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Abstract

Accurate measurements of hammer energy are essential for reliable interpretation of the Standard Penetration Test (SPT). While
energy variability is well-documented, standards often recommend measurements at a few depths or assume rig efficiencies. In many
countries, these measurements are rarely performed, and there is a lack of guidance on sensor specifications and measurement frequency.
This study addresses these gaps through a two-phase investigation. First, a custom 2-channel system (using either a 5000g/10000g
accelerometer) that measures Energy Transfer Ratio (ETR) simultaneously at both the anvil and sampler levels, was compared with
a commercial 4-channel system (10000g accelerometers) that can only measure ETR at the anvil level. The extensive laboratory and field
comparison confirmed the reliability of the simpler 2-channel system, with ETR differences typically within £5%. The second phase
involved a large-scale field study with the 2-channel system across 77 boreholes (314 SPTs) at five test sites. This revealed substantial
ETR variability across different rigs, even under uniform soil conditions. Anvil and sampler ETRs ranged from 29% to 78% and 21%
to 54%, respectively, highlighting significant energy loss along the drill rods. These findings highlight the value of depth-wise ETR mea-
surements for improving SPT energy correction and support future refinement of current SPT practice/standards.
© 2026 Published by Elsevier B.V. on behalf of Japanese Geotechnical Society. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Standard Penetration Test (SPT) is the most
widely used geotechnical site investigation, valued globally
for its simplicity, cost-effectiveness, and extensive empiri-
cal correlations with soil properties. The test measures
the number of hammer blows (N-value) required to drive
a split-spoon sampler to a specific depth (the final 30 cm
of a total 45 cm penetration, following an initial 15 cm
seating drive). Due to significant global variations in
SPT equipment and procedures, the concept of energy
correction was introduced, whereby all N-values are nor-
malized to a standard 60% energy efficiency (Ngg). This is
a critical step now incorporated into major international
standards, including for liquefaction potential assessment
(“ASTM D6066-11,” 2011; “IS 1893 (Part 1),” 2016).
The reliability of N-values for geotechnical design (includ-
ing the estimations of bearing capacity, liquefaction
potential, and settlement) is highly dependent on the
actual energy transferred to the drill rod during each
hammer blow (Anbazhagan et al., 2022a; Bolton Seed
et al., 1985; Cubrinovski and Ishihara, 1999; Skempton,
1986). Among the various corrections applied to the mea-
sured N-value (such as borehole diameter, sampler liner,
rod length, and dilatancy corrections), overburden and
energy corrections are the most predominant and widely
adopted (Anbazhagan et al., 2022b).

Despite the acceptance of energy correction, interna-
tional standards provide inconsistent and often insufficient
guidance. While standards like ASTM (“ASTM D1586-
18,7 2018; “ASTM D4633-16,” 2016; “ASTM D6066-
11,7 2011) outline the fundamental procedure and provide
guidance for energy measurement, the latter recommends
ETR measurement at only three test depths per test site.
Eurocode 7 promotes equipment standardization and man-
dates quality control during field testing, but allows energy
correction factors to be defined by national annexes (“‘BS
EN ISO 22476-3:2005+A1:2011,” 2005). Countries like
Japan and New Zealand, where seismic risk is high, enforce
strict controls on energy normalization, particularly for lig-
uefaction hazard assessments (“JIS 1219,” 2013; Youd and
Idriss, 2001). However, even in developed countries, energy
measurement is usually limited to a few depths or relies on
calibration-based correction factors, rather than full-depth,
blow-wise measurements (“AS 1289.6.3.1.,” 2004; “ASTM
D4633-16,” 2016; “GB 50021-2001,” 2001; Matsumoto
et al., 2015). As summarised in Table Al (Appendix Al),
published studies demonstrate a wide variation in hammer
types adopted globally, each operates at different levels of
mechanical efficiency and impact consistency. The ETR
values reported across these countries vary widely, ranging
from as low as 25% to values as high as 80% (Aoki et al.,
2007; Tsai et al., 2004).

Furthermore, SPT energy measurement systems typi-
cally use strain gauges or load cells together with
accelerometers mounted on instrumented rods. As shown
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in Table Al (Appendix Al), previous studies have used
accelerometers with different capacities, most commonly
5000g and 10000g (Daniel and Howie, 2005; Howie et al.,
2003; Lukiantchuki et al., 2017). The choice of sensor
capacity depends on expected impact intensity and field
conditions. While higher-capacity accelerometers (e.g.,
10,000g) reduce the risk of signal saturation during strong
impacts, they are generally more expensive. If lower-
capacity sensors (e.g., 5000g) can reliably capture the
impact response, they may offer a more economical option
for routine testing. This is particularly important because
SPT is a repetitive impact test; sensor durability, especially
at the sampler level within boreholes containing water and
drilling fluids, must also be considered. Furthermore,
ASTM (“ASTM D4633-16,” 2016) highlights that multi-
channel instrumentation be used to reduce potential errors
caused by bending, misalignment, or signal irregularities in
drill rods. As a result, current commercial systems use four-
channel configurations. However, multi-channel systems
increase instrumentation complexity, cost, and cable man-
agement requirements. These challenges become more sig-
nificant when attempting sampler-level measurements
within a standard borehole, where multiple cables must
pass alongside SPT rod. From a theoretical perspective,
the Force-Velocity (FV) method requires only one force
and one acceleration measurement to compute transferred
energy. Therefore, a simplified 2-channel configuration
may provide a practical and economical alternative, pro-
vided that its accuracy is carefully validated against estab-
lished multi-channel systems.

Additionally, the accuracy of site investigations is
strongly influenced by the number of investigation points,
yet no quantitative guidelines are available for selecting
the appropriate number of SPTs to achieve a desired level
of accuracy (Guan and Wang, 2020; Juang et al., 2009,
Muduli and Das, 2015). This limited sampling assumes uni-
form energy delivery, an assumption often invalidated by
field conditions involving multiple rigs, varied hammer
types, and operator inconsistencies (Anbazhagan et al.,
2022b; Clayton, 1995). Similarly, the requirement for nor-
malized N-value determination for liquefaction assessment
is addressed inconsistently, with only a few regions offering
structured protocols. This highlights a critical gap: the
assumption of a constant average ETR (e.g., 60%) is not
universally valid, and this practice can lead to significant
errors in geotechnical design outcomes. Although numer-
ous studies have reported ETR values under various field
configurations (Table Al, Appendix Al), most investiga-
tions have relied on limited-depth measurements or aver-
aged efficiency values for a given rig or hammer type.
Detailed blow-wise energy monitoring across multiple rigs
and depths remains relatively limited in the literature.
Therefore, despite extensive documentation of ETR ranges
worldwide, there remains a need for a systematic evalua-
tion of rig and hammer variability using consistent instru-
mentation and depth-wise measurements.
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Inaccurate estimation of ETR directly affects the cor-
rected Ngo values and consequently all design and engineer-
ing interpretations derived from them (Anbazhagan et al.,
2021). Overestimation of ETR may lead to a low corrected
N-value, resulting in an unsafe bearing-capacity assessment
and an unconservative liquefaction evaluation. Conversely,
underestimating ETR can lead to overly conservative
designs, thereby increasing foundation costs. Since SPT-
based correlations are widely used to estimate bearing
capacity, stiffness, settlement, and liquefaction resistance,
even moderate errors in the assumed energy efficiency can
propagate into significant design discrepancies. Therefore,
reliable, depth-wise SPT energy measurement can improve
the accuracy of corrected N-values and contribute to safer
and more economical geotechnical engineering practice
(Anbazhagan et al., 2022b).

The problem is compounded by two common and
flawed assumptions in practice. First, practitioners often
rely on a single assumed equipment efficiency (ETR) for
a given hammer type, such as approximately 80% efficiency
for an automatic hammer (Honeycutt et al., 2014). How-
ever, the actual performance of these systems varies signif-
icantly with maintenance, environmental conditions,
component wear, and operator handling (Bolton Seed
et al., 1985; Briaud and Gibbens, 1999). Second, even when
measurements are performed, there is a widespread
assumption that a few spot measurements can represent
the average ETR for an entire borehole or project site. This
overlooks the substantial variability in energy delivery
across rigs and SPT depths, even under identical soil con-
ditions. This issue is particularly pronounced in developing
countries, where projects often use non-standard compo-
nents from different contractors simultaneously
(Anbazhagan et al., 2022b). The reliance on these inaccu-
rate assumptions, rather than direct, depth-wise measure-
ments, compromises the accuracy of corrected N-values
and can lead to significant errors in estimating soil proper-
ties and liquefaction potential.

The present study builds on the authors’ earlier work on
SPT energy measurement. The 2-channel SPT-HEMA sys-
tem, laboratory setup, FVCD method, and energy mea-
surements at the anvil and sampler levels were developed
and evaluated in previous studies (Anbazhagan et al.,
2021, 2022a, 2022b; Yadhunandan and Anbazhagan,
2025, 2026) and are used here as established tools for the
proposed work. To address research gaps, this study was
carried out in two phases. Phase I was designed to compar-
atively evaluate the measurement system used in this study.
A custom 2-channel instrumented rod system was tested
with two accelerometer capacities (5000g and 10,000g),
and its performance was compared with a commercial 4-
channel system (10,000g) to assess differences in signal cap-
ture and energy estimation. The purpose of this phase was
to (1) verify the sufficiency of the 2-channel configuration,
(i) evaluate whether lower-capacity accelerometers
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(5000g) are sufficient for SPT impact measurement, and
(iii) ensure that the 2-channel system produces results com-
parable to established instrumentation before the large-
scale deployment. Phase II focused on investigating ETR
variability under real project conditions. The 2-channel
system was deployed at multiple project sites with uniform
soils, but with rigs equipped with varied hammer mecha-
nisms, release systems, and SPT components to assess the
effects of the number of ETR measurements within a bore-
hole and across sites. The novelty of the present study lies
in the direct comparison of 2-channel and 4-channel sys-
tems with different accelerometer capacities and in the sys-
tematic evaluation of ETR variability using an extensive
field dataset and the number of energy measurements
required to represent SPT energy behaviour in practice.
The results show that limited-depth averages do not repre-
sent actual energy transfer, as ETR varied substantially
across rigs and depths. These findings highlight the impor-
tance of recording energy at representative depths or,
where practical, at every SPT depth, together with blow-
wise measurements. The results may also assist future
improvements in SPT practice and standards. By separat-
ing system validation (Phase I) from field variability assess-
ment (Phase II), the study ensures both measurement
reliability and the practical applicability of the findings.

2. Methodology and experiments
2.1. Energy measurement and energy transfer ratio

Accurate hammer energy measurement in the SPT
requires recording the time history of force and accelera-
tion (or derived velocity) during each hammer impact. In
practice, instrumented rods with strain gauges and
accelerometers mounted near the anvil level are widely used
(Briaud and Gibbens, 1999; Schmertmann and Palacios,
1979). The standard approach for estimating ETR is the
FV method, which integrates force and velocity over a fixed
“tension cutoff” duration, typically represented as a 2 L/c
window (where L is the drill rod length in m, and c is the
stress-wave speed in the drill rod in m/s). These signals
enable computation of the energy using Eq. (1).

- [ZHEE@) « V(1)dt
ETR(%) = P—be %100 = —=2

75 x 100 (1)
where: ETR = Energy Transfer Ratio (in %), Ery = energy
measured using the FV method (in Joules), PE = Potential
energy of the hammer impact (in Joules), t = stress wave
travel time (in sec), L = drill rod length from the measure-
ment point (generally just below the anvil) to the bottom
end of the sampler (in m), ¢ = stress wave speed in the drill
rod (in m/s), F(t) = measured force (in N), V(t) = particle
velocity obtained by integrating the measured acceleration
(in m/s).
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The fixed 2L/c window of the FV method has limita-
tions, particularly for short rods where reflected waves
may arrive before full energy transfer. Reflections are also
difficult to identify in typical force-acceleration records. To
overcome these limitations, the Force or Velocity Change
Direction (FVCD) method was recently developed and
experimentally  validated by  Yadhunandan  and
Anbazhagan (2026). The method uses a dynamic duration
window defined by the first sign reversal in either force or
velocity, as given in Eq. (2). A force reversal indicates a
reflected tensile wave, while a velocity reversal marks a
change in particle motion. This approach captures only
the energy that contributes to sampler penetration, thereby
reducing dependence on rod length-based theoretical cutoff
durations and enabling estimation of ETR from the mea-
sured response. The method was experimentally validated
through simultaneous force and velocity measurements
together with independent high-speed camera observations
of circular target marks in three dimensions, demonstrating
that the selected cutoff accurately captures the energy that
contributes to sampler penetration.

- [T () % V(2)dt
ETR(%) = ;’?’* 100 = =

o %100 )

with
tevep = min(tp, ty)

where: ETR = Energy Transfer Ratio (in %), Emcp= energy
evaluated using the FVCD method (in Joules), PE= Poten-
tial energy of the hammer impact (in Joules), tmcp=
dynamic cutoff time when force or velocity first changes
sign from positive to negative, ¢-= time of first sign reversal
in force from positive to negative, ¢,= time of first sign
reversal in velocity from positive to negative,
trrep = min (tr, ty), F(t) = measured force at the anvil or
sampler level (in N), andV (¢) = particle velocity obtained
by integrating the measured acceleration (in m/s).

2.2. Instrumentation

The study utilized a custom-developed, simplified 2-
channel system called SPT-HEMA (SPT — Hammer
Energy Measurement Apparatus) (Anbazhagan et al.,
2022b, 2021) and a commercially available 4-channel sys-
tem. The SPT-HEMA consists of two instrumented rods
connected to a Data Acquisition System (DAQ). Each
rod carries a strain gauge and an accelerometer, providing
two channels of data for measuring force and acceleration.
The DAQ records at 60 kHz per channel, ensuring that
high-frequency impact events are captured. Depending on
accelerometer capacity, the system is referred to as 2C-
5000g (2-channel rod with a 5000g accelerometer) or 2C-
10000g (2-channel rod with a 10,000g accelerometer). Each
load cell has a maximum capacity of 240 kN. Data were
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processed using MATLAB scripts, with ETR calculated
by integrating the product of the measured force and veloc-
ity time histories, as described by the FVCD method (Eq.
(2)). A key feature of the system is its ability to use two
rods simultaneously, enabling measurements at both anvil
and sampler levels. While anvil placement is conventional,
sampler-level placement provides a more direct estimate of
the penetration energy (Yadhunandan and Anbazhagan,
2025). The system is compact and designed for field use
in boreholes 100-150 mm in diameter or above, and it
functions reliably even in the presence of drill mud or
groundwater.

To compare the performance of the 5000g and 10,000g
accelerometers and the 2- and 4-channel rods, a commer-
cial 4-channel system was used, hereafter referred to as
4C-10000g (4-channel rod with 10,000g accelerometers).
The 4C-10000g incorporates dual strain gauges and dual
accelerometers in a single rod, with a 240 kN load capacity
and 10,000g acceleration capacity. The signals from the
two strain gauges and two accelerometers are averaged,
and the corresponding energy is subsequently calculated.
This setup is designed exclusively for anvil-level measure-
ments. In comparative setups, the 4C-10000g was placed
directly below the anvil, with the custom 2C-5000g or
2C-10000g rod positioned beneath it in the drill rod assem-
bly. The 2C-5000g/2C-10000g system additionally enabled
energy measurement at the sampler level using a second
instrumented rod installed above the sampler. Data from
both systems were collected with their respective DAQs
and processed in MATLAB and Excel for waveform and
ETR analysis. Detailed waveform patterns, ETR results,
and statistical agreement between the two systems are pre-
sented in later sections.

2.3. Laboratory experiments

To validate the performance of the different sensor con-
figurations under repeatable conditions, the investigation
began with a series of full-scale laboratory experiments.
The controlled full-scale laboratory SPT model test setup
was built within the existing building of the Soil Mechanics
Laboratory, Civil Engineering department, at IISc, Banga-
lore. To facilitate SPT testing, 150 mm-diameter holes were
cut into the floor slab, allowing SPT tests at various levels
to simulate varying drill rod lengths and test depths. Fig. 1
provides a multi-perspective view of the laboratory SPT
model setup. This includes an overhead layout, a close-up
of the SPT instrumentation, and an overall front elevation
view of the laboratory building. The soil cylinder consisted
of a cylindrical acrylic confinement chamber, with a
500 mm internal diameter and 1000 mm height, supported
on a steel base and externally reinforced by steel rings
spaced at regular intervals for structural stability. The
chamber was filled with sand prepared under controlled
density conditions and used for the tests. The cylinder
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Fig. 1. Full-scale laboratory SPT hammer energy measurement setup at IISc using the 2C-5000g/2C-10000g (two instrumented rods) and 4C-10000g
systems, shown from three perspectives: (A) terrace view with the hammer-drop system and instrumentation, (B) the overall front elevation of the building,
and (C) the ground-level view of the soil cylinder with overburden loading arrangements.

diameter (500 mm) was selected to provide sufficient lateral
confinement relative to the sampler diameter, thereby min-
imizing boundary effects and energy dissipation. Sand was
placed in 5-10 layers using controlled height-of-fall and
tamping methods to achieve the target relative density.
For higher densities (greater than 65% relative density), a
mechanical vibrator was additionally used to ensure uni-
form compaction. The test setup included the provision
to apply overburden pressure to the soil sample to simulate

field conditions. A 6 mm-thick mild steel annular plate
(outer diameter 498 mm, central opening 150 mm) was
placed at the top of the soil surface to simulate a standard
borehole diameter typically used in SPT testing (100—
200 mm). Vertical overburden pressure was applied using
two 5-tonne hydraulic jacks equipped with 100 kPa load
cells to replicate field stress conditions. A more detailed
description of the experimental methodology, instrumenta-
tion, and test procedures is presented by Yadhunandan and
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Fig. 2. Field SPT setup: [A] Test locations of boreholes across Sites P, Q, R and S, [B] Typical SPT hammer energy measurement using 2C-5000g/2C-
10000g (two instrumented rods) and 4C-10000g systems with their respective data loggers, and [C] Schematic diagram illustrating the three instrumented
rods with their respective data loggers and the installation positions of the accelerometers and load sensors at the anvil and sampler levels within the SPT
assembly.
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Fig. 3. Test locations of SPT energy measurement using the 2C-10000g system (two instrumented rods).

Anbazhagan (2025). The hammer energy measurements
were conducted using the 2C-5000g, 2C-10000g, and 4C-
10000g configurations.

2.4. Field experiments

After completing the laboratory tests, field studies were
conducted at multiple locations to evaluate system
performance under real-world site conditions. Figs. 2 and
3 collectively illustrate the spatial extent and field instru-
mentation setup employed in this study for SPT hammer

energy measurement using the custom-developed systems
(2C-5000g/2C-10000g) and the commercial system (4C-
10000g). Fig. 2(A) presents the geographical locations of
four key test sites: Site P to Site S. Simultaneous measure-
ments were carried out using both systems. The distribu-
tion of boreholes across these sites, marked with distinct
symbols, demonstrates broad spatial coverage and rein-
forces the study’s focus on capturing energy-transfer vari-
ability across varying field conditions and equipment
setups. Fig. 2(B) depicts a typical field deployment showing
both the 2C-5000g/2C-10000g and the 4C-10000g systems
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in operation. The setup includes two instrumented rods for
the 2C-5000g/2C-10000g (one of which is visible at anvil
level in the image; also called the top instrumented rod),
along with separate data loggers for each system. This
visual documentation confirms the dual-instrumentation
methodology and underscores the feasibility of a real-
time, side-by-side comparison between the two systems
under field conditions. Fig. 2(C) provides a schematic over-
view of the instrumentation layout and corresponding data
loggers, clearly indicating the positions of accelerometers
and load sensors installed on the three instrumented rods
at the anvil and sampler levels within the SPT assembly.
This schematic clarifies the sensor arrangement and mea-
surement levels adopted in the study. Fig. 3 expands the
scope of the investigation by showing five additional sites:
Site A to Site E. The energy measurements were performed
exclusively with the 2C-10000g system (two instrumented
rods). The regional map in the upper-left corner offers a
macro view of the site locations, while the accompanying
zoomed-in panels reveal the detailed borehole layouts
within each site. Symbols such as red triangles, yellow
crosses, magenta circles, cyan ovals, and blue stars denote
the boreholes associated with Sites A to E, respectively.
Table 1 presents the stratigraphic profiles and soil clas-
sifications encountered at the various field study sites, offer-
ing essential context for interpreting the ETR variability
observed during the SPT. The recorded data categorize soil
types at 2-m depth intervals to show vertical consistency
and to reflect the typical SPT test interval of 1-1.5 m.
Empty cells in the table indicate that no soil description
was available at the corresponding depth due to non-
recovery, rebound, rock drilling, SPT not being performed,
or borehole termination. The soil at these sites exhibited
limited stratigraphic variability across boreholes, ensuring
a relatively uniform soil profile for all tests. This consis-
tency in soil conditions serves as a significant factor in
the study and allowed the effects of different drilling rigs,
hammer mechanisms, and SPT components on the ETR
measurements to be isolated, as all tests were conducted
under the same supervision and climatic conditions.

2.5. Test in diverse rigs and hammer-drop mechanisms

Fig. 4 illustrates the diversity of drilling rigs and
hammer-drop mechanisms used during SPT hammer
energy measurements. Each setup represents a unique con-
figuration commonly encountered in field conditions. The
panels illustrate five different configurations: [A] RMH —
Rotary drill rig with a manual rope and pulley system for
lifting the hammer; [B] RSH — Rotary drill rig using a
spool winch for manual or semi-mechanical hammer lift-
ing; [C] HSH — Hydraulic drill rig with a spool winch-
operated hammer; [D] HTH — Hydraulic drill rig equipped
with an auto trip hammer system; and [E] MAH — Mul-
tipurpose drill rig using a fully automated hammer system.
Each rig setup exhibits distinct differences in SPT compo-
nents, including the hammer shape, drop mechanism, anvil
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type, drill rod dimensions, and other related components.
The hammer’s physical dimensions and geometry vary sig-
nificantly, which can influence impact efficiency and energy
transmission. Similarly, the anvil size, rod alignment, and
verticality also differ across setups, introducing additional
variability and potential sources of energy loss or measure-
ment error.

In continuation of the rig illustrations shown in Fig. 4,
Table 2 presents detailed specifications of the various
SPT rigs used in this study. It includes important SPT com-
ponent properties such as hammer diameter, height, and
weight; anvil type and dimensions; drill rod type; and the
number of boreholes and blows recorded for each rig. Even
though the nominal hammer weight is around 63.5 kg for
all rigs, Table 2 clearly shows that the hammer geometry,
anvil type (plate, coupler, or cylinder), and drill rod config-
urations vary significantly across rigs and sites. This high-
lights the non-standardized nature of field SPT practices,
reinforcing the core argument of this study that, due to
inherent variability in equipment, even under similar soil
conditions, the standard assumptions about uniform
energy transfer may not hold across different rigs and
hammer-drop mechanisms. These findings highlight the
value of energy measurement in improving the reliability
and consistency of SPT N-value interpretation. The energy
variability among the rigs is explained in the following
sections.

3. Results and Discussion

A total of 314 field SPT tests (20,448 blows) and 42 lab-
oratory SPT tests (821 blows) were analyzed using two sys-
tems, 2C-5000g/2C-10000g and the 4C-10000g systems.
One part of the study aimed at evaluating the performance
of 2-channel versus 4-channel setups and the accuracy of
the 5000g versus 10,000g accelerometers. This was achieved
by comparing results from both systems at selected test
sites (Sites P to S) and under laboratory conditions. After
establishing the sufficiency of the 2-channel system, the
2C-10000g system was used to examine the detailed ETR
variations across different rigs and soil conditions at five
additional sites (Sites A—E). These sites were chosen for
their geotechnically similar soil profiles within the same
project area, allowing the evaluation of how different rigs
perform under consistent soil conditions and how equip-
ment variability affects ETR. The results are discussed
across five major themes, covering waveform comparisons,
ETR distribution, laboratory and field test validation, and
rig-wise variability, as presented in the following sections.

3.1. Waveform comparison across sensor configurations

This section compares the waveforms recorded by the
4C-10000g and 2C-5000g/2C-10000g systems for a single
SPT hammer blow. Figs. 5 and 6 illustrate the performance
of different sensor setups. Fig. 5 presents results from the
2C-5000g setup, while Fig. 6 presents results from the
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Table 1

Soil profiles at study locations at 2 m depth intervals. Sites P-S correspond to Phase I, while Sites A-E correspond to Phase II.

Soil profile

Test location

Site P Site Q Site R Site S Site A Site B Site C Site D Site E
0-2m Weathered Silty Clay & Sandy Clay - Clayey silt & Clayey Sandy Silt & Silt Sandy Silt & - Weathered
Rock Clayey Sand Sand Silty Sand Rock& Sandy
Gravel
2-4 m - Silty Clay & Sandy Silt Clayey Silt Clayey silt & Silty Clay Sandy Silt & Silt Silty Sand & Clayey Silt & -
Sandy Clay Sandy Silt Silty Sand
4-6 m - Silty Clay & Sandy Silt Clayey Silt Silty Sand & Sandy Silt Silt & Clayey Silt Sandy Silt & Clayey Silt & -
Sandy Silt Silty Sand Gravelly Silt
6-8 m - Silty Sand & Silty Sand Sandy Silt Silty Sand & Sandy Silt Clayey Silt & Sandy Silty Sand & Gravelly Silt & -
Clayey Sand Silt Sandy Silt Silt
8-10 m - Silty Sand & Silty Sand - Silty Sand & Weathered Clayey Silt & Silt Silty Sand & Gravelly Silt -
Sandy Gravel Rock Sandy Silt
10-12 m - Gravelly Sand & Silty Sand - Silty Sand & Sandy Silt Silty Sand & Sandy Silty Sand & -
Sandy Gravel Silt Sandy Silt
12-14 m - - - - Sandy Silt & Silty Sand Silty Sand & Silty Sand -
Weathered Rock
14-16 m - - - - Sandy Silt & Silty Sand Weathered Rock & -
Silt
16-18 m - - - - Silty Sand & Sandy Silt Weathered Rock & -
Sandy Silt
18-20 m - - - - Silty Sand & Sandy - -
Gravel
20-22 m - - - - Silty Sand Weathered Rock - -
22-24m - - - - Silty Sand - -
24-26 m - - - - Silty Sand - -
26-28 m - - - - Silty Sand - -
28-30 m - - - - Silty Sand - - -
Note: “-” indicates that no soil description was available at the corresponding depth due to non-recovery, rebound, rock drilling, SPT not being performed, or borehole termination.
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N

Rotary drill rig with
Spool winch for
motorised lifting

Hammer (RSH)

Rotary drill rig with rope
and pully for Manual
lifting Hammer
(RMH)

Hydraulic drill rig

with Spool winch for

motorised lifting
Hammer (HSH)

Multipurpose drill rig
with Automatic
Hammer
(MAH)

Hydraulic drill rig
with Auto Trip
Hammer
(HTH)

Fig. 4. SPT hammer energy measurement setups showing diverse rigs and hammer-drop mechanisms. Additionally, the figure highlights different SPT
components, including hammer and anvil dimensions. [A] Rotary drill rig with rope and pulley for Manual lifting Hammer (RMH); [B] Rotary drill rig
with Spool winch for motorized lifting Hammer (RSH); [C] Hydraulic drill rig with Spool winch for motorized lifting Hammer (HSH); [D] Hydraulic drill
rig with Auto Trip Hammer (HTH); [E] Multipurpose drill rig with Automatic Hammer (MAH).

2C-10000g setup. Each figure includes four plots: accelera-
tion, force, velocity, and ETR over time. The acceleration
plots (A) show a sharp initial spike followed by smaller
vibrations, captured similarly by both systems. The force
plots (B) also align well, confirming that both instruments
effectively measure the hammer impact force. Similar wave-
form behaviour is consistent with earlier instrumented rod
studies (Howie et al., 2003; Lukiantchuki et al., 2017,
Odebrecht et al., 2005), where acceleration and force sig-
nals showed sharp initial peaks followed by secondary
oscillations. In the velocity plots (C), the curves follow
nearly identical patterns, particularly at the start of the
impact when energy transmission is significant. The ETR
plots (D) show energy build-up over time, eventually stabi-
lizing at approximately 54% for the 2C-5000g system
(Fig. 5) and 64% for the 2C-10000g system (Fig. 6).

It should be noted that the comparison between the 2-
channel and 4-channel systems has an inherent experimen-
tal limitation arising from the sensor installation arrange-
ment. Since both instrumented rods could not be
installed at the identical measurement location simultane-
ously, the 4C-10000g rod was positioned immediately
below the anvil, while the 2C-5000g/2C-10000g rod was
installed directly beneath it. Consequently, the two systems
recorded stress waves at slightly different locations along
the drill rod, where minor attenuation and propagation
effects may occur before the waves reach the lower instru-
mented rod. Therefore, small differences in the measured
waveforms and ETR values are expected. The close agree-
ment observed in both laboratory and field comparisons,
together with the Bland-Altman analysis and ETR differ-

ences generally within +5%, indicates that the sensor instal-
lation position has a relatively small influence and does not
affect the overall conclusions of the present study. Never-
theless, the overall waveform comparisons show that the
simpler 2C-5000g/2C-10000g system can reliably capture
the SPT dynamic response and provides a practical alterna-
tive to the 4C-10000g system.

3.2. ETR distribution within a single SPT test

Next, the variation in hammer energy transfer from
blow to blow within a single SPT test is analyzed to under-
stand the consistency of energy delivery during the succes-
sive blows over the 30 cm penetration depth (i.e., the depth
corresponding to an N-value). Fig. 7 shows the ETR for
every individual blow recorded at one SPT test depth. Each
blow is measured using three instrumented rods: the top
instrumented rod of the 2C-5000g/2C-10000g and 4C-
10000g systems, and the bottom instrumented rod of the
2C-5000g/2C-10000g system. Fig. 7A compares the data
from the 2C-5000g and 4C-10000g systems, whereas
Fig. 7B compares the data from the 2C-10000g and 4C-
10000g systems. Despite using different sensor configura-
tions at the anvil level, the ETR trends from both systems
follow a very similar pattern, with only minor variations
from blow to blow. This shows that even though all ham-
mer blows may appear the same in the field, the energy
actually delivered can differ slightly due to factors such as
friction, rod alignment, or equipment variability, as
reported in previous field investigations (Matsumoto
et al., 2015; Sumanth et al., 2022). Nevertheless, the close
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Table 2

Comparison of SPT component properties for different rigs at the same test site with uniform soil properties in this study.

Test Location  Location Rig Type  Number of Total Total Hammer Hammer Hammer Anvil type  Anvil Anvil Rod type Anvil Hammer
Radius (m) boreholes Number Blows diameter height inner hole diameter  height weight (kg)  weight (kg)
covering all per Rig of SPT (mm) (mm) diameter (mm) (mm) (mm) Measured
Boreholes

Site A 700 HTH 1 8 49 2820 200 263 29 Plate 200 40 AW 9.9 63.5

HSH_1 6 50 2985 200 260 30 Plate 200 40 AW 9.9 63.0
RMH 1 2 11 427 197 286 46 Coupler 52 72 Calyx 1.2 65.0
HSH 2 2 15 714 192 295 48 Cylinder 83 96 AW 4.1 63.6
RSH 1 2 11 623 207 255 48 plate 115 9 Nw 0.7 64.1
HSH 3 2 10 478 187 318 51 Cylinder 103 111 AW 7.3 64.0
HSH_4 3 12 538 184 318 50 Cylinder 88 101 AW 4.6 62.0
RSH_2 1 7 373 207 240 46 Coupler 46 98 BW 1.3 61.3
Site B 1000 HSH 5 3 6 216 201 259 52 Cylinder 96 117 AW 6.6 63.9
HTH 2 3 6 370 200 272 50 Cylinder 82 97 AW 4.0 64.0
MAH_1 5 35 602 100 ball head 60 120 1.4 x AW 2.7 63.5
Site C 130 RMH 2 5 24 1739 201 259 46 Coupler 54 58 Calyx 1.0 62.0
RMH 3 4 30 4570 210 253 55 Cylinder 104 109 NwW 7.3 64.5
Site D 170 RMH_4 4 13 1644 201 259 46 Coupler 54 58 Calyx 1.0 62.0
RMH_ 5 3 8 1380 210 253 55 Cylinder 104 109 NwW 7.3 64.5
Site E 500 RMH 6 12 15 462 213 239 48 Cylinder 89 124 AW 6.1 65.0
HTH_3 12 12 507 203 273 60 Cylinder 121 140 AW 12.6 63.5
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match between the two systems confirms that the 2C-
5000g/2C-10000g system performs consistently across dif-
ferent sensor capacities. Additionally, these results demon-
strate the value of blow-wise energy measurements for
investigating blow-by-blow variability, particularly where
high-accuracy energy correction is required. Furthermore,
instrumented rods positioned at the anvil level typically
record higher ETR values than those at the sampler level,
highlighting energy loss along the drill rods. This indicates
that such losses are unavoidable under real-world testing
conditions and that measuring energy at the sampler level
offers a more accurate estimate of the energy effectively
transmitted to the sampler during penetration
(Yadhunandan and Anbazhagan, 2025).

3.3. ETR comparison across large datasets

To further validate the sensor configurations under con-
trolled conditions, a series of laboratory tests was con-
ducted to compare ETR measurements from both
systems. The comparison of ETR results from controlled
laboratory SPT tests is shown in Figs. 8 and 9. In both fig-

Force (N)
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- - - 2C-5000g
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T T T
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Time (ms)

40

Comparison of typical time-history plots between a 4C-10000g system and a 2C-5000g system:(A) Acceleration, (B) Force, (C) Velocity, and (D)

ures, plot (a) shows the average ETR (%) for each test with
standard deviation error bars, while plot (b) presents the
Bland-Altman plot to assess the agreement between the
two systems. Fig. 8§ compares the 2C-5000g system against
the 4C-10000g system, whereas Fig. 9 compares the 2C-
10000g and 4C-10000g systems. Across the tests, the ETR
values from both systems show similar trends, with only
slight differences.

The Bland-Altman plots in plot (b) visualize these differ-
ences more clearly. The x-axis shows the average ETR,
while the y-axis shows the difference between the two sys-
tems. The mean difference (bias) is —1.76% for Fig. 8 and
-2.11% for Fig. 9, indicating that the 2C-5000g/2C-
10000g measurements were slightly lower on average. The
limits of agreement (mean * 1.96 x SD) range from
-5.79% to +2.28% in Fig. 8 and —6.06% to +1.83% in
Fig. 9. Most data points lie within these limits, indicating
good agreement in both configurations. These small varia-
tions are likely due to the physical placement of the sensor,
where one instrumented rod was mounted just below the
other, as well as minor energy losses along the rods. Similar
agreement levels between different instrumentation systems
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Fig. 6. Comparison of typical time-history plots between a 4C-10000g system and a 2C-10000g system: (A) Acceleration, (B) Force, (C) Velocity, and (D)

ETR.

have been reported in previous comparative studies of SPT
energy measurement systems (Anbazhagan et al., 2022b;
Hong et al., 2022). Overall, both figures confirm that the
simpler, more flexible 2C-5000g/2C-10000g system yields
ETR results that closely match those of the 4C-10000g
system.

In continuation of the laboratory test comparisons, field
SPT tests were also conducted to evaluate the sensor per-
formance of the two systems under real-world conditions.
The comparison is shown in Figs. 10 and 11, and a simi-
larly good agreement was observed with the laboratory
comparison. The ETR values from both systems are closely
aligned across a wide range of depths, boreholes, and sites,
with consistent overall trends. This indicates that both sys-
tems produce similar ETR values in the field. While minor
differences are visible in some locations, the overall trends
remain consistent. The Bland-Altman plots show a mean
difference of —0.71% for the 2C-5000g system (Fig. 10)
and —0.76% for the 2C-10000g system (Fig. 11). These nar-
row ranges and centered bias lines suggest good agreement
between the systems, with most points falling within the
shaded bands. Despite site variability and field-specific fac-

tors, the differences between the systems remain small and
consistent.

The results presented in Table 3 provide a statistical
summary of the ETR values measured using both the 4C-
10000g and 2C-5000g/2C-10000g systems across the con-
trolled laboratory setup and four field sites (P, Q, R, and
S). For each location, the average ETR and its standard
deviation (SD) are shown, allowing a direct comparison
of system performance. The values recorded by both sys-
tems are closely matched, indicating good agreement. For
instance, in the laboratory tests, the 4C-10000g system
measured an average ETR of 58.91% (%7.33), while the
2C-5000g/2C-10000g system measured 55.87% (£9.43).
Similarly, at Site P, the values were 73.25% (%7.27) and
72.57% (%8.26), and at Site Q, they were 39.06% (£3.38)
and 38.28% (£3.77) for the 4C-10000g and 2C-5000g/2C-
10000g systems, respectively. Even at Site S, where slightly
higher variability was observed, the results remained con-
sistent, with only a small difference in average values. In
both laboratory and field results, most values fall within
+5% of each other. Together, these results confirm that
the 2C-5000g/2C-10000g system provides reliable ETR
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Fig. 7. Blow-by-blow comparison of ETR (%) during a single SPT test using [A] two 2C-5000g systems and a 4C-10000g system; [B] two 2C-10000g

systems and a 4C-10000g system.

measurements in both laboratory and field conditions. Its
consistent performance across different rigs and setups
demonstrates that the 2C-5000g/2C-10000g configuration
is a simpler, more affordable system, and is well-suited
for routine field use and large-scale geotechnical
projects.

3.4. ETR variation across multiple rigs within the same test
site and project

After evaluating the performance of different sensor
configurations under both laboratory and field conditions,
a critical analysis was conducted to compare the energy
variability within individual boreholes for different drill
rigs using the 2C-10000g setups. Figs. 12 and 13 present
the depth-wise variation of ETR at the anvil and sampler
levels, respectively, across five boreholes drilled using dif-

ferent rigs: [A] RMH, [B] RSH, [C] HSH, [D] HTH, and
[E] MAH. In addition to individual depth measurements
(with error bars), the plots show 3-depth, 5-depth, and
all-depth average trends to assess the validity of common
ETR assumption practices on large projects. The error bars
shown in Figs. 12 and 13 represent £1 SD of the blow-wise
ETR values recorded at each specific test depth, thereby
reflecting the variability of energy delivery within each
SPT test depth.

A detailed examination of the Anvil ETR (Fig. 12)
reveals two critical findings. Firstly, there is a substantial
variation in the mean ETR delivered by different rigs, rang-
ing from a high of ~85.4% for the MAH rig (Fig. 12[E]) to
a low of ~45.2% for the HSH rig (Fig. 12[C]). Secondly,
there is a significant difference in the consistency of energy
delivery. The automatic hammer systems, HTH (Fig. 12
[D]) and MAH (Fig. 12[E]), exhibit good consistency with
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Fig. 8. Comparison between the 2C-5000g and 4C-10000g systems in controlled laboratory SPT tests: (a) average ETR (%) with SD error bars, and (b)

Bland-Altman plot showing agreement between the two systems.
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Fig. 9. Comparison between the 2C-10000g and 4C-10000g systems in controlled laboratory SPT tests: (a) average ETR (%) with SD error bars, and (b)

Bland-Altman plot showing agreement between the two systems.

depth, characterized by shorter error bars and consistent
ETR values. In contrast, the RSH rig (Fig. 12[B]) shows
considerable variability, with the Anvil ETR dropping
from ~98% at 2 m to ~60% at 6 m. This high variation
demonstrates that, for such systems, using a simplified
average ETR (3-, 5-, or all-depth average) instead of mea-

suring at every SPT depth can be highly misleading and
may fail to represent the actual energy delivered at any
given SPT depth. For instance, in the RSH rig (Fig. 12
[B]), the ’all-depth average’ is approximately 80%, yet this
single value completely masks the measured peak ETR of
nearly 98% at 2 m and the subsequent drop to around
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plot showing agreement between the two systems.

60% at 6 m. The moving averages also smooth out these
sharp fluctuations, ultimately failing to represent the
actual, highly variable energy delivered during a specific
test.

Similar trends are observed at the sampler level
(Fig. 13), although overall ETR values are lower due to
energy dissipation along the drill rods. The MAH
(Fig. 13[E]) and RSH (Fig. 13[B]) rigs again record the
highest average Sampler ETRs (~49.6% and ~51.3%),

while the HSH rig (Fig. 13[C]) remains the poorest per-
former at ~21.1%. The significant variability of rigs like
RSH (Fig. 13[B]) persists at the sampler, confirming that
inconsistent energy delivery is a characteristic of the ham-
mer system. For instance, in a borehole (Fig. 13[C]), the
Sampler ETR varies from ~28% to as low as ~10%, with
large error margins. Relying on a single average ETR in
such cases can lead to significant errors when calculating
the corrected N-value.
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Table 3

Comparison of average ETR (%) and SD measured using the 4C-10000g
and 2C-5000g/2C-10000g systems across laboratory and field test sites (P,
Q, R, and S).

Test location

Average ETR and SD (%)

4C-10000g 2C-5000g/2C-10000g
SPT Lab Setup 58.91 +7.33 55.87 +9.43
Site P 73.25 +7.27 72.57 +8.26
Site Q 39.06 + 3.38 38.28 + 3.77
Site R 2345+ 4.13 23.47 +3.69
Site S 70.15 + 9.00 67.99 + 5.90

These findings clearly demonstrate the influence of rig-
specific dynamics on energy delivery and underscore the
importance of conducting full-depth ETR measurements
to accurately correct SPT results. Consequently, such sim-
plifications can lead to inaccurate energy corrections and
the misinterpretation of SPT N-values. The large error
margins further complicate the reliability of individual
point measurements, highlighting the benefit of more com-

Anvil ETR (%)

Anvil ETR (%)
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prehensive full-depth energy monitoring and more robust
averaging strategies that account for uncertainty, rather
than assuming uniform energy delivery across the test
depth.

After evaluating the energy variability within individual
boreholes for different drill rigs, the next step was to exam-
ine how energy transfer varied across multiple rigs operat-
ing within the same project site under uniform soil
conditions. The test sites (A to E, as given in Table 2) were
selected based on uniform soil layers and conditions within
a limited radius (130 m to 1000 m), allowing a fair com-
parison across rigs. Multiple SPT rigs with varied hammer-
drop mechanisms, including manual, semi-mechanical,
hydraulic, and automatic systems, were used at each site
under the same project supervision. This ensured that the
differences observed in ETR values could be attributed
mainly to the rigs, equipment, and SPT components, rather
than soil or operator variability.

Figs. 14-19 collectively illustrate the variation of anvil-
level and sampler-level ETR (%) across multiple rigs,

Anvil ETR (%)
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Fig. 13. Borehole-wise comparison of Sampler ETR (%) across different rigs: [A] RMH, [B]RSH, [C] HSH, [D] HTH, and [E] MAH; showing individual
depth ETR values with error bars representing SD of blow-wise ETR measurements, along with 3-depth, 5-depth, and all-depth average ETR trend.

depths, N-value ranges, and soil types at five project sites
(Sites A to E). Despite relatively uniform soil conditions
at each site, the observed ETR values show substantial
variability both within and across rigs, highlighting the lim-
itations of using a single assumed ETR for SPT interpreta-
tion. For example, in Fig. 14, the HSH rig at Site A exhibits
an anvil-level mean ETR ranging from approximately 28%
to 77% depending on depth and N-value, with sampler-
level ETRs ranging from 15% to over 45%. While the rig
mean ETR (solid blue triangle) for HSH remains around
46% at the anvil and 20% at the sampler, individual tests
frequently deviate by more than *15%. Fig. 15 expands
the comparison across three rigs (HTH, RMH, RSH) at
Site A, where anvil-level ETRs for RMH approach 72%,
whereas HTH and RSH stay close to 60%, highlighting
equipment-specific transfer efficiencies. Similarly, sampler-
level ETRs range from as low as 12% to over 55% across
rigs. At Site B (Fig. 16), the MAH rig records consistently
higher anvil ETRs (~75-90%) and sampler ETRs (~40-
60%) compared to HSH and HTH rigs at the same site.
This pattern persists at Sites C and D (Figs. 17 and 18),
where the RMH rig maintains an anvil ETR above 60%

for most cases, while sampler ETR fluctuates widely (20—
50%). Even at the shallow depths of Site E (Fig. 19),
ETR values span a wide range across rigs, despite similar
soil types.

These differences are further reflected in the multiple
horizontal markers (line-scatter plot): rig mean (blue trian-
gle), site mean (magenta inverted triangle), N-value mean
(red box), depth mean (green circle), and all-site mean (pur-
ple rhombus), which reveal how mean ETR trends are
influenced by various parameters. For example, while the
all-site mean anvil ETR remains around 60-65%, individ-
ual depth or N-value group means can diverge significantly
by up to £20%. This evidence clearly indicates that ETR is
not only rig-dependent but also sensitive to depth and N-
value. A comparative grouping of ETR with respect to
depth, N-value ranges, and soil types (Figs. 14-19) indi-
cates that depth and rig configuration exert a stronger
influence on ETR variability than soil classification under
the relatively uniform subsurface conditions at the study
sites. If soil variability were higher, it could further increase
the variability in both energy transfer and penetration
resistance. Thus, the results indicate that energy measure-
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Fig. 14. Comparison of HSH rig anvil-level and sampler-level ETR (%) for different depths, N-value ranges, and soil types at Site A, with mean ETR

trends shown for N-value, depth, rig, site, and all-site averages.

ment at representative depths, or where practical across
every SPT test, is required to improve the reliability of
N-value corrections, compared with relying solely on
limited-depth measurements or average rig/site assump-
tions, which may mask substantial variability.

The observed ETR attenuation between the anvil and
the sampler level generally ranges from ~15 to 25% and
is consistent with values reported in previous studies. Ear-
lier studies have indicated that ETR reductions due to rod
length, couplings, and wave propagation effects range from
10 to 30%, depending on the SPT component configuration

(Hong et al., 2022; Lukiantchuki et al., 2017; Odebrecht
et al., 2005; Yadhunandan and Anbazhagan, 2026, 2025),
and also due to the rod-dependant ETR estimation method
(Eq. (1)) (Yadhunandan and Anbazhagan, 2026). Standard
correction frameworks often incorporate rod-length cor-
rection factors to account for this form of energy dissipa-
tion. However, very few studies have directly measured
energy at the sampler level under field conditions and the
rod-length-independent method (FVCD method, Eq. (2).
In most of the previous studies, energy losses are estimated
indirectly using correction factors or theoretical
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Fig. 15. Comparison of anvil-level and sampler-level ETR (%) for different rigs, depths, N-value ranges, and soil types at Site A, with mean ETR trends

shown for N-value, depth, rig, site, and all-site averages.

approaches. In contrast, this study directly measures and
quantifies energy attenuation from the anvil to the sampler
across different rigs and depths and also uses a reliable
ETR estimation approach based on the FVCD method
(Eq. (2)). Furthermore, the rod lengths ranged from 0.5
to 30 m, with multiple joints and different hammer mecha-
nisms, which reasonably explain the measured energy loss.
At the same time, the results show that assuming negligible
rod transmission loss can lead to errors in corrected N-
values.

Furthermore, Fig. 20 presents a consolidated compar-
ison of the ETR with SD error bars for various rigs tested

across five geotechnical sites with relatively uniform soil
conditions. The data are shown for both anvil-level
(Fig. 20(a)) and sampler-level (Fig. 20(b)) instrumentation.
For each rig, the number of blows, SPTs, and boreholes is
annotated, providing important context on data density
and coverage. At the anvil level, ETR values ranged from
as low as 29 * 5% (HSH_3 at Site A) to as high as
78 £ 15% (MAH_1 at Site B). Similarly, rigs such as
RMH_1 and HSH_2 at Site A recorded high anvil ETRs
of 74 + 13% and 74 + 17%, respectively, whereas rigs such
as RSH_1 and RSH_2 reported much lower ETRs around
37%. Even within the same site and for the same rig type
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Fig. 16. Comparison of anvil-level and sampler-level ETR (%) for different rigs, depths, N-value ranges, and soil types at Site B, with mean ETR trends

shown for N-value, depth, rig, site, and all-site averages.

(e.g., HSH series at Site A), the variation in ETR was sub-
stantial, highlighting the inconsistent performance under
seemingly uniform conditions. At the sampler level, ETR
values were even more variable and generally lower, rang-
ing from 21% * 3% (HSH_3 at Site A) to 54% * 13%
(RMH_1 at Site A). Many rigs recorded sampler ETRs
in the range of 33-44%, with notable outliers at both ends.
The difference between anvil and sampler ETRs for the
same rig frequently exceeded 10-20%, confirming substan-
tial energy losses down the drill rods.

These rig-wise comparisons reinforce a critical point
that, even under the same project, site, and supervision,
rigs can behave very differently in terms of energy transfer.
Such discrepancies indicate that standardized or assumed

20

rig efficiency values are inadequate, especially for projects
involving multiple rigs or contractors. The findings support
the adoption of more comprehensive, full-depth, test-
specific energy measurements for every borehole to
improve the reliability and accuracy of N-value correc-
tions, particularly for critical and large-scale geotechnical
investigations.

The observed ETR ranges in this study (approximately
29% to 90% at the anvil level and 10% to 60% at the sam-
pler level) are generally consistent with the wide ranges
reported in  previous international investigations
(Table Al; Aoki et al., 2007; Matsumoto et al., 2015;
Sumanth et al., 2022). However, unlike many earlier stud-
ies that relied on limited-depth measurements or averaged



M.E. Yadhunandan, P. Anbazhagan

Soils and Foundations 66 (2026) 101879

Soil Type: [__] Sandy Silt

[ silty Clay

[_]siltySand [__]Clayey Sand[__] Sand

[Iclayeysilt []Gravely Silt [__]Silty Silt
Mean ETR: —#— N value Mean —®— Depth Mean —A— Rig Mean —v— Site Mean —— All-site Mean
100
80 _
£ 12 e e R e B
¥ e0t =¥l " el
= 60 2 * I I e g ‘I‘
L |
2 0
<
20
0
X 404 _ ‘ i
N Ve
L —| s % x e i I x—x%
3 L | Ve - /Ll [ollel o Lollelloiios o o
= - \V/ I
£ 20- d "
w
0| o - | @ ~|=|© N E < | <
TotalBlows:| 2 | § |2 [® [F|T|Q(RIX|S|K[B|Q|e|[|v|y S 318|133
Count of Depth: 1 5|6 1 5|2 1 5|3 1 4 (12 1 3 (8
0 = 3 Slwl|g 3 8 3 8
N value:| = Ny & gl D S & h S i
© < ) e~ ) 38 ® 3
Depth (m): 0-5 5-10 10-15
Rig: RMH
Site: Site C
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rig efficiencies, the present study observed significant blow-
wise and depth-wise variability within the same project site
under uniform soil conditions. The results clearly show
that even rigs of the same type can exhibit noticeably differ-
ent energy-transfer behaviour. This reinforces the limita-
tion of adopting a single representative ETR value for a
rig, or borehole, or site, or project, and highlights the prac-
tical need for more comprehensive full-depth energy
monitoring.

4. Conclusions

This study comprehensively evaluated hammer energy
transfer during SPT, comparing a commercial 4-channel

21

system with a custom-developed 2-channel system designed
to measure energy at both the anvil and sampler levels. The
study presented the results of 42 laboratory SPT tests and
314 field SPT tests, totaling over 20,000 hammer blows, at
sites with uniform soil layers and conditions to isolate the
effects of equipment variability on the ETR.

The study successfully evaluated and compared the cus-
tom 2-channel system with 5000g or 10,000g accelerome-
ters against a commercial 4-channel system with 10,000g
accelerometers. Results from both laboratory (42 SPTs,
821 blows) and field (314 SPTs, 20,448 blows) tests showed
good agreement, with ETR differences typically within
*+5%. This indicates that a 2-channel system with a 5000g
accelerometer is sufficient to capture SPT dynamics, mak-
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Fig. 18. Comparison of anvil-level and sampler-level ETR (%) for different rigs, depths, N-value ranges, and soil types at Site D, with mean ETR trends

shown for N-value, depth, rig, site, and all-site averages.

ing it a more economical and practical option for testing.
In general, either a 2-channel or 4-channel system, with
5000g or 10,000g accelerometers, is adequate for SPT
energy measurements and can be selected based on practi-
cal feasibility. A key advantage of the custom 2-channel
system is that it enables easy, convenient measurement of
energy at the sampler level, providing a more direct assess-
ment of energy transfer to the soil.

The study also demonstrated significant ETR variability
across different rigs operating at the same site under iden-
tical soil layers and conditions. Anvil ETRs ranged from
as low as 29% to as high as 78%. Similarly, sampler ETRs
ranged from 21% to 54%. The results show that energy
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transfer is strongly influenced by rig type and hammer
mechanism, with automatic systems generally exhibiting
more consistent performance compared to manual or
semi-mechanical systems. In addition, ETR exhibited
depth-dependent trends, which may be attributed to
increasing rod length, cumulative joint effects, and wave
attenuation along the drill string. Variations across soil
types and N-value ranges further indicate that changes in
penetration resistance alter stress-wave transmission char-
acteristics, thereby affecting the measured energy transfer.
This highlights that energy transfer is not only dependent
on the rig but is also highly sensitive to testing depth and
N-value. These findings suggest that ETR is governed by
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a combined influence of equipment configuration, rod sys-
tem characteristics, and soil resistance conditions. There-
fore, the results suggest that using assumed or average
ETR values from 3 or 5 depth recordings, as permitted in
some current practice, may completely mask substantial
variability and may lead to inaccurate N-value corrections
and misleading geotechnical interpretations.

In current geotechnical design practice and codes, typi-
cal ETR values are taken for different hammer types, and
rod-length corrections are often applied using generalized
factors. However, the present study found that energy
transfer and its losses between the anvil and sampler levels
are not constant and can vary significantly with rig config-
uration, rod length, depth, and soil type. By directly mea-
suring anvil and sampler-level energy for all the SPT
tests, this research provides quantitative insight into actual
rod transmission losses. These findings contribute to
geotechnical practice by supporting more reliable SPT N
normalization, particularly in projects involving multiple
rigs or critical infrastructure.
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Appendix A.
Table Al

Review of instrumentation and field configurations in SPT ETR studies (Ns — Not specified).

SN Author(s) & Year

Year

ETR (%)

Load Cell
Capacity

Accelremeter
Capacity (g)

Rig Type

Hammer Type

Rod Type

Study/Focus

Kovacs et al. (1977) 1977

Schmertmann and

Palacios (1979)

Kovacs and

Salomone (1982)

Tokimatsu and
Yoshimi (1983)

Riggs et al. (1984)

Sy and Campanella

(1991)

Decourt and
Quaresma (1994)

Clayton (1995)

1979

1982

1983

1984

1991

1994

1995

25-70% (cathead &

rope)

30-80%, typically
~50%

30-98%

Auto hammer:

~89%, Cathead: ~70-

100%

Measured Energy;

exact value not

reported, compared

to theoretical

~T72% for Brazilian

SPT

45-90%

Ns

Dynamic load

cell,
~40,000 1b
capacity;
calibration
1%

Ns

Binary
Instruments
Model 102
SPY
Calibrator
Ns

Not
applicable

Ns

Ns

Ns

Not
applicable

Ns

Truck-mounted
rig with Safe-T-
Driver

Florida DOT
drill rigs (11 rigs
tested)

Field rigs with
instrumented
split spoon

Japanese
geotechnical rigs

CME-450, CME-
55, CME-45B,
CME-75

Field tests; rigs
not detailed

Brazilian rigs
with SPT-T
torque setup

Various UK rigs

63.5 kg
enclosed
sleeve-type
hammer

63.5 kg

(140 1b) rope &
cathead

Donut, Safety,
Automatic,
Rope-pulled

Donut
hammer, rope
and cathead

CME 140-1b
Automatic vs.
Cathead &
rope (safety
hammer)

Ns; consistent
with ASTM
D1586 setups

63.5 kg
manual rope
hammer

Donut, trip
release,
automatic

Standard SPT
AW rods

Standard SPT
AW rods

SPT rods (Ns)

Standard SPT
AW rods

5-ft AW
parallel wall
drill rods

Steel rods;
correction for
wave speed
and length
used
Standard SPT
AW rods

Standard SPT
AW rods

Hammer lifting
comparison for
energy
consistency.
Rod/hammer
energy effect
modeled via
wave theory.

ETR measured
by force and
velocity
methods.

SPT practices
vary across
Japan; ETR
varies.

Auto hammers
more consistent
in ETR
delivery.

Proposed FV
method to avoid
cutoff errors.

SPT-T method
for torque-
based
validation.
Theoretical
framework for
ETR
measurement.

(continued on next page)
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Table Al (continued)

SN Author(s) & Year Year ETR (%) Load Cell Accelremeter Rig Type Hammer Type Rod Type Study/Focus
Capacity Capacity (g)
9  Abou-matar and 1997 35-75% Ns Ns Laboratory drop Safety hammer AW rod (6 m GRLWEAP-
Goble (1997) setup (CME (CME), drop  total), based lab tests;
safety hammer height 760 mm connected via force vs velocity
system) commercial error.
connectors
10 Zhang (1999) 1999 Ns Not used; Ns Generic assumed Referenced Standard SPT Used N-value,
literature- ASTM- AW rods no ETR testing
based analysis standard SPT performed.
11 Aggour and 2001 45-70% Ns Ns Field SPT with  63.5 kg Standard SPT Manual vs auto
Radding (2001) various rigs hammer AW rods hammer ER
(manual and (manual and reviewed.
automatic automatic
hammers variations)
considered)
12 Youd and Idriss 2001 Ns Not measured Ns General US rigs  Referenced Standard SPT Guidelines on
(2001) manual and AW rods energy
automatic standardization
for liquefaction.
13 Lim et al. (2002) 2002 Ns Not Not Pile driving with 7000 kg drop  Pile-type rods HSC tracked
applicable applicable 7000 kg hammer hammer (not SPT) pile rebound
visually.
14 Daniel et al. (2003) 2003 Ns DEM system  5000/10000 Truck-mounted  Donut, Safety, SPT rods, LPT vs SPT
by BC Hydro (referenced) + others Trip-release LPT rods energy
compared and
corrected.
15 Odebrecht et al. 2005 32-87% Ns Ns Manual + Donut, Trip, = Standard SPT Thesis covering
(2005) automatic release Auto AW rods SPT energy
(Brazilian rigs) configurations.
16 Daniel et al. (2005) 2005 Ns Ns 5000/10000 Field tests; rigs Donut Short vs. Short rod
(referenced)  not detailed standard rods system energy
corrections
studied.
17  Rogers (2006) 2006 Manual: 45%, Safety: Ns Ns General teaching Donut, Safety, Standard SPT Historical ETR
~60%, Auto: 80-90% reference Automatic AW rods corrections
reviewed.
18 Rodrigues et al. 2008 Ns Ns Ns Pagani TG 73- 63.5 kg drop ~ Massive vs. 400 blows: rod
(2008) 200 hammer Hollow (1 m, type had minor
~6.3 kg/m) ETR effect.
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Table Al (continued)

SN Author(s) & Year Year ETR (%) Load Cell Accelremeter Rig Type Hammer Type Rod Type Study/Focus
Capacity Capacity (g)
19  Youd et al. (2008) 2008 40-90% Ns Ns Field SPT rigs SPT donut Standard SPT Drop height
(USA) hammer AW rods influence on
(various drop ETR studied.
heights)

20 Lee et al. (2010) 2010 Varies with N-value, 600 mm Ns Rotary wash Donut and Standard SPT Type-I impacts
Up to +3.2% instrumented boring machine = Modified AW rods increase ETR;
increase due to type-I rod with PDA Automatic Type-II don’t.
secondary impact Donut (MAD)

21  Dunget al. (2011) 2011 90% Ns Ns Rotary wash Donut Type A PDA used for

boring machine  hammer, (41.3 mm toe resistance
manual OD, 5.7 kg/  validation.
cathead (2.25 m)
rope turns)

22 Yimsiri (2013) 2013 Donut: 49%, Safety: 350 1© strain 10,000 SPT rigs Donut, Safety, AW rods Thai SPT

68%, Trip: 95% gauge (Thailand) Trip (830 mm benchmarked
(calibrated for instrumented) via FV/F?
100 kN) methods.
23 Lee et al. (2014) 2014 ~74.32% Ns; PDA used Ns Rotary wash Donut AW rods, Line-scan
boring machine  (manual rope- 600 mm camera shows
pulley) instrumented impact types.

24  Matsumoto et al. 2015 Manual: ~45-60%, Ns Ns Conventional Manual trip & Standard SPT and DCPT

(2015) Automatic: ~60- SPT rigs in Japan automatic trip AW/NW energy
70%) compared.

25 Look (2016) 2016 Varies; digital vs PDA: Load + Ns Ns; field rigs in ~ Automatic trip Standard PDA vs PDM
manual shows 20%  Accel sensors; Australia hammer rods; showed blow
error; PDM vs PDA PDM: placement energy
showed different Infrared laser below anvil variations.
energy values tracker and above

sampler

26 Batilas et al. (2017) 2017 Manual: 46%3.8%, Ns Ns Various rigs in Donut Standard 900+ field

Automatic: 77+4.6% Greece hammer, rods, donut recordings;
manual vs hammer setup release type
automatic impacts ETR.
release

27 Moghaddam et al. 2017 Varies, ER Not detailed  Ns Various Texas Auto-trip and  Standard SPT design

(2017) normalized to 70% rigs (TxDOT cathead TxDOT rods updated with

studies)

(TxDOT rigs)

ETR
corrections.

(continued on next page)
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Table Al (continued)

SN Author(s) & Year Year ETR (%) Load Cell Accelremeter Rig Type Hammer Type Rod Type Study/Focus
Capacity Capacity (g)
28  Ghafghazi (2017) 2017 SPT normalized to Integrated Not in g, but iBPT and SPT at ICE 180 diesel Standard iBPT vs SPT N-
Ngo (60%) iBPT sensors % of ICE 180 4 different dam hammer Becker & SPT value relation
(force and hammer sites (USA) (iBPT); rods made.
acceleration)  energy Standard
(10.85 kJ) 63.5 kg SPT
hammer
29  Lukiantchuki et al. 2017 Top: ~65%, Bottom: Strain gauge, 5000 Brazilian rigs Hand-lifted & Instrumented Manual
(2017) ~50-60% accelerometer auto-trip rods above hammers:
(top and near sampler and  energy
sampler) below anvil dispersion
noted.
30 Anbazhagan et al. 2021 Used: 60% Ns Ns Field tests; rigs Varies by Ns Gmax
(2021) (corrections from not detailed region correlations
25-85% possible) (assumes with varying
donut/safety ETR.
hammer)
31 Anbazhagan et al. 2022 Varies; 25-95% 240 kN 10,000 Rotary and Donut Standard SPT SBC and depth
(2022b) observed Hydraulic rigs (Manual and AW rods effects due to
Cathead ETR.
release)
32 Anbazhagan et al. 2022 Varies; used energy- 240 kN 10,000 Rotary and Donut Standard SPT HEMA vs
(2022a) based correction Hydraulic rigs (Manual and AW rods Analyzer system
(ETR) Cathead (2-ch vs 4-ch).
release)
33 Honget al. (2022) 2022 Ns 617.04 kKN 100,000g Rotary wash Automatic trip Standard SPT Strain-based e-
boring rig hammer AW rods module tracked
sampler energy.
34  Sumanth et al. 2022 20-90%, depending  Ns Ns Calyx, TRD-300, Donut (rope/ Standard SPT India-wide rig
(2022) on rig-hammer multipurpose rigs hydraulic), AW rods dataset
combo auto-trip, analyzed for
automatic ETR.
35 Morgano and 2022 Energy reduction up Ns Ns Field tests; rigs ~ Donut Standard SPT Rod length vs
Liang (2022) to 20% for short rods not detailed AW rods energy loss
analyzed.
36 Tan and Ramli 2023 60% (normalized) Ns Ns Field tests; rigs Various Varies (length Energy
(2023) not detailed correction) correction
effects on Su
estimation.
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