction, transferred energy at the SPT head, energy
losses, and dynamic resistance. Second, the specifications
of the energy module are provided, and this paper describes
the field study. Finally, the test results obtained at the three
sites are analyzed and discussed.

2. Background theory

2.1 N-value correction by measuring transferred
energy

In an SPT, the transferred energy (E), which is
calculated using the force-velocity (F-V) method (ASTM
D4633), can be obtained from the following integration
equation

B = [ R x V(e (1)

where F; is the force measured by the load cell, and V is
the velocity calculated by integrating the measured
acceleration and is equivalent to the particle velocity. The

force obtained from the accelerometer (F,) can be
calculated by multiplying V, with the impedance (Z) as
follows

Fo(t) = Z x V(1) 2

where Z can be represented as a function of the elastic
modulus (E;), cross-sectional area (4), and longitudinal
wave velocity (C) of the rod as follows

E.A
Z = 3
C 3)
Thus, Eq. (2) is replaced as follows
Fa(t) = == X Va(£) @

The energy transfer ratio (ETR), which is defined as the
percent ratio of the calculated E to the theoretical potential
energy (PE), is used to correct the SPT N-value. In general,
the corrected SPT N-value for a reference energy ratio of
60% (Neo) is calculated based on an ETR (Seed et al. 1985)

as follows

ETR
Ngo =——XN 5
=25 5)

In general, the ETR is calculated using the transferred
energy into the rod head (Encad). However, the transferred
energy into the SPT sampler (Esampier) €xhibits a greater
influence on the dynamic penetration resistance than Epeag.
Therefore, the ETR calculated using the Esampier 1S more
reasonable for an accurate correction of the dynamic
penetration resistance than that calculated using the Ericad
(Byun and Lee 2013, Byun et al. 2014). On the other hand,
the normalized SPT N-value, (Ni)e0, considers the effects of
the ETR, rod length, liner, borehole diameter, overburden,
and blow count frequency as follows

Ny) R Ce-CsCy-Cy N (6)
(160=W' R'Ls Lp-Lpy-

where Cp is the rod length correction factor, Cy is the liner
correction factor, Cpz is the borehole diameter correction
factor, and Cl is the overburden correction. The rod length
correction factor (Cg) suggested by Skempton (1986),
Bowles (1996), and Robertson and Wride (1997) is
summarized in Table 1. Table 1 shows that (N))s is not
affected for a rod length over 10 m (Cr = 1) but is
underestimated for a rod length under 10 m (Cr < 1)
(Skempton 1986, Bowles 1996).

Table 1 Rod length correction factor

Length of driving rod [m] Rod length correction factor [-]

0~4 0.75
4~6 0.85
6~10 0.95

10 ~ 1
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2.2 Transferred energy into the SPT rod head
according to rod length

In previous studies, the transferred energy into the rod
head was measured according to the length of the driving
rod by using an energy module during SPT (Kovacs 1979,
Kovacs and Salomone 1982, Butler et al. 1998). Test results
showed that the amplitude of the compression wave was
peak below the anvil, in which the sensors were installed,
and then was gradually decreased according to travel time.
Furthermore, until the tensile wave arrived after hammer
impact, more than 90% of the total energy was transferred
(Lee et al. 2001, 2010). Note that the arrival time of the
initial tensile wave is equal to the round-trip time (t =
2L/C), where L is the length of the driving rods and C is the
speed of the longitudinal wave. Therefore, the arrival time
of the initial tensile wave is proportional to the length of the
driving rods (Schmertmann and Palacios 1979).

As the length of the rod increases, the travel time of the
initial tensile wave is delayed, and the area of the initial
compression wave subsequently increases. Consequently,
the calculated transferred energy increases with an increase
in the length of the rod. Force signals measured by the load
cell are plotted in Fig. 1 according to the length of the
driving rods. Fig. 1 shows that as the rod length increases,
the first arrival time of the initial tensile wave (open circles
in Fig. 1) proportionally increases. The increment in the
initial compressive area, however, gradually decreases with
an increase in the rod length. Thus, Skempton (1986) and
Bowles (1996) reported that the SPT N-value was
unaffected by the rod length, if the rod length is greater than
10 m, because the energy was sufficiently transferred from
the rod head to the SPT sampler. The rod length correction
factor (Cr) was used for short rod lengths, in which the
tensile wave reflected earlier (Skempton 1986). Energy
losses according to the numbers of joints, however, were
not considered in the rod length correction factor (Cr).

2.3 Energy losses in transferred energy
For the measurement of the transferred energy into the
rod head, the energy module has been commonly installed

between the rod head and the anvil. Thus, the measured
transferred energy considered energy loss occurred at the
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Fig. 1 Force signals () measured at the head of the
driving rod according to the length of driving rods.
Open circles (o) denote the first arrival time of
tensile wave

hammer and anvil. For the SPTs in deep layers, rods should
be extended. Thus, energy losses may occur not only at the
anvil but also at the joints of the driving rods due to
transmissions and reflections of elastic waves caused by the
impedance mismatch at the joints as shown in Fig. 2.
Incident waves, which are generated by a dynamic blow, are
mostly transmitted, and the remaining incident waves are
reflected at each joint. These transmissions and reflections
yield the energy losses (Byun and Lee 2013). Thus, the
transferred energy into the SPT sampler is smaller than that
into the rod head.

2.4 Dynamic resistance

In the SPT, the penetration energy (Epenctraion), Which is
the energy used to penetrate the sampler into the ground,
can be estimated using from the potential energy, neglecting
the energy loss caused by the hammer, rod, and so on
(Odebrecht et al. 2004). Therefore, Epenetration 1S defined as
the work done (W;) on the sampler soil system (Schnaid et
al. 2009). W; is expressed as the product of the dynamic
reaction force (F;) and penetrated depth or displacement
(d) Thus, EPenetration iS

Epenetration = Ws = Fq - d @)

The dynamic reaction force (Fy) is represented by the
product of the dynamic resistance (¢4) and cross-sectional
area of the cone (4.) as follows

Fg=qq-Ac (¥

Substituting Eq. (8) into Eq. (7), the dynamic resistance
(ga) 1s expressed as follows

_ EPenetration

qa = TA,-d )

For the dynamic penetration test using the energy
module, g; can be calculated using the measured
acceleration and force (Byun et al. 2014, Kim et al. 2019,
Lee et al. 2019). The displacement (d) can be calculated by
integrating the velocity (V,), which is obtained by
integrating the measured acceleration. According to the law
of energy conservation, the transferred energy at the rod as

Incident
Reflection

Impact

Joints| .
\ Transmission

Fig. 2 Schematic drawing of attenuation concepts. The
thickness of arrows denotes the intensity of energy
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Fig. 3 Schematic drawing of standard penetration test and energy modules. EM denotes the energy module

described in Eq. (1) is equal to the penetration energy as
described in Eq. (8). The dynamic resistance (qq) is
expressed as follows

[ F(0) X V(®)de
U= v indt (10)
NAAGL
The dynamic resistance (qs) is calculated using the
measured forces and accelerations from the energy module.
The dynamic resistance (¢qq) calculated by Eq. (10) may be
directly compared with the corrected cone tip resistance (g;)
obtained from the cone penetration test (CPT) if rheological
properties of soils are negligible. The penetration rate of the
SPT is 100-200 times faster than that of the CPT. Note that
the damping effect is negligible for both dynamic resistance
(ga) and cone tip resistance (g;) in coarse-grained soils. In
addition, as ¢4 and ¢, are not affected by the particle size or
density in non-plastic ground, both penetration resistances
are comparable in sandy and silty soils (Schnaid et al.
2017).

3. Energy module and system
3.1 Energy losses in transferred energy

In this study, the transferred energies into the rod head
and into the SPT sampler were measured using the energy
modules installed at the rod head (EMped) and above the
SPT sampler (EMsampier) as shown in Fig. 3. The outer
diameters of the EMpcaq and EMsampler are equal to that of
the SPT driving rod. The accelerometer and load cell
configured with full-bridge strain gauges are installed at the
inner region of EMpcad and EMsampier for protection of the
sensors as shown in Fig. 3 (Yoon and Lee 2012, Byun et al.
2015, Hong et al. 2016, 2022). The shock type accelerometer

(model 350C03, PCB) could measure up to 10,000 g along
the uni-axis. The load cell was fabricated with strain gauges
with an electrical resistance of 120 Q. The accelerometer
was installed at the center of the rod and full-bridged four
strain gauges were attached on the opposite side of the rod
as shown in Fig. 3 to compensate the temperature and
eccentricity (Byun et al. 2013). In addition, the commercial
SPT energy module (EMppa), which is manufactured by
PDI, was used to measure the transferred energy into the
rod head by connecting to the pile driving analyzer (PDA).
In this system, the accelerometers and strain gauges based
load cell were installed outside EMppa.

3.2 Measurement system

The different measurement systems were used for types
of energy modules. In the measurement system of EMppa,
signals from accelerometers and strain gauges were
gathered, filtered, and analyzed by the pile driving analyzer
(PDA). The measurement system of EMped and EMsampler
consists of power supply, filter, signal conditioner, and
oscilloscope. Input voltage and low pass filtering frequency
were set to 1 V and 20 kHz, respectively. The oscilloscope
measured the signals at the sampling rate of 96 kHz. The
obtained data were monitored and saved using a laptop
computer.

4. Field study
4.1 Site description

In this study, SPTs were conducted until a depth of 14.3
m at three sites in Korean (Hanam, Gongju, and Pohang),
which are labeled as BH-H (Hanam), BH-G (Gongju), and
BH-P (Pohang) for convenience. The soil profiles of the
three sites based on the SPTs are shown in Fig. 4. For the
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Fig. 4 Profiles of SPT N-value according to depth (SP, WR, SM and SC denote the poorly graded sand, weathered

rock, silty sand, and clayey sand, respectively)

BH-H site, the SPTs were conducted at depth of 1 m, 2.3 m,
3.8 m, 4.3 m and at | m intervals from the depth of 4.3 m as
shown in Fig. 4(a). Low SPT N-values were obtained at
shallow depths, and these values gradually increase after 7.3
m. At 14.3 m, in which the ground is weathered rock, the
SPT N-value is greater than 170 blows/30 cm, and thus, the
SPT was completed at this site. The SPT N-values obtained
at BH-G and BH-P are plotted in Figs. 4(b) and 4(c),
respectively. For the BH-G site, at a depth of 11.3 m, the
SPT N-value is approximately 100 blows/30 cm; however,
the average SPT N-values at other depths is approximately
40 blows/30 cm. Note that SPT N-values gradually increase
along the depth except at the depth of 11.3 m. For the BH-P
site, the SPT N-value is 100 blows/30 cm at the depth of
12.3 m, and extremely low SPT N-values (3-7 blows/30
cm) were obtained after this depth, in which the ground is
composed of clayey sand.

For the BH-P site, the CPT was conducted at a distance
of 5 m from the SPT borehole. The CPT was conducted
after a 2.5 m excavation, and the cone tip resistance and
pore pressure were subsequently measured according to the
depth up to depth of 14.3 m. In addition, the measured cone
tip resistances were corrected using the pore pressure.
Moreover, the corrected cone tip resistances were compared
with the SPT results.

Disturbed specimens were obtained from the SPT at
each depth, and index property tests were conducted. First,
sieve analyses conducted based on ASTM D422 produced
Dio, D30, Dso, Deo, the coefficient of uniformity (C,), and
curvature (C,). In addition, the specific gravity, and the
maximum and minimum void ratios were determined based
on ASTM D854, ASTM D4253, and ASTM D4254,
respectively. Finally, the liquid and plastic limits, and the
plastic index were obtained according to ASTM D4318.
The calculated index properties are listed in Table 2.

4.2 Calculation of transferred energy

Two energy modules (EMpead and EMsampier) Were used

Table 2 Index properties at BH-H, BH-G, and BH-P

Site D[‘:E;h Ci Cg Gs [I;A)L] [I:A]L] [EZ] Remarks
~43 58 3.1 270 439 21.5 224
53~63 7.0 45 271 395 182 213

H 73~83 85 2.5 2.67 413 165 248 SP

93~103 45 1.6 2.68 40.5 225 18
11.3~123 103 5.8 2.65 358 19.5 163
133~143 125 7.5 2.61 325 18.7 13.8 WR

~43 6.2 25 271 445 195 25
53~63 42 33 269 48.6 212 274
73~83 35 2.1 2.68 475 225 25
93~103 63 2.1 270 43.6 185 25.1
11.3~123 52 33 269 452 199 253
133~143 44 23 2.68 440 18.5 255

~43 58 23 269 442 215 227
53~63 42 23 270 455 222 233
7.3~83 32 1.5 271 46.5 232 233 SP
93~103 45 25 271 493 254 239 SM
11.3~123 25 32 274 485 225 26 SM-SP
133~143 1.5 12 278 442 215 227 SC

*SP, WR, SM and SC denote the poorly graded sand, weathered
rock, silty sand, and clayey sand, respectively

SM

at the BH-G and BH-P. Note that three energy modules
(EMppa, EMHcad, and EMsampler) Were used at the BH-H site.
Force time waveforms were obtained from the signals,
which were measured at these modules, and the energy time
waveforms were calculated using the F-V method. The
waveforms obtained at a depth of 3.3 m at BH-H are plotted
in Fig. 5. Figs. 5(a), 5(b), and 5(c) show the force time
waveforms measured at EMppa, EMucad, and EMsampler,
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Fig. 5 Measured dynamic responses

respectively. Both the force time waveforms measured by
the EMppa and EMpeaq as shown in Figs. 5(a) and 5(b) show
a similar tendency. Note that the first tensile wave was
generated earlier in the force time waveform of the
EMsampler (Fig. 5(c)) than in the other force time waveforms
(Figs. 5(a) and 5(b)).

The transferred energies calculated using the force time
waveforms measured by three energy modules are plotted in
Fig. 5(d). Fig. 5(d) shows that the measured transferred
energies at EMppa, EMpicad, and EMsampier are 310.1, 287.4,
and 230.9 N'm, respectively. The measured transferred
energy gradually decreases with the distance from the top.
In addition, EMppa and EMyeaq are 1.5 m apart with two
joints between them. The difference between the measured
transferred energies at EMppa and EMpeaq is 22.7 N'm.
EMtecad and EMsampler are 3.3 m apart with four joints

between them. The difference between the measured
transferred energies at EMuead and EMsampler 18 56.5 N'm.
The difference between the measured transferred energies at
each energy module increases with an increase in the
distance or in the number of joints between energy modules.

4.3 Transferred energy ratio into the rod head
and the sampler

The force and velocity waveforms were obtained using
the EMppa and EMsampler in three sites. The energy transfer
ratios into the rod head (ETRued) and into the sampler
(ETRsampler) calculated using the waveforms obtained from
EMPDA and EMsampler based on the F-V method are plotted
in Fig. 6. Fig. 6(a) shows that the range of ETRpcaq is 60%—
75%, and it tends to either remain constant or increases
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Fig. 6 Calculated energy transfer ratio into rod head and sampler according to depth

slightly as the depth increases at the BH-H site. In addition,
the average ETRsampler 1S approximately 45%, and it tends to
gradually decrease according to the depth increases,
contrary to ETRpe.d. The difference between ETRyeaq and
ETRsampler increases from 11% to 29% as the depth
increases.

Fig. 6(b) shows the ETRpcaqs and ETRsampier 0f the BH-G
site according to the depth. The average ETRpead and
ETRsampler are 55% and 40%, respectively. ETRpead is
almost constant along the depth. ETRgsamper slightly
decreases according to the depth, except at a depth of 11 m.
Soil profile of the BH-G site shows that SPT N-values at a
depth of 11.3 m are highest as shown in Fig. 4(b). The
highest SPT N-value may produce the highest ETRsampler at
the depth of 11.3 m. Fig. 6(c) shows that at the BH-P site
the ETRpeaq is almost 70% at entire depth, and the
ETRsampler decreases from 62% to 38% according to the
depth. The higher SPT N-values at depths of 7.3 m and 11.3
m as shown in Fig. 4(c) produce the higher ETRsampler
values.

Energy ratio from head to sampler [%]
0 20 40 60 80 100
0 v v v v

-6-BH-H
| —a—BH-G
-5-BH-P

Depth [m]
oo

Fig. 7 Energy transfer ratio from head to sampler (ERHS)
according to depth

To evaluate the effect of the joints and rod length on the
energy loss, the energy ratio from the head to the sampler
(ERgs), which is the ratio of the transferred energy into the
SPT sampler to that into the head, is estimated as follows

ESampler

ERys(%) = X 100 (11)

Head

The calculated ERys at three sites according to the depth
is plotted in Fig. 7. The ERys at the BH-H site shows a
tendency to gradually decrease with depth. Its values at
depths of 10.3 m and 14.3 m are higher than those at other
depths. The ERys at the BH-G site tends to decrease as the
depth increases, similar to that obtained at the BH-H site; in
contrast, the ERys at a depth of 11 m with a higher SPT N-
value is higher than that at other depths. The ERpgs at the
BH-P site tends to gradually decrease with depth, similar to
that obtained at the other two sites; however, the higher
values of ERys were measured at depths of 7 m and 12 m
with higher SPT N-values. As a result, the higher ERys
were obtained at depths with higher SPT N-values, and the
ERgs decreases as the depth increases for other depths.

4.4 Corrected N-values

The corrected SPT N-values (Ngo) described in Eq. (4)
have been commonly obtained by using the transferred
energy into the rod head. In this study, the Ngo was
calculated using ETRpead (N6o Head) and ETRsampler
(N60_Sampler)- The calculated N6O_Head and N60_Sampler
according to the depth are represented in Fig. 8. Fig. 8(a)
shows that Neo sampier 1S Smaller than Neo Head, and the
difference between both Ngo gradually increases as the
depth increases for the BH-H site. Figs. 8(b) and 8(c) show
that Neo_sampler 1 generally smaller than Ngo ricad for the BH-
G and BH-P sites. For the BH-G site, the difference
between Neo read and Neo sampler generally increases with
depth, except at a depth of 11.3 m. In addition, the minor
difference between Neo Head and Neo sampler at the depths of
13.3 m and 14.3 m for the BH-P site may result from the
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clayey sandy soils.
4.5 Comparison with CPT results

At the BH-P site, the CPT was conducted at a distance
of 5 m from the SPT borehole. According to the depth, from
the cone tip resistance and pore pressure the corrected cone
tip resistance (q;) was obtained. The calculated ¢, was
compared with the calculated Neo Heaa and Neo sampler, as
shown in Fig. 9. The soil type is silty sand up to 6.3 m
depth, the maximum calculated N is 20 blows/30 c¢cm, and
q: is approximately 5 MPa. At a depth of 7.3 m, Neo Head and
Neo sampier are 75 blows/30 cm and 54 blows/30 cm,
respectively, and ¢; is approximately 13 MPa. At depths of
8.3 m and 9.3 m, ¢; is 2.5 MPa, in which Ngo is under 20

blows/30 cm. The corrected cone tip resistance (g;) is 14—15
MPa at depths of 10.3 m and 12.3 m, in which Ngo sampler
and Neo Head are greater than 40 blows/30 cm, and greater
than 100 blows/30 cm, respectively. Fig. 9 shows that
Ne0_tead, Neo_sampler, and g; tend to be proportional to each
other.

5. Analyses and discussion
5.1 Effects of soil properties

The energy transfer ratio into the sampler (ETRsampler) at
the three sites generally decreases with the depth as shown
in Fig. 6. However, the higher ETRgampier Were obtained
with the higher SPT N-values, therefore, the SPT N-values
may influence the energy transfer ratio. For the evaluation
of the ground condition effect on the ETRsampier, ERns, the
SPT N-values, and the ground condition at each site
according to the depth are represented in Fig. 10. Fig. 10(a)
shows that up to the depth of 7.3 m, in which the SPT N-
value is less than 30 blows/30 cm, the SPT N-value slightly
increases, but ERys gradually decreases with an increase in
the depth. However, the ERys at depths of 11.3 m and 14.3
m, in which SPT N-values are higher than 100 blows/30
cm, are approximately 10% higher than those at near depths
for the BH-H site. In addition, the ERys at 11 m depth of the
BH-G site, and 12.6 m depth of BH-P site, in which the SPT
N-value is more than 100 blows/30 cm, are higher than that
at other depths. However, the ERyus at other depths, in
which the SPT N-value is less than 30 blows/30 cm,
decreases according to the depth regardless of the SPT N-
value.

For the estimation of the effect of the SPT N-value on
ERgs, the force and energy time waveforms measured by
EMppa and EMsampier at depths of 12.3 m (N = 108 blows/30
cm) and 14.3 m (N = 3 blows/30 cm) at the BH-P site are
represented in Fig. 11. Force time waveforms measured by
EMppa plotted in Fig. 11(a) show the initial compression
waves up to the time of 2L/C after impact. Furthermore,
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near 2L/C after impact, the particle velocity (Va.) in soft
ground (14.3 m depth) is greater than that in stiff ground
(12.3 m depth). Force time waveforms measured by
EMsampler are plotted in Fig. 11(b). As the impedance of stiff
ground is greater than that of soft ground, the reflection of
force waves (Fj) is greater in stiff ground (12.3 m depth)
than in soft ground (14.3 m depth). Note that velocity waves
(velocityxZ: F,) are opposite. Furthermore, Fig. 11(b)
shows that the peaks of F; and F|, are similar in stiff ground,
but the peak of F, is larger than that of F; in soft ground. As
the particle velocity becomes double at the free boundary
condition (Smith 1960, Skov 1982, Kim et al. 2022), the
velocity waves (velocityxZ: F,) are greater than Fy in soft
ground.

The energy time waveforms based on the F-V method
are calculated using the measured force time waveforms at
the rod head and above the SPT sampler at depths of 12.3 m
and 14.3 m and are plotted in Fig. 11(c). The peak values of
Enead at both depths are 339.8 N'm and 324.8 N'm, and the

final values of Egeaq at both depths are 301.8 N-m and 299.1
N-m, respectively. In other words, Enead decreases by 11.2%
in stiff ground (12.3 m depth), and slightly decreases by
7.9% in soft ground (14.3 m depth). Fig. 11(b) shows that in
the Fy measured from the EMsampler, @ tensile wave occurred
immediately after the initial compression wave at both
depths. Note that as the EMsampler is installed directly above
the SPT sampler, the arrival time of the initial tensile wave
is short (Lukiantchuki ef al. 2011). The initial tensile wave,
which is influenced by the stiffness of the ground, affects
reduction of Esampler. As the magnitude of initial tensile
wave decreases with an increase in the SPT N-values, the
peak value of Esampler in stiff ground (244.9 N-m) is greater
than that in soft ground (181.0 N'm) for similar peak values
of Enead. Thus, ERys in stiff ground at the depth of 12.3 m
(72.1%) is greater than that in soft ground at the depth of
14.3 m (55.7%).
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Table 3 Correlation of ERys and determination coefficient according to independent variables

Independent variables Correlation of ERus Determination coefficient, R2 Eq. No.

J ERus (%) = 78.1-1.42] 0.55 1

L ERnus (%) = 79.4-1.67L 0.55 (12)

N ERns (%) = 64.9+0.01N 0.02 (13)

LL ERus (%) = 79.7-0.77J-0.89L 0.59 (14)

LN ERns (%) = 80.1-2.07J+0.11N 0.69 (15)

L N ERuss (%) = 80.1-2.01L+0.06N 0.60 (16)

JLLN ERuss (%) = 81.3-1.50J-0.76L+0.11N 0.72 (17)

5.2 Effects of number of joints and
length of driving rods

The calculated energy transfer ratio from the rod head to
the sampler (ERgus) at three sites were plotted according to
the number of joints (J), rod length (L), and SPT N-value
(N) in Fig. 12. The ERys decreases with an increase in the
number of joints (J) or in the rod length (L) as shown in
Figs. 12(a) and 12(b). However, the ERys has no significant
correlation with N as shown in Fig. 12(c).

Linear regression analyses were conducted to evaluate
the correlation among the energy transfer ratio from the rod
head to the sampler (ERps) and the three independent
variables (J, L, and N) based on the plotted results. Linear
regression analyses can be used to evaluate the correlation
between several variables (Seber and Lee 2012,
Montgomery et al. 2021), and linear polynomials for
independent variables were derived to evaluate the
correlation. Correlations and determination coefficients
between ERys and independent variables are summarized in
Table 3. Table 3 shows that the determination coefficients in
correlations between ERys and J represented by Eq. (11),
and between ERys and L represented by Eq. (12) are 0.55.
Note that the correlation between ERps and N (Eq. (13))
produces the determination coefficient of 0.02, which
means that ERys is unrelated with N. Correlations between
the ERus and two independent variables are described in
Egs. (14)-(16). Egs. (14)-(16) show that determination
coefficients of ERys with J and L, J and N, and L and N are
0.59, 0.69, and 0.60, respectively. Note that the correlation
of ERys with J and N (Eq. (15)) is better than that of ERys
with L and N (Eq. (16)). Egs. (15) and (16) suggest that the
energy transfer ratio from the rod head to the sampler
(ERys) be more affected by the number of joints (J) than
rod length (L) if they are analyzed with the SPT N-value.
The correlation of the ERpys with all three independent
variables represented in Eq. (17) produces the highest
determination coefficient (0.72), which demonstrates that
ERys be related with on soil properties, the number of
joints, and the rod length.

As energy loss occurs mainly at the joints due to the
impedance difference (Byun and Lee 2013), the ERus and J
should be strongly correlated. Even though the rod length
(L) should not affect the energy loss, it is a high correlation
with the ERps because the rod length increases with an
increase in the number of joints. Thus, the determination
coefficient of the correlation ERys with J and L is not high

Penetration resistance [MPa]
0 5 10 15 20 25

- G

SM

SP

Depth [m]
o

SM
10

12 sP

14 sc

16

Fig. 13 Corrected cone tip resistance (¢;), and estimated
dynamic resistances based on transferred energies
into rod head and sampler according to depth (SP,
WR, SM and SC denote the poorly graded sand,
weathered rock, silty sand, and clayey sand,
respectively)

value (0.59) described in Eq. (14). In addition, among the
relationships between the ERpys and two variables, the
correlation of the ERys with J and N is highest as J has a
greater influence than L. Even though the SPT N-value (N)
does not have a direct relationship with the ERus (Eq. (13)),
it improves the correlation of ERys with other independent
variables (J and L) as described in Eqgs. (15)-(17). Note that
for identical or similar J and L, the ERps is greatly
influenced by the ground condition as plotted in Fig. 10.

5.3 Dynamic resistance vs. static cone tip
resistance

For the BH-P site as shown in Fig. 9, the energy-
corrected SPT N-value (Ngo) using the transferred energies
into the rod head and the SPT sampler shows a similar trend
with the corrected cone tip resistance (¢;). To compare SPT
and CPT results, the dynamic resistance (q4) is calculated
using Eq. (10). As the penetration energy (Epenctration) can be
regarded as Encad Or Esampler, two types of dynamic
resistances from SPT are obtained using Encad (¢4 Head) and
Esampler (¢4 samper). The two types of dynamic resistance and
q: of CPT are plotted in Fig. 13. Fig. 13 shows that the
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qd Head 1S generally higher than the ¢; and gu sampler- In
addition, the g4 sampler 15 slightly higher than g, on average.

For the investigation of the relationship between ¢, and
qs q: is plotted with ¢g tead and gg sampier in Fig. 14. Note
that as the difference between the ¢, and ¢; in clay is greater
than that in sand due to the damping effect (Gibson and
Coyle 1968), the two points obtained in clay ground are
excluded in this comparison. The slope of the trend line of
qd Head and ¢g; and that of g4 sampler and g, are 0.69 and 0.87,
respectively. The determination coefficients of both trend
lines are 0.98. When ¢, is calculated by considering
Ebpenctration 88 Enead, the energy losses due to the number of
joints, rod length, and friction between the SPT sampler and
soils are not accurately counted (Odebrecht et al. 2004).
Thus, the dynamic resistance using Epcad (¢a Head) may be
overestimated. On the other hand, g4 sampler 1S N0t considered
in the energy loss of the friction between the SPT sampler
and soils, but the energy losses of J and L are considered.
Therefore, the dynamic resistance using Esampler (§a_sampler) 18
slightly overestimated compared to g..

According to the relationship between qu sampler and g,
the friction between the SPT sampler and soils is estimated
to be approximately 13% of g4 sampler ON average in these
field tests (Fig. 14). Note that the friction between the SPT
sampler and soils depends on the soil type and sampler
geometry. Despite this limitation, as the transferred energy
into the sampler (Esampler) 1S comparable to the actual
penetration energy, and the g4 sampler 1S comparable to the g;.
Thus, ¢4 sampler may be more effectively used for the
estimation of the dynamic resistance and for the correlation
with the corrected cone tip resistance.

6. Conclusions

In this study, the transferred energies into the rod head
(EHeaa) and into the SPT sampler (Esampier) Were measured to
evaluate the effects of the number of joints and rod length
on the energy transfer ratio. The energy modules configured
with the accelerometer and load cell were used to measure
the transferred energies into the rod head and into the SPT
sampler. Furthermore, the commercial energy module was
used to measure the transferred energy into the rod head.

The SPTs were conducted at Hanam, Gongju, and Pohang
sites in Korea. For the Pohang site, CPT was conducted
near the SPT borehole. According to the depth, the
acceleration and force signals were obtained using the
energy modules during SPTs, and the transferred energies
(Eticad and Esampler) Were subsequently calculated based on
the force-velocity (F-V) method. The energy ratio from the
head to the sampler (ERps), which is the ratio of the
transferred energy into the SPT sampler to that into the
head, was correlated with the number of joints (J), rod
length (L), and SPT N-value (N). In addition, the dynamic
resistances from the SPT, which were calculated by using
both Enead and Esampler, Were compared with the corrected
cone tip resistance (g;) from CPT. The main observations of
this study are as follows:

e FEnergy transfer ratio into the head (ETRpeaq) at the
three sites are generally constant along the depth,
and energy transfer ratios into the sampler
(ETRsampler) generally decrease with the depth. Thus,
the energy ratio from the head to the sampler (ERs)
gradually decreases with an increase in the depth in
all sites. The higher values of ERys, however, are
obtained at stiff ground, in which the SPT N-values
are more than 100 blows/30 cm, because the
magnitude of the initial tensile wave in stiff ground
is smaller than that in soft ground.

o The energy ratio from head to the sampler (ERgus)
gradually decreases with an increase in the number
of joints (J) or in the rod length (L), but it has no
significant correlation with SPT N-value (N).
However, in the correlation of the ERys with two
variables (J and N, or L and N), N improves the
correlation of ERys with other independent variables
(J or L). As the correlation of the ERys with all three
independent variables (J, L, and N) is highest, the
ERyus may be effectively estimated using the number
of joints (J), the rod length (L), and SPT N-value
MN).

e The dynamic resistance based on Excad (ga Head) 1S
greater than the corrected cone tip resistance (g:), as
the energy losses due to the number of joints, rod
length and friction occurred at the SPT sampler are
not accurately counted. As the Esampier considers the
energy losses from J and L, except the friction
occurred at the SPT sampler, the dynamic resistance
using Esampler (g4 sampler) 1S slightly greater than g.
Thus, ¢gu sampler may be effectively used for the
estimation of the dynamic resistance.
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