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Abstract 
Measurement of p- and s-wave velocity in material using 
ultrasonics 

The velocities of propagating elastic waves can be used to determine the amount of 
damage in form of induced microcracks in rock materials and other materials. An 
increasing number of microcracks yields lower propagation velocities. To assess the 
damage, e.g. around tunnels caused by the excavation, is of interest since the damage 
affects the material properties, such as mechanical and thermal properties and 
permeability. 

A new ultrasonic testing system ULT-100 from GCTS (Geotechnical Consulting and 
Testing Systems), aimed for measurement of p- and s-wave velocities, was evaluated. 
Reference cylindrical specimens in aluminium with different sizes were manufactured 
and a series of tests were conducted in order to find suitable wave arrival picking 
methods and to determine equipment specific constants which are needed to be 
determined. The procedure to do this was according to an ASTM standard. 

Expanded measurement uncertainties for the wave velocity measurements were 
calculated according to Guide to the Expression of Uncertainty in Measurement 
(GUM). 

Equipment such as sensor holders and fixtures were manufactured in order to be able 
to conduct repeatable measurement on specimens. One test rig was made to carry out 
tests on nearly unloaded specimens in one direction and another was made for tests on 
axially loaded cylinders in a standard load frame with measurements in the axial plus 
two lateral directions. 

A Round Robin test was carried out on the three different types of testing equipment, 
one at SP, one at Swedish Cement and Concrete Research Institute (CBI), and one at 
Finnish Geological Survey (GTK) in Finland to evaluate the measurement results on p-
wave velocity measurements. The results of the measurements were mainly in line with 
the calculated measurement uncertainties. 

The report is directed to persons working with wave velocity measurements using 
ultrasonics with particular interest of quality assurance of the measurements, which 
includes calibration, validation and uncertainty estimation. 

Key words: wave velocity, p-wave, s-wave, ultrasonic, piezoelectric, laboratory 
experiment 
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Preface 
This work was mainly conducted at SP Technical Research Institute of Sweden during 
February 2015 to March 2016 with the aim to develop and evaluate a new testing 
system able to measure the wave velocities in cylindrical specimens in three orthogonal 
directions using ultrasonics. A new equipment, GCTS ULT-100 designed for ultrasonic 
wave velocity measurements, were used in the test set-up. A part of the work comprised 
to learn and evaluate the ultrasonic equipment including a calibration to determine 
system constants. The calibration work and method development leading to verified 
measurement procedures are parts of the quality assurance work that is described in 
SPs quality system SP QD and complies with EN ISO/IEC 17025:2005 which describes 
quality management for testing laboratories. 

The report is directed to persons working with wave velocity measurements particularly 
in rock and also concrete using ultrasonics with particular interest of quality assurance 
of the measurements, which includes calibration, validation and uncertainty 
estimation. 

SP and CBI are, since the work was carried out, part of RISE Research Institutes of 
Sweden. References to SP and CBI are kept in the report. 
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Summary 
The velocities of propagating elastic waves can be used to determine e.g. the amount of 
damage in form of induced microcracks in rock materials and other materials. An 
increasing number of microcracks yields lower wave velocities. To assess the damage in 
rock materials is of interest since the damage affects the material properties, such as 
mechanical and thermal properties and permeability. An example of an application is 
to assess the induced damage in a rock tunnel wall caused by the excavation. 

The aim was to describe, evaluate and validate a test set-up able to measure p- and s-
wave velocities in cylindrical specimens in three orthogonal directions, axial plus two 
lateral, at different axial compressive loads. The results and documentation of the work 
are intended to serve as a basis for developing method descriptions for calibration, 
measurements and uncertainty estimations, which are parts of a quality system for a 
laboratory measurement method according to EN ISO/IEC 17025:2005 (CEN 2005). 

A new ultrasonic testing system ULT-100 from GCTS (Geotechnical Consulting and 
Testing Systems), aimed for measurement of p- and s-wave velocities, was evaluated. 
Reference cylindrical specimens in aluminium with different sizes were manufactured 
and a series of tests were conducted in order to find suitable wave arrival picking 
methods and to determine equipment specific constants which are needed to be 
determined. The procedure to do this was according to an ASTM standard.  

There are geometrical requirements on the smallest lateral dimension in the specimen 
in relation to the wave length given in the standards for rock, natural stone and 
concrete for ultrasonic measurement of wave velocity in order to get a spherical 
propagation in the axial direction which is main propagation direction in this case. This 
is obtained if there is no interference with the lateral boundaries perpendicular to the 
axial direction which affects the spherical wave propagation. The specimens used in the 
calibration did not fulfil the requirement on the smallest lateral dimension according to 
the standards for rock material, but was fulfilled according to the standards for natural 
stone and concrete. Even though the requirements were not fulfilled according to the 
standards for rock, the measured results seemed correct. 

Equipment such as sensor holders and fixtures were manufactured in order to be able 
to conduct repeatable measurement on specimens. One test rig was made to carry out 
tests on nearly unloaded specimens in one direction and another was made for tests on 
axially loaded cylinders in a standard load frame with measurements in the axial plus 
two lateral directions. 

A crucial part of the measurements is good wave transmission. Some different coupling 
media were tested and the coupling medium that was specially made for s-wave velocity 
measurements using ultrasonics was superior as compared to the others that were 
tested. This was especially important for the s-wave velocity measurements. 

The determination of the time for the wave arrival is important for the measurement 
accuracy. This was difficult in some cases due to weak signals and several arriving 
waves close to each other for certain specimen lengths. Attempts to develop an 
automatic or semi-automatic wave arrival picking routine were made. The problem 
with such a routine is to first identify the correct wave and then accurately detect at 
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which time the wave arrives. To have success with this is heavily dependent on the 
signal strength and quality. Further work is needed for development of such routines. 
The arrival times of the waves were manually picked in order to have best possible 
precision and as good data as possible for the calibration. 

Expanded measurement uncertainties for the wave velocity measurements were 
calculated according to Guide to the Expression of Uncertainty in Measurement 
(GUM), JCGM (2008), for a number of cases.  

A Round Robin test was carried out on three different types of testing equipment, one 
at SP one at CBI and one at Finnish Geological Survey (GTK) in Finland, to evaluate the 
measurement results on p-wave velocity measurements. The results of the 
measurements were mainly in line with the calculated measurement uncertainties. 

A series of tests were carried out using the equipment Proceq Pundit Lab plus which 
belongs to CBI. Measurements were carried out on the manufactured reference 
specimens using the probes that belong to the system. Tests were also carried out using 
the two types of sensors that belongs to the GCTS ULT-100 system for comparison. The 
results were basically similar to the measurements carried out using the ULT-100 
system.  

Different coaxial cable types for the ultrasonic signals were tested. Tests were carried 
out both with the ULT-100 system and with the Proceq system, where exactly the same 
set-up was used, but only changing cable type. Cables delivered with the ULT-100 
system respective the Proceq system were used. The tests were carried out on different 
specimens. It could be seen that there was a difference in signal levels. The cables 
belonging to the Proceq system yielded higher signal and is likely better for this type of 
measurements. 

A measurement of the p-wave velocity was also made on the reference specimens using 
an ultrasonic based acoustic emission system which also has piezoelectric sensors. The 
automatic sensor test was used to generate and detect the waves. The results were in 
agreement with other measurements. 

Finally, some recommendations for future work were provided based on the findings in 
this report. 
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1 Introduction 
Microcracks in materials can be viewed as a damage, which affects the material 
properties. In rock materials, microcracks are already present in the rock mass, but can 
additionally also be generated by various actions, for example, by sampling, heating or 
mechanical loading. A commonly encountered engineering situation is damage 
generation in the tunnel wall due to the excavation, also called excavation disturbed 
zone. 

The amount of microcracks (damage) in rock materials can be assessed by measuring 
the wave velocity, since the wave velocity decreases with increasing amount of 
microcracks. This type of relation between damage and wave velocities can also be 
found for other materials. 

The main purpose with this report is to describe, evaluate and validate a new test set-up 
that was developed aimed for measuring the wave velocities in cylindrical rock core 
specimens in three orthogonal directions using ultrasonics. The equipment can be used 
to measure the wave velocities in other materials as well. In addition, a brief 
introduction to ultrasonic wave velocity measurements with some theory of elastic 
waves is given along with a review of relevant standards concerning wave velocity 
measurements in rock and concrete specimens. A small Round Robin test was 
conducted as part of the validation and the results from that study are also contained in 
this report. The results and knowledge about ultrasonic measurements of wave 
velocities emerging from this report are intended to serve as a basis for developing 
method descriptions for calibration, measurements and uncertainty estimations, which 
are parts of a quality system belonging to a laboratory measurement method according 
to EN ISO/IEC 17025:2005 (CEN 2005). 

Wave velocity measurements on cylindrical aluminium cylinders acting as reference 
and calibration specimens are investigated in this report. Test set-ups where p- and s-
wave velocity measurements can be conducted on cylindrical specimens both in the 
axial direction and in two lateral directions at different pre-loads are investigated in 
order to determine the sensitivity and accuracy of the measurement results. The 
equipment used in the measurements of force, length and mass was calibrated 
according to SPs quality system SP QD which complies with the EN ISO/IEC 
17025:2005 (CEN 2005) which describes quality management for testing laboratories. 

1.1 Elastic waves in solids 
The equations for dynamic equilibrium are 

∙ 	  (1) 

where  is the nabla operator, (∙) is the vector product,  is the stress tensor, 	is the 
body force vector,  is the density and  is the displacement vector. By assuming linear 
isotropic elasticity and small strain definition it is possible to derive expressions for 
propagating waves in a solid called body waves, see text books in continuum mechanics 
for details. There are two types of elastic body waves, dilational compressional wave 
and isovoluminous shear wave that can propagate through a solid. In seismology the 
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compressional wave is called primary wave or p-wave and the shear wave is called the 
secondary wave or s-wave, since the p-wave is the first wave to be observed in the 
event of an earthquake. It can be shown that there is a relation between the velocities 
for the p-wave (vp) and s-wave (vs), the elasticity constants and the density 

4 /3 / 			and			 /  (2) 

where K and G are the bulk and shear moduli. The velocity of the p-wave is 
approximately twice as the velocity for the s-wave for common metallic, plastic and 
geological materials. For harmonic waves, there is a relation between wave length λ, 
wave velocity v, and frequency f given as 

/  (3) 

An illustration of propagating body waves is found in Figure 1. The apparent wave 
velocity will be changed if there will be influence of the boundaries of the body. The 
waves will reflect when they arrive to a material surface. In some cases, the waves will 
also transmit to some degree to the surrounding medium or material.  

Besides body waves, propagating surface waves can be generated, see Figure 1. We are 
not considering surface waves, nor bending or torsional waves here. It can be realized 
that the situation becomes more complicated rather quickly when geometry and 
reflecting waves are considered. For example, there will be a mode conversion of the 
waves between p-, s- and also surface waves when they reflect on a material surface.  

Waves propagating through a material are attenuated by several reasons. The 
amplitude of spherical body waves (p+s-waves) decays proportionally to 1/r and the 
energy intensity by 1/r2 where r is the radius from the centre to the wave front. This is 
due to the wave front extension. This phenomenon is not occurring for planar or 
surface waves. In addition, the interaction with a medium will cause a further 
 

 

Figure 1 Illustration of propagating body waves (left) and surface waves (right). (From 
Encyclopædia Britannica, 2017) 
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surface waves. In addition, the interaction with a medium will cause a further 

attenuation of the wave caused by the material itself according to the law e , where x 
is the distance that the wave has passed in the medium and δ is the damping 
coefficient. The material damping can be divided into absorption and dissipation. 
Absorption is e.g. elastic energy that is transferred to thermal energy. Dissipation is 
caused by medium heterogeneities, e.g. pores, cracks, grains and is large when the sizes 
of the heterogeneities are commensurable with the wave length. A further description 
of the damping mechanisms is found in Nazarchuck et al (2017). 

Finally, we make a short note on ultrasonic waves in anisotropic materials. It is 
common to describe anisotropic materials using an orthotropic or transversely 
isotropic material model. The derivation of body wave velocities for these cases is 
shown in e.g. Yin (1982). A common situation for rock materials is that they are layered 
or foliated and described by a transversely isotropic material model. This results in two 
p- and two s-wave velocities in the characteristic material directions, i.e. along and 
across the isotropy planes. 

1.2 Wave velocity measurements using 

ultrasonics 

1.2.1 Test set-up and sensor arrangement 

The velocity of an elastic body wave propagating in a material can be measured using 
ultrasonics. There are two main alternatives to do the measurements (1) by a reflecting 
wave and (2) by a through-transmission wave, see Figure 2.  

In the case with a reflecting wave, a piezoelectric transducer, which can both transmit 
and receive an elastic wave, is placed on the material surface. An electric pulse is 
exciting the piezoelectric crystal which generates an elastic wave. The elastic wave 
travels across the material and reflects on the other side and travels back to the 
 

 

Figure 2 Left: Measurement using reflecting wave; Right: Measurement using through-
transmission wave. (S = sender probe, R = receiver probe) 
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receiver. The wave velocity is then given as double material thickness divided by the 
time for the wave to travel back and forth. 

In the other case with a through-transmission wave, two transducer probes are used, 
one sender and one receiver. The sender probe is placed on the material surface and the 
receiver probe is placed on the opposite side of the material. An electric pule is exciting 
the piezoelectric crystal on the sender probe which generates an elastic wave. The 
elastic wave travels across the material thickness and is picked up by the receiver probe. 
The wave velocity is obtained as the travel distance (material thickness) divided by the 
travel time for the wave. The probes are normally designed such that they excite or 
sense either a p- or an s-wave. However, in reality they do not excite a pure p-, or s-
wave which implies that other waves are also generated, but with a weaker strength. 
The probes for the s-wave are directionally sensitive according to the crystal 
orientation. 

The travel time recorded by the ultrasonic equipment contains also the travel times 
within the probes and through the interface between the probe and the material 
surface, see Figure 3. The total time between electrical pulse generation and the 
observation in the receiver is denoted 

 (4) 

where  is the total propagation time of the wave outside the specimen and  is the 
propagation time though the specimen. Calibration is needed to determine  for each 
test set-up (e.g. sensor type or use of wave guides) in order to determine the true travel 
time within the material ( ) that is investigated. The velocity is given as 

	  (5) 

where L is the distance that the wave has propagated in the material, in this case the 
material thickness. 

Besides proper piezoelectric transducers and sampling equipment, a good acoustic 
coupling between the transducers and the material surface is crucial for good 
measurement quality. A good coupling is obtained by good contact (smooth planar) 
surfaces, a good coupling medium (Couvreur & Thimus 1996) and a large enough 
contact force. 

 

 

Figure 3 Left: Measurement using reflecting wave; Right: Measurement using through-
transmission wave. 
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The measurements described in this report are based on through-transmission waves. 
The trough-transmission mode is more suitable for measuring wave velocities in 
geological materials (Krautkrämer & Krautkrämer 1990). Measurements of this kind on 
rock material and calibration are described in the standards ASTM (2004), Rummel & 
van Heerden (1978), and Aydin (2014). Closely related to these are the standards for 
determining ultrasonic velocity on natural stone EN 14579:2004 (CEN 2004c) and on 
concrete BS 1881: Part 205 (BS 1986) and EN 12504-4:2004 (CEN 2004b). A list of 
standards related to ultrasonic measurements for various purposes are found in 
Krautkrämer & Krautkrämer (1990). For further reading of ultrasonic measurements 
on materials, see e.g. Krautkrämer & Krautkrämer (1990) and Ensminger & Bond 
(2011). 

It shall be mentioned that there are other proposed through transmission 
arrangements in the standards for rock, natural stone and concrete (Aydin 2014, BS 
1986 and CEN 2004b,c) where there is no direct access to opposite surfaces as shown 
in the right picture in Figure 2. The proposed alternative sensor arrangements are 
shown in Figure 4. These alternatives can be regarded as compromises and yield a less 
accurate value since the true wave path is more difficult determine. The arrangement to 
the left in Figure 4 will excite surface waves to some degree, mainly Rayleigh waves if 
the sensors are of p-wave type. The velocity for the Rayleigh wave vR is approximately 
90% of the shear wave velocity vs, i.e. vR ≈ 0.9 vs. The standard for measurements on 
concrete BS (1986) stresses that the accuracy of the path length measurements should 
be better than ± 1%. It is also stated that unacceptable errors of the path length 
measurements occur if the length is less than 300 mm when the indirect and semi-
direct measurement arrangements according to Figure 4 is used. 

 

 

 

Figure 4 Left: Indirect surface transmission for example suitable when only one side is 
accessible; Right: semi-direct (edge) transmission when a corner is accessible. (Picture from Aydin 
(2014)) 

 

1.2.2 Sensor frequency, exciting pulse, and specimen 

geometry 

Piezo electric sensors (probes) normally consist of a housing body in which the piezo 
electric crystals are mounted. The frequency characteristics of the sensor depend on the 
housing design and the natural resonance frequency of the piezo electric crystal or 
crystals (in case there are more than one crystal in the sensor). The piezo crystals can 
be designed to generate, for example, a longitudinal deformation or a shear 
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deformation when an electric signal (voltage) is applied. The wave length generated by 
a piezoelectric sensor with a natural frequency  is given as 

/  (6) 

where v is the wave velocity in the material.  

As to the choice of transducer frequency it shall be adapted to the application. The 
natural frequency of the transducers should normally be within the range 20 kHz and 
150 kHz according the standards for testing concrete and natural stone (BS 1986, CEN 
2004b,c).  

The three standards note that “High frequency pulses have a well defined onset, but as 
they pass through the concrete/natural stone, they become attenuated more rapidly 
than pulses of lower frequency”. Moreover, the EN standards also suggest that it is 
preferable to use high frequency transducers (60-200 kHz, concrete; 82-200 kHz, 
natural stone) for short path lengths down to 50 mm and low frequency transducers 
(10-40 kHz) for long path lengths up to a maximum of 15 m. The increased attenuation 
is related to the decreasing pulse wave length λ (with increasing frequency) in relation 
to the grain size in rocks and stone and ballast size in concrete. As earlier noted in 
Section 1.1, the damping by dissipation is largest when the wave length is in size of the 
material heterogeneities, in this case grains or ballast. 

There are no explicit recommendations for the choice of sensor frequency with respect 
to the grain or ballast size for test of natural stone or concrete. The ASTM and ISRM 
standards for rock material recommend following relations between pulse wave length 
λ and average grain size dg 

	 			 Rummel	&	van	Heerden	1978 ,			 	 3 			 ASTM	2004  

The pulse transmitting from the sender probe is ideally generated by a square wave 
with a given width in µs and amplitude in Volts (V). The recommendations for the 
equipment generating the pulse, regarding width and amplitude, given in the standards 
are rather general. The pulse generation unit shall be able to generate a variable pulse 
width in the range of 1-10 µs (Rummel & van Heerden 1978 and ASTM 2004) and the 
unit shall have a pulse repetition rate of 10-1000 repetitions per second (Rummel & van 
Heerden 1978) or 20-100 repetitions per second (ASTM 2004). The signal level (in 
Volts) shall be of at least 50 V (ASTM 2004) or be compatible to the transducer used, as 
high as the transducers allow (Rummel & van Heerden 1978). There are no given 
recommendations about the pulse generation equipment in the EN standards for 
ultrasonic testing on natural stone or concrete (CEN 2004b,c). 

There are no recommendations in any of the standards for rock, natural stone or 
concrete about the choice of pulse width for a given sensor. A logical choice would be 
that the pulse width Tpulse is approximately equal to the half of the wave period time T 
in order to have optimal excitation, see Figure 5. As T = 1/f we have  

2
	
1
2

 (7) 
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Figure 5 The blue curve symbolises a wave generated by sensor with 200 kHz sensor 
frequency. The black curve shows an idealized generated square shaped pulse. 

 

This choice of pulse width is recommended by the manufacturer of ultrasonic velocity 
measurement equipment Proceq, see Proceq (2017). It is recommended in the BS 
standard for measurements on concrete (BS 1986) that the rise time of the pulse should 
be < T/4 in order to obtain a sharp pulse onset.  

The ASTM standard and the ISRM standard (Rummel & van Heerden 1978) say that 
the apparatus shall be able to determine transit times with an accuracy of ±1%. The 
ISRM standard (Rummel & van Heerden 1978) has a more relaxed accuracy tolerance 
for the s-wave of ±2%. The standard BS (1986) points out in the same way that the 
equipment should be capable to measure the wave transit time over path lengths 
between 100 mm and 3 m within an accuracy of ±1%. The two EN-standards say that 
the apparatus should be capable measure transit times in the calibration bar to an 
accuracy within ±0.1 µs. 

When it comes to the choice of specimen dimensions it is important that the smallest 
lateral dimension (dimension perpendicular to the wave propagation direction) is 
larger than the wave length of the pulse in order to meet the condition of infinite extent 
(Rummel & van Heerden 1978). This was also pointed out earlier and is a requirement 
to measure the wave speed for a true dilational spherical body wave (p-wave). The 
measured wave velocity will be dependent on the specimen geometry if this condition is 
not met. Moreover, there will be reflecting waves from the cylindrical surface a guided 
longitudinal wave will be excited, which make it difficult to distinguish the body waves 
from a signal that contains several superimposed wave forms. This is especially a 
problem for the detecting slower s-wave. The standards for rock, natural stone and 
concrete give further recommendations about the minimum lateral dimension 
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(diameter for cylindrical specimens). Table 1 shows an overview of all requirements on 
wave length and specimen geometries. 

The most recent ISRM standard (Aydin 2014) shows three different cases of specimen 
geometries, see Figure 6. The middle geometry (block) fulfils the requirement of 
infinite extent for the propagating wave which yields measured values on the true 
dilational compressive body wave. The right case (bar) represents one extreme case 
where planar compressive waves, i.e. all cross section planes remain planar when the 
wave propagates in the bar. This wave type is sometimes called “bar wave”. The left case 
(slab) represents an intermediate case where the wave is propagating in the plane of the 
slab. The actual picture is wrong in the standard. Hence, the geometrical requirements 
for the slab case are inappropriate. For ν = 0.33 we obtain following relation of wave 
speeds for compressional waves: vBar = 0.675vp < vSlab = 0.757 vp < vBlock = vp. 

Lee and Waite (2009) and Lee and Waite (2010) provide thorough investigations of the 
theory and wave propagation experiments on aluminium cylinders on high frequency 
waves, i.e. that the acoustic wave length is small in comparison to the cylinder 
geometry.  

Investigations of waves at low frequency propagating in thin cylinders (bars) yielding 
mainly longitudinal waves were done by e.g. Kolsky (1963) and Graff (1975).  

 

 

Table 1 List of requirements on wave length and specimen geometry for given average grain 
size given in the standards for rock, natural stone and concrete. 

 
ASTM 

ASTM (2004) 

ISRM 
Rummel & van 

Heerden (1978) 
Aydin (2014) 

EN & BS standards 
CEN (2004a) 
CEN (2004b) 

BS (1986) 

Length to minimum 
lateral dimension 

5 

2	 ∗  

1	 †  

Not given 

Diameter to wave 
length 5 10 1 

Wave length to 
average grain size 

3 Not given Not given 

Length to average 
grain size 

10 10 Not given 

 
(*) Recommended by Rummel & van Heerden (1978) to easier distinguish the shear wave arrival 
time. 

(†) Aydin (2014) 
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Figure 6 Three distinct specimen shapes with corresponding limiting dimensions and velocity 
expressions. Note! The left picture of the slab is wrong. The slab should be standing up and the 
propagation shall be in the slab plane perpendicular to the thickness direction. (Picture from Aydin 
(2014)) 

 

THE ILLUSTRATION IS 
WRONG IN THE SLAB 
CASE!  
See comments in the text 
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2 Reference specimens 

2.1 Material 
Two sets of reference specimens were manufactured. The material was aluminium 
EN AW-7075 with temperature treatment T6 according to EN 573-3 (CEN 2004a) and 
EN 755-2 (CEN 2013). The material was manufactured by EURAL Gnutti S.p.A, Italy. A 
data sheet of the material and an inspection sheet for the material batches belonging to 
the two sets are found in Appendix A. The aluminium quality is commonly used for 
aerospace applications and is also used as a material in reference specimens for 
calibration of wave velocity measurements (NDE 2015). Aluminium is a suitable 
material since the elasticity properties is close to common crystalline rock materials, 
such as granite, and it has a minimal variation of the material properties within a 
material batch. 

Extruded aluminium is known to yield an anisotropic material structure (Zing et al. 
2013). An example of this is found in Figure 7. No information was found in the 
literature if the wave velocity is different in the extrusion and transversal directions. 
Data for wave velocities, density and elasticity constants on aluminium 7075-T6 found 
in the literature are shown in Table 2. 

2.2 Specimens 
Three cylinders were manufactured in set 1 from a cylindrical extruded bar with a 
diameter of 70 mm. One cylinder was manufactured in the second set from a cylindrical 
extruded bar with a diameter of 80 mm. 

 

 

 

Figure 7 Tri-planar micrographs of the microstructure of a 25 mm extruded bar of aluminium 
7075-T6. From Xing et al. (2013). 
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The specimens were manufactured by turn in a lathe and the end surfaces were surface 
grinded. The dimensions, diameter d and length L, and mass m were measured on all 
three specimens, see Table 3. The density  was determined from the measurements as 

			with		
4

 (8) 

where V is the volume. The density for the two batches was 2809 kg/m3 respective 
2817 kg/m3.The dimensions were measured using a sliding caliper and the mass using a 
scale, see Table 4. The different measurement equipment are calibrated at given time 
intervals. A picture of the specimens from set 1 is shown in Figure 8. 

 

Table 2 Data for wave velocities and elasticity constants for aluminium 7075-T6 found in the 
literature. 

vp (m/s) vs (m/s) ρ (kg/m3) E (GPa) ν (-) G (GPa) Reference 

6230 3100 2800 71  26.9 Okada et al. (2001),  
Liou et al. (2004), 
Yuan et al. (2009) 

6400  
0.5% 

3130  
0.5% 

    Kinra & Vu (1983) 

6350 3100     Ensminger & Bond (2011) 

  2810 71.7 (*) 0.33  ASM (2017) 

  2810 71.7 (*) 0.33 26.9 Matweb (2017) 

  2787 71.84 
tension 

0.330 26.8 Ledbetter (1982) 

 
(*) The value is an average of tension and compression. Compression modulus is about 2% greater 
than tensile modulus. 

 

Table 3 Measured dimensions and mass and calculated density of the aluminum cylinders. 

Set Designation d (mm) L (mm) m (kg) ρ (kg/m3) 

1 Al 50 mm 61.01 50.01 0.41066 2809.2 

1 Al 150 mm 61.04 150.04 1.2329 2808.5 

1 Al 300 mm 61.04 300.03 2.4654 2808.4 

2 Al 172 mm 68.99 172.56 1.8175 2817.3 
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Table 4 Measurement equipment and registered inventory number. 

Equipment Measurement SP Inv. No. 

Sliding caliper 150 mm Length < 150 mm 402630 

Sliding caliper 300 mm Length ≥ 150 mm 403540 

Scale  Mass < 1 kg 403367 

Scale  Mass ≥ 1 kg 400866 

 

 

 

Figure 8 Aluminium reference specimens belonging to set 1 (50, 150 and 300 mm length). 
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3 Equipment 

3.1 GCTS ULT-100 
A system for wave velocity measurements, GCTS (Geotechnical Consulting and Testing 
Systems) ULT-100, was used, see Figure 9. The system is of a through-transmission 
wave type. The unit is controlled via a test software where parameter settings and 
measurements are controlled. 

The exciting pulse is a square wave with an amplitude of c 130 V and a pulse length 
between 5 to 12 µs. The pulse length is adjusted be changing the energy output (25% = 
5 µs, 50% = 8 µs, 75% = 11 µs, 100% = 12 µs). Figure 10 shows the measured excitation 
pulse for the four different choices of the energy input. A too high energy may cause a 
ringing in the sensor. 

The received signal is amplified in the ULT-100. The amplification is set by the 
automatic input gain selection, which can be set in eight steps between -22 dB 
(minimum) and 20 dB (maximum). 

A stacking (averaging) of signals helps to reduce the random noise. This option can be 
selected in the ULT-100 software. A stacking from 12 to 108 signals was proposed in the 
reviewed literature depending of the type of laboratory equipment and specimens (e.g. 
Leong 2004 and Siratovich et al. 2014). We used a stacking of 4 signals in all tests. 
Preliminary investigations indicated that it would be sufficient for a noise reduction. 

The ULT-100 system was used by e.g. Siratovich et al. (2014) for wave velocity 
measurements on reservoir rock. 

 

 

Figure 9 ULT-100 unit and computer running the software. 
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Figure 10 Excitation pulse measured by oscilloscope for different energy output. Each square is 
equal to 5 μs (horizontal direction) and 50 V (vertical direction). 

 

3.2 Sensors and signal cables 
Two set of sensors were used. The CVA sensors for the P-wave and CVA sensors for the 
S-wave (Figure 11) are small sensors that can be loaded up to 500 N to achieve a contact 
pressure which is sufficient for a good wave transmission. The second type of sensors is 
loading platens with 78 mm diameter (Figure 12) that can sustain the load of a rock 
specimen up to specimen failure. The piezoelectric crystals for both P- and S-wave are 
integrated in the loading platens. 

The compressional wave crystal has fine lapped finish with 12.7 mm (0.5 inch) 
diameter. Positive is direction marked with a dot on the crystal. The shear wave crystals 
in the 78 mm platens are 60 degree arc crystals with a fine lapped finish and an inner 
diameter of 15.9 mm (0.625 inch) and an outer diameter of 31.75 mm (1.25 inch). This 
yields a torsional type of shear deformation. The shear crystal in the CVA sensors has 
the shear direction aligned towards the connector. Positive shear direction is marked 
with a notch. The crystals are located 21.34 mm (0.840 inch) beneath the surface in the 
78 mm platens and 1.6 mm (0.0625 inch) beneath the surface in the CVA sensors. All 
crystals have a resonance frequency of 200 kHz. The layout of the crystals is shown in 
Figure 13. 
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The signal cables coming with the ULT-100 system are 3 m long coaxial cables of type 
RG-58 C/U, nominal characteristic impedance 50 ohm, cf. Wikipedia (2016). 

 

 

Figure 11 Picture of one CVA sensor. The sensors have a mark “P” or “S” next to the signal 
connector to show the sensor type. 

 

 

 

 

Figure 12 Picture of the two 78 mm sensors put together in a face-to-face position. Each sensor 
has two connections for signal cables, one for connection to the p-wave crystal and one for 
connection to the s-wave crystal. 
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Figure 13 Layout of the crystals in the 78 mm platens (left) and CVA sensors (right). 

 

3.3 Acoustic couplant gel 
A shear wave couplant gel, Panametrics-NDT SWC (Olympus 2017) was used as a 
coupling medium in all tests. The gel is sticky, water soluble and has high viscosity. The 
gel were put on all contact surfaces and on the wave guides when they were used to 
achieve best possible wave transmission. 

A small amount of gel is applied on all interface surfaces. The gel is then pressed out 
over the interface surfaces when a clamping force is applied to provide a good acoustic 
coupling. Figure 14 shows how the gel was distributed after a test with an aluminium 
cylinder on the test rig. 

 

 

 

Figure 14 The extension of the shear couplant gel after applying a small amount of gel in the 
centre of respective loading platen. This amount is sufficient to achieve a good acoustic coupling. 
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3.4 Test rig for measurement with low force 
A test rig was built where the 78 mm sensors or the CVA sensors could be used 
(Figure 15). The rig has an electrical load cell with a load range up to 500 N (inv no 
403464) mounted on the bottom plate and the clamping force can be monitored on the 
display on the amplifier (HBM Scout 55, inv no 403374). A block with a set screw is 
mounted on the frame on the top. The adjustment of the space between the upper and 
lower sensor (plate) can be fine adjusted using the screw. A larger adjustment can be 
done by moving the position of the block on the frame with steps of 50 mm, see 
Figure 15. 

The specimen can be placed directly between the 78 mm platens or the CVA-sensors if 
the test object has plane parallel surfaces (left picture in Figure 15). Wave guides made 
from aluminium were used when measurements on a cylindrical surface were 
conducted in order to increase the signal quality. The wave guides used in the tests have 
a curved surface fitting to the cylinder diameter one side and have a planar surface on 
the other side. A picture of a pair of wave guides is shown in the left picture in 
Figure 16. The wave guides are placed between the sensors and the cylindrical specimen 
(right picture in Figure 16). The setup for wave velocity measurements along the 
diameter on a cylindrical specimen in the screw rig is shown in the right picture in 
Figure 16. 

 

   

Figure 15 Test of 150 mm aluminium specimen using 78 mm platens. Left: Measurements in 
axial direction; Right: Measurements in lateral (diametrical) direction. 
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Figure 16 Wave guides for improved coupling of the ultrasonic sensors to a cylindrical surface. 
The right picture shows how the gel was pressed out at all interfaces. 

 

3.5 Measurements using a servo-hydraulic 

load frame 
Wave velocity measurements on specimens subjected to a higher load were carried out 
in a load frame for material testing. In this study we used a servo-hydraulic machine, 
Instron 1341, equipped with a 100 kN electrical load cell (SP inv no 401345). The 
aluminum specimen is clamped between 78 mm platens with integrated crystals for P- 
and S-wave velocity measurements. The lower platen stands on the compression plate 
in the load frame. The 78 mm platen is kept centred using a specially manufactured 
washer which align against the outer diameter of the compression plate and the outer 
diameter of the 78 mm platen. A spherical seat is placed between the upper loading 
platen and the compression plate which is fixed in the upper grip in the load frame. The 
set-up can be seen in the left picture in Figure 17.  

 

  

Figure 17 Reference specimen (150 mm) compressed between 78 mm platens with sensors for 
lateral measurements attached on the specimen. The mass of the holder for the CVA sensors is 
balanced using springs that provide an uplifting force approximately equal to the mass of the 
holder and the sensors. 
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Additionally, the wave velocity in the transversal (diametrical) direction perpendicular 
to the cylinder axis was carried out. The four CVA-sensors were held and fixed in 
position using a square frame as seen in Figure 17 to the right. Wave guides, who have a 
curved surface fitting the cylinder diameter in one side and a planar surface on the 
other side, are placed between the sensors and the cylindrical specimen, see Figure 17 
to the right. The p- and s-wave velocities could be measured in the axial direction and 
the p-wave velocity could be measured in one transversal direction and the s-wave 
velocity could be measured in a transversal direction rotated 90 degrees from the p-
wave velocity without moving the sensors.  

The square frame was uplifted by springs that were attached to the frame in order to 
compensate for the mass of the frame, sensors and cables. The frame would start to 
slide downwards during the measurements otherwise due to the low friction in the 
interfaces caused by the shear couplant gel. Principal pictures of the set-up are shown 
in Figure 18 and 19. 

 

 

       

 

Figure 18 Schematic pictures of the test-set-up showing the sensor placements in relation to 
the cylindrical specimen. 
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Figure 19 Holder for transversal (diametrical) measurements. There are four screws for 
adjusting the clamping force via a compression spring. 
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4 Test procedure 

4.1 General 
A number of different tests were carried out using different set-ups and settings to 
investigate the effect of the set-up and settings on the measured results. 

The time signals were sampled at the highest sampling rate which was 20 MHz, i.e. 
0.05 µs sampling interval. An averaging (stacking) of 4 measurements were applied on 
each measurement to reduce noise. All data files were stored in the ULT-100 format 
(.ult) and were also exported in asci format. 

An overview of the different tests, including the test settings, sensors, devices and date, 
carried out in the axial and transversal directions, is shown in Tables 5 and 6. All test 
series were carried out at a constant axial load except for the test series conducted in 
October 2015 where measurements were carried out at five different load levels (10, 20, 
30, 40 and 50 kN) in order to investigate any possible effect of load level on the 
measurements. 

 

Table 5 Tests carried out on aluminium specimens in the axial direction and face to face tests 
listed in chronological order. FF means face-to-face measurements without specimen between the 
sensors. 

Set Wave Sensor Device Specimen 
Energy 
output 
(%) 

I/P gain 
(dB) 

Test date 

1 p+s 
78 mm 
platen 

Screw rig 
FF, Al 50, 
Al 150, 
Al 300 

25 -4, 8, 20 
September 
2015 

1 p+s 
78 mm 
platen 

Instron 
1341 

Al 150  
(at 5 load 
levels) 

25 -4, 8, 20 
October 
2015 

1 p+s 
78 mm 
platen 

Instron 
1341 

FF, Al 50, 
Al 150, 
Al 300 

25, 50, 
75, 100 

-22, -16, -10, -
4, 2, 8, 14, 20 

December 
2015 

1 P CVA Screw rig 
FF, Al 50, 
Al 150, 
Al 300 

25, 50, 
75, 100 

-22, -16, -10, -
4, 2, 8, 14, 20 

January 
2016 

2 p+s 
78 mm 
platen 

Screw rig Al 172 
25, 50, 
75, 100 

-4, 8, 20 
March 
2016 
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Table 6 Tests carried out in on aluminium specimens in the transversal (diametrical) direction 
using wave guides listed in chronological order. 

Set Wave Sensor Device Specimen 
Energy 
output 
(%) 

I/P gain 
(dB) 

Test date 

1 p+s 

CVA + 
61 mm 
wave 
guide 

Screw rig Al 150 25 -4, 8, 20 
September 
2015 

1 p+s 

CVA + 
61 mm 
wave 
guide 

Square 
frame + 
Instron 
1341 

Al 150  
(at 5 load 
levels) 

25 -4, 8, 20 
October 
2015 

1 p+s 

CVA + 
61 mm 
wave 
guide 

Square 
frame + 
Instron 
1341 

Al 300 
25, 50, 
75, 100 

-22, -16, -10, -
4, 2, 8, 14, 20 

December 
2015 

2 p+s 

CVA + 
69 mm 
wave 
guide 

Screw rig Al 172 
25, 50, 
75, 100 

-4, 8, 20 
March 
2016 

 

 

4.2 Measurements in a test rig with low force 
The p- and s-wave velocity was measured in the axial and lateral directions on the 
aluminium cylinders. Three types of measurements were carried out on the set 1 
specimens:  

1. Measurements in the axial directions using four lengths (0, 50, 150, 300 mm) 
with 78 mm platens 

2. Measurements in the axial directions using four lengths (0, 50, 150, 300 mm) 
with CVA sensors 

3. Measurements in the transversal direction on the cylinders using CVA sensors 
and wave guides 

 

The measurements with different lengths are part of the calibration and determination 
of . This procedure is suggested by ASTM (2004). 

In addition, complementary tests were carried out on the set 2 specimen Al 172 both in 
the axial direction and in the transversal direction with wave guide. 

4.2.1 78 mm platens, axial direction 

In the axial direction a face-to-face measurement (0 mm) was carried out together with 
measurements on the three aluminum specimens from set 1 with different length (50, 
150 and 300 mm) and one specimen from set 2. The measurements were conducted at 
a clamping force of 500 N. 
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4.2.2 CVA-sensors, axial direction 

The measurements were carried out in the same manner as for the measurements using 
the 78 mm platens. 

One test series of p-wave velocity measurements was conducted with a face-to-face test 
and tests on the set 1 specimens (50, 150 and 300 mm). The measurements were 
conducted at a clamping force of c 250 N. 

4.2.3 BCVA-sensors, transversal (diametral) direction 

The cylinder was laid down and the wave guides were put between the CVA sensors and 
the sensors, see Figures 14 and 15. Two test series were carried out on the set 1 
specimens for and one test series on the set 2 specimen.  

The measurements were conducted using the shear coupling gel between the sensors 
and the wave guides and between the wave guides and the specimen at a clamping force 
of c 250 N.  

4.3 Measurements in a servo-hydraulic load 

frame 
Wave velocity measurements were carried out both in the axial and transversal 
direction. The measurements were carried out for both the p- and s-wave in the axial 
and two transversal directions at five different load levels, 10, 20, 30, 40 and 50 kN in 
the axial direction. The measurements were mainly conducted as a proof-of-concept for 
combined wave velocity measurements in axial and lateral directions for subsequent 
tests on rock core specimens. 

The frame holding the CVA-sensors was first mounted on the specimen. Wave guides, 
were placed between the sensors and the cylindrical specimen. The clamping force was 
adjusted using screws via compression springs. A compression of about 2-4 mm of each 
of the springs was suitable for the actual spring constant. To achieve this, the screws 
were tightened about 2-3.5 revolutions from a position with just a light contact with the 
sensors to the wave guides. This yields an estimated clamping force in the interval 205-
360 N. 

The aluminium cylinder with the transversal sensors attached was lifted in place on the 
lower loading platen. The upper loading platen and the spherical seat were then put in 
place and centred and a small contact force was applied. Straps with springs were 
attached to the square frame to provide a small uplift force to balance the mass of the 
square frame and the sensors. This was done to decrease the downwards sliding of the 
sensors and wave guides due to the gravity force. 

When all was in place the load was increased to the prescribed level. In total 2 x 3 x 3 = 
18 measurements were carried out in total at each load level. 
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5 Determination of the wave arrival 

time 
The arrival time of the p- and s-waves, respectively, were initially determined using an 
in-house developed matlab routine (Matlab 2016) which reads the time series data for 
each measurement, filters and plots the data. The evaluation of the arrival times is 
made on filtered data. A bandpass Butterworth filter of first order was used where the 
upper and lower cut-off frequencies and filter parameters are set in the matlab routine. 

The routine to pick the arrival time first starts to locate the first peak after the wave has 
arrived. The first peak was identified using a signal level threshold. This was done by 
using an absolute or a relative criterion. A fixed volts value was used in the absolute 
value criterion whereas a percentage of the maximum signal value was used in the 
relative criterion. 

After the first peak was identified, the tangent from the first peak and backwards was 
computed as a secant value between an upper and lower value relative to the signal 
value of the first peak. The arrival time was determined as the value at which the 
tangent crosses the zero volt value.  

The signal was needed to be manually offset to adjust the zero-level in cases when the 
signal before the wave arrives is not completely zero, to obtain a better determination 
of the arrival time. 

Examples of results from measurements on Al 50 mm, Al 150 mm and Al 300 mm 
specimens, for both p-wave and s-wave, are shown in Figure 20 to 25. 

There are some problems with the described method to determine the wave arrival. 
First, a manual adjustment has to be done of the signal offset at the time for the arrival 
which can be time consuming for a large number of tests. Further, the actual choice of 
zero level is done with certain accuracy. Finally, the method is based on a filtered 
signal. The filtering smoothen the corner which add a further error in the picking of the 
arrival time. We found that the error in the arrival picking could be up to 0.3-0.5 µs. 
For short aluminium specimens e.g. 50 mm length with a wave travel time for the faster 
p-wave of 7.5-8.0 µs it would yield an error of c. 6.5% on aluminium. 

Figure 23 shows one example of the difficulty of picking the correct s-wave arrival time. 
The correct arrival time should be around 65.5 µs, which corresponds to the smaller 
signal dip occurring prior to location of the black line which marks another arriving 
wave. 

It was decided to determine the arrival times manually in this report in order to 
improve the precision of the arrival time determination. The uncertainty for the 
determination of the arrival time is judged to be within 0.1 µs. 

Alternative methods to automatise the wave arrival picking were investigated both with 
the aim to speed up the wave picking and also to increase the accuracy. Methods used 
in seismic monitoring (earthquakes) were examined, such as moving average with 
different types of modified response signals (characteristic functions) to increase the 
sensitivity. For example, higher-order statistical moments, skewness (third order 
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moment) and kurtosis (fourth order moment) was used in a moving window to detect 
the wave arrival, see e.g. Saragiotis et al. (2002) and Küperkoch et al. (2010). 
Küperkoch et al. (2010) provides a good review of other methods used for seismic 
monitoring. Higher order statistics were also used to pick the arrival times in acoustic 
emission monitoring (Lokajíček & Klíma 2006). An accurate wave arrival time picking 
is especially needed when source location analyses are made. 

 

 

Figure 20 Sampled signal from a p-wave on the Al 50 mm specimen using 25% input energy and 
20 dB automatic input gain. Upper figure shows the complete time series. Lower figure shows a 
close-up where the p-wave arrives. An absolute threshold of 5 mV was used to find the first peak 
of the p-wave and 20/80% criterion for the calculation of the tangent. 
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We tried to use higher statistic approaches on the measurement data but found that it 
was not useful as the signal was sometimes too noisy. As a final approach we looked at 
the first derivative of the signal. A large problem with this approach was to numerically 
differentiate a noisy signal without introducing a signal smoothing which occur if finite 
difference methods are used. A novel method for differentiating noisy nonsmooth data 
was proposed by Chartrand (2011). This method was applied on measurement data 
from now on and was found to be useful, but further evaluations have to be made. 

 

 

Figure 21 Sampled signal from a s-wave on the Al 50 mm specimen using 25% input energy and 
20 dB automatic input gain. Upper figure shows the complete time series. Lower figure shows a 
close-up where the p-wave arrives. An absolute threshold of 6 mV was used to find the first peak 
of the p-wave and 20/80% criterion for the calculation of the tangent. 
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Figure 22 Sampled signal from a p-wave on the Al 150 mm specimen using 25% input energy 
and 20 dB automatic input gain. Upper figure shows the complete time series. Lower figure shows 
a close-up where the p-wave arrives. An absolute threshold of 1 mV was used to find the first peak 
of the p-wave and 20/80% criterion for the calculation of the tangent. 
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Figure 23 Sampled signal from an s-wave on the Al 150 mm specimen using 25% input energy 
and 20 dB automatic input gain. Upper figure shows the complete time series. Lower figure shows 
a close-up where the p-wave arrives. An absolute threshold of 10 mV was used to find the first 
peak of the p-wave and 20/80% criterion for the calculation of the tangent. 
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Figure 24 Sampled signal from a p-wave on the Al 300 mm specimen using 25% input energy 
and 20 dB automatic input gain. Upper figure shows the complete time series. Lower figure shows 
a close-up where the p-wave arrives. An absolute threshold of 1 mV was used to find the first peak 
of the p-wave and 20/80% criterion for the calculation of the tangent. 
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Figure 25 Sampled signal from an s-wave on the Al 300 mm specimen using 25% input energy 
and 20 dB automatic input gain. Upper figure shows the complete time series. Lower figure shows 
a close-up where the s-wave arrives. An absolute threshold of 5 mV was used to find the first peak 
of the s-wave and 20/80% criterion for the calculation of the tangent. 
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6 Results from measurements using 

ULT-100 

6.1 Measurements of wave velocity in axial 

direction to determine wave velocity and t0 at 

constant force 
Results from measurements on the set 1 specimens in the axial directions conducted in 
December 2015 and January 2016 (cf. Table 5) are shown in Table 7. The raw rata from 
which the manual wave arrival time pickings were done are shown in diagrams in 
Appendix B.  

It can be seen that the wave arrivals appear to be earlier for increasing energy output. 
The calculated wave velocities are almost constant with vp ≈ 6290 m/s and 
vs ≈ 3038 m/s. 

The t0 value is decreasing about 0.1 µs when the energy output (EO) is increased from 
25% (5 µs pulse width) to 100% (12 µs pulse width). 

Looking at the linear regression values it can be seen that the deviation of the 
individual arrival time readings from a linear fit is within 0.05 µs for the p-wave and 
0.1 µs for the s-wave. One exception is the wave arrival determination of the s-wave for 
the Al 150 mm specimen, which is twice as large. 

 

Table 7 Wave arrival times for face-to-face measurements and measurements on the three 
aluminium specimens from set 1 in axial direction. 

 

 

78 mm platen P-wave FF 50 mm 150 mm 300 mm
v 

(m/s)
t0   

(µs)
FF

50   
mm

150 
mm

300 
mm

Energy Output 25% 10.25 18.20 34.10 57.95 6285 10.22 -0.02 0.02 0.01 -0.01

Energy Output 50% 10.20 18.15 34.10 57.90 6288 10.21 -0.01 -0.01 0.04 -0.02

Energy Output 75% 10.20 18.15 34.05 57.85 6296 10.21 -0.01 0.00 0.02 -0.01

Energy Output 100% 10.10 18.10 34.00 57.90 6278 10.11 -0.01 0.02 -0.01 0.00

78 mm platen S-wave

Energy Output 25% 16.35 32.80 65.50 115.15 3037 16.30 0.05 0.04 -0.18 0.08

Energy Output 50% 16.40 32.80 65.50 115.10 3040 16.33 0.07 0.02 -0.17 0.08

Energy Output 75% 16.30 32.70 65.40 115.10 3037 16.21 0.09 0.02 -0.21 0.10

Energy Output 100% 16.25 32.70 65.35 115.05 3038 16.19 0.06 0.05 -0.22 0.10

CVA-sensors P-wave

Energy Output 25% 3.40 11.40 34.05 51.20 6299 3.43 -0.03 0.03 0.01 -0.01

Energy Output 50% 3.40 11.35 34.05 51.20 6296 3.41 -0.01 0.00 0.02 -0.01

Energy Output 75% 3.35 11.30 34.05 51.00 6288 3.36 -0.01 -0.01 0.04 -0.02

Energy Output 100% 3.35 11.25 34.00 51.00 6286 3.34 0.01 -0.04 0.05 -0.02

diff = t - lin regr (µs)Arrival times (µs)



38 

© RISE Research Institutes of Sweden 

The measured signal strength in volts is a measure of the wave amplitude. The signal 
strength at the first peak after the wave arrival for the test series on the set 1 specimens 
with the 78 mm platens (measured in December 2015) are shown in Table 8. It can be 
seen that the signal strength decreases when the specimen length increases. This is true 
for all cases except for the s-wave velocity measurements on the Al 300 mm specimen 
(marked with bold face in the table). There are two measurements (s-wave Al 50 
EO 75% and p-wave Al 300 mm EO 100%) which have lower values and deviate a bit 
from the others. The reason for this could be a poor ultrasonic coupling and wave 
transmission. The amplitude at the s-wave measurement on Al 50 mm at EO 75% and 
14 dB automatic input gain was 0.55 V. The results for the other three EO-levels at 14 
dB automatic input gain show similar amplitude levels. This makes it probable to 
believe that there was a poor contact and wave transmission during the measurement 
Al 50 mm EO 75% at 20 dB. 

It is known that the amplitude A of a propagating spherical body wave is proportional 
to the inverse of the propagation distance (cylinder length) whereas the amplitudes of 
normal mode waves are independent of the cylinder length (Lee & Waite 2009). Thus, 
for a body wave holds 

2∆
 (9) 

where A0 is a constant and L + 2ΔL is the total propagation distance, i.e. cylinder length 
L plus two times the wave travel distance within one sensor, i.e. the distance beneath 
the surface in the sensor where the crystals are located to the sensor surface. The 
results in Table 8 are visualized in Figure 26 along with the relation for the attenuation 
due to the wave front extension for a spherical wave (cf. Section 1.1). The length ΔL was 
21 mm for the 78 mm sensors, cf. Section 3.2. 

The attenuation at the p-wave measurements seem to follow (9) with some additional 
damping. The results at the s-wave measurements show some deviations compared 
to (9). Disregarding the erroneous measurement of Al 50 mm, EO 75%, the results for 
the Al 50 mm and Al 150 mm specimens looks consistent with the p-wave 
measurements and (9). The measured amplitudes at the measurement on Al 300 mm 
are much higher than anticipated. One possible reason is that there are multiple waves 
arriving about at the same time (around 115 µs) as the s-wave velocity measurements 
on the Al 300 mm specimen using the 78 mm platens. 

 

Table 8 Results of p- and s-wave measurements using 78 mm platens on the set 1 specimens 
(December 2015). Measured excitation level in volts for the first peak after the wave arrival for 
different pulse widths (Energy Output – EO).The automatic input gain was 20 dB in all cases. 

 
5 μs 
EO 25% 

8 μs 
EO 50% 

11 μs 
EO 75% 

12 μs 
EO 100% 

 p s p s p s p s 

Al 50 mm 0.97 0.91 1.05 1.12 0.91 0.07 0.93 0.83 

Al 150 mm 0.23 0.25 0.26 0.25 0.20 0.25 0.24 0.25 

Al 300 mm 0.06 0.77 0.08 0.76 0.07 0.73 0.03 0.56 
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Figure 26 Amplitudes at the wave arrivals for different specimen lengths and EO according to 
Table 8. Left: p-waves; Right: s-waves. 

 

Looking at the arrival of the s-wave in the Al 150 mm specimen it can be seen that the 
body wave arrives at 65.35-65.50 µs with lower amplitude and shortly after there is a 
large signal response at 66.6-66.7 µs. This shows that the body wave arrives about 1 µs 
before another wave, which could be the normal mode wave as discussed by Lee & 
Waite (2009).  

Results from the wave velocity measurements on the Al 172 mm specimen from Set 2 
carried out in March 2016 (cf. Table 5) are shown in Table 9. The raw rata from which 
the manual wave arrival time pickings were done are shown in diagrams in Appendix C. 
The wave arrival times for the p-wave is earlier for increasing energy output as was 
seen for the set 1 specimens. The arrival times for the s-wave were not seen to be 
affected by the energy output in this case. The calculated wave velocities are vp = 6270-
6300 m/s and vs = 3040-3048 m/s. 

 

Table 9 Wave arrival times and calculated wave velocities from measurements on the 
aluminium specimen from set 2 (Al 172 mm) in axial direction. The values of t0 used for the of 
determination of the true wave travel time in the velocity calculation were obtained from Table 7. 

 

 

 

 

 

78 mm platen 
P-wave

78 mm platen 
S-wave

vp 
(m/s)

vs 
(m/s)

Energy Output 25% 37.75 72.95 6268 3046

Energy Output 50% 37.70 72.95 6277 3048

Energy Output 75% 37.60 72.95 6300 3041

Energy Output 100% 37.60 72.95 6277 3040

Arrival times (µs)
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6.2 Measurements of wave velocity in 

transversal direction to determine t0 at constant 

force 
Measurements of the wave velocity in the transversal direction were made on the 
Al 300 mm specimen from set 1 and the Al 172 mm specimen from set 2 in order to 
determine the t0-value for the sensor and the wave guide together, see Table 5. By 
assuming the same wave velocities in the axial and transversal directions in both 
specimens, the wave t0-value can be computed as 

 (10) 

where t is the arrival time, s is the specimen diameter and v is the wave velocity. 

In Table 10 it is seen that the t0-value is decreasing for an increasing energy output as 
for the measurements in the axial direction, cf. Table 7.  

6.3 Measurements of wave velocity in axial 

direction to at increasing force 
The results of the tests with increasing axial force in axial and transversal direction are 
shown in Table 11. It can be seen that the wave arrival is earlier when the load is 
increasing. The arrival times for the 10 kN level is close to the one obtained with low 
force (Table 7). The wave arrival times in the lateral direction is more or less unaffected 
by the axial load. The clamping force on the CVA sensors should be more or less 
constant during all measurements. 

 

Table 10 Wave arrival times on the three aluminium specimens from set 1 and the specimen in 
set 2 in transversal direction using a wave guide. 

 

 

 

 

CVA lateral P
61 mm 
(test 1)

61 mm 
(test 2)

61 mm 
(mean)

69 mm
61 mm 
(mean)

69 mm

Energy Output 25% 14.15 14.10 14.13 15.40 4.42 4.43

Energy Output 50% 14.10 14.10 14.10 15.35 4.40 4.38

Energy Output 75% 14.05 14.00 14.03 15.35 4.32 4.38

Energy Output 100% 14.00 14.00 14.00 15.30 4.30 4.33

CVA Lateral S

Energy Output 25% 25.80 25.90 25.85 28.50 5.76 5.79

Energy Output 50% 25.80 25.90 25.85 28.40 5.76 5.69

Energy Output 75% 25.80 25.85 25.83 28.35 5.74 5.64

Energy Output 100% 25.75 25.80 25.78 28.30 5.69 5.59

Arrival times (µs) t0 (µs)
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Table 11 Wave arrival times for measurements on specimen Al 150 mm in axial and 
transversal directions at different axial loads. Energy output level is equal to 25%. 

Axial load 
(kN) 

Wave arrival times 
axial direction (μs) 

Wave arrival times 
transversal direction (μs) 

P-wave S-wave P-wave S-wave 

10 34.15 65.45 14.10 25.75 

20 34.10 65.45 14.10 25.75 

30 34.10 65.40 14.10 25.80 

40 34.00 65.35 14.10 25.80 

50 34.00 65.35 14.10 25.80 

 

 

6.4 Calculation of measurement uncertainty 

for the wave velocity 
The procedure to calculate the expanded uncertainties follows Guide to the Expression 
of Uncertainty in Measurement (GUM), cf. JCGM (2008). An easily accessible text 
about measurement uncertainties and pertinent calculations is found in Bell (1999). 
The wave velocity v is obtained as 

	  (11) 

where t is the measured arrival time, t0 is the time offset that depends on the sensors 
and wave guides and L is the travel distance within the specimen. The uncertainty of v 
(uv) is the obtained as, cf. JCGM (2008) 

	

/

	 (12) 

Combining (11) and (12) yields 

	
1

/

 (13) 

where  are the uncertainties for the individual variables X, in this case ,  and . 
Another way of expressing the uncertainties is by variances. Equation (12) can then 
instead be written as 

	 	 / 	 (14) 

where ,  and  are the contributing variances with respect to the variables ,  
and . From (11) to (12) follows 
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≝ 	 	  (15a) 

 

≝	 	  (15b) 

 

≝	
1

	  (15c) 

We will later study the variances. For simplicity and to obtain conservative estimates 
and also due to the fact that the distributions are not known, we assume that all 
variables have a rectangular distribution. This yields 

	
2

√3
 (16) 

where  is the semi range (or half-width) between the upper and lower limits of 
variable X.  

The expanded uncertainty U = k uv where k = 2 is a coverage factor corresponding to a 
level of confidence of 95%. 

For the set-up that was investigated we estimate widths 2 ) for the variables as given 
in Table 12. The estimate for  is based on the experience from the wave arrival 
picking,  on the values in Table 7 and  is the estimated uncertainty for 
measurements using a calibrated sliding calliper. The calculated expanded 
uncertainties for the aluminium specimens that were tested in both axial and 
transversal directions are given in Table 13. 

 

Table 12 Estimated uncertainty widths (2aX) for the variables, i.e. range between the upper 
and lower limits. 

Variable width Axial p Axial s Lateral p Lateral s 

2at (μs) 0.10 0.20 0.10 0.10 

2at0 (μs) 0.20 0.20 0.10 0.10 

2aL (mm) 0.04 0.04 0.04 0.04 
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Table 13 Expanded uncertainties with coverage factor 2 for the different test cases. The 
values t0,p = 10.22 μs and t0,s = 16.35 μs were used in the axial direction (78 mm platens) and t0,p = 
4.35 μs and t0,s = 5.70 μs were used in the lateral direction. 

Test type/ 
measurement 

tp (μs) ts (μs) Uv,p (m/s) Uv,s (m/s) Uv,p (%) Uv,s (%) 

Axial, L = 50 mm 18.15 32.80 205 60 3.3 2.0 

Axial, L = 150 mm 34.05 65.40 68 20 1.1 0.7 

Axial, L = 300 mm 57.90 115.10 34 10 0.5 0.3 

Axial, L = 172 mm 37.70 72.95 59 18 0.9 0.6 

Lateral, D = 61 mm 14.10 25.85 105 25 1.7 0.8 

Lateral, D = 69 mm 15.40 28.40 92 22 1.5 0.7 

 

 

It is possible to evaluate how much the uncertainty each variable contributes to the 
total uncertainty by studying the variances. Since the expression of the total uncertainty 
contains the summation of the variances that is the square value of the contribution of 
each variable, initially small values that are squared becomes insignificant. By inserting 
the data from Table 13 into (15a) to (15c) we obtain the results shown in Table 14. It can 
directly be concluded that the uncertainty contribution from the length measurement is 
negligible in comparison with the contributions from uncertainties from the wave 
arrival picking (t) and the determination of t0. 

 

Table 14 Variances of the contributing uncertainties for the different measurements. 

Test type/ 
measurement 

P-wave S-wave 

Vt (m/s)2 Vto (m/s)2 VL (m/s)2 Vt (m/s)2 Vto (m/s)2 VL (m/s)2 

Axial, L = 50 mm 2107 8429 8.5 455 455 2.0 

Axial, L = 150 mm 233 930 0.94 52 52 0.20 

Axial, L = 300 mm 58 232 0.23 13 13 0.05 

Axial, L = 172 mm 173 692 0.71 38 38 0.16 

Lateral, D = 61 mm 1372 1372 5.6 75 75 1.3 

Lateral, D = 69 mm 1064 1064 4.4 60 60 1.0 
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7 Interlaboratory investigation 

7.1 Description 
An interlaboratory investigation (Round Robin test) of the density and p-wave velocity 
measurement was conducted. The density was measured by SP in Borås and by the 
Finnish Geological Survey (GTK) in Finland. The p-wave velocity was measured by 
means of three different types of testing equipment: 1) GCTS-ULT100 from SP, 2) 
Proceq Pundit Lab Plus (see Appendix D) from CBI, and 3) unknown equipment from 
the Finnish Geological Survey (GTK). The measurements on the equipment at SP and 
CBI were carried out by SP in Borås and the measurements on the GTK equipment 
were carried out by GTK in Finland. 

Six specimens were part of the investigation: SPs reference specimens from set 1 
(Al 50 mm, Al 150 mm and Al 300 mm), GCTS calibration specimen and two specimens 
from GTK (Al-2 and Al-4). GTK uses the Al-2 and Al-4 specimens to check the wave 
velocity measurement equipment before a new test series is conducted. The density of 
the two specimens from GTK was not determined by SP. 

The SP specimens were tested in Borås and then sent to GTK in Finland for 
measurements. The GTK specimens were first tested in Finland and then sent to SP to 
be tested in Borås. The tests were conducted during January and February 2016. 

7.2 Results 
The results of the determination of the density are shown in Table 15 and the results of 
the determination of the wave velocities in Table 16. Some measurements were not 
done which implies that a complete comparison cannot be made. It can be seen that the 
 

Table 15 Results of the determination of the density. 

Specimen 
SP GTK 

Length 
(mm) 

Mass 
(g) 

Density 
(kg/m3) 

Length (*) 
(mm) 

Mass 
(g) 

Density 
(kg/m3) 

Al 50 mm 50.01 410.66 2809.2 50.3 410.64 2810 

Al 150 mm 150.04 1232.9 2808.5 150 1232.82 2810 

Al 300 mm 300.03 2465.4 2808.4 300 2465.10 2810 

GCTS Reference (†) 151.89 1847.5 2706.2 152.3 1847.32 2707 

GTK ref AL-2 28.00 n/a n/a n/a 58.66 2708 

GTK ref AL-4 40.00 n/a n/a n/a 79.19 2811 

(*) The length of Al 50 was determined using a caliper. The lengths of Al 150 mm and Al 300 mm 
were determined using a graduated ruler. The length of GCTS Reference was not measured by 
GTK. The value was taken from the written value on the specimen. 

(†) The measurements carried out at SP of the mass and the dimensions were made with 
equipment according to Table 4. 
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density values are very close to each other with less than 2 kg/m3 difference. It shall 
then be remembered that GTK did measure the specimen lengths of the SP reference 
specimens (Al 50 mm, Al 150 mm and Al 300 mm) using a graduated ruler and used an 
inaccurate written value of the specimen length on the GCTS Reference specimens. 

Table 16 shows that the determined wave velocities have a larger difference for the 
shorter specimens (Al 50 mm, GTK ref AL-2 and AL-4) and are lower for the longer 
specimens. This is in agreement with the uncertainty calculation results shown in 
section 6.4. 

 

 

Table 16 Results of the determination of the p-wave velocities. The following values of t0 were 
used in the GCTS ULT-100 results: t0,p (78 mm platens) = 10.25 μs and t0,p (CVA) = 3.35 μs. 

Specimen 

Proceq Pundit Lab + GCTS ULT-100 GTK 

54 kHz 
probe 

GCTS 
78 mm 
platens 

GCTS 
CVA-
sensors 

GCTS 
78 mm 
platens 

GCTS 
CVA-
sensors 

Meas 1 Meas 2 Meas 3 

Al 50 mm 5953 6251 6098 6290 6251 6398 6309 6357 

Al 150 mm 6278 6252 6331 6304 6278 6289 6287 6284 

Al 300 mm 6264 6251 6290 6290 6290 6291 6291 6292 

GCTS 
Reference 

6355 n/a n/a n/a n/a 6453 6453 6448 

GTK ref AL-2 6364 6222 6667 6292 6292 6467 6422 - 

GTK ref AL-4 6250 6154 6452 6349 6349 6345 (*) - - 

(*) The value is 6345 m/s  50 m/s based on 90 measurements. 
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8 Comparison of elasticity constants 

based on wave velocity measurements 

and on mechanical tests 
The elasticity constants can be solved for in (1). By using the relation between the 
Young’s modulus E and Poisson ratio  and K and G we obtain 

	
	 3 4

 (17) 

 

	
2

2
 (18) 

These values determined from wave velocity measurements are e.g. called ultrasonic 
elastic constants (ASTM 2004) and dynamic elastic moduli (ISRM 2014). By inserting 
measured values 	= 6290 m/s, 	= 3040 m/s and  = 2810 kg/m3 we obtain E = 

70.0 GPa and  = 0.348. The values found in the literature based on mechanical tests 
were approximately E = 72 GPa and  = 0.33, see Table 2. 
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9 Discussion 

9.1 Test set-up 
A test set-up to measure the p- and s-wave velocities in one direction for unloaded 
specimens by means of a fixture and controlled clamping force was developed. Only a 
small force, 250-500 N, was applied to achieve a good wave transmission between the 
sensors and the specimen. This yields a contact stress of 8.5-17 N/cm2 (0.085-
0.17 MPa) for a specimen diameter of 61 mm. The contact stress is thus in the range 
with the recommended clamping pressure of at least 10 N/cm2 in order to assure a good 
wave transmission, given in the old ISRM standard (Rummel & van Heerden 1978). 
Another test set-up was developed where a large load could be applied in one direction 
and the p- and s-wave velocities could be measured in the loaded direction and in two 
lateral directions. 

A short remark about the contact stress. The newer ISRM standard (Aydin 2014) points 
out that the wave velocity can be affected even on small contact forces on certain rock 
materials. This could be precarious if small wave velocity changes are going to be 
detected, since the wave transmission over the interface between the sensors and 
loading platens may depend on the contact stress and thus affecting the measurement 
of the wave velocities. The effect of changing contact stress in the low stress range was 
not investigated here. However, it was seen in the current study that the wave arrival 
times were dependent on the axial force in the higher contact stress range, see below. A 
special investigation about the effect of contact stress using reference specimens is 
recommended in the actual loading range for the intended measurements. 

Two sets of test objects were manufactured. They were cylindrical aluminium 
specimens manufactured from two extruded bars. All specimens in set 1 were 
manufactured from the same bar. The material for the specimen in set 2 was 
manufactured from another bar of the same aluminium type, but from another 
production batch, originating from the same material producer. Hence, the difference 
in material properties between the two batches should be small (negligible). It is known 
that extruded aluminium has an anisotropic material texture. No information was 
found in the literature if this anisotropy affects the wave velocity. We did not 
investigate this by own experiments either. It was assumed that the aluminium bars 
had isotropic properties regarding the wave velocities. 

Different coupling media between the sensors and specimens were initially tested such 
as vacuum grease and honey since that was mentioned as appropriate coupling media 
in the literature. It was found that a good coupling is easier to obtain for p-wave 
velocity measurements than for s-wave velocity measurements. Honey was working to 
some degree, but not as good as the shear coupling gel. It was found that using the 
grease or honey gave weaker wave transmission and less sharp wave arrival signal 
which led to an uncertain wave arrival time determination. The grease was not working 
at all for s-wave velocity tests and is not recommended to be used. 

A comparison was made using the Proceq system from CBI. One comparison that was 
made was to test different coaxial cables for the signal transmission. The cables coming 
with the ULT-100 system gave lower signals than when the cables coming with the 
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Proceq system was used for exactly the same test set-up. The cables were just switched 
in the test and all other settings were the same. It seems that the cable type that Proceq 
uses improves the strength of the received signal. It may therefore be a good option to 
use such cables for all measurements in the future. 

9.2 Determination of wave arrival time and 

calibration 
Methods to use signal analysis to automatically or semi-automatically detect the arrival 
time using an algorithm were tested. It was found to be difficult to achieve both a 
robust and accurate algorithm for this. A crucial thing is that the measured signal must 
be clear to have some chance to succeed with this task. One promising method was to 
calculate the first derivative of the signal and then locate when the derivative suddenly 
changes. More work is needed to develop and evaluate such automatic or semi-
automatic wave arrival picking methods. The wave arrival results were manually 
determined within this work based on the plots in Appendix B and C showing the 
response signals. 

The wave arrival signal for the p- and s-waves was clear on all reference specimens 
except for one case. It was found that one more wave arrived close to the body wave 
during the s-wave velocity measurements. For the Al 300 mm specimen the arrival of 
the body wave was obscured by one or several other stronger waves and the wave 
arrival in this case was uncertain. This may be a consequence of a too small specimen 
diameter, cf. Sections 1.2.2 and 9.4.  

A calibration of the measurement system was made according ASTM (2004). The wave 
velocity of the aluminium and the travel times within the sensors t0 were determined. 
The travel times t0 are fixed constants that depend on the sensors and use of wave 
guides. The measurements for the calibration were carried out using different pulse 
width controlled via the Energy Output (EO) in the ULT-100 system. It was found that 
the wave arrival time depends on the exciting pulse width, cf. Tables 7, 9 and 10. 
A shorter pulse width (less energy) yielded a later wave arrival as compared with a 
longer pulse (more energy). The difference was up to 0.1 µs. A series of tests were 
carried out using the Al 150 mm specimen using the same pulse width (EO) and 
automatic input gain, but with different axial force ranging from 10 kN to 50 kN, cf. 
Table 11. The results show that the arrival times for the waves propagating in the axial 
(loaded) direction change by 0.15 µs earlier arrival for p-waves, and 0.10 µs earlier 
arrival for s-waves, going from an axial force of 10 kN to 40 kN and with no change of 
arrival times when going up from 40 kN to 50 kN. 

9.3 Measurement uncertainty 
The measurement uncertainties at the wave velocity determinations were calculated in 
Section 6.4. It could be seen that the largest contribution to the total uncertainty 
originates from the determination of t and t0. The contribution from the length 
measurements was negligible for the actual specimen lengths and diameters. The 
uncertainty of t is related to the sharpness of the signal response at the wave arrival. 
The wave arrival can be determined more accurately on a clear signal showing a sharp 
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arrival. A higher sampling frequency will decrease the sampling intervals and thus 
decrease the reading error due to the discretization. 

It was noted that the total wave propagation time t,cf. (4), in the axial direction of the 
aluminium specimens depends on both the EO and contact stress (axial force). This can 
be seen as a bias of the measured time that depends on EO and the contact stress level. 
By conducting the calibration, i.e. measurements of the total propagation times for the 
reference specimens of the three lengths with subsequent linear regression, would yield 
a resulting value of t0 that is specific for the used EO and contact stress level. The total 
wave propagation time through a different specimen at this specific EO and contact 
stress level on another specimen would then have the same bias as at the calibration 
measurements. When the sought propagation time for the wave through the specimen, 
cf. (4), 

 

is computed, the systematic error caused by the bias will then be cancelled. Hence, the 
contribution of the variation due to different EO and contact stress levels to the total 
measurement uncertainty will then be zero. Further studies are needed to confirm the 
relations to the EO and contact stress level that was seen in this work. 

9.4 Specimen dimensions 
The standards for rock, natural stone and concrete recommend a certain minimum 
value for the ratio of smallest lateral dimension to the wave length D/λ. The wave 
lengths were 31.5 mm and 15.2 mm for the p- and s-waves respectively at the 
measurements on the aluminium specimens with the ULT-100 system. This yields a 
ratio D/λ of 1.9-2.2 and 4.0-4.5 at the p- respective s-wave measurements on the 
diameter 61 mm and 69 mm cylinders. This is less than the recommended values given 
in the standards for rock material (≥ 5 ASTM and ≥ 10 ISRM), however within the limit 
given in the standards for natural stone and concrete (≥ 1). The measurements made 
with the Proceq sensors in the comparison tests we had a wave length at the p-wave 
measurements of 117 mm. This yields a ratio of 0.5 on the 61 mm specimen. The 
consequence with a too low ratio could be that spherical wave propagation is 
suppressed and other waves such as planar waves which have a different propagation 
velocity dominate.  

It would be useful to increase the knowledge about the existing limits of when good 
measurement results can be obtained from a theoretical point of view, like the 
investigation made by Lee and Waite (2009) and Lee and Waite (2010), with respect to 
specimen dimensions and sensor frequencies. Such an investigation may confirm the 
recommendations given in the standards. 

9.5 Round Robin test 
A Round Robin test was made on density determination and p-wave velocity 
measurement on aluminium cylinders. The density was measured at SP and at GTK 
and showed that the variation was within  2 kg/m3 which corresponds to less than 
0.1%. The p-wave velocity was measured using three different types of testing 
equipment, GCTS ULT-100 with 78 mm platens, Proceq Pundit Lab Plus and one, for 
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us, unknown equipment at GTK. The results revealed that the measurement of longer 
specimens had a lower variation: for 150 mm length 26 m/s (0.42%) and for 300 mm 
length 28 m/s (0.45%). The measurement on the 50 mm specimens showed a large 
variation. The difference was 108 m/s (1.7%) when the results from the ULT-100 and 
the GTK systems were compared. The results from the CBI system Proceq deviated 
337 m/s (5.7%) from the estimated true value. A measurement uncertainty calculation 
was made based on the measurements made with the GCTS ULT-100 system. The 
differences in the comparison tests were within the range of the calculated 
measurement uncertainties for the different specimen lengths except for the 50 mm 
specimen measured by the Proceq system. It shall be remembered that the probes 
belonging to the Proceq system have a sensor frequency that is not appropriate for 
measurements on such small diameter specimens since the minimum lateral dimension 
to wave length criterion is not met even in the most generous case given in the 
standards for natural stone and concrete. 

Two shorter specimens (28 mm and 40 mm length) provided by GTK were included in 
the Round Robin test. The results showed an even higher variation of test results, 
which also can be predicted from the measurement uncertainty calculation. The 
specimens also have much smaller diameter substantially violating the geometrical 
requirement on specimen geometry. 
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10 Conclusions and recommendations 

for future work 
A new test set-up aimed for measuring the p- and s-wave velocities using ultrasonics in 
cylindrical specimens, of rock and other material, in three orthogonal directions were 
developed, evaluated and validated. At a first glance, looking in the literature and 
standards relevant for this context, this looked like a not too complicated task to be 
undertaken. However, a number of more or less tricky issues to be handled appeared 
along the road of the work. The issues have been described and their impacts were 
discussed. Some of them were solved and other need further attention, see below. 

One important aim was to gain basic knowledge and understanding of ultrasonic 
measurements and to evaluate and verify the measurements. Moreover, the work would 
also provide a profound documentation of the equipment and procedures that can 
serve as a basis for developing the full documentation for a quality assured 
measurement method which fulfils the requirements in EN ISO/IEC 17025:2005 (CEN 
2005). 

All steps at the measurement process were reviewed as well as the results including a 
measurement uncertainty calculation. It is concluded that the work is in accordance 
with the goals mentioned above. 

As to conducting and evaluating measurements, the overall conclusion is that an 
experience of earlier wave velocity measurements is highly recommended and a good 
knowledge is needed about the pitfalls when a test is going to be conducted. Moreover, 
it is recommended that the test set-up is checked using a reference specimen with 
known wave travel time prior to any measurements to check that a correct 
measurement signal is obtained. Quality assured measurements can already now be 
conducted, but some additional work is recommended to be carried out. 

Below are some more specific conclusions: 

 Wave arrival picking is scantily described in the standards and literature that 
were reviewed. Moreover, it is seldom that the measurement uncertainty is 
given when data on the measured s- and p-wave velocities are given in papers or 
reports. 
 

 Different standards concerning wave velocity measurements in rock and 
concrete using ultrasonics were reviewed. It was found that the standards 
developed towards the rock mechanics area are more detailed as compared with 
the standards directed to measurements on natural stone and concrete and give 
different recommendations. Examples are given below. 
 

 Some preliminaries of the theory for propagating waves in solids and damping 
mechanisms that are material and frequency dependent were described and 
relevant references for further studies were provided. An important factor 
determining the damping by dissipation is the wavelength in relation to the 
material inhomogeneties (grains, microcracks, pores, etc.), with the maximum 
dissipation when the wavelength and the inghomogeneties are in the same size. 
The ASTM standard (ASTM 2004) recommends / 3, whereas there are no 
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explicit recommendations of this kind in the other standards that were 
reviewed. The BS standard (BS 1986) and the EN standards (CEN 2004b,c) 
mention in a general way that “high-frequency pulses become attenuated more 
rapidly than pulses of lower frequency”. It is concluded that the 
recommendation in the ASTM-standard is relevant to follow. 
 

 The energy of the body waves with spherical propagation (p- and s-waves) 
decays proportionally to 1/r from the source due to the wave front extension. 
For longer distances the amplitude can be low and the wave arrival time difficult 
to detect. The energy of propagating planar wave is constant, independent of 
travel distance, if damping is not considered. 
 

 The theory predicts that the p-wave with spherical propagation is the fastest 
propagating wave and that the corresponding s-wave propagated with about 
half of this velocity. It is concluded that the p-wave is relatively easy to identify 
since there are no other disturbing waves since the p-wave is the first arriving 
wave to the sensor. This was also pointed out in the ASTM standard. 
 

 The reviewed standards give recommendations on the minimum lateral 
distance in relation to the wave length, /  in order to assure spherical wave 
propagation. The rock mechanics standards, ISRM and ASTM, recommend 

/ 10 and / 5, respectively, whereas the EN and BS standards 
recommend / 1, which is a remarkable difference to the rock mechanics 
standards. It is concluded that reference specimens do not meet the 
recommendations given in the rock mechanics standards. 
 

 The ASTM standard points out that accurate determination of s-waves on 
specimen subjected to an axial stress is complicated by mode conversions at the 
interfaces on either side of the face plate and at the free boundary of the 
specimens. Moreover, the standard says that shear wave arrivals are therefore 
difficult to determine and experience is therefore required for accurate readings. 
Difficulties were obtained to identify the s-wave for the long Al 300 mm 
specimens due to other arriving waves with higher amplitude than the s-wave. 
This is probably related to the specimen geometry. The ASTM-standard notes 
that a ratio / 2 is better than / 1for s-wave detection. For the 
Al 300 mm specimens we have / 5, It is concluded that a further 
investigation is needed to clarify what this means and what is taking place in 
this particular case. S-wave velocity measurements are not mentioned in the EN 
and BS standards BS (1986) and CEN (2004b,c). 
 

 A measurement uncertainty calculation of the results were conducted according 
to GUM (JCGM 2008), cf. Section 6.4. Uncertainties for the tests on different 
specimens and directions were computed. By looking on the variances from the 
contributing sources, their individual contributions to the total uncertainty 
could be assessed. A conservative choice of distribution functions was selected. 
Further measurements can gain more knowledge to update and refine the 
uncertainty calculation. A possible effect of using different operators for the 
measurements was not included in the uncertainty calculation. 
 

 Given a certain acceptable measurement uncertainty level to attain, the 
influence of the different sources and variables are valuable to know in order to 
design the measurement such that the wanted accuracy level is reached. 
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 The Round-Robin test showed a variation in the measured data between the 
different parties. The results are in line with the measurement calculation that 
was made for the current test set-up. 

 

Recommendations for future work are: 

 A complementary literature review is recommended to be carried out in order to 
gather further information about previous ultrasonic wave velocity 
measurements and pertinent equipment and results evaluations. 
 

 The wave arrival determination was done manually on the data in this report. 
This becomes rather soon a tedious work if many measurements are conducted, 
e.g. many specimens, repeated measurements, or measurements with different 
settings (e.g. EO and automatic input gain for comparison). To develop a robust 
automatic or semi-automatic algorithm for the wave arrival time determination 
would therefore be proposed. An automatic routine would remove subjective 
judgements. A possibility to e.g. visually review the evaluations would improve 
the quality control in case the evaluation routine fails. 
 

 Further investigations by calculation of propagating waves in cylinders by 
means of analytical or numerical solutions are suggested. Effects of 
imperfections such as a distributed source (in contrast to a point source) and 
non-concentric placed sender and receiver probes could be analysed. Relevant 
references to this topic are e.g. Lee & Waite (2009, 2010). Such an investigation 
could also verify recommendations of specimen dimensions given in the 
standards or provide new recommendations that give both accurate 
measurements and precise wave arrival detection without interference of other 
waves that could disturb the evaluation. This is mainly important for the s-wave 
velocity measurements. 
 

 The Round Robin test shown in this report was planned and reported in an ad-
hoc manner. A new Round Robin test should be carried out based on the results 
in this report with a systematic planning of experiments and evaluation of 
results. The test could include specimens with a better choice of dimensions 
regarding the recommendations in the standards. Measurements on some rock 
specimens should also be included. 
 

 Part of the Round Robin test or as separate work may be to repeat the 
measurements on the reference specimens to get a better understanding of the 
repeatability and reproducibility. Including different trained operators in this 
work would also provide information of uncertainties associated to the operator, 
which could be included in the uncertainty calculation. 
 

 Other things to look further into are optimal choice of sensor frequencies, 
excitation pulse, and coaxial cables. 
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12 Appendix A: Material certificates 

for SP reference specimens 

 

Figure A1 Material certificate for the aluminium bar diameter 70 mm used for the set 1 
specimens. 
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Figure A2 Material certificate for the aluminium bar diameter 80 mm used for the set 2 
specimens. 
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13 Appendix B: Wave velocity 

measurements on SP aluminium 

references (serie 1) using ULT-100 

13.1 78 mm platens, P-wave in axial direction 
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13.2 78 mm platens, S-wave in axial direction 
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Specimen: Al150mm 

S-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al150mm 

S-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al150mm 

S-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al150mm 

S-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

78 mm platens (December 2015)
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13.3 28BP CVA sensors, P-wave in axial direction 
 

 Time [μs]
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Specimen: F2F 

P-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: -22dB

CVA-sensors (January 2016)
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Specimen: F2F 

P-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: F2F 

P-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: F2F 

P-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al50mm 

P-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al50mm 

P-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al50mm 

P-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al50mm 

P-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al150mm 

P-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al150mm 

P-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al150mm 

P-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al150mm 

P-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al300mm 

P-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)



105 

© RISE Research Institutes of Sweden 

Time [μs]
50.6 50.8 51 51.2 51.4 51.6 51.8

N
or

m
al

iz
ed

 s
ig

na
l [

-]

Specimen: Al300mm 

P-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al300mm 

P-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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Specimen: Al300mm 

P-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

CVA-sensors (January 2016)
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13.4 CVA sensors, P-wave in lateral direction 
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Specimen: Al300mm 

P-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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Specimen: Al300mm 

P-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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13.5 CVA sensors, S-wave in lateral direction 
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Specimen: Al300mm 

S-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)



118 

© RISE Research Institutes of Sweden 

Time [μs]
24.5 25 25.5 26 26.5 27 27.5

N
or

m
al

iz
ed

 s
ig

na
l [

-]

Specimen: Al300mm 

S-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 1 lateral with wave guide (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 25%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 50%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 75%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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Specimen: Al300mm 

S-wave

Energy: 100%

I/P aut. gain: -22dB

I/P aut. gain: -16dB

I/P aut. gain: -10dB

I/P aut. gain: -4dB

I/P aut. gain: 2dB

I/P aut. gain: 8dB

I/P aut. gain: 14dB

I/P aut. gain: 20dB

Test 2 lateral with wave guide (December 2015)
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13.6 Measurements at increasing axial loads 

13.6.1 78 mm platens in axial direction 

 

 Time [μs]
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Specimen: Al 150

Direction: Axial

P-wave

I/P aut. gain: -4dB

I/P aut. gain: -4dB

I/P aut. gain: -4dB

I/P aut. gain: -4dB

I/P aut. gain: -4dB

I/P aut. gain: 8dB

I/P aut. gain: 8dB

I/P aut. gain: 8dB

I/P aut. gain: 8dB

I/P aut. gain: 8dB

I/P aut. gain: 20dB
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13.6.2 CVA-sensors in lateral direction 
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14 Appendix C: Wave velocity 

measurements on SP aluminium 

references (serie 2) using ULT-100 

14.1 78 mm platens, P-wave in axial direction 
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28BP 

14.2 78 mm platens, S-wave in axial direction 
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28BP 

14.3 CVA sensors, P-wave in lateral direction 
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14.4 CVA sensors, S-wave in lateral direction 
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15 Appendix D: Tests for comparison 

using Proceq Pundit plus 

15.1 Description of the system 
Measurements of SPs reference specimens and other calibration rods were conducted 
using another measurement system, Pundit Lab Plus (CBI Inv no 103292). The system 
has a unit containing the pulse excitation and sampling. A computer can be connected 
to the unit via usb connection and the software Punditlink. The system can then be 
controlled from the computer and results can be visualized in graphs. The graphs can 
be saved as pictures. The raw data cannot be exported to a known format. 

The width of the square pulse can be changed within the range 1-100 µs and the 
excitation level can be selected as 125 V, 250 V, 350 V, 500 V or AUTO.  

The system has an integrated amplifier for post-amplification of the signal from 1x 
signal strength to 1000 x signal strength. The higher values are needed when long 
cables or exponential transducers are used. 

The system has a pair of sensors for P-wave measurements with a crystal frequency of 
54 kHz. The relation between the pulse width p (µs) and the transducer frequency 
f (kHz) is given as 

1000
2

 

which corresponds to a half period time of a sine wave. The recommended pulse width 
for the 54 kHz sensor is 9.3 µs. The system has a number of pre-set selectable 
frequencies (pulse widths) from 24 kHz to 500 kHz (20.8 µs to 1 µs) which fits to a 
range of probes.  

The resolution of the wave travel time is 0.1 µs. 

The signal cables are 1.5 m long coaxial cables from RG-62 A/U, impedance 93 Ohm 
marked with Proceq.  

The contact gel is CLINICAL Ultraschall-Gel (No 848450) from Diagramm Hallbach 
GmbH & Co, Germany. 

A specimen (Proceq calibration rod) with given wave travel time, in this case 25.4 µs, is 
used for a check of the system prior to measurements. The determined wave travel time 
should be 25.4 µs when the calibration rod is placed between the probes in a correct 
way. The calibration time offset for the system with the given probes is -5.6 µs. 

A picture of the Pundit lab system is shown in Figure D1. 
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Figure D1 Left: Pundit lab system with sensor probes; Right: Ultrasonic gel. 

 

15.2 Measurements on SPs reference 

specimens and calibration rods 
Measurements on SPs calibration specimens from set 1, GCTS calibration rod 
(delivered with the ULT-100 system) and CBI calibration rods, Proceq calibration rod 
(CBI inv no 103293) and Ginger CEBTP AU2000 rod (CBI inv no 103125) were carried 
out. Moreover, two reference specimens from GTK in Finland (AL-2 and AL-4) were 
also measured as part of an inter-laboratory investigation. 

The p-wave velocities were measured using Pundit 54 kHz probes (Table D1) and using 
the GCTS sensors (Table D2). Moreover, the s-wave velocities were measured using the 
GCTS probes (Table D3). 
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Table D1 Tests carried out using the Pundit lab + system with Proceq 54 kHz probes. 

Specimen 
Length 
(mm) 

Proceq 
54 kHz 
(μs) 

Calculated 
vp  
(m/s) 

Face-to-face 0.00 0 - 

Proceq Cal rod 69.00 25.4 2717 

AU 2000 159.90 28.9 (*) 5533 

GCTS Reference 151.89 23.9 6355 

Al 50 mm 50.01 8.4 5953 

Al 150 mm 150.04 23.9 6278 

Al 300 mm 300.03 47.9 6264 

Al 150 lat + 61 mm wave guide 67.28 10.9 6172 

GTK ref AL-2 28.00 4.4 6364 

GTK ref AL-4 40.00 6.4 6250 

(*) The calibration rod AU 2000 was marked with travel time of 29 μs. 

 

Table D2 Values of P-wave travel time carried out using the Pundit lab + system with GCTS 
probes. 

Specimen 
Length 
(mm) 

GCTS 78 mm-P GCTS CVA-P 

Pundit 
value (μs) 

Total time 
(*) 

Pundit 
value (μs) 

Total time 
(*) 

Face-to-face 0.00 4.4 10.0 n/a n/a 

Al 50 mm 50.01 12.4 18.0 5.9 11.5 

Al 150 mm 150.04 28.4 34.0 21.4 27.0 

Al 300 mm 300.03 52.4 58.0 45.4 51.0 

Al 150 lat + 61 mm wave guide 67.28 n/a n/a 8.4 14.0 

GTK ref AL-2 28.00 8.9 14.5 19.9 25.5 

GTK ref AL-4 40.00 10.9 16.5 23.9 29.5 

(*) Total time = Pundit value + calibration time offset time 5.6 μs 
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Table D3 Values of S-wave travel time carried out using the Pundit lab + system with GCTS 
probes. 

Specimen 
Length 
(mm) 

GCTS 78 mm-S GCTS CVA-S 

Pundit 
value (μs) 

Total time 
(*) 

Pundit 
value 

Total time 
(*) 

Face-to-face 0.00 10.9 16.5 n/a n/a 

Al 50 mm 50.01 27.4 33 14.9 20.5 

Al 150 mm 150.04 59.9 65.5 49.4 55 

Al 300 mm 300.03 109.4 115 96.8 102.4 

Al 150 lat + 61 mm wave guide 67.28 n/a n/a 20.4 26 

GTK ref AL-2 28.00 1.9 7.5 7.4 13.0 

GTK ref AL-4 40.00 3.9 9.5 11.4 17.0 

(*) Total time = Pundit value + calibration time offset time 5.6 μs 
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16 Appendix E: Comparison of 

measurements using different coaxial 

cables 
The influence of the coaxial cables on the measurement quality was investigated on 
measurements on both the GCTS ULT-100 system and the Proceq Pundit Lab Plus 
system. Measurements were repeated using exact setting and set up. The only thing 
that was changed was switching the cables between the measurements. The GCTS ULT-
100 cables (RG-58 C/U, impedance 50 Ohm) and the Proceq cables (RG-62 A/U, 
impedance 93 Ohm) were used. 

The latter table type is good for this type of signals (measurements). Quote from 
Wikipedia (2017): “The cable [RG-62, 93 Ω coaxial cable] has the lowest capacitance 
per unit-length when compared to other coaxial cables of similar size. Capacitance is 
the enemy of square-wave data transmission (in particular, it slows down edge 
transitions), and this is a much more important factor for baseband digital data 
transmission than power handling or attenuation.” 

16.1 GCTS ULT-100 
The measurements were conducted on the GTK reference specimen AL-4 at an Energy 
Output 25% and with two Input Automatic Gains, -4 dB and 20 dB. 

Results of p-wave velocity measurements using the GCTS 78 mm loading platens are 
shown in Figures E1 and E2. It can be seen that the signal level is consistently higher 
when the Pundit cables are used as compared with the GCTS cables. 
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Figure E1 AL-4, 78 mm platen, GCTS ULT-100 system with Energy Output 25% and Input 
Automatic Gain -4 dB. 

 

 

 

Figure E2 AL-4, 78 mm platen, GCTS ULT-100 system with Energy Output 25% and Input 
Automatic Gain 20 dB. 
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16.2 Proceq Pundit Plus 
The measurements were conducted on the GTK reference specimen AL-2 with different 
pulse lengths 9.3 µs (54 kHz), 3.3 µs (150 kHz) and 2.5 µs (200 kHz) and with 125 V 
excitation level. 

Results of p-wave velocity measurements using the GCTS 78 mm loading platens are 
shown in Figures E3-E8. It can be seen that the signal level is consistently higher when 
the Proceq cables are used as compared with the GCTS cables. 

 

 

 

Figure E3 AL-2, 78 mm platen, 54 kHz, GCTS cable. 

 

 

Figure E4 AL-2, 78 mm platen, 54 kHz, Proceq cable. 
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Figure E5 AL-2, 78 mm platen, 150 kHz, GCTS cable. 

 

 

Figure E6 AL-2, 78 mm platen, 150 kHz, Proceq cable. 

 

 

Figure E7 AL-2, 78 mm platen, 200 kHz, GCTS cable. 

 

 

Figure E8 AL-2, 78 mm platen, 200 kHz, Proceq cable.  
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17 Appendix F: P-wave velocity 

measurement using AE-system 
An acoustic emission (AE) measurement system was used to do an independent 
measurement of the p-wave velocity of the reference specimens from set 1. The system 
is a Micro-II Digital SE system by Physical Acoustic Corporation with PCI-2 boards and 
8 channels. One pair of piezo electric transducers were used, R15a sensors with 150 kHz 
resonance frequency. As to pre-amplifiers, model 2/4/6, with 20-1200 kHz bandwidth 
was used. 

The wave velocity measurement was carried out using the automatic sensor test (AST) 
which is run through the software AE-Win. The two sensors were placed at the plane 
end surfaces on the cylinders. In the AST, one sensor acts as a sender and the other as a 
receiver. The test is conducted two times by switching the sender and receiver between 
the two sensors. Outgoing sensor voltage is 10 V (100 dB rel 1 µV with 40 dB pre-
amplification) 

The results from the tests are shown in Table F1. 

 

Table F1 Results from the AST using three different reference specimens. 

Reference specimen length 
(mm) 

Travel time 
(μs) 

Amplitude 
(dB) 

50 9 100 

150 25 100 

300 49 100 

 

 

The wave velocities can be calculated as 

	
100	
16	μ

6250	 /  

	
250	
40	μ

6250	 /  

	
150	
24	μ

6250	 /  

	49	μ
0.300	
6250	 /

1	μ  

It can be seen that the results follow a perfect linear fit with 8 µs wave travel time per 
50 mm specimen length. The p-wave velocity determined using the AST of the AE 
system was 6250 m/s. The resolution of the measured arrival time is 1 µs. The possible 
range of the wave velocity is estimated as 
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300	
48.5	μ

6186	 /  

	
300	
47.5	μ

6316	 /  
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