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Abstract.

The energy transferred on drill rods by dynamic impact mainly determines the penetration depth for in-situ tests. In

this study, the dynamic response and transferred energy of drill rods are determined from the frequency of the stress waves. AW-
type drill rods of lengths 1 to 3 m are prepared, and strain gauges and an accelerometer are installed at the head and tip of the
connected rods. The drill rods are hung on strings, allowing free vibration, and then impacted by a pendulum hammer with fixed
potential energy. Increasing the rod length L increases the wave roundtrip time (2L/c, where ¢ is the wave velocity), and hence
the transferred energy at the rod head. At the rod tip, the first velocity peak is higher than the first force peak because a large and
tensile stress wave is reflected, and the transferred energy converges to zero. The resonant frequency increases with rod length in
the waveforms measured by the strain gauges, and fluctuates in the waveforms measured by the accelerometer. In addition, the
dynamic response and transferred energy are perturbed when the cutoff frequency is lower than 2 kHz. This study implies that
the resonant frequency should be considered for the interpretation of transferred energy on drill rods.
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1. Introduction

In the design and construction of on-ground geo-
infrastructures, the engineering indices and properties of in-
situ sediments are determined through geotechnical
investigations. The standard penetration test (SPT) is a
conventional in-situ test, which is available in most soil
types using the dropping-hammer system (ASTM D1586,
Hong et al. 2016). The SPT typically drives the rod into the
ground under dynamic impacts by the hammer. The impact
energy through an extended drill rod is sufficient to
penetrate a specific deep layer (Bajaj and Anbazhagan
2019). Meanwhile, the dynamic cone penetration test
(DCPT) using the dropping hammer system has been
extensively used by researchers and practitioners since its
first deployment in Australia in the mid 1950’s (Scala
1956). The DCPT characterizes subsurface and road
pavement in transportation engineering (Kleyn 1975,
Webster et al. 1992, Gabr et al. 2000, Mohammadi et al.
2008, Kodicherla and Nandyala 2016). On shallow
subsurface or weakly cemented layers, the dynamic cone
penetrometer (DCP) is preferred because it imparts lower
impact energy than the SPT (Langton 1999, Du et al. 2016,
Mir et al. 2017, Lee and Byun 2020). Furthermore, the DCP
can be extensively operated for deep soils when a weak
layer is continuous throughout the depth profile.

Dynamic penetration tests such as SPT and DCPT
impart a fixed impact energy, which can be expressed as the
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potential energy, depending on the falling height and weight
of the hammer (ASTM D1586, ASTM D6951). Factors that
influence energy loss are responsible for the difference
between the potential and transferred energies (ASTM
D4633, Kovacs 1979, Skempton 1986). During hammer
dropping, energy is preliminarily lost to interferences of the
free fall, such as friction between the hammer and guide
and energy dissipation during the hammer—anvil contact
(Lee et al. 2010). More recently, factors affecting the
energy transferred through the drill rod to the cone tip have
been identified (Byun and Lee 2013, Kim et al. 2019, Lee et
al. 2019, Kim and Lee 2020). After the impact, additional
energy is lost to friction between the drill rod and soils;
moreover, the transferred energy depends on the strength
characteristics of the target layer (Byun ef al. 2014, Sujatha
et al. 2018).

As the length of the drill rods increases during ground
profiling, the energy transferred by the impacting drop
hammer changes along the depth of the target layer. Several
studies have suggested rod length factors for correcting the
transferred energy (Seed et al. 1985, Skempton 1986,
Morgano and Liang 1992, Youd and Idriss 2001). Although
rod-lengthening enhances the energy loss, particularly in
soft soils, long rods are heavier than shorter rods and impart
more potential energy. A long drill rod with sufficient
weight may compensate the energy loss (Daniel et al. 2005,
Odebrecht et al. 2005, Sancio and Bray 2005). The effect of
the rod length also depends on the strength characteristics
of soils. For this reason, the intrinsic responses of the rod,
such as the frequency response, must be interpreted from
the waveforms measured by strain gauges and an
accelerometer. Howie et al. (2003) demonstrated that an
inappropriate  level of low-pass filtering causes
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underestimates of the transferred energy, which are
significant if the predominant frequency (i.e., the resonant
frequency) is filtered. However, the effect of wave
frequency on the dynamic responses of drill rods under
free-end boundary conditions has not been investigated.

This study explores the dynamic response and
transferred energy of a drill rod hung on strings, allowing
consideration of the wave frequency under free-end
conditions. It first discusses the specifications and
experimental setup of the instrumented rod and the different
rod-length cases. Next, the resonant frequencies in the
different cases are extracted from the force and velocity
waveforms. Finally, the effect of cutoff frequency on the
transferred energy is discussed.

2. Materials and methods
2.1 Instrumented rod

In typical dynamic penetration tests, an anvil is directly
impacted by a hammer. The impact energy is transferred
through the drill rod to the tip of the penetrometer, which
contacts the target layer. The present study employed AW-
type drill rods with a diameter of 44.5 mm, which are
generally used in SPTs. The rods were hung on strings to
allow free vibration, eliminating soil friction effects. The
transferred energies were estimated by strain gauges and an
accelerometer installed in a 0.45-m length-instrumented rod
[Fig. 1(a)]. Four strain gauges, each with a resistance of 350
Q, were configured as a Wheatstone full-bridge circuit and
were symmetrically attached to the drill rod to compensate
the temperature effect and minimize eccentricity [Fig. 1(b)]
(Byun and Lee 2013, Hong et al. 2016, Kim and Lee 2020).

The output voltage measured by the Wheatstone full-
bridge circuit can be converted into a force by mechanical
calibration, as shown in Fig. 2. A piezoelectric
accelerometer (PCB Piezotronics, 350B01) used in this
study had a maximum amplitude of 100,000 g and an
upper-frequency limit of 10 kHz. Under the frequencies
lower than the upper limit, the stable frequency response
can be obtained from the accelerometer, whereas the
measured vibration above the upper-frequency limit can
deviate from the desired acceleration level with high
measurement uncertainty. The accelerometer was mounted
on the same section as the attached strain gauges. The
accelerometer consisted of a piezoelectric crystal, a pre-load
ring, a seismic mass, and housing Fig. 1(c). Under
acceleration, the realignment and accumulation of the
positively and negatively charged ions on the piezoelectric
crystal are proportional to the force amplitude. The
accelerometer components are designed to generate an
electrical signal under a force-induced acceleration. By this
mechanism, the accelerometer converts the motion,
vibration, and shock signals to an electrical output signal.
Thereafter, the acceleration amplitude can be estimated by
calibrating the measured electrical signals against known
acceleration values. In addition, the velocity can be
calculated by integrating the measured acceleration and
multiplying the result by the impedance of the drill rod to
obtain a force unit as follows

F =2V :ﬂ.v (1)

ac ac C ac

where F,. is the force estimated by the accelerometer, and Z
and V,. are the impedance of the rod and the particle
velocity calculated by integrating the acceleration,
respectively. The variables E, 4, and ¢ are the elastic
modulus, cross-sectional area, and wave velocity through
the rod, respectively. Typical force waveforms estimated by
the accelerometer and strain gauges at the head and tip of
the rods located in borehole are presented in Fig. 3. Note
that the lag between the waveforms at the head and tip of
rods equals the rod length (L) divided by the wave velocity
through the rods (c). Using the particle velocity estimated
from the accelerometer (V) and the force measured by the
strain gauges (Fly,), the transferred energy (E) was
determined by the force—velocity integration method (F—V
method) as follows (ASTM D4633)

E = [FyxV, dt ®))

In fact, the transferred energy can also be determined
using the force squared integration method (F?> method).
However, the F? method requires several assumptions, such
as determining the uniform cross-sectional area for the
entire rod system (Sy and Campanella 1993). Considering
the nonuniform rod-coupler system used in this study, the
energies transferred through rods of various lengths were
estimated using Eq. (2).
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Fig. 1 Schematic drawing of (a) instrumented rod, (b) strain
gauges, and (c) accelerometer
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Fig. 3 Typical dynamic responses obtained from the
instrumented drill rods in borehole

2.2 Test procedure

The dynamic responses of several drill rods hung by
strings were investigated in this study. AW-type drill rods of
I-m length and fixed outside diameter (44.5 mm) were
impacted by a 52-N weight pendulum hammer falling from
a 30-cm height. The total lengths of the drill rods are
summarized in Table 1. From the wave velocity in the steel
rod, the roundtrip time was calculated as 2L/c in all cases.
When the drill rods were impacted by the pendulum
hammer, the forces measured by the strain gauges and the
acceleration captured by the accelerometer were acquired in
a data logger. At the sampling rate of the data logger (96
kHz per channel), a maximum of 960 data points could be
collected in 10 milliseconds (ms).

3. Results and discussion
3.1 Waveforms at rod head

The output signals at each impact on the drill rods were
measured by strain gauges and an accelerometer as
described above. Fig. 4 shows the force and velocity
waveforms and the transferred energy detected at the head
of the instrumented rods. Initially, the force and velocity

Table 1 Total length of drill rods and 2L/c for three different
rod lengths

Case Im 2m 3m
Total length [m] 1.45 2.45 3.45
2L/c [ms] 0.57 0.96 1.35

increased in proportion, but were quickly desynchronized
by wave reflections at the interface of the rod with a large
cross-sectional area. The time 2L/c in the force and velocity
waveforms increased with increasing total length of the drill
rod.

When the dropped hammer contacted the rod head, the
transferred energy rapidly increased to its maximum during
the travel time (Fig. 4). As the first-cycle compressional
wave was reflected at the tip and arrived at time 2L/c, the
maximum energy existed in the duration of 2L/c after the
first rise time in all three cases. Overall, the maximum
energy at the rod head increased with rod length because the
positive amplitudes of force and velocity increased with rod
length. After the maximum energy, the transferred energy
decreased slightly and then dropped significantly. Through
subsequent wave cycles, the transferred energy fluctuated
and finally converged to a constant value. Although all rods
received the same constant input energy, the maximum
energy depended on the rod length.

3.2 Waveforms at rod tip

Fig. 5 presents the force—velocity waveforms and the
transferred energy detected at the tips of the instrumented
rods. In all cases, the first velocity peak exceeded that
imparted by the force. Different from the situation at the rod
head, the force after the first peak decreased while the
velocity increased. Under idealized free-end conditions, the
force and velocity at the tip should be zero and twofold,
respectively, because the stress wave reflected at the tip is
typically large and tensile. However, in real rod systems, the
sensors are difficult to place at the exact ending point. In
addition, impedance changes cause initial reflections at the
couplers located between the rods. Like the dynamic
response of the rod head, the duration of L/c at the rod tip
increased with rod length. Notably, the 2L/c time at the head
is equal to the L/c time at the tip due to the lag between the
waveforms at the head and tip of rods. Increasing the rod
length increased the interval between the compressional
waves in the first and second cycles.

The transferred energy was lower at the tip than at the
head because energy was lost during the wave propagation,
as reported in previous studies (Abou-matar and Goble
2004, Byun and Lee 2013). The transferred energy
waveforms also differed between the tip and the head.
Overall, the transferred energy waveforms at the tip
resembled a haversine pulse. The energy transferred at the
tip increased to its maximum within L/c ms and then
decreased rapidly to zero. The energy partially recovered as
the cyclic compressional wave was transferred to the tip,
but its amplitude decreased in successive cycles. The
maximum energies were higher in the 2- and 3-m length
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Fig. 4 Force—velocity waveforms and transferred energy waveforms detected at the head of rods with the lengths of (a) 1
m, (b) 2 m, and (c¢) 3 m. Blue and red lines indicate the force and velocity signals, respectively

rods than in the 1-m length rod because the 1% cycle stress
wave traveling through the tip was not completely
propagated in L/c time. In all cases, the energy at the tip
eventually decayed to zero.

3.3 Resonant frequency

The resonant frequency is the highest-amplitude
frequency in the frequency spectrum. To determine the
resonant frequencies of force and velocity, the frequency
spectra of the force—velocity waveforms were determined at
the rod head and are graphed in Fig. 6. Large amplitudes
were observed up to approximately 20 kHz in the
accelerometer spectrum, and up to approximately 4 kHz in
the strain-gauge spectra. In general, the dominant
frequencies were lower in the strain gauge than in the
accelerometer spectra. Fig. 7 shows the resonant
frequencies at the tip and the head as functions of rod
length. Figs. 7(a) and 6(b) present the results of the strain
gauges and accelerometer, respectively (note that their y-
axes have different scales). The resonant frequencies
obtained from the strain gauges decreased with increasing
rod length (from 1.2 to 0.44 kHz), and were similar at the
head and tip. In contrast, the resonant frequencies from the
accelerometer ranged between 0.51 and 10.0 kHz as the rod
length increased. At both head and tip, the resonant
frequencies from the accelerometer and strain gauges were
close only for the longest rod. Thus, the resonant
frequencies of the drill rods obtained from the

accelerometer were less reliable than those obtained from
the strain gauges.

For a finitely long rod with free ends, the natural
frequency (f») is calculated as

®, nv,
=S = A3)

27 2l
where w, and v. are the circular frequency of a natural
mode vibration and the wave-propagation velocity,
respectively. The variables / and n denote the rod length and
number of natural mode vibrations, respectively. In an
undamped system, the natural frequency usually equals the
resonant frequency. Fig. 8 compares the resonant
frequencies of the first natural mode estimated by Eq. (3)
and the resonant frequencies measured from the strain
gauges. The resonant frequencies measured from the strain
gauges were slightly smaller than the estimated values,
showing the linear relationship with a coefficient of
determination of 0.92. Thus, the dynamic responses of the
drill rods can be more effectively characterized from strain-
gauge data than from accelerometer data.

3.4 Effect of low-pass filtering

To investigate the effect of low-pass filtering on the
dynamic response, nine low-pass filters with different cutoff
frequencies (0.5-20 kHz) were applied. Fig. 9 shows the
windowing functions of the nine lowpass filters. The
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Fig. 5 Force—velocity waveforms and transferred energy waveforms detected at the tip of rods with the lengths of (a) 1 m,
(b) 2 m, and (¢) 3 m. Blue and red lines indicate the force and velocity signals, respectively.
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transition region between the passband and stopband of
each filter was designed using the Hanning window
function, and the transition width was constant. Note that
Hanning windows facilitate rapid sidelobe decay. The force
and velocity waveforms were applied to the filters, and then
the transferred energy was reanalyzed by the F—V method.

Although the acceleration measurements are often
unreliable, the transferred energy in the F—V method can be
evaluated through the complete waveform, which is
restricted to the duration of the first compressional wave in
the F? method. Fig. 10 shows typical waveforms at the head
of the 2-m-long rod at different cutoff frequencies. When
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the cutoff frequency was 20 kHz, the force and velocity
waveforms were almost identical to those of the original
signal [Fig. 4(b)]. As the cutoff frequency decreased, the
magnitude and first rising time of the waveforms gradually
changed. At cutoff frequencies lower than 2 kHz, the
magnitudes of the force and velocity waveforms
significantly decreased, and the perturbation before the first
rising time disturbed the exact determination of this time.
Subsequently, the energy waveforms varied with cutoff
frequency. At lower cutoff frequencies the maximum energy
was lower than in the original signal.

The time 2L/c is commonly used for estimating the
transferred energy in dynamic penetration testing
(Odebrecht et al. 2005, Lee and Byun 2020). The
transferred energy at 2L/c after low-pass filtering is plotted
with respect to cutoff frequency in Fig. 11. The transferred
energy at 2L/c was almost independent of cutoff frequencies
above 2 kHz. Below 2 kHz, the cutoff frequency affected
the transferred energy at 2L/c regardless of rod length and
instrumented location. Especially at the tip of the 3-m-long
rod, the transferred energy at 2L/c increased at the cutoff
frequency of 1 kHz due to the signal distortion of force—
velocity waveforms and the extension of the period for
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04 |

0.2 |
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Frequency [kHz]
Fig. 9 Window functions for low-pass filtering with
different cutoff frequencies. The number above each
window function denotes the value of cutoff frequency

simultaneously positive force and velocity within 2L/c.
Such signal distortion of force—velocity waveforms could
also be found in Figure 10(d) compared with Fig. 10(c).
Fig. 12 shows the transferred energy versus rod length at
each cutoff frequency. The transferred energy at 2L/c
decreased with cutoff frequency below 2 kHz, except at the
tip of the 3-m-long rod. Considering the range of resonant
frequencies of the different rod lengths, the cutoff frequency
should be higher than the resonant frequency. With a higher
cutoff frequency, the transferred energy at the rod head at
2L/c increased with increasing rod length [Fig. 12(a)]
because the first stress wave in the shorter rods was
reflected during 2L/c before the wave propagation was
completed. At the tip [Fig. 12(b)], the transferred energy
was higher for the 2-m-long rods than for the 1-m-long rod.
Especially at the tip of the 3-m-long rod, the transferred
energy at L/c reached almost zero. Theoretically, the
transferred energy at the rod tip should be zero at L/c
because the end was free. It was concluded that when
analyzing the dynamic response of drill rods, the low-pass
filtering should be adjusted to suit the resonant frequency of
the drill rod system.

4. Conclusions
This study employed freely hung drill rods commonly

used for in-situ tests, and the free end could be freely
vibrated for estimating the natural dynamic response of the
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rod. The AW-type drill rods adopted in this study are
conventionally used in SPT. The drill rods with three
different total lengths were extended by couplers, and a
0.45-m-long instrumented rod installed with strain gauges
and an accelerometer was connected at the rod head and tip.
The dynamic responses and transferred energies were
acquired under each impact by a pendulum hammer at the
rod head. The notable findings are summarized below.

At the heads of the drill rods, the force and velocity
waveforms increased in proportion and the duration of
2L/c increased with increasing length of the drill rod.
The transferred energy peaked within the time 2L/,
and the maximum energy increased with rod length
owing to the longer L in 2L/c. Conversely, at the rod
tip, the first peak in the velocity waveform exceeded
that determined from the force waveform owing to the
large and tensile stress wave reflected at the tip. The
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transferred energy at the rod tip resembled a haversine
pulse waveform that peaked within L/c and finally
converged to zero.

e The resonant frequencies from the strain gauges
decreased from 1.2 to 0.44 kHz as the rod length
increased, and were similar at the rod head and tip. In
contrast, the resonant frequencies from the
accelerometer varied from 0.51 to 10.0 kHz, showing
no trend with rod length. In addition, the resonant
frequencies from the strain gauges were linearly

related to their estimated natural frequencies with a
high coefficient of determination. Thus, the dynamic
responses from the strain gauges can more reliably
capture the true responses than the accelerometer
responses.

e  After applying different cutoff frequencies (0.5-20
kHz), the force and velocity waveforms were
perturbed at cutoff frequencies lower than 2 kHz. With
these cutoff frequencies, the transferred energy varied
regardless of rod length and instrumented location. At
higher cutoff frequencies, the transferred energy at the
rod head increased with rod length. At the tip of the 3-
m-long rod, the transferred energy was almost zero, as
theoretically expected under free-end boundary
conditions. Therefore, the cutoff frequency in low-pass
filtering should be adjusted in accordance with the
resonant frequency.
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