Applicability of Ultrasonic Tomographic Technique for Progressive
Damage Evaluation in Prismatic Rock Specimen
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ABSTRACT: Several damage processes are associated with the loading of intact rock specimens including closure of existing micro-
cracks, initiation of cracks, and finally development of cracks. Ultrasonic imaging techniques have proven to be very successful in
providing relatively high-resolution images of the damage processes in the rock. Ultrasonic velocity tomography is a full-field
measurement technique that can help understand the evolution of damage within a brittle rock specimen remotely and non-destructively.
Variations in elastic compressional (P-) wave velocity in a rock specimen can be associated with the changes in its elastic properties
under mechanical loading at different stages of damage. The objective of this research study was to examine the applicability of ultrasonic
tomographic technique for determination of velocity fields in prismatic rock specimens subjected to uniaxial compression. An array of
piezoelectric ultrasonic sensors were used to generate and receive elastic waves across the prismatic specimen and a fast LabVIEW-
based data acquisition system was used to record the waveforms. By analyzing and comparing the changes in generated velocity
tomograms, through tomographic inversion method, the velocity fields in synthetic and natural rocks were determined.

1. INTRODUCTION

The theoretical strength of brittle materials such as rocks
can be higher than their actual strength as much as
hundred times, primarily due to the presence of fractures
and discontinuities. These naturally occurring features
can have a significant influence on the mechanical and
hydraulic properties of the rock. Therefore, it is important
to understand the several damage processes which are
associated with the loading of intact rock specimens
including closure of existing micro-cracks, initiation of
cracks and their propagation (Hoek and Martin, 2014).
Various conventional testing methods used for such
evaluation involve performing uniaxial and triaxial
testing on the entire specimen without monitoring the
localized damage zones. The results from these tests only
hold good for perfectly homogenous specimen, but
neither material nor the boundary conditions are truly
homogenous in any case (Viggiani and Hall, 2008). Full
field measurement techniques such as X- ray tomography,
Digital Image Correlation, Acoustic emissions,
Ultrasonic velocity tomography are among non-

destructive techniques that have been used to study the
localization of damage in rocks. X-ray tomography
provides a full-field measurement for mapping the x-ray
attenuation, where attenuation increases with increasing
atomic number and density of material (Baruchel et al.,
2000). Digital Image Correlation (DIC), which has been
used in a wide range of materials (Pan et al., 2009;
Dautriat et al., 2010), is a technique used to map the
displacement and strain fields on a specimen and is based
on finding the displacement between similar regions in a
reference and a target image. Acoustic emissions is
another full field measurement technique which records
the energy released during rock deformation in the form
of propagating waves. This method is different from other
non-destructive methods such as X-ray tomography and
ultrasonic tomography where energy is supplied by an
external source. Acoustic emissions technique has been
widely used in a variety of rocks (e.g., Zietlow and Labuz,
1998 in Brea sandstone, Lockner, 1993 in granite, Lei et
al., 2000 in schist).



Ultrasonic velocity tomography, based on the elastic
wave propagation theory, can be used to map the
ultrasonic wave velocity for the entire volume of a rock
specimen. By determining and comparing the velocity
variations (low velocity zones) in the specimen at
different stages of damage, it is possible to identify the
formation of strain localization zones in the specimen,
which are often a precursor to crack initiation,
propagation and ultimately material failure. At the
laboratory scale, ultrasonic velocity tomography has been
used to study the changes in elastic properties due to
deformation associated with the loading of a rock
specimen (e.g., Hall, 2009). Debski and Young (1999)
were able to identify a damaged zone with low velocity
zone surrounding the main crack in a cylindrical granite
specimen. Mitra and Westman (2009) tried to produce a
3D image of velocity field by combining numerical
modelling and 3D ultrasonic tomography on cylindrical
samples of Berea sandstone. However, it was not possible
to identify the failure plane in the generated velocity
tomograms.

In this study, the applicability of ultrasonic velocity
tomography technique in identifying the velocity field in
natural rocks was evaluated. For this purpose,
piezoelectric ultrasonic sensors were used to generate and
receive elastic waves across the prismatic Barre granite
specimen at multiple locations and a fast LabVIEW-based
data acquisition system was used to record the waveforms
that provided a great spatial resolution. The resulting
velocity tomograms, at different stages of loading, were
used to identify the changes occurring in the specimen.
The experimental results show a great agreement with the
expected velocity ranges for the synthetic (standard) and
natural specimens.

2. TOMOGRAPHY

Seismic travel time tomography, which is just an up
scaled version of ultrasonic velocity tomography, has
been extensively used to image earth’s interior structure
(lyer and Hirahara, 1993, Rawlinson et al., 2010). Seismic
travel time tomography is a three step procedure: (a)
picking of seismic travel times, which is the time taken by
the seismic wave to travel from the source to the receiver,
(b) estimating the distances travelled, through ray tracing,
and (c) constructing travel time equations using inversion
to determine the velocities (Padina et al., 2006). Cross-
hole transmission tomography is another application area,
used for resource exploration and production, which is
smaller than the geological application but larger than the
current laboratory scale application (Menke, 1984 and
Rao and Wang, 2005). Seismic, cross-hole and ultrasonic
tomography, all use inverse analysis procedures to
determine the wave velocities from calculated travel
times (Angioni et al., 2003, Rawlinson et al., 2010,
Viggiani et al., 2015).

In elastic wave propagation through a material, the
“elastic” term implies that the wave is travelling through
the medium without causing any permanent damage or
changes. The equation of a wave propagating in an elastic
medium is given by (Viggiani and Hall, 2008):
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Ultrasonic waves with small amplitude may not cause any
permanent deformation or changes in the medium.
Density and elastic properties are the two material
properties which can influence the wave propagation in
the medium and the changes in these properties can be
inferred from the measurements of wave velocity
propagating through the medium (Hall, 2009). The
velocity is a function of elastic properties as per the elastic
theory and the equation for a pure pressure or P-wave is
given below:

7-9p = |= (2)

In Eq. (1-2), p= density, A and p are Lame’s constants and
M = A + 2p is the oedometric modulus. From the above
equation it can be observed that the wave propagation
velocity is inversely proportional to the square-root of
density of the material.

3. ULTRASONIC TOMOGRAPHY APPROACH

The first step in applying ultrasonic tomography
technique involves recording of the waveforms. It is
followed by the process of picking the first arrival time
for each waveform. Based on the arrival times, the
geometrical parameters (position of all source and
receiver positions) are verified and a base velocity model
is generated which is required for the final step of
inversion. The main steps involved in the ultrasonic
tomography are briefly discussed in sections 3.1-3.3.

3.1. Arrival Time Picking

Considering the large number of waveforms typically
recorded for tomographic inversion, manual picking of
the arrival time is not the most efficient option. Several
researchers (Oye et al., 2003; Kurz et al., 2005, Stanchits
et al., 2009) have applied different algorithms for
automated arrival time picking, which not only avoid time
consuming manual picking but also reduce the errors that
can be made by the user. In the current study, the
automatic arrival time selection has been made through
the MATLAB code using Auto regressive - Akaike
Information Criterion (AR - AIC) (See Figure 1). This
method is based on the work of Morita and Hamaguchi
(1984) and assumes that the recorded waveform is a time
series with an estimate of the onset time known. The
intervals before and after the arrival time of the wave are
considered as two different time series and the point
where AIC is minimized is the point of separation



between them and thus the arrival time of the wave
(Sleeman and Eck, 1999).
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Figure 1. Automatic arrival time picking using AIC algorithm
using MATLAB code

3.2. Initial Velocity Model

Before running the inversion algorithm, an initial velocity
model is required. In order to obtain this velocity field, all
the collected arrival time data are fitted to obtain the
unknown geometrical parameters plus the velocity value.
In this study, it is assumed that all the geometrical
parameters, i.e. the position of source/receiver sensors
remain constant between readings. The homogenous
velocity field obtained after fitting process is used for the
final inversion.

3.3. Inversion

The area of interest in the specimen is discretized into a
regular grid of square cells, in each of which the velocity
is considered constant. After defining the measured travel
time, size of grid cells, ray propagation method and the
initial velocity model, the inversion problem is solved by
calculating the slowness field. Various methods are
available to calculate the over-determined inverse in the
inversion process due to number of travel time data being
larger than the number of unknowns i.e. the number of
cells. Least square method is one of the options; however,
in this study two other methods, namely single value
decomposition and maximum a posteriori, are used and
more information can be found in Charalampidou (2011)
and Tudisco (2013).

The result of inversion is a velocity value (or slowness) in
each cell with straight ray paths assumed as the ray
propagation method. These velocity tomograms obtained
at different stages of loading can be compared and
analyzed to predict any changes happening inside the
specimen.

4. EXPERIMENTAL SETUP
4.1. Sample Preparation

Prismatic specimens of Barre granite, 152.4 mm X 76.2
mm X 25.4 mm were used in this study. Barre granite is
an intrusive deposit of Devonian age, obtained from the

southwest region of Burlington in Vermont, USA. It is a
fine to medium grained rock with mineral grain sizes
ranging from 0.25 mm to 3 mm. Feldspar is the main
constituent mineral (65% by volume), followed by Quartz
(25% by volume) and Biotitic (6% by volume) (Dai and
Xia, 2013). The central area of the specimen was selected
for ultrasonic imaging as the waves were transmitted
without significant attenuation over the 60.325 mm
vertical distance. The imaging area measuring 60.325 mm

Receiver
Position # 1

Source
Position # 1

60.325 mm
152.4 mm

Receiver
Position # 20

76.2 mm
Figure 2. Prismatic Barre Granite specimen indicating the
imaging area. Figure also shows the ultrasonic ray paths for
Source position # 1 and all 20 receiver positions. Similar pattern
for ray paths can be considered for the other 19 source locations
and receivers.

4.2. Setup and Data Acquisition System

The complete setup for this study is shown in Figure 3. A
pair of contact type video-scan longitudinal (P-) wave
piezoelectric sensors were used to generate and receive
the waveforms across the prismatic aluminum and Barre
granite specimens. The central frequency of the
transducer used was 1 MHz and the wavelengths were 6.5
mm and 4 mm for the aluminum and for the Barre granite
specimens, respectively. Lab jacks fitted with an in-house
built frame to mount the sensor, having a minimum adjust
distance of 5pum were used to place the sensors at the exact
needed positions shown in Figure 2. The raising or
lowering of the lab jacks were maintained precisely by
using Linear Variable Differential Transformers
(LVDTSs) placed on each lab jack. One of the ultrasonic
sensor was used as the source and the other as the
receiver. During wave acquisitions at each source
location, the source sensor was kept stationary and the
receiver sensor was moved to the next position. After
recording all waveforms emitted from the first source
position, the source sensor was moved to the second
position and the process was repeated. In this study, the



number of source and receiver positions was twenty on
each side of the specimen (Aluminum and Barre granite)
and with the interval of 3.175 mm between the
consecutive positions.

An Olympus- 5077PR square pulse generator was
regulated to produce a 300 volt pulse every 200us for the
source sensor. 100 seismic signals each 100us long were
recorded and stacked to produce a high signal to noise
ratio in the transmitted signals. The digitizing rate was
100 Million Samples per second. Fifteen seconds of pause
(frequency of 0.06 Hz) was selected between each
consecutive wave measurement to ensure ample time for
accurate placement of the sensors at the new positions. In
order to ensure proper coupling between the specimen and
the sensor, oven-baked honey was used. Prior to the
experiment, honey was dehydrated in an oven at 100°C
for 90 minutes. This procedure was successfully used in
previous similar studies (Hedayat et al., 2012; 2014a-d;
2018; Gheibi and Hedayat, 2018a-b). Honey is widely
considered as one of the best couplants for P-wave
propagation (Couvreur and Thimus, 1996). This complete
setup was placed inside the MCC-8 uniaxial loading
machine, as shown in Figure 3.

Figure 3. Experimental Setup for ultrasonic tomographic
inversion

5. VALIDATION AND APPLICATION
5.1 Validation of the tomographic inversion code

In order to validate the proper functioning of the
ultrasonic inversion code written in MATLAB, firstly a
synthetic waveform data was generated to be used as input
to tomographic inversion. The synthetic waveform data
was generated for 32 sources and receivers on each side
of the specimen assuming wave transmission without any
attenuation. The data generated was for a completely
homogenous material with a velocity of 7100 m/s and the
arrival time was shifted based on this constant velocity
depending on the location of the source and receiver
sensors. Figure 4 shows the result of tomographic

inversion, confirming that the velocity field is as
expected. As a second step of validation, a homogenous
prismatic aluminum specimen was used. The waveforms
were recorded for 20 source and 20 receiver positions (i.e.
400 waveforms in total). The spacing between each
position was 3.175 mm. The results of ultrasonic
inversion are shown in Figure 5 in the form of the velocity
field.
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Figure 4. Velocity Tomogram for Synthetic data
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Figure 5. Velocity Tomogram for the Aluminum specimen

The average velocity for this homogenous aluminum
specimen as calculated from the tomography work was
6300 m/s and the reported wave velocity for Aluminum
material varies between 6200-6400 m/s (Ginzel and
Turnbull, 2016). Results shown for both synthetic



waveform data and the aluminum specimen confirm the
proper functioning of the tomographic inversion
MATLAB code.

5.2 Test on prismatic Barre Granite specimens

After the above verifications, the ultrasonic waveform
data was acquired for the area of interest on the prismatic
Barre granite specimen and results are shown for the
following three stages:

o Before loading the specimen;

o At 80% (142 MPa) of the Unconfined
Compressive strength (UCS=175 MPa); and

e After failure of the specimen

Although ultrasonic waveform data was acquired at 20%,
40% and 60% of the unconfined compressive strength as
well, the results are not included in this paper as no
substantial change was detected, when compared to the
unloaded stage. The uniaxial loading test was aborted
right before the catastrophic failure of the specimen and
after the reduction in the strength (See Figures 6 and 7).
The sample retained its original shape although damaged
as a result of the uniaxial loading. Velocity tomograms
generated for the specimen at the unloaded (intact) stage
show a velocity field with a mean velocity of 4170 m/s
(See Figure 8). Velocity field for the 80% loading (See
Figure 9) shows that the mean velocity for the area
imaged in the specimen has reduced to 4028 m/s.

Figure 6. Barre Granite Specimen at failure
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Figure 7. Stress-Displacement for the Barre Granite specimen

Similar results are shown by the velocity tomogram at
failure stage (See Figure 10), where the mean velocity is
further reduced to 3968 m/s. The band of higher velocity
detected in the velocity tomograms for 80% and failure
stages (See Figure 9 and 10) are an artefact due to a lower
ray density in those regions as indicated in Figure 11.
Table 1 presents the maximum and minimum velocity
value and standard deviation at different stages for the
Barre granite specimen.
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Figure 8. Velocity tomogram for Barre granite specimen at
unloaded (intact) stage



i ] 4300
v
-
~ 1 4250
o
) 4200
g
8o
= 4150
%,
m ~
b 4100
v
o
. 4050
g
- 4000
0 15 3 45 6 75 Wi
Width (cm)

Figure 9. Velocity tomogram for Barre granite specimen after
being loaded to 80% of the UCS
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Figure 10. Velocity tomogram for Barre granite specimen just
after failure
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Figure 11. Normalized Ray density with 20 Sources/Receivers
for an Imaging area of 60.325 mm by 76.2 mm

Table 1. Velocity data at different stages for Barre granite
specimen

Stage Average | Maximum | Minimum | Standard
Velocity | Velocity Velocity Deviation
(m/s) (m/s) (m/s) (m/s)

Before 4170 4178 4154 4.949

Loading

At 80% | 4032 4041 4027 4.091

of the

UCsS

At 3968 3973 3965 2.093

failure

Upon visual inspection of the failed specimen, no
cracking or deformation was observed (See Figure 6).
Given the size of the wavelength and the generated
microcracks inside the specimen, it is hypothesized that
the new cracks did not enlarge enough to be visually
detected on the velocity field while the attenuation
induced by the addition of cracks was detected by the
tomography technique. This suggest that tomographic
inversion was able to capture changes in the specimen
which were not visible to the naked eye. There is currently
an ongoing effort to validate the interpreted velocity field
with the strain profile on the surface of the specimen
obtained from the DIC analysis.



6. CONCLUSIONS AND FUTURE WORK

This study focused on exploring the applicability of the
ultrasonic tomography technique in determination of the
velocity field and damage in synthetic and natural rock
specimens. It was shown that at different loading stages,
the velocity field inside the specimen changes and the
mean velocity decreases as the damage extent increases.
One limitation of this technique is that when the fractures
are significantly smaller than signal wavelength, they
remain invisible and when fractures grow and become
significantly larger than the wavelengths, they restrict the
transmission of ultrasonic waves and attenuate the
signals. For such situations, another method like DIC can
provide complementary information.
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