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Energy measurement in a mechanized SPT equipment
Eduardo Oliveira Muguet1,2# , Guilherme Alan Souza Costa1,3 ,  
Flávia Sampaio Cabral1,4 , Fernando Artur Brasil Danziger1,5 

1. Introduction

The SPT is an in situ test regularly used in several 
countries (Décourt et al., 1988) for onshore investigations 
and a broad range of geotechnical applications, such as the 
estimation of pile capacity (e.g., Aoki & Velloso, 1975; 
Décourt & Quaresma, 1978; Décourt, 1982), the assessment 
of friction angle in sands (e.g., Hatanaka & Uchida, 1996; 
Mayne, 2001), the assessment of geotechnical parameters of 
granitic saprolitic soils (e.g., Gomes Correia et al., 2004) and 
the evaluation of liquefaction resistance of sandy soils (e.g., 
Seed et al., 1985). Comprehensive state-of-the-art reports 
on SPT, including its main applications, were presented by 
Mello (1971) and Décourt (1989).

Different types of SPT equipment yield distinct 
N-values because energy losses may differ throughout all 
phases of the test, even when the potential energy input 
is the same across systems. Clayton (1990) considers that 
Palmer & Stuart (1957) were the first to suggest, which was 
shown later experimentally by Schmertmann & Palacios 
(1979), that N-value (at least for N ≤ 50), varies inversely 
with the energy reaching the rod stem (Enthru energy) 
(Equation 1).

1 1 2 2=N E N E  	 (1)

where N1 and N2 are N-values, and E1 and E2 are the corresponding 
energies reaching the rod stem (just below the anvil).

To properly compare N-values from different equipment, 
a standardization has been proposed, and it was established by 
the international standard ISO 22476-3 (ISO, 2005) that the 
N-value obtained in the test must be adjusted to a reference 
energy ratio of 60% (Equation 2).

60 =
60

REN N⋅  	 (2)

where N60 is the energy-corrected blow count; ER is the 
equipment energy ratio, defined as the ratio of the energy 
actually reaching the rod stem, Ei, to the theoretical hammer 
energy (herein also named nominal energy), E*. Under ISO 
(2005), the nominal energy is 473.4 J for a 63.5-kg hammer 
with a 760-mm drop height. The Brazilian standard (ABNT, 
2020a) adopts 478.2 J (65-kg hammer, 750-mm drop), i.e., 
approximately 1% higher than the ISO (2005) value.

Mechanized SPT procedures were incorporated into the 
most recent Brazilian standard (ABNT, 2020a). The standard 
is divided into two parts: manual systems (hand-lifted and 
released pin-weight or donut hammers) and mechanized 
systems. Table 1 provides a cross-standard comparison and 
summarizes the mechanized-system requirements specified 
by the Brazilian standard.
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Given the diversity of equipment and techniques, it 
is essential to clarify the terms used herein. The hammer 
lifting and releasing systems of the SPT can be manual or 
mechanized, allowing any possible combination in practice.

The manual lifting system (hand lifting) consists 
of two workers lifting the hammer, which is attached 
to a rope that passes through a pulley at the top of the 
equipment tower. This lifting system can be associated with 
manual release (hand dropped), when the operators, upon 
identifying the specified height, simply release the rope, 
or with the release of the hammer by some mechanized 
system (mechanical release).

It is herein designated semi-mechanized lifting system 
the one which requires operators to lift the hammer but 
without the need to impose physical effort. In this case, widely 
employed in the United States, a cathead is used; the operator 
only needs to pull the rope to create enough friction for the 
cylinder, rotating at a constant speed, to lift the hammer. The 
release could be by loosening the rope, performed manually 
by the operator, or with a trigger system that can be manual 
or automatic. In the manual trigger system, an operator is 
needed to activate it (like the Argentinian system or the 
“Furnas type”, Belincanta, 1998; Belincanta & Cintra, 1998; 
and Tombi, a Japanese system, Skempton, 1986), whereas 
the automatic trigger does not (Clayton, 1990).

The mechanized lifting system, on the other hand, 
uses a hydraulically operated mechanism, with the hammer 
releasing automatically when a rotating chain reaches its 
maximum point.

Regarding the hammer, there are four types: pin-weight, 
donut, safety and automatic type (the latter term is used in 
the literature without definition of the shape, referring only 
to the fact that it is lifted by a chain). The literature does 
not clearly establish whether these are the only types, and 
designations vary; the terms are frequently mistaken for the 
processes of lifting and releasing the hammer.

Table  2 presents the energy ratio ER for different 
systems. A large variation in the energy ratio is observed in 
the table, indicating the need to measure the energy for each 
drive-weight assembly, as ISO 22476-3 (ISO, 2005) states.

Table 3 presents the average energy ratios for Brazilian 
data sets, mainly for the hand-dropped pin-weight hammer 
system. Compared with the data in Table 2, the range appears 
narrower, likely reflecting differences among SPT systems. 
Still, both tables report averages, and substantial variability 
in drop height and, consequently, in the energy delivered to 
the rod stem may occur. Table 3 also presents results from 
a test performed with an automatic hammer (CME) and an 
automatic trip hammer (donut-type, mechanically released). 
Although only five blows were measured, the CME hammer 
yielded the lowest energy ratio (41%). It is noteworthy 
that although the energy ratio was not measured directly, 
Hachich et al. (2006) presented evidence suggesting that the 
pin-weight hammer hand dropped system was more efficient 
than the CME hammer system.

Data from Table 3 indicate that the N-value obtained 
with a manual system (using a rope-and-pulley mechanism to 
lift and release the pin-weight hammer) should be multiplied 
by a factor between 1.2 and 1.5 to obtain N60.

Although mechanized SPT systems currently account 
for most equipment worldwide, the hand lifted and released 
hammers - particularly pin-weight - remain common practice 
in Brazil and are also used in other countries (e.g., Yoshimi 
& Tokimatsu, 1983; Schnaid et al., 2009; Batilas et al., 2017; 
Ortiz et al., 2025). As mechanized SPT systems have been 
adopted in Brazil over the past few years and explicitly 
incorporated into the Brazilian standard (ABNT, 2020a), 
quantifying the energy delivered by mechanized equipment 
is essential for reliable energy normalization and result 
interpretation.

2. Energy measurement and transmission

2.1 General

The energy just below the anvil (Ei) may be evaluated 
using the so-called EFV method, as given in Equation 3.

iE F v dt= ∫ ⋅ ⋅  	 (3)

Table 1. Comparison of American, International and Brazilian Standards.

Test / Equipment Parameters ASTM D1586-18
(ASTM, 2018)

ISO 22476-3
(ISO, 2005)

ABNT NBR 6484 (ABNT, 2020a) 
(mechanized system)

Hammer Shape NSa NSa cylindrical shape
Hammer mass (kg) 63.5 ± 1 63.5 ± 0.5 65.0 ± 0.5

Drive assembly mass (kg) NSa < 115 NSa

Hammer/lift and release method cathead, trip, automatic, 
semi-automatic, safety

automatic release 
mechanism

mechanized

Anvil specifications NSa NSa Mass 7.5-8.5kg
Cushion Not allowed NSa NSa

Drop Height (cm) 76 ±2.5 76 ±1.0 75 ±1.5
Blow Rate (blows/min) NSa,b NSa 10-40

aNS: Not specified. bIt is highlighted that this rate depends on the type of equipment.
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Table 2. Energy ratio for different SPT systems used worldwide.
Reference Hammer Lifting and releasing method Energy ratio (ER) (%)

Kovacs et al. (1981) Safety rope and cathead (manual) 34-83
Donut rope and cathead (manual) 31-65

Riggs et al. (1984) Safety rope and cathead (manual) 52-98
Automatic (CMEb) hydraulically powered chain lift 83-93

Kovacs & Salomone (1984) Donut rope and cathead (manual) 67
Donut rope and cathead (mechanical release) 80

Seed et al. (1985)a Safety rope and cathead (manual) 63-72
Donut (Automatic trip) rope and cathead (mechanical release) 76-90

Skempton (1986) Safety rope and cathead (manual) 55
Clayton (1990) Donut (Automatic trip) rope and cathead (mechanical release) 69-75

Batchelor et al. (1995) Safety rope and cathead (manual) 51
Safety spooling winch 23

Automatic (CME) hydraulically powered chain lift 69-81
Johnsen at al. (2001) Automatic (CME) hydraulically powered chain lift 55-83

Safety spooling winch 34-72
Safety rope and cathead (manual) 63-66
Donut rope and cathead (manual) 31-53

Sancio & Bray (2005) Safety rope and cathead (manual) 55-66
Biringen & Davie (2008) Automatic (CME) hydraulically powered chain lift 81.5

Kelley & Lens (2010) Automatic (CME) hydraulically powered chain lift 80-90
Safety rope and cathead (manual) 60-69

Reading et al. (2010) Donut rope and cathead (mechanical release) 43-81
Automatic (CME) hydraulically powered chain lift 53-89

Yee et al. (2013) Donut (Automatic trip) not reported 84-94
Honeycutt et al. (2014) Automatic (CME) hydraulically powered chain lift 83

Ji et al. (2023) Donut spooling winch 74-84
Ortiz et al. (2025) Donut rope and winch (manual) 43-68

Automatic (donut shape) not reported 82-87
aCompiled from literature. bCME – Central Mine Equipment.

Table 3. Average energy ratio obtained in Brazil.

Reference Hammer Lifting and releasing method Average Energy ratio (ER)
(%)

Belincanta (1985) Pin-weight rope and pulley (manual) 72
Belincanta (1998), Belincanta & Cintra (1998) Pin-weight rope and pulley (manual) 71

Pin-weight steel wire rope and pulley (manual) 70
Donut rope and pulley (manual) 66

Cavalcante (2002), Cavalcante et al. (2004), 
Danziger et al. (2006); Danziger et al. (2008)

Pin-weight rope and pulley (manual) 82

Odebrecht (2003), Odebrecht et al. (2005) Pin-weight rope and pulleys (manual) 76
Aoki et al. (2007) Automatic 

(CME)
hydraulically powered chain lift 41

Cavalcante et al. (2011) Pin-weight rope and pulley (manual) 73
Santana (2015), Santana et al. (2014) Pin-weight rope and pulley (manual) 91

Lukiantchuki (2012), Lukiantchuki et al. (2017) Pin-weight rope and pulley (manual) 77-80a

Donut 
(Automatic trip)

rope and cathead (mechanical release) 83-84a

aFrom two sites.
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where F and v are the axial force and velocity, obtained from 
strain-gauge-based force transducers and accelerometers, 
respectively.

When only force measurements are available, the 
energy can alternatively be evaluated using the F2 method, 
given by Equation 4 and discussed further below, where Z 
is the rod impedance.

21
iE F dt

z
= ⋅∫  	 (4)

As an alternative to direct measurements, the energy Ei 
can also be evaluated relative to the reference energy E* by 
accounting for energy losses at different stages of the test. 
For this purpose, efficiency factors e1, e2 and e3 (Décourt, 
1989) may be used, as expressed in Equation 5. In addition, 
an alternative factor *

1e  may be defined (Santana et al., 2013) 
using the actual potential energy (based on the measured drop 
height) as the reference instead of the nominal energy E*. 
The efficiency factors are computed using Equations 6 to 10.

*
1 2 3iE e e e E= ⋅ ⋅ ⋅  	 (5)

1 *
kEe

E
=  	 (6)

*
1

k

p

Ee
E

=  	 (7)

2 3
i

k

Ee e
E

⋅ =  	 (8)

1 2 3 *
i

R
Ee e e E
E

⋅ ⋅ = =  	 (9)

*
1 2 3

i

p

Ee e e
E

⋅ ⋅ =  	 (10)

where e1 relates the kinetic energy (Ek) just before the impact 
to the free fall energy considering the nominal energy (E*) 
and *

1e  considering the measured potential energy (Ep) based 
on the actual drop height; e2 is associated to the loss of energy 
due to the presence of the anvil (e.g., Skempton, 1986; 

Décourt, 1989) and e3 is a rod-length factor that accounts 
for the separation between hammer and anvil in rods shorter 
than 10 m, caused by the upward-traveling stress wave 
(Palacios, 1977; Schmertmann & Palacios, 1979; Skempton, 
1986). This last factor is still an issue, as discussed in the 
following section.

2.2 The length effect issue

Palacios (1977) and Schmertmann & Palacios (1979) 
addressed the issue of rod length in the transmission of 
the energy from the hammer to the rods. According to 
those authors, the energy would only be fully transmitted 
(disregarding prior losses) if the rod exceeded a critical 
minimum length. For rods shorter than this critical length, 
the compression wave generated by the hammer impact on 
the anvil is reflected from the bottom of the sampler as a 
tension wave (in almost all cases). This reflected tension 
wave would cause the separation between the hammer and 
the anvil, interrupting energy transmission at time t = 2 l/c, 
where l is the rod length and c the propagation velocity of 
the wave in steel. Although energy could be transmitted 
through secondary impacts within the same blow, the authors 
considered that subsequent impacts would not significantly 
contribute to the overall energy transfer.

Based on this rationale, Palacios (1977) used the 
mathematical model of Fairhurst (1961) to calculate the 
theoretical maximum energy that could be transferred to 
the rods before the arrival of the tensile wave for various 
rod lengths. For typical safety hammer and A-type rod 
impedance, he proposed a theoretical maximum efficiency 
factor, ηl (equivalent to e3), as a function of rod length. This 
relationship is plotted as the continuous line in Figure 1.

The ηl factor proposed by Palacios (1977) was first 
used as a correction factor by Kovacs et al. (1981) for energy 
measurements obtained with the F2 method. Their procedure 
involved dividing the measured energy for a given rod length 
by its corresponding ηl value, thereby normalizing the result to 
an equivalent “infinite rod length” condition. This correction 
was later formalized in the ASTM D4633-86 (ASTM, 1986) 
standard as a length factor, K2, defined as 1/ηl. However, 
this recommendation has been omitted from the newer 
version of ASTM D4633-16 (ASTM, 2016). Driven by the 
same core concept, other authors have proposed different 
correction factors; a compilation of these key studies is 
presented in Table 4.

The authors herein assume that all length factors 
presented in Table 4 were intended for SPT tests performed 
with A rods (occasionally for N-type rods, according to 
Seed et al., 1985).

As mentioned before, Décourt (1989) referred to the 
length factor as e3 and argued that using very low values 
contradicts his practical experience. He cited Seed  et  al. 
(1985) and Skempton (1986), who recommended a lower 
bound of 0.75.
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Some years later, the F2 method was replaced by the 
EFV method, in which signals from both accelerometers 
and force transducers were used, allowing the energy to 
be measured for subsequent impacts within the same blow 
(Sy & Campanella, 1991; Cavalcante, 2002; Odebrecht, 2003; 

Daniel et al., 2005; Odebrecht et al., 2005; Danziger et al., 
2006; Cavalcante et al., 2011).

As an example, Figure 2  and 3 present results for 
a 2.39 m rod length for a pin-weight hammer hand lifted 
and released system. Figure 2 shows the initial loss-of-
contact interval between the hammer and the rod. The 
energy delivered to the rod stem is shown in Figure 3. The 
data reveals that significant energy is transferred during 
subsequent impacts. When plotted against depth (Figure 4), 
the energy shows no depth dependence, indicating that rod 
length corrections are unnecessary for this data set. In other 
words, the subsequent impacts have been able to deliver to 
the rod stem the kinetic energy before the impact, reduced 
by the loss due to the anvil.

Similar conclusions and trends in the variation of energy 
with depth have been obtained by several authors (Sy & 
Campanella, 1991; Srithar & Ervin, 2001; Odebrecht, 2003; 
Daniel et al., 2005; Odebrecht et al., 2005), also indicating 
that no rod length correction should be used. Nevertheless, 
the rod length correction factor is included in ISO 22475-3 
(ISO, 2005), as mentioned before. However, the standard 
ASTM D 4633-16 establishes: 

The correction for short rods of less than 30 ft (~9m), 
K2, was based on theoretical wave mechanics under 
the assumption that the hammer energy input was 
terminated by the reflective tensile wave and the 
remaining energy could be predicted. The factors never 
agreed with actual field measurements. Subsequent 
research has shown that this factor is not correct 
and should not be used. Liquefaction evaluation 
methods […] that advocate short rod correction 
factors based on the theoretical calculation are not 
correct (ASTM, 2016). 
Furthermore, ASTM (2016) includes a note stating 

that “Energy evaluation of the hammer system is more 
reliable when the length L is 9 to 12 m or more”, creating 
an internal inconsistency within this standard. This issue is 
further evidenced by the disagreement between ISO 22475-3 
(ISO, 2005) – which was confirmed in 2024 by the responsible 
committee – and ASTM D4633 (ASTM, 2016), highlighting 
the lack of consensus on this subject.

Figure 1.  Rod length effect for a safety hammer with two-turn slip 
rope. Adapted from Schmertmann & Palacios (1979).

Table 4. Rod-length correction factors from the literature.

Reference Rod Length (m)
< 3 3 to 4 4 to 6 6 to 10 > 10

Seed et al. (1985) 0.75 1 1 1 1
Skempton (1986) - 0.75 0.85 0.95 1

ASTM D4633 (ASTM, 1986) 0.69 0.69-0.76 0.76-0.89 0.89-0.98 0.98-1.00
Clayton (1990) 0.62 0.62-0.74 0.74-0.88 0.88-0.98 0.98-1.00

Morgano & Liang (1992) 0.86 0.86-0.90 0.90-0.96 0.96-0.99 1
Youd et al. (2001) 0.75 0.8 0.85 0.95 1

ISO 22475-3 (ISO, 2005) - 0.75 0.85 0.95 1
ASTM D4633 (ASTM, 2016) 1 1 1 1 1

Adapted from Daniel et al. (2005), and updated by the authors.
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3. Materials and methods

3.1 The equipment

This study utilized a Brazilian-manufactured mechanized 
SPT rig. The equipment features rubber caterpillar tracks 
and four hydraulic leveling pads. The SPT was performed 
using a 65 kg automatically released donut shape hammer. 
The hammer’s enlarged top diameter allows it to be engaged 
by a wedge fixed to a hydraulically powered rotating chain. 
Once the hammer has been raised to 750 mm, the wedge 
releases it; it then free-falls along the guide rod (Figure 5). 
Rotary drilling is carried out with water circulation, and the 
borehole is cased with HW steel tubes.

Although lifting and releasing are automated, the 
hammer guide structure is hydraulically lowered after each 
blow, while the rotating chain lift mechanism simultaneously 
raises the hammer to the fixed 750 mm release point. This 
synchronized operation tries to restore the drop height without 
interrupting the cycle. For each blow, both the drop height 
and the blow-to-blow interval were recorded. Consequently, 
while the human factor is significantly reduced, it is not 
entirely eliminated from the SPT process.

Figure 6 shows the split anvil assembly, comprising an 
11.7 kg upper part and a 3.2 kg lower part. The upper part 
is permanently fixed to the hammer guide and is secured 
within the rig tower by its shoulders (see Figure 5). The lower 
part is threaded onto the top drill rod. During testing, these 
parts mate via a concentric male–female interface, resting in 

Figure 2.  Force and velocity vs. time. Rod length = 2.39 m, N ≅ 2, sandy clay with gravel. Adapted from Cavalcante (2002), Cavalcante et al. 
(2004, 2011) and Danziger et al. (2006).

Figure 3.  Energy and displacement vs. time. Rod length = 2.39 m, N ≅ 2, sandy clay with gravel. Adapted from Cavalcante (2002), 
Cavalcante et al. (2004, 2011) and Danziger et al. (2006).
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contact without fastening to form a single anvil for impact 
transmission. All tests employed AW rods and a standard 
Raymond-type split spoon sampler (51 mm outside diameter).

The equipment used in this study was manufactured 
prior to the publication of the updated Brazilian standard 
NBR 6484 (ABNT, 2020a). Consequently, its anvil mass 
and blow rate do not comply with the specifications of this 
subsequent standard.

3.2 The instrumentation

The energy immediately below the anvil was measured 
in a 50-cm-long instrumented rod equipped with strain gauges 
and accelerometers (5,000 g capacity). Data acquisition was 
performed with an SPT Analyzer at a sampling rate of 10 
kHz. The instrumentation was calibrated in the laboratory 
prior to the field campaign. In addition to this widely used 
monitoring system, an independent setup was developed to 
track the displacements of the hammer and the top of the 
rod stem. Two linear potentiometers were mounted between 
a fixed frame on the rig and, respectively, the hammer and 
the upper rod. This system records signals for over 102 ms – 
exceeding the SPT Analyzer’s acquisition window. Figure 7 
illustrates the instrumentation used during a test, which records 
hammer and rod positions over time at 50,000 samples/s.

4. Tests performed and energy measurements

A geotechnical site investigation was conducted for 
the design of a harbor expansion in Paraná State, Brazil. 
The campaign included SPT and CPT, advancing to depths 
of 10 m and 16 m, respectively. Soil samples were retrieved 
from SPT at six depths for laboratory classification. 

Figure 4.  Energy ratio vs. rod length. Adapted from Cavalcante 
(2002), Cavalcante et al. (2004, 2011) and Danziger et al. (2006).

Figure 5.  Hammer lifting-releasing system.

Figure 6.  Two-part anvil assembly.
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The grain size analysis indicates that the soil profile to a 
depth of 10 m is predominantly composed of sand and gravel, 
with minor amounts of silt and clay. The SPTs in this study 
were performed at specific depths rather than at the standard 
1-m intervals used in Brazilian practice, to accommodate 
the instrumentation setup for measuring energy transfer 

and hammer-rod displacements. A total of 92 blows from 9 
tests (depths) were monitored with the SPT Analyzer, while 
hammer and rod displacements were specifically measured 
for 31 blows in 4 of these tests.

Displacement–time records enable estimation of drop 
height and impact velocity. For each blow, the drop height 
equals the difference between the peak position and the 
position at impact. In the present study, impact velocity 
is computed by differentiating a smoothed displacement 
time-history curve and reading the value at impact.

This technique aligns with the methodology employed 
by Cavalcante  et  al. (2011) and Santana  et  al. (2013, 
2014) in tests using a pin-weight hammer (hand lifted 
and released) system. In those studies, data acquisition 
relied on a high-speed camera, with results interpreted by 
analyzing the video frames. The underlying principle for 
determining impact velocity – differentiating the displacement 
time-history – is consistent with approaches reported in the 
literature (e.g., Cavalcante et al., 2011; Santana et al., 2013, 
2014; Luza  et  al., 2024). While earlier studies obtained 
displacement data via high-speed video analysis, the present 
study uses potentiometers. To model the hammer displacement 
time-history, Cavalcante et al. (2011) approximated the drop 
curve with a fourth-degree polynomial function, whereas 
Santana et al. (2013, 2014) and Luza et al. (2024) found a 
second-degree function to be adequate.

In this study, the instrumentation collected approximately 
4,000 samples per blow of the hammer motion, yielding a 
substantially higher displacement–time resolution than in 
the previously cited studies. Figure 8a presents the complete 
hammer displacement–time record, from which a drop height 
of 75.3 cm was measured. The figure also shows the first 
hammer–anvil impact and the final penetration, represented at 
the end of the curve by a displacement of 5.97 cm. Figure 8b 
provides a zoom-in view around the impact event. It can Figure 7.  Potentiometer instrumentation setup.

Figure 8.  Hammer displacement–time record for the fourth blow at 2.3 m nominal depth (4.3 m long rod length) (a) full trace; 
(b) magnified view of the impact.
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be observed that, for a short time interval of 1.71 ms, the 
hammer exhibits no measurable displacement; this interval is 
consistent with the theoretical value of 1.72 ms (corresponding 
to 2L/c) for a rod length of 4.3 m.

The mean values of the measured and calculated 
parameters at each depth are included in Table 5. Energy 
just below the anvil (Ei) has been computed by Equation 3. 
Potential (Ep) and kinetic energy (Ek) have been computed 
according to Equations 11 and 12, respectively.

p mE m g h= ⋅ ⋅  	 (11)

2

2
imp

k
m v

E
⋅

=  	 (12)

where m is the hammer mass, 65 kg, g is the gravitational 
acceleration, assumed as 9.81 m/s2, hm is the measured hammer 
drop height and vimp is the measured impact velocity of the 
hammer. These last two values have been computed for each 
individual blow and the mean values are also presented in Table 5.

Table  5 presents the efficiency factors computed 
from Equations 6 to 10 for tests in which displacement 
measurements have been carried out. Because the measured 
energy Ei is influenced by both the anvil and the rod length, 
e2 and e3 cannot be separated directly from the data. Instead, 
their product e2.e3 was evaluated using Equation 8. The total 
efficiency was obtained from Equation 9 when the nominal 
potential energy was adopted, and from Equation 10 when 
the measured potential energy was used.

Figure  9 shows typical time histories of force and 
velocity for blow 2 at a nominal depth of 2.3 m (4.3-m rod 
stem). The same figure also presents the impact energy Ei at 
the rod stem, computed with the EFV method (Equation 3). 
The force and velocity traces highlight a dominant first impact 
followed by smaller secondary impacts that contribute little 
to the peak EFV energy. The EFV curve rises rapidly to 
about 250 J, indicating that, in this case, most of the energy 
is delivered during the initial contact.

5. Discussion

5.1 Drop height

Variability in drop height is a major drawback of 
the manually operated pin-weight hammer SPT system. 
A comprehensive study on this issue was conducted by 
Santana  et  al. (2014), who measured drop height in two 
deployments; data from one of them are reproduced in 
Figure 10, where a pronounced scatter is evident.

A different pattern was reported by Cavalcante et al. 
(2011), who measured drop heights within a much narrower 
range. In their tests, conducted by a very experienced operator, 
the mean drop height was 79 cm with a standard deviation 
of only 3 cm. The contrasting scatter observed in these SPT 
campaigns clearly shows how strongly drop height depends 
on the operator’s experience and care, which in turn controls 
the variability of the energy delivered to the rod stem and, 
consequently, of the resulting N-values.

For comparison, Figure 10 includes the drop height 
measurements for the mechanized system, and Figure 11 
presents the complete data set. In this case, all recorded drop 
heights lie between 74 cm and 78 cm.

Lukiantchuki (2012) and Lukiantchuki et al. (2017) 
monitored energy delivered by two different equipment 
setups: a hand-lifted and released pin-weight hammer and 
an automatic trip hammer. Although drop height was not 
monitored in their study (the authors reported that it was 
strictly controlled), the results indicated broadly similar 
performance for the two systems. The coefficient of variation 
of the energy ratio (ER = Ei/E*, Equation 9) was slightly 
higher for the manual system – 5.4% and 4.6% at the two 
sites – than for the automatic trip hammer, which yielded 
5.2% and 3.7%, respectively. The corresponding energy ratio 
ranges for these tests are presented in Table 3.

Analysis of the 31 blows monitored revealed a very 
consistent mean drop height of 75.8 cm (SD = 1.0 cm; 
CV = 1.3%). This low scatter leads to a calculated mean potential 
energy that closely matches the nominal value of 478.24 J. 

Table 5. Mean Measured and Calculated Quantities by Depth.
Nominal depth 

(m)
Rod lenght 

(m) Blows
hm vimp Ep Ek Ei e1 e1* e2.e3 e1*.e2.e3 e1.e2.e3

(mm) (m/s) (J) (J) (J) Ek /E* Ek /Ep Ei /Ek Ei /Ep Ei /E*
2.3 4.3 9 748 3.71 477.1 447.2 271.1 0.94 0.94 0.61 0.57 0.57
3.1 5.3 12 764 3.76 487.3 459.7 298.2 0.96 0.94 0.65 0.61 0.62
4.0 6.3 16 - - - - 311.2 - - - - 0.65
5.5 7.3 6 752 3.72 479.6 449.5 321.7 0.94 0.94 0.73 0.67 0.67
6.3 8.3 4 772 3.65 492.1 432.4 326.8 0.90 0.87 0.80 0.66 0.68
7.8 9.3 5 - - - - 318.8 - - - - 0.67
9.0 11.3 5 - - - - 319.6 - - - - 0.67
10.0 12.3 35 - - - - 347.4 - - - - 0.73

Legend: see List of symbols and abbreviations.
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Although the overall standard deviation lies within the ABNT 
(2020a) tolerance criteria (±1.5 cm, see Table 1), Figure 11 
shows that a few individual measurements exceeded this limit.

During the initial tests with the mechanized SPT 
equipment, it became clear that the hammer blow rate 
(lifting-release frequency) influenced the drop height, as 
also reported by other authors (e.g., Kovacs, 1979; Farrar & 
Chitwood, 1999). Field observations indicated that, for the 
equipment used in this study, a blow rate of about 8 blows 
per minute was required to maintain a drop height of 75 cm.

Figure 12 shows the relationship between drop height 
and blow rate. Drop height was measured by the hammer 
potentiometer, and blow rate was determined from the 
timestamps recorded by the SPT Analyzer. For context, 
data from Borros AB (Kovacs, 1979) and CME (Farrar & 
Chitwood, 1999) automatic hammers are also included. All 
data sets consistently show a trend of increasing drop height 
with increasing blow rate. Although the blow rate remained 
within a narrow measured range, the data still show an increase 
in drop height with blow rate (Figure 12), consistent with 
prior reports for automatic systems. Therefore, controlling 
the blow rate is essential for reliable SPT results, even when 
using automated systems.

Figure 9.  SPT Analyzer monitoring: (a) Force, and velocity vs. time; (b) Energy time-history measured just below the anvil (blow 2, 
2.3 m depth, 4.3 m long rod stem).

Figure 10.  Hammer drop height measured in SPT. Adapted from 
Santana et al. (2014).
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5.2 Impact velocity

The mean measured hammer impact velocity was 
3.73 m/s, representing a slight reduction of only 2.8% relative 
to the theoretical free-fall velocity (3.84 m/s) for a drop 
height of 75 cm. This minor loss indicates that friction in 
the mechanized release system was relatively limited under 
the test conditions. The mean impact velocities obtained 
at each depth from the potentiometer measurements are 
summarized in Table 5.

The efficiency factor *
1e , which relates the kinetic 

energy at impact to the corresponding potential energy 
(Equation 7), was evaluated and is reported in Table 6. For 
comparison, Table 6 also includes data from Cavalcante et al. 
(2011) and Santana et al. (2014) for pin-weight hand-lifted 
systems. In the present study, *

1e  ranges from 0.87 to 0.99, 
with a mean value of 0.94. These values are close to those 
reported by Santana et al. (2014) and are higher than those 
measured by Cavalcante et al. (2011).

When the nominal potential energy is considered, the 
resulting energy ratio e1 ranges from 0.90 to 1.00, with a 
mean value of 0.95.

5.3 Energy measured vs. rod length (depth)

The measured energies (Ei, EK and EP) and the energy 
ratio ER, as functions of rod length, are shown in Figure 13. 
The potential and kinetic energies exhibit low variability, 
with coefficients of variation of 1.3% for EP and 2.2% for 
EK, consistent with the nearly constant input energy expected 
from an automated system. In contrast, Ei shows a clear 
increasing trend with rod length up to 7.3 m. Expressed in 
non-dimensional form, the energy ratio ER ranges from 0.51 
(4.3-m rod length) to 0.76 (12.3-m rod length), with an overall 
mean of 0.67 (67%); for the shortest rods, this means that 
the energy delivered to the rod stem can be roughly half of 
the nominal potential energy.

This range is lower than the typical energy-ratio 
interval of 71–91% previously reported in Brazilian studies 
for hand-lifted and released pin-weight hammers (Table 3). 
Consequently, for comparable soil conditions, the mechanized 
equipment investigated in this study is expected to produce 
higher N-values than traditional hand-lifted pin-weight 
hammers. If the analysis is restricted to tests with rod lengths 
greater than 7.3 m (where rod-length effects are expected to 
be negligible), the mean energy ratio is 71% when calculated 
from the entire data set. The average of the mean values 
across all individual tests in this range is 69%.

Figure 11.  Measured drop height.

Figure 12.  Influence of blow rate on hammer drop height.

Table 6. Efficiency factor *
1e .

Reference Minimum Mean Maximum
Present study 0.87 0.94 0.99

Santana et al. (2014) 0.86 0.92 0.99
Cavalcante et al. (2011) 0.68 0.70 0.72
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This systematic increase of energy with rod length 
appears to be a system-dependent feature of this particular 
mechanized SPT system. This underscores the need to 
measure the delivered energy for each system and to issue a 
certificate, as required by ISO (2005) and ABNT (2020b). It 
also highlights the value of profiling energy with depth when 
shallow-depth N-values are of particular interest.

5.4 Energy losses in the anvil

The energy Ei measured just below the anvil already 
accounts for the losses associated with the anvil (e2) and with 
rod-length effects (e3). Therefore, these two factors cannot be 
separated directly from the measurements. To do so, it is assumed 
that e2 is independent of rod length. In addition, the measured 
values indicate that, for rod lengths equal to or greater than 
7.3 m (Table 5), the length-effect factor can be taken as e3 = 1, 
i.e., no significant rod-length effect is observed in this range. 
Kinetic energy was measured at four depths, corresponding 
to rod lengths of 4.3, 5.3, 7.3 and 8.3 m. Since rod-length 
effects are considered negligible around 7.3 m and 8.3 m 
rods (e3 = 1), these two cases can be used to back-calculate 

e2 (see Equation 9). For the 7.3 m rod, e1 = 0.94, e3 = 1.0 
and e1.e2.e3 = 0.67, which gives e2 = 0.71. For the 8.3 m rod, 
e1 = 0.90, e3 = 1.0 and e1.e2.e3 = 0.68, which gives e2 = 0.76.

These values are lower than those reported for previous 
Brazilian experience, corresponding to lighter anvils (Décourt, 
1989; Cavalcante et al., 2011; Santana et al., 2014), and lie 
near the upper bound suggested by Skempton (1986), as 
indicated in Figure 14.

5.5 Secondary impacts

Because previous studies have shown that secondary 
impacts can deliver additional energy to make the energy ratio 
effectively depth-independent (e3≈1) (e.g., Srithar & Ervin, 
2001; Cavalcante, 2002; Odebrecht, 2003; Cavalcante et al., 
2004, 2011; Daniel  et  al., 2005; Odebrecht  et  al., 2005; 
Lukiantchuki et al., 2017), the role of secondary impacts 
was examined for the mechanized system tested in this study. 
Independent measurement of hammer and rod displacements 
is particularly useful for this analysis. Figures 15 and 16, for 
rod lengths of 4.3 m and 7.3 m, respectively, illustrate the 
contribution of secondary impacts.

Figure 13.  Measured energies and energy ratio: (a) Energies Ei, Ek, EP; (b) Energy ratio ER vs. rod length.
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Figure 15.  Secondary impact time-history: (a) force, velocity*Z and displacement (hammer and rods); (b) energy and displacement 
(hammer and rods). Rod length = 4.3 m, N ≅ 4.

Figure 14.  Efficiency factor e2 as a function of anvil mass. Adapted from Décourt (1989), Cavalcante et al. (2011) and Santana et al. (2014).
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Independent measurements of hammer and rod displacements 
make it possible to identify two distinct hammer-rod contact 
events, regardless of rod length. These events are marked 
by the vertically dashed lines in Figures 15 and 16. The first 
impact is defined by a sudden increase in force at the rod 
(assumed greater than 1kN). The second impact is defined 
as the instant when the hammer and rod displacement time 
histories meet again after the first impact, i.e., when the 
hammer, having temporarily separated from the rod, catches 
up and recontacts it. As the rod length increases, the time 
interval between these two impacts increases, as expected 
from one-dimensional wave-propagation theory.

For the mechanized system herein studied, the hammer–rod 
contact history consistently exhibited two contacts per blow, 
but the second impact contributes negligible additional energy 
to the rods in the cases examined (Figures 15 and 16). In all 
blows analyzed, the EFV energy curve rises rapidly during 
the first impact and shows only a small increase associated 
with the second contact. This behavior contrasts with several 
studies on hand-lifted or safety hammers, where secondary 
impacts have been shown to transfer a significant portion of 
the energy and to produce nearly depth-independent energy 
ratios (e3 = 1) (e.g., Srithar & Ervin, 2001; Cavalcante, 2002; 

Odebrecht, 2003; Cavalcante et al., 2004, 2011; Daniel et al., 
2005; Odebrecht et al., 2005; Lukiantchuki et al., 2017; see also 
Figures 2 and 3). In the present mechanized system, secondary 
impact primarily increases the permanent displacement, as 
shown in Figures 15 and 16 by comparing the displacement 
at the second impact with the final displacement.

These observations reinforce that rod length effects 
and the role of secondary impacts can be system-dependent. 
Consistent with this view, Daniel et al. (2005) and Cetin et al. 
(2023) showed that short-rod correction factors are not universal, 
but may vary with rod length, N-value, and hammer-anvil 
configuration. In addition, our findings agree qualitatively 
with the detailed hammer-anvil motion studies of Lee et al. 
(2010, 2014). Using high-speed imaging and an instrumented 
rod to measure force and velocity, they demonstrated that the 
contribution of secondary impacts to both transferred energy 
and sampler penetration depends on the N-value and rod length 
and can be limited for certain equipment configurations.

6. Summary, conclusions and further remarks

Energy measurements were conducted during SPTs 
performed with a mechanized SPT equipment and AW rods, as 

Figure 16.  Secondary impact time-history: (a) force, velocity*Z and displacement (hammer and rods); (b) energy and displacement 
(hammer and rods). Rod length = 7.3 m, N ≅ 4.
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part of soil investigations for Paranaguá harbor, Paraná state, 
Brazil. The average energy ratio across all measured blows 
was 67%. When only rods longer than 7.3 m were considered, 
the average energy ratio increased to 71%. The energy ratio 
was found to vary with depth, unlike previous experience, 
which is attributed to the small influence of secondary impacts 
within the same blow on the energy transferred to the rod 
stem. Further research is needed on this particular issue, which 
remains controversial in international standards.

If the average energy ratio for the Brazilian hand-lifted 
and released equipment is in the range 72–84%, the N-value 
obtained with the mechanized system evaluated in this 
study is greater than that obtained with the hand-lifted and 
released equipment. In other words, using the N-value from 
this specific mechanized equipment, herein studied without 
proper consideration of the energy ratio, would lead to a 
foundation design on the unsafe side in the context of Brazilian 
engineering practice. This observation holds not only to the 
average energy ratio but also to cases where the energy ratio 
varies with depth. It is important to emphasize, however, that 
this conclusion applies only to the equipment tested herein, 
since other mechanized SPT systems reported in the literature 
have shown higher efficiencies, in the range of 80–90%.

The independent measurement of displacement of 
hammer and rod stem allowed the assessment of the efficiency 
factors e1, in the range 0.90-0.96 and e2, in the range 0.71-0.76.

A very small scatter for the drop height was obtained, 
provided that the blow rate was in the range of 8 blows/
minute. As observed with other equipment, higher blow 
rates were associated with greater drop heights. This implies 
that, even for mechanized equipment, monitoring the blow 
rate to maintain the correct drop height remains necessary.
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List of symbols and abbreviations  

e1	 Efficiency factor related to losses on hammer fall  
	 (based on nominal fall height)
e*1	 Efficiency factor related to losses on hammer fall  
	 (based on measured fall height)
e2	 Efficiency factor ratio related to anvil energy losses
e3	 Efficiency factor ratio related to rod lengths
g	 Gravitational acceleration
hm	 Measured drop height of the hammer
m	 Mass of the hammer
t	 Elapsed time since hammer release
v	 Particle velocity on the instrumented rod, evaluated  
	 by acceleration signal
vimp	 Hammer impact velocity
AW	 Rod stem (parallel-thread): 44.45 mm outside  
	 diameter; 7.6 cm2 steel cross-section
CME	 Central Mine Equipment
CPT	 Cone penetration test
CV	 Coefficient of variation
EF2	 Energy on rod stem computed by recording force  
	 integration alone until F = 0
EFV	 Energy on rod stem computed with force and velocity  
	 at the instrumented rod section
Ei	 Energy reaching the rod stem
E*	 Nominal potential energy (also called theoretical  
	 potential energy)
Ek	 Hammer kinetic energy just before impact
Ep	 Hammer potential energy from measured drop height
ER	 Energy ratio
F	 Measured force at the instrumented rod section
HW	 Rod stem with 101 mm internal diameter used to  
	 case the drilling hole
N	 Blow count
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N60	 Corrected blow count for a 60% efficiency
R2	 Coefficient of determination
SD	 Standard deviation
SPT	 Standard Penetration Test
Z	 impedance
ηl	 Efficiency factor related to rod lengths
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