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The condition assessment of concrete structures belongs to the greatest challenges of non-destructive testing.
Monitoring the fracture process of concrete and detecting cracks at the earliest possible stage is a vital aspect to
ensure the safety of civil engineering objects. The use of ultrasound tomography enables imaging the internal
structure of a tested element. This study aims at the visualization of fracture damage in concrete cubes. The tests
are performed on samples made of plain concrete and concrete with fibres. The main contribution of this work is

the study of the application of ultrasound transmission tomography to imaging cracks in concrete prisms before
and after mechanical degradation in a wedge splitting test. A novel method of determination of the time-of-flight
of a wave propagating from a transmitter to a receiver is introduced. The effectiveness of the imaging of fracture
damage obtained using ultrasound tomography is proved by X-ray micro-computed tomography.

1. Introduction

Concrete, as a brittle material with high compressive and low tensile
strength, is very prone to cracking. The fracture process is complex and
begins with microcracks which then gradually merge into macroscopic
cracks and may further lead to the complete failure of a concrete
structure. Therefore, it is so important to detect cracks at the earliest
possible stage to prevent a possible construction disaster. Experimental
research has shown that the development of cracks in concrete under
load depends mainly on the internal structure of the element, i.e. the
volume of mortar and aggregate, porosity, size, shape and roughness of
the aggregate. Consequently, it is very difficult to predict the exact
course of the cracks. This is the reason why the characterization and
evaluation of the fracture process are so important and various non-
destructive testing (NDT) techniques are engaged for this challenging
task.

Nowadays, the imaging of the internal structure of engineering ob-
jects focused on the evaluation of the fracture process has become a
great challenge for modern damage detection and structural health
monitoring systems. Undoubtedly, one of the most efficient methods for
exact internal imaging is using X-ray micro-computed tomography
(micro-CT). Micro-CT enables obtaining high-resolution images that
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provide a realistic microstructure of a wide range of materials. Many
successful applications of characterization of concrete fracture have
been made using micro-CT, including examples of mechanical degra-
dation such as bending [1], compression [2,3], splitting [4,5] as well as
corrosion-induced cracks [6]. Micro-CT has been also used to test fibre-
reinforced concrete to determine the distribution, amount, shape or type
of fibres [7-11]. Results of micro-CT imaging have been widely used to
generate concrete mesoscale models including cement matrix, aggre-
gates, macro-pores and interfacial transitional zones between the
aggregate and cement matrix. Various finite element and discrete
element models [12-16] have been used for numerical modelling of
damage in concrete to study behaviour at different stages of fracture.
Most often research using micro-CT relies on scanning samples before
and after mechanical degradation (e.g. [9]). However, the newest in-
vestigations are devoted to continuous micro-CT scanning of concrete
samples under progressive compressive or bending loading, e.g.
[14,17,18]. It should be noted that despite the high efficiency, the
method of computed microtomography also has some drawbacks. The
main disadvantage is the limitation of the use of the method on real
objects, due to the need to conduct the test in a special measuring
apparatus.

The limitations of early detection of cracks on a real object are
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overcome by methods based on elastic waves. One of such method is
ultrasound tomography based on information collected from waves
propagating through the tested element. Data collection devices are
compact and can be successfully used in situ. In concrete elements, to-
mography is used to locate the reinforcement [19,20], inclusions of
foreign materials [19,21,22] or to detect debonding of the reinforcement
[23]. Ultrasound tomography also allows for the detection and imaging
of cracks in concrete or reinforced concrete elements [24,25]. Research
related to the detection of cracks has been carried out by Chai et. al [26].
They developed an algorithm to facilitate simultaneous tracking and
distribution of the amplitude factor in a 3D model. They used the ob-
tained results for the tomographic reconstruction of elements with
damages imitating fracture. Niu et al. [27] conducted an integrated
study for concrete structures using Bayesian theory and ultrasound to-
mography. In one of the tested samples, they imitated the defect in the
form of cracks. However, works for studying a fracture process using
ultrasound computed tomography are still rare. Haach and Juliani [28]
examined concrete prisms before and after damage, showing a decrease
in the velocity of wave propagation in the elements after destruction.
Perkowski and Tatara [29] considered imaging brittle damage in con-
crete beams subjected to three-point bending. They determined the real
paths of ultrasonic waves using the graph theory and Dijkstra’s algo-
rithm. Basu et al. [30] used ultrasound tomography to initially identify
damaged critical areas in a reinforced concrete element. The tests were
carried out on a laboratory model of the girder with different load levels,
indicating the development of damage in some areas.

The paper deals with the visualisation of fracture damage in quasi-
brittle materials on the example of concrete elements. The main
contribution of this work is the study of the application of ultrasound
transmission tomography to imaging cracks in concrete prisms before
and after mechanical degradation. The results are presented for cubes
made of plain concrete and concrete with steel and polymer fibres. To
analyse the fracture phenomenon in a wedge splitting test, wave prop-
agation velocity measurements were made. A novel starting point search
method for the determination of the time-of-flight of an ultrasonic wave
propagating from a transmitter to a receiver was proposed. Based on it,
the distribution of the velocity of the elastic wave propagation within
the tested element was determined and then precise tomographic maps
were performed. The effectiveness of the imaging of fracture damage
using ultrasound tomography was proved by images from X-ray micro-
CT. The results obtained in this paper may be treated as an initial step
toward in situ condition monitoring of concrete elements and imaging
their internal structure.

2. Experimental investigations
2.1. Mixtures and specimens
The concrete mixture was composed of cement type CEM I 42.5R

(380 kg/m?), aggregate 0/2 mm (648 kg/m>), aggregate 2/8 mm (426
kg/m3), aggregate 8/16 mm (754 kg/mS), water (165 kg/m3), and
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super-plasticizer (0.8% of cement content). Three different mixtures
were prepared. The first (mixture #1) was plane concrete. The two other
mixtures (#2 and #3) were prepared based on mixture #1, adding to it
two different types of fibres at the rate of 0.6% by the total volume of
concrete. Mixture #2 contained 5.46 kg/m> polymer fibres with a length
of 24 mm and a diameter of 0.45 mm, while mixture #3 contained 47.1
kg/m? steel fibres with a length of 25 mm and a diameter of 0.5 mm.
Three 10 x 10 x 50 cm? concrete prisms were made of each mixture.
Then, cubic specimens 7 x 7 x 7 cm® were cut from the prisms. In each
of the cubes, a rectangular notch with a width of 4 mm and a depth of 15
mm was cut. These three specimens (cube #1 — made of plain concrete,
cube #2 — made of concrete with polymer fibres, cube #3 — made of
concrete with steel fibres) were investigated in the further part of the
study (Fig. 1).

2.2. Experimental setup and procedure

The fracture process of the concrete cubes was investigated in the
wedge splitting test (WST). The experimental setup and sample under
testing are shown in Fig. 2a. During fracture, the cubes were supported
on the linear support on the bottom and the steel wedge was inserted in
the notch. The splitting test was carried out using a universal testing
machine (UTM) Zwick/Roell Z10, with a constant displacement rate of
0.1 mm/min, until 2 mm displacement of the cross-head, which was
achieved after 1200 s.

The time-force curves of the quasi-static splitting test are illustrated
in Fig. 3. The peak values of the load were: 6.39 kN (cube #1), 5.7 kN
(cube #2) and 8.02 kN (cube #3). The samples revealed different
behaviour depending on the type of concrete mixture. For the cube made
of plain concrete (cube #1), a sudden, quasi-brittle cracking occurred.
The force corresponding to the 2 mm wedge displacement was 1.95%
Prax- An increment in ductility is visible in cubes with fibres compared
with a specimen made of plain concrete. Adding polymer fibres resulted
in the post-cracking behaviour not so sudden as in the case of plain
concrete. For cube #2, the force corresponding to the 2 mm wedge
displacement was 10.14% Pp,.x. A sample with steel fibres (cube #3)
revealed a gradual decrease in force, amounting to 36.88% P, for a 2
mm wedge displacement.

Before and after fracture in the splitting test, the elastic waves were
excited and recorded using the multilayer piezoelectric transducers
NAC2024, manufactured by Noliac. The excitation was a one-cycle sine
wave with a frequency of 100 kHz, modulated by the Hann window. The
AFG3022C arbitrary waveform generator and the AB A400DI high
voltage amplifier were used to generate the excitation. Wave propaga-
tion signals were registered using the PicoScope 4824 digital
oscilloscope.

In the survey, twenty-four transducers were attached to the specimen
surface, in the middle of the sample height (i.e. at a height of 35 mm), as
shown in Fig. 2b. Twelve transmitters (T;-T;2) were placed on two
adjacent walls (i.e. six transmitters on each wall). The first transmitter
was attached at a distance of 5 mm from the edge of the sample, and the

cube #3

Fig. 1. The geometry of the concrete specimen (a) and front view of cubes #1, #2 and #3 (b).
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Fig. 2. Experimental setup: specimen under splitting test (a); location of piezoelectric transducers (b).
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Fig. 3. Load curves for cubes #1 —#3 with marked stages B and C of
measurements.

others at a distance of 12 mm. Twelve receivers (R1—R;2) were arranged
on two opposite walls in the same way. During a single measurement,
one of the transmitters excited a wave, while six receivers localized on
the opposite side registered time histories. A typical set of signals is
given in Fig. 4 (the excitation signal given by transmitter T; and the
exemplary signals recorded by receivers R1j—Rg located on the opposite
wall). The measurements were repeated twelve times (using subsequent
transmitters), so a total of 72 signals were collected along the paths
shown in Fig. 5 for further imaging using ultrasonic tomography.

The ultrasonic measurements were repeated four times for each
specimen. The first ultrasonic survey was carried out for the unloaded,
undamaged cube (stage A). The second ultrasonic survey (stage B) was
made for a cube under preload with a value of 20 N. Then the survey was
repeated after splitting when the testing machine achieved a displace-
ment of 2 mm (stage C). The last survey (stage D) was performed after
unloading the sample. All wave propagation signals used in this paper
are available in [31].

3. Ultrasonic transmission tomography
3.1. Procedure for automated time-of-flight determination

The crucial element required for ultrasonic tomography imaging is
the determination of the time-of-flight (TOF) along individual paths. The
time-of-flight is measured as the distance between two points of a
waveform, defining the starting point of the input and output signals,
respectively. Identification of the starting point of the signal can be often

troublesome due to insufficient signal quality, ambiguity or noise. This
point can be determined automatically or manually by indicating it in
each signal separately. In the case of ultrasound travel-time tomogra-
phy, the amount of collected data is very large, and the manual search
for the starting point in each signal can become very long and ambig-
uous. Manual search for a starting point is subjective which was proved
by Cescatti et al. [32] by comparing the position of the starting points
determined by seven independent expert operators. Since the determi-
nation of the time-of-flight directly affects the ultrasound tomography
maps, this subjective factor should be eliminated. For this reason,
automated methods of measurement data processing are preferred,
which allow for the quick collection of the TOFs. The basic automated
approach for determining TOFs is the use of threshold methods. They
consist in identifying the place in the signal where a certain threshold is
exceeded. However, these methods are susceptible to noise and signal
interference. In 1981 Beck [33] proposed the determination of TOF by
the signal correlation method. This technique measures the similarity of
two signals and the result is the time shift which gives the greatest
similarity of both signals. Then, improved correlation methods such as
phase-correlation or cross-correlation were proposed [34]. Unfortu-
nately, the correlation method can give inconclusive results due to noise,
mode conversion or spreading. An automated technique for the deter-
mination of the TOF was proposed by Cescatti et al. [32]. The developed
algorithm uses a geometrical method to detect the starting point of the
input signal and an adaptive threshold method for the identification of
the starting point of the output signal. Rodriguez-Mariscal et al. [35]
introduced a new automated procedure for the TOF identification based
on a set of criteria including noise analysis, signal shapes and statistical
variables. Fang et al. [36] introduced a technique for the time-of-flight
determination using the multiple-zero-crossing technique.

This paper proposes an original method of determining the TOF,
called the starting point search (SPS). The method was developed based
on the analysis of the wave signal and the problems that may arise in
finding the starting point. The scheme of the method is shown in Fig. 6.
Observation of the initial, undisturbed part of the signal allows the
identification of noise. This is necessary to specify the input parameter
Dgey which value must be greater than the noise level. The identification
of the starting point in the proposed approach begins with the deter-
mination of the signal envelope. The first point with a value of amplitude
greater than the specified Dy, (point R;) is plotted on the graph. This is
the first point determining the position of the line r. The second point
that defines the course of this line is point Ry. This is the point of change
of monotonicity of the envelope function, located to the left of point R;.
The place of intersection of line r with the x-axis determines the location
of point T;. The next step is to find the first upper (xy, y,) and bottom
peaks (xp, yp), with a value on the x-axis greater than T;. Due to the
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Fig. 4. Typical ultrasonic wave signals propagating between transmitter (T;) and receivers (R;—Rg).
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Fig. 5. Cross-section of a concrete cube with the configuration of transducers
and measurement paths.

possibility of changing the phase of the signal, the peaks are labelled as
P; (first peak) and P, (second peak), respectively. In order to avoid the
error, the algorithm checks if there is no peak in front of the determined
peak P, the value of which was incorrectly read as noise. These extra
points are searched at the distance d, measured to the left of the first
peak Py (xyp):

works properly if the ratio of signal amplitude to noise is large enough
and signal excitation is visible.

An example of estimating the starting point position using the AIC
function is shown in Fig. 7. The AIC value was initially calculated from
the entire signal (AIS 1st). In order to obtain a reliable estimation result,
a limited time window should be defined. In the study, the time window
was 20 ps long, assuming 10 ps on each side of the minimum point of the
AIS 1st function. Then AIC calculations were repeated for the adaptive
window (AIC 2nd). The close-up in Fig. 7 compares the position of the
starting points of the signal determined by the SPS, AIC 1st and AIC 2nd
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Fig. 7. Comparison of determining the position of the starting point of the function by the SPS, AIC 1st and AIC 2nd methods.

methods. The results are not identical. It can be observed that the AIC
method indicates several local minima depending on the selected time
window. This may result in an incorrect estimation of the starting point
of the signal. It should be also noted that the proposed SPS method is
independent of the selected time window.

The results obtained by SPS, AIC 1st and AIC 2nd methods are
summarized in the bar graph (Fig. 8). The signals collected from three
undamaged samples (stage A) made of plain concrete (cube #1), con-
crete with polymer fibres (cube #2) and concrete with steel fibres (cube
#3) were analyzed. Each of the graphs compares the position of the
starting points of the waves propagating from the transmitters T;-T» to
the receivers Rj-Rjs. The average difference between the results

obtained by the SPS method and the AIC 1st and AIC 2nd methods was
measured. These differences for cube #1 were 1.37% and 1.39%, for
cube #2 — 1.85% and 1.44% and for cube #3 - 2.00% and 1.95%,
respectively. These differences can be considered as minor, and the SPS
method of identifying the position of the starting point of the signal as
correct.

3.2. Algorithm of ultrasound tomography

Transmission ultrasound tomography is based on information ob-
tained from waveforms propagating in an examined medium. The ul-
trasonic wave induced by a transmitter passes through a tested element
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Fig. 8. TOF comparison for signals propagating from transmitters (T;-T;5) to receivers (R;-R;2) determined by SPS, AIC 1st and AIC 2nd methods.

and reaches the receivers, resulting in the collection of a set of signals. A
typical set of signals registered in this study is shown in Fig. 4. The
measurement is then repeated sequentially for each transmitter. A suf-
ficiently large amount of collected measurement data enables the
reconstruction of the internal structure of the element. A typical feature
used in reconstruction is the time-of-flight of the ultrasonic wave from
the transmitter to the receiver, which is delayed or accelerated by cav-
erns, voids, discontinuities or other inclusions in the wave path.

To recreate the internal structure of an object, the examined plane is
divided into a grid of n discrete elements (pixels), which is then ana-
lysed. Following the basic tomography approach, it is assumed that
paths of known length traced between transmitters and receivers are
straight lines. Since the path of each signal passes through a different set
of discrete elements, the total propagation time T of any i-th path is the
sum of the travel times through each of j-th element. On the basis of
wave propagation velocity (Vj) or its inverse, defined as slowness (S;)
and the transition way of the i-ray through the j-element (L;), the time of
the wave passing through this element can be calculated:

n Llj n ) ]
Ti:jZI:V:jZI:Li]’Sjv i=1,23,...mj=123..n 3

J

where i is the number of rays that ranges from 1 to m, j is the number of
discrete elements that ranges from 1 to n.

The above set of equations is usually overdetermined in computed
tomography problems. It can be efficiently solved using techniques such
as ART - Algebraic Reconstruction Technique [38], MART — Multipli-
cative Algebraic Reconstruction Technique [39], SIRT - Simultaneous
Iterative Reconstructive Technique [40] or OLS - Ordinary Least
Squares [28]. In this study, the ART method was used, which is an
iterative method of searching for a solution. In the first step of the
iterative process, each discrete element is assigned a value, usually the
average velocity value of the collected signals. Then, the iteration pro-
cess is started, according to the equation [40]:

w-n . LiAT:

Yl

where AT; is the difference between the time of the original projection
and the rebuilding time. The system of equations is iteratively solved
until the reconstructed travel time reaches the measured travel time,
with an established error.

4
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Fig. 9. Tomographic velocity images of three tested cubes (#1 — plain concrete, #2 — concrete with polymer fibre, #3 — concrete with steel fibres) at four stages (A —
before loading, B — with 20 N preload, C — damaged, at the end of the splitting process, loaded, D — after unloading).

4. Results of ultrasound tomography

The ultrasonic tomography images are shown in Fig. 9. The recon-
structed velocity maps were obtained using TOFs calculated based on
the SPS method. The results are summarized for three samples made of
plain concrete (cube #1), concrete with polymer fibres (cube #2) and
concrete with steel fibres (cube #3). The maps were prepared for four
stages: for the unloaded cube (stage A), for a cube under preload with a
value of 20 N (stage B), after splitting when the testing machine ach-
ieved a displacement of 2 mm (stage C) and after unloading the sample

(stage D). Each of them is presented in Fig. 9 in the same range of the
scale so that they can be objectively compared. The maps for the
unloaded cubes (stage A) and the cubes under preload with a value of 20
N (stage B) are very similar. It can be concluded that the application of
such a small force did not change the speed of wave propagation in the
concrete. There were also no clear differences observed in the tomo-
graphic images between the plain concrete and concrete with fibres. At
the same time, significant differences can be noticed for the element
before (stages A and B) and after destruction (C and D). For stages C and
D, the fracture is visualized as a place with a reduced wave propagation
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velocity. The damage course is similar for each concrete cube due to the
failure characteristics. The maps obtained for individual samples after
splitting, when the testing machine achieved a displacement of 2 mm
(stage C) and after unloading the sample (stage D) are similar, however,
one can observe that the areas with reduced velocity in stage D are
smaller than in stage C as a result of crack closure after unloading of
samples.

The ultrasound tomography maps were verified by comparing them
with the results obtained from X-ray micro-computed tomography. Due
to the use of micro-CT scanning, it was possible to see the inside of the
tested specimens. The scans were carried out for specimens #1 to #3
before (stage A) and after (stage D) splitting tests with the SkyScan 1173
micro-CT scanner. After reconstruction, it was possible to obtain images
of sections in the middle of the sample height, as in the ultrasonic test. X-
ray tomography allowed for accurate visualization of the internal
meso-/microstructure of concrete cubes, as shown in Fig. 10. The scans
show the shape, size and distribution of aggregate and empty air spaces.
In the case of the sample with steel fibres (cube #3), their arrangement
can be observed. The exact course of the crack due to splitting is clearly
visible in images made for stage D. The crack from micro-CT was then
accurately marked on ultrasound tomography images. Comparing the
results of the two methods of imaging the inside of the sample, one can
notice that ultrasound tomography maps (Fig. 9) are not such precise as
images from micro-CT (Fig. 10). It should be noted, however, that in the
ultrasound tomographic velocity images, the areas with reduced wave
propagation velocities coincide with the real course of the cracks, which
proves the applicability of the ultrasound tomographic technique in
detecting and imaging fracture damage. In addition, the superiority of
the ultrasound tomography technique in the practical issues of civil
engineering is related to the possibility of its application in situ and thus
overcoming the significant limitation of microtomography resulting
from the use of a scanning device in laboratory conditions.

The quantitative analysis of the average apparent velocities of ul-
trasonic waves propagating from transmitters T;-T15 to six receivers
located on the opposite wall is given in Table 1. The results are presented
for each tested concrete sample at different stages (A to D). It can be
noted that the velocities in cubes before failure (stages A and B) were of
a similar range, regardless of the location of the transmitter, while after
the splitting failure (stages C and D), there were significant differences
in the velocities collected for the transmitters arranged in a plane

cube #1

stage A

stage D

cube #2

Measurement 202 (2022) 111852

perpendicular (transmitters T;-Tg) and parallel (T7-T13) to the main
plane of destruction. Wave rays propagating from transmitters located
on the horizontal plane did not always pass through the destruction, so
the average velocity was higher. Waves coming from transmitters
located on a vertical wall always crossed the crack, which significantly
reduced the average velocity of the wave.

Table 1 is summarized by listing the minimum, maximum and
average velocity for each stage. The propagation velocity of an elastic
wave for unloaded samples (stage A) and samples under preload with a
value of 20 N (stage B) was almost the same. After the fracture, at stages
C and D velocities were similar, however, a slight but noticeable increase
in velocity can be observed in stage D compared to stage C, due to
sample unloading and crack closure. The average velocity of waves
propagated in the sample made of plain concrete was 4631.4 m/s and
4634.3 m/s for stages A and B, respectively. This value decreased
significantly after cracking and amounted to 3051.4 m/s and 3092.6 m/
s for stages C and D, respectively. Similar behaviour was observed for
cubes with polymer fibres where the average velocity of 4609.3 m/s
(stage A) and 4586.8 m/s (stage B) decreased to the values of 2937.2 m/
s (stage C) and 2957.9 m/s (stage D). For an element with steel fibres,
the average initial velocity was 4643.4 m/s and 4633.1 m/s (stages A
and B) and it decreased after failure to 3035.5 m/s and 3192.2 m/s
(stages C and D).

The analysis of the average velocity of propagating waves in cubes
made of different mixtures brought the information that the highest
velocity was in concrete with steel fibres and the lowest in concrete with
polymer fibres. Noteworthy is the difference Av between the value of the
maximum and minimum velocity for the unloaded element (stage A).
The difference was the smallest for the element made of plain concrete
and amounted to 135.8 m/s. For the element with polymer fibres, the
difference increased to 187.9 m/s, and for an element with steel fibres,
the value was 289.0 m/s. This proves the strong influence of the pres-
ence of fibres, especially steel ones, on the propagation of ultrasonic
waves. The comparison of the Ay results after the destruction was not
reliable, because they were influenced not only by the material itself but
also by the destruction process.

The measures of variability of apparent velocities are shown by the
standard deviation (SD) and the coefficient of variation (CV). There
were large differences, even more than ten times, between these values
for the cubes before and after the failure. The standard deviation before

cube #3

Fig. 10. X-ray micro-CT images of cubes #1-#3 before the test (stage A) and after fracture (stage D).
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Results of average apparent velocities of wave propagation determined by the starting point search (SPS) method for cubes #1-#3.

No. transmitter Cube #1 (plain concrete)

Cube #2 (polymer fibres)

Cube #3 (steel fibres)

A B C D A B C D A B C D
[m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
Ty 4636.1 4699.4 3684.0 3715.3 4517.7 4377.7 3069.3 3033.6 4679.7 4637.4 3471.3 3664.7
Ty 4618.0 4695.1 3660.5 3653.3 4545.0 4569.4 3277.4 3333.1 4716.2 4677.2 3484.1 3515.7
Ts 4713.0 4681.0 3591.7 3628.9 4614.2 4627.6 3474.5 3470.1 4492.9 4435.6 3449.2 3450.2
Ty 4615.4 4615.5 3567.2 3683.8 4582.1 4576.9 3516.8 3512.5 4534.6 4520.7 3539.6 3977.4
Ts 4640.2 4637.7 3595.4 3628.9 4613.7 4577.9 3569.5 3517.8 4572.6 4544.1 3681.3 3624.7
Te 4656.9 4584.6 3384.9 3434.7 4629.2 4498.8 3730.2 3708.4 4607.5 4619.4 3611.0 3615.5
T, 4577.2 4642.6 2593.6 2645.8 4705.6 4690.2 2569.8 2695.3 4729.9 4692.6 2397.6 2618.2
Tg 4609.0 4603.1 2491.0 2519.2 4666.2 4632.8 2441.7 2554.7 4752.3 4746.8 2605.4 2737.2
Ty 4602.8 4580.2 2343.8 2482.8 4535.1 4604.3 2467.6 2489.3 4633.3 4690.5 2398.1 2685.8
Tio 4608.9 4604.8 2446.2 2477.2 4661.8 4657.8 2507.3 2552.5 4597.2 4649.2 2555.0 2700.3
Ti1 4693.0 4641.7 2589.9 2589.5 4660.4 4694.6 2458.2 2390.1 4622.8 4597.7 2571.4 2875.7
Ti2 4606.3 4625.5 2669.2 2651.5 4580.1 4534.0 2164.5 2237.8 4781.8 4786.6 2662.1 2840.8
Average [m/s] 4631.4 4634.3 3051.4 3092.6 4609.3 4586.8 2937.2 2957.9 4643.4 4633.1 3035.5 3192.2
Max value [m/s] 4713.0 4699.4 3684.0 3715.3 4705.6 4694.6 3730.2 3708.4 4781.8 4786.6 3681.3 3977.4
Min value [m/s] 4577.2 4580.2 2343.8 2477.2 4517.7 4377.7 2164.5 2237.8 4492.9 4435.6 2397.6 2618.2
Av [m/s] 135.8 119.1 1340.3 1238.1 187.9 316.9 1565.7 1470.6 289.0 351.1 1283.7 1359.2
SD [m/s] 39.3 40.3 563.0 561.7 58.7 88.5 555.9 526.5 89.7 98.4 535.0 489.5
cv 0.8 0.9 18.4 18.2 1.3 1.9 18.9 17.8 1.9 2.1 17.6 15.3

damage (states A and B) ranged from 39.3 m/s to 98.4 m/s. After
damage (stages C and D), the SD ranged from 489.5 m/s to 563.0 m/s.
What is worth noting, the smallest difference between the state before
and after the failure was observed for the sample with steel fibres. The
values of the coefficient of variation for undamaged cubes #1-#3 were
respectively 0.8%, 1.3% and 1.9% for stage A and 0.9%, 1.9% and 2.1%
for stage B. This indicates a slight variability in the velocity of wave
propagation along the considered paths. These ratios increased to
18.4 %, 18.9% and 17.6% for stage C and 18.2%, 17.8% and 15.3% for
stage D, which proves that the continuity of the samples was interrupted
and the wave travel was disturbed.

5. Discussion

The analysis of the results presented in the previous section allows
discussing some important aspects connected with advantages, limita-
tions and practical application in fracture imaging. The main advantage
of ultrasound tomography is the ability to visualize the internal structure
of engineering structure elements on the basis of measurements carried
out on their surface. The method can be applied in situ on real objects. It
can be used in both periodic checking and monitoring modes, which
makes this method quite universal. In periodic inspections, it is prefer-
able to use ultrasonic transducers with dry coupling as a quick and
reliable approach. In such a way, several places can be easily and
effectively inspected. In the monitoring mode, it will be more conve-
nient to use PZT transducers installed permanently, as presented in this
study. Another advantage is the fact that ultrasound tomography im-
aging of concrete fracture basically does not require any reference data.
This can be treated as a baseline-free approach as any crack in concrete
will result in significant differences in wave propagation velocities on
ultrasound tomography maps.

The presented method also has some disadvantages and limitations
of use. First of all, the ultrasound tomography algorithm is sensitive to
the imprecise determination of the time-of-flight. Large inaccuracies in
the TOF determination can lead to incorrect tomography imaging. To
avoid this problem, a novel, reliable method of TOF determination has
been developed in this study. Another issue is connected with the pre-
cision of imaging. It is worth noting that the resolution of the tomo-
graphic velocity images is closely related to the number of measurement
points and paths. In ultrasound tomography, a tested sample is first
divided into geometric cells called pixels. Each pixel represents a
discrete area with an associated intensity value (here: wave propagation

velocity). Only a sufficiently large amount of collected measurement
data will enable the reconstruction of the internal structure with
reasonable accuracy. In this study, the tomographic velocity images
consisted of 36 pixels which guaranteed the identification of the exis-
tence and location of the fracture which coincided with the real course
of the cracks obtained from micro-CT. Crack opening width was not
possible to obtain in this research, mainly due to limited measurements
in the selected time instances.

The practical application of the proposed method requires the
consideration of some aspects. In a real situation, the method can be
advantageously used to monitor critical places in concrete structures of
special importance, such as bridges, tall buildings, halls or stadiums.
Another issue is connected with the equipment necessary to conduct
measurements. Generally, ultrasound tomography does not require any
complex devices. However, one aspect is important, especially in the
monitoring mode. In classical ultrasonic methods, usually one PZT
transducer is used as an actuator and the others are used as sensors. In
ultrasound tomography, the situation is different because several actu-
ators are used that must be triggered sequentially. This requires the
design of a special measuring system that will be able to automatically
trigger all actuators one after the other. In the presented research, the
actuators were manually switched, which made it impossible to auto-
matically monitor the entire splitting process. Designing a measuring
system with full control of each channel would allow determining the
exact time of starting the fracture process and detecting the start time of
the crack.

6. Conclusions

This paper presents the results of non-destructive testing of concrete
elements based on ultrasonic waves. A novel method of TOF determi-
nation was proposed. The superiority of the proposed SPS method is
related to the precise time-of-flight calculation and avoidance of the
error associated with a selected time window.

The investigations proved that ultrasound transmission tomography
can be effectively used in the imaging of the internal structure of con-
crete elements. It was observed that tomographic velocity images
enabled the characterization of elements made of different types of
concrete, including concrete with fibres. Compared to cubes made of
plain concrete, an increase in the average velocity of wave propagation
in concrete with steel fibres was observed, and a decrease — in concrete
with polymer fibres. Moreover, the efficiency of imaging the internal
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structure of concrete elements at different stages of mechanical degra-
dation using ultrasonic tomography was demonstrated. It was possible
to reconstruct areas with cracks in all tested specimens, regardless of the
type of concrete mixture used to make the samples.

Ultrasound transmission tomography has great potential to be used
in monitoring systems of concrete structures, aimed at the assessment of
the fracture process. Future works should be directed into the design of
an automated system for excitation, registration and processing of ul-
trasonic data to obtain tomographic images in real-time.
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