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Received 11 March 2022 Abstract: Changes in the stress state of a solid medium cause small variations in wave propagation velocities.

Accepted 29 August 2022 Cross-correlation (CC) is a tool used for similarity evaluations between two data series. This paper addresses
the use of the CC function for the feature extraction of ultrasonic test data that evaluated the stress state in a
concrete specimen subjected to compressive loads. The CC function was applied to waveforms, and an
analysis of influential parameters (e.g., CC-Domain, time window, and center-time) assessed the differences
between the various stress levels. The results showed the variations in AV/Vj vs. stress diagrams were lower
in the elastic regime, whereas the analyzed parameters highly influenced the results. S-waves were more
suitable for analyses of stress variation, since they were little influenced by time window and center-time.
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Resumo: Mudangas no estado de tensdes de um meio solido causam pequenas variagdes nas velocidades de
propagagdo de ondas mecanicas. A Correlagdo Cruzada (CC) ¢ uma ferramenta utilizada para avaliagdo de
similaridade entre dois conjuntos de dados. Este artigo aborda o uso da fungdo CC para extragdo de
caracteristicas em dados de ensaios ultrassonicos que avaliam o estado de tensdes em um corpo de prova de
concreto submetido a carregamentos de compressdo. A fungdo CC foi aplicada aos sinais, € uma analise dos
parametros relevantes (e.g., Dominio-CC, janela de tempo e tempo central) avaliou as diferengas entre os
varios niveis de tensdo. Os resultados mostraram que as variagdes nos diagramas AV/V, vs. tensdo foram
menores no regime elastico, enquanto os parametros analisados tiveram grande influéncia sobre o resultado.
Ondas secundarias foram mais adequadas para analises de variagao de tensao por serem menos influenciadas
por tamanho da janela e tempo central.

Palavras-chave: ensaios ndo destrutivos; ultrassom; acustoelasticidade; ondas diretas; anisotropia.
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1 INTRODUCTION

The emission of mechanical waves of above 20 kHz frequencies in a structural element is a nondestructive test,
called ultrasonic pulse velocity (UPV) [1], usually applied for investigations of damages and material homogeneity and
obtaining of mechanical properties [2]-[7]. Hughes and Kelly [8] demonstrated the stress state in a solid medium
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influences the propagation velocity of mechanical waves. The phenomenon, called acoustoelastic effect, has been
explored for evaluations of the stress state in several materials [9]-[11]. Lillamand et al. [12] verified this effect in
concrete, analyzing the influence of stress level on the velocity of compression and transversal waves propagated in
cylindric samples subjected to different compression loads. Authors concluded that longitudinal and transversal waves
polarized along the direction of loading are more sensitive to the acoustoelastic effect, but the scattering caused by the
material hindered ultrasonic velocity measurements [12]. Shokouhi et al. [13] evaluated the combination of damage
and acoustoleastic effects in concrete prisms through compression tests with specimens and emission of ultrasonic
waves during loading and unloading procedures and detected lower wave velocities in the unloading phase for a same
stress level resulting from the mechanical damage caused to the concrete during loading. Bompan and Haach [14]
performed ultrasonic tests in concrete prisms subjected to uniaxial compression and observed pre-loadings changed the
acoustoelastic behavior due to the Kaiser effect related to the crack generated in concrete elements by the loading.

The propagation velocity of mechanical waves in a solid medium is not influenced by the stress state only in the
elastic regime of the material behavior. Several researchers have extended the concepts of acoustoelasticity theory for
evaluations of solids with plastic deformation and have called this interaction acoustoplasticity [15]-[17].
Belchenko et al. [18] studied the applicability of the acoustoelasticity method for the estimation of the strain-stress state
of dilute aluminum manganese alloy specimens under cyclic loading in the presence of elastic and plastic strains and
observed a dependence of stress state on the velocity measurements from the early stages of loading until the fracture
of the sample. Mohammadi and Fesharaki [19] investigated the ability of the ultrasonic test to measure stress in both
elastic and plastic limits in metal specimens using critically refracted longitudinal (LCR) waves and introducing
acoustoplastic constants. LCR are bulk longitudinal waves that propagate parallel to the surface of the specimen.

Changes in the stress state of a solid lead to very small variations in the values of the propagated velocities, which
requires an accurate feature extraction methodology. The simplest strategy involves an evaluation of the time-of-flight
(TOF) of ultrasonic waves in unperturbed and perturbed media and calculation of the relative velocity variation with
the use of path length. However, it may lead to some imprecise results due to difficulties in the definition of the exact
time of arrival of compression and transversal waves.

Cross-correlation is a powerful tool widely used in several research areas (e.g., engineering, economics, statistics,
medicine, etc.) for comparisons between two series. The cross-correlation function provides a measure of similarity
between two signals (perturbed and unperturbed) through the translation of the first signal in the time axis. The coda
wave interferometry (CWI), commonly used for evaluations of the acoustoelastic effect, is an example of the application
of the CC function. CWI is based on a cross-correlation of two wave signals emitted in unperturbed (no stress) and
perturbed (a stress state) media in the tail of the waveform [20]-[24]. Coda waves correspond to scattered waves of late
arrival and longer travel-times [20]. According to Planés and Larose [25], the main advantage of the use of these waves
is their very high sensitivity to weak perturbations in a medium. Two variations of the method, called doublet and
stretching methods, are based on measurements of the time shift and stretching of the time axis of the perturbed signal,
respectively [25], [26].

According to the doublet method, a 27 time window is moved in the time axis by a time shift #; around a center-
time 7. of the perturbed signal. The cross-correlation function (CC) is calculated for each . The value of time shift that
maximizes CC, tsuaxce, corresponds to the time delay between unperturbed and perturbed signals. This procedure can
be adopted for different values of z., therefore, the method evaluates the time shifts in consecutive time windows at
different 7. The normalized cross correlation function is applied according to Equation 1, where u,,, and u.. are
unperturbed and perturbed signals, respectively [25], [27], [28], and its value ranges from -1 to 1, periodically, if the
time shift is the only difference of the series.

fttcch-fuunp(t)upert(t_ts)dt
CC(tS) T [te+T ctT_ o )

2 t,
te-T Uynp (t)dt ffC—T upert(t)dt

Grét et al. [28] reported the relative velocity variation (AV/Vy) can be obtained by Equation 2, where V is the wave
velocity in the unperturbed medium.

- sMaxCC (2)
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On the other hand, in the stretching method, the perturbed signal, upe, is stretched or compressed from up. (%) to
Upers [t(1+ 7)] according to a factor 7 for simulating the velocity variation from V to V(1+ 7). The similarity between
unperturbed and perturbed signals, v, and upe, respectively, is evaluated by normalized cross correlation function CC
(z) within a 27 time window, as showed in Equation 3. The value of 7 that maximizes CC (tyaxcc) is the relative velocity
variation, 4V/V), corresponding to the analysis conducted with the window central time, ..

tc+T
ftf_T Uunp () Upere(E(1+1))dt

tc+T 5 tc+T o
\/ffc—T Upnp(t)dt ftE—T upert(t)dt

cc(m) = (3)

Hadziioannou et al. [29] compared the use of doublet and stretching methods to verify small velocity changes in a
medium with an agar-agar gel solution. The authors observed that, although demanding more computational costs, the
stretching technique was more stable with respect to noise in the data. Authors also showed that cross-correlation
techniques are valid to determine velocity variation even with low signal-to-noise ratios if there is a stable source signal.

Cross-correlation methods applied to time series are dependent on some variables, e.g., time window length, center-
time of the window, and range of time shift. Payan et al. [30] employed the CWI doublet method and acoustoelasticity to
obtain the coefficients defined by Murnaghan [31] in concrete samples. They applied a loading so as not to exceed 30%
of the ultimate strength and remain in the elastic regime. The CWI analysis was performed with a center-time variation,
and the results indicated a constant relative velocity variation for compressional waves. Niederleithinger et al. [32]
compared relative velocity variation vs. stress obtained by TOF and CWI procedures and concluded CWI displays greater
sensitivity to stress and damage in concrete cubes. However, they highlighted CWI and TOF results are not immediately
comparable, since TOF is related to direct waves, whereas CWI evaluates a weighted average of different wave type
velocities. As the authors used CWI, the cross-correlation procedure was only applied to waves of late arrival.

Although CWI is largely used in research on acoustoelastic and damage effects through ultrasonic tests, the literature lacks
information on the application of cross-correlation methods for feature extraction in earlier parts of the signal, close to the arrival
of longitudinal and transversal waves. Additionally, determination of parameters used for cross-correlation outside the elastic
regime requires further investigation. Therefore, this paper discusses the parameters of cross correlation for feature extraction
applied to longitudinal and transversal waves from ultrasonic tests to evaluate the stress state in concrete.

2 METHODOLOGY AND EXPERIMENTAL PROGRAM

This section describes the proposed methodology for the assessment of cross-correlation as a method for feature
extraction applied to ultrasonic tests for stress evaluation in concrete. The main steps of this work are shown in Figure
1. Description of material properties and test specimens are found in Section 2.1 and Section 2.2, respectively. After
characterization tests, ultrasonic tests were conducted in a prismatic specimen to evaluate the influence of stress level
on the ultrasonic pulse velocity (UPV), as described in Section 2.3. The cross-correlation procedure was applied to the
recorded ultrasonic waveforms and an analysis of the influential parameters assessed the differences between the
applications of low and high stresses, as detailed in Section 2.4.

Parameters
analyzed:

Characterization Ultrasonic et Cross-correlation Acoustoelastic sCenter-times (tc)
of specimens procedure curves *Window length (2T)

*Domain of cross-
correlation function
(CC-domain)

Figure 1. Methodology flowchart

2.1 Material properties

The materials applied to this research were chosen aiming to obtain a conventional concrete. The concrete mix used
was composed of Type III Portland cement of high early strength, as specified by ASTM [33], sand of 2.36 mm
maximum size and 2.00 fineness modulus, and gravel of 19 mm maximum size and 6.73 fineness modulus. Both
maximum size and fineness modulus of the aggregates were in accordance with ABNT [34], and the proportions of
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materials in mass for the production of the concrete were 1:1.30:2.20 (cement:sand:gravel). The water/cement ratio was
0.43 and the material had a 150 mm slump. The concrete composition reached a 30.62 MPa average compressive
strength at 28 days, with a 13.45% coefficient of variation.

2.2 Test specimens

Four 150 mm x 150 mm x 500 mm prismatic specimens were molded and kept in laboratory for 24 h after casting.
The molds were then removed, and the specimens were kept in a moist chamber for curing. At day 28, three prisms
were tested under compression towards the definition of the average compressive strength (fem) of the samples.
Ultrasonic tests were performed with the remaining sample at ages higher than 28 days.

2.3 Ultrasonic tests

Two 250 kHz transducers of 2.00 ps pulse width arranged in a through-transmission setting were used in the ultrasonic tests,
and longitudinal and transversal waves were propagated to the tested specimens. A couplant paste specific for the transmission
of normal incidence transversal waves was used in the sample-transducer interface. Pundit Lab+ and Pundit Link by Proceq®
were, respectively, the ultrasound equipment and the software that obtained the ultrasound signals. The experimental values were
recorded every 0.5 s since the acquisition frequency of the equipment was 2 MHz. The UPV variation was analyzed in two
directions, i.e., parallel and perpendicular to the loading direction, called axes 1 and 2, respectively (Figure 2a). The total
recording times used in the ultrasonic tests were 360 us (direction 1) and 120 us (direction 2).

The ultrasonic tests were performed in a sample subjected to uniaxial compression (see Figure 2a for the
experimental setup). A steel frame fixed to a reaction slab and equipped with a hydraulic jack applied the load. Two U-
shaped steel plates were positioned above and under the sample (Figure 2b) for safely placing the transducers in an area
not subjected to loading for the avoidance of damage to the equipment. Polystyrene pieces (Figure 2c) kept the
transducers in contact with the prism surface when the waves were emitted in the direction of the loading, and in place
by a rubber strip when the waves were emitted transversally to the loading direction. The transducers were positioned
in the center of the corresponding surface of the sample, as shown in Figure 2c and Figure 2d.

(a) (d)

Figure 2. Test setup (dimensions in centimeters)
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The longitudinal waves were called LWj;, and the transversal waves were denoted by TWj;, where i represents the
axis of propagation of the wave and j is the polarization direction.

Twelve loading cycles were applied to the specimen. A maximum stress (omax,upv) Was applied in each cycle,
corresponding to approximately 60% of the compressive strength (fom) equivalent to a force of 440 kN. Bompan and
Haach [14] demonstrated UPV variation due to the acoustoelastic effect shows high variability over the first loading
cycles. However, there is a trend to a stable behavior as more loading cycles are applied. Towards avoiding this initial
variation, the first ten cycles consisted only of pre-loading prior to the ultrasonic tests - no UPV measurements were
recorded. The ultrasound test was performed in the unloading phases of the 11" and 12" cycles and the measurements
were taken for every 20 kN decrement (22 decrements). According to Shokouhi et al. [13], new cracks are opened only
when the applied load exceeds the maximum load of the previous step. Although some cracks propagate due to creep
even if the applied load has not exceeded the maximum history load, the influence of new damage will be reduced in
the results of the UPV tests performed during unloading. LW1; and TW, were emitted in the 11" unloading phase, and
LW2; and TW»; were analyzed in the 12%" unloading cycle. The ultrasound signal for each load value was established
by the average of ten pulses. The experimental program flowchart is shown on Figure 3.

28 days
Construction Compressive tests Determination of
of concrete prisms (fem) Oyax, upy = 60% fop
Ultrasonic tests

Stress
Miiad??er;?rgennf Measurements
in direction 2
O e, UPY _————
22 decrements
=
1stcycle  2nd 3rd 11th 12th Time

Figure 3. Experimental program flowchart

2.4 Procedures of feature extraction

Figure 4 shows the waveforms used as references in the UPV analyses. Longitudinal waves were the first to arrive,
followed by transversal ones, indicated by an increase in the amplitudes. Arrival of these waves are indicated by grey
circles in Figure 4. Cross-correlation was performed according to Equation 1 and the relative velocity variation was
obtained by Equation 2.

P MU T I o 2 o o
80 W, ]
80 -
= 404 o
& ES
= 20 LW, o
- el
2 0+ =
a 20 a
£
< 10 2
-804 i
-804 i
1004 -
0 40 S0 120 160 200 240 280 320 380 0 10 20 30 40 50 60 70 80 90 100110120
Time (us) Time (us)
(a) (b)

Figure 4. Reference waveforms obtained in UPV experiments: (a) direction 1 and (b) direction 2
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The cross-correlation function was applied to parts of the waveform. These parts, named as time windows, are
identified by a center-time, z., representing the middle time of the extracted time window; and by a window length, 27,
that represents the size of the window defined between the points [z - 7, . + T1, see Figure 5. In addition, the cross-
correlation function was applied to a range of time-shift values (z;) defining the CC-domain.

! ; . .
1 - I : time window (2T
&0 'Nosreaa' 1) b | mewindow (21)
I \ : | te-T te tc+T
Iy A f | :

time window|

Amplitude (%)

e

SSo
fetoiiias

c.
g
Amplitude (%)

A stress smlcl

% _ .
9 " [imewiior | ¥

"o 20 10 w0 ) 150
Time (us)

Amplitude (%)
°

o 40 80 120 160 200 240 280 320 360
Time (us)

Figure 5. Typical time window variables in the feature extraction procedure.

Finally, the feature extraction analysis was performed following the sequence:
a) Construction of AV/Vy vs. o curves using direct waves,
b) Evaluation of the CC-Domain variation in the generation of the AV/V} vs. ¢ curves,
c) Evaluation of the t. variation in the generation of the AV/Vy vs. ¢ curves,
d) Evaluation of the 2T variation in the generation of the AV/Vj vs. 6 curves,
The range of values of t. and 2T used in the analyzes could not be standardized for all ultrasonic waves because
they were chosen according to the respective waveform.

3 EXPERIMENTAL RESULTS

The experimental results show the evaluation of the relative velocity variation as a function of compressive stress
for the studied prism. In case of prism with no stress, velocity values LW11, LW2,, TWi, and TW2; were 4332 m/s,
4733 m/s, 2624 m/s, and 2736 m/s, respectively. All diagrams in Figure 6 show the effect of stress level on the relative
velocity variation. According to Mehta and Monteiro [35], below approximately 30% of the compressive strength, the
interfacial transition zone cracks remain stable; therefore, the stress vs. strain curve remains linear. This limit is
commonly admitted for the elastic behavior of concrete - here, the value was 10.20 MPa. The dependence of UPV on
the stress level may also be observed for stress levels over the elastic limit.

225 ——————
2004 —---LW,, {t=120.4 us)
—— LW, (=429 ps) g
175 = - 1

—a—TW,, (=198 9 us) %

1.5041__ _Lw,, 1,604 s) - 1
1.25 ¢
1.00
0.75
0.50 -
0.25
0.00

_0-25 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

Stress (MPa)
Figure 6. Relative velocity variation vs. stress (2T = 10 ps, CC-domain [-4 us, 4 pus])

AVIV, (%)
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The diagrams in Figure 6 were obtained from specific center-times, window length, and CC-domain. Figure 7
displays the relative velocity variation vs. stress for longitudinal waves LW ; with the same values of center-time and
window length displayed in Figure 6, equal to 120.4 ps and 10 ps, respectively, but with different CC-domain. The
change in the CC-domain in the analysis generated an abrupt increase in the relative velocity variation.

AVN, (%)

SN R RO N
omovomomoDmowowWm
1

o
w
|

0.0 4

!
bt
w

6 8 10 12 14 16 18 20
Stress (MPa)

=
[h%]
.

Figure 7. Relative velocity variation vs. stress for LW11 (tc = 120.4 us; 2T = 10 ps; CC-domain [-10 ps, 10 ps])

This sudden increase in AV/Vy values occurs because the cross-correlation function has several local maximums in
domain [-10 ps, 10 ps], see Figure 8. For low stress levels, the argument of the global maximum in domain [-10 ps, 10
us] is approximately 1 ps, which gradually increases with the stress level increase. However, once the stress reaches
13.3 MPa (= 43% of compressive strength), the argument of the global maximum value of CC in this domain abruptly
changes to a value around 7 ps, causing the curve discontinuity showed in Figure 7. A smaller domain for the CC
function provided the diagram in Figure 6, suggesting the analysis of the variation in UPV with stress level should
evaluate the behavior of the same local maximum peak of the CC function as it changes with the stress increase.
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Figure 8. Cross-correlation function for LW11 (te = 120.4 ps; 2T = 10 ps)

Figure 9 displays the maximum value of the cross-correlation function and relative velocity variation for
longitudinal and transversal waves, LW and TW1,, respectively, considering different center-times f.. Both waves
were influenced by the center-time in the evaluated ranges; however, longitudinal waves showed the highest variations.

Rev. IBRACON Estrut. Mater., vol. 16, no. 4, e16402, 2023 7/16



R. M. L. Gondim, K. F. Bompan, and V. G. Haach

180 195 200 205 210 215 220 225 230 235 240 245 250 255 260
1 Tl Lol i 75, [ R 57 o =,

10k, . -
09 B ST
UE:]
o7
06

CCllumaece)

Stress (VPa)
-8

-0. s oI R T
110 15 120 125 130 135 140 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260
Center-time (us) Center-time (us)
(a) (b)

Figure 9. Maximum value of the Cross-correlation function and relative velocity variation vs. center-time (2T = 10 ps; CC-domain
[-1 us, 4 ps]): (a) LW11 and (b) TW12

The mean values of the relative velocity variation for LW;; in the 110 ps and 140 ps range were 0.49% with
a 30.97% coefficient of variation for 6.2 MPa stress, and 1.4% with a 50.82% coefficient of variation for 15.1
MPa stress. TW;, were less influenced by the center-time variation. The mean value of the relative velocity
variation in the 190 ps and 260 ps range for 6.2 MPa stress was 0.53% with 20.59% coefficient of variation.
Differently from longitudinal waves, TW, showed small variations with the center-time even for high stress.
The relative velocity variation was 0.89% with a 14.82% coefficient of variation for 15.1 MPa stress. A decrease
in the maximum value of the cross-correlation function was observed as the compressive stress was applied.
CC function is a measure of similarity between time series, and a decrease in its value denotes changes in
waveforms with the stress application. Such changes are caused by the internal micro-cracking of the material,
which produces a scatter of the ultrasonic waves.

Figure 10 shows the relative velocity variation vs. stress for longitudinal and transversal waves, LW, and TW,,
respectively, considering different center-times f.. The center-time influence on the curves was smaller in the elastic
behavior range; after this limit, the difference between the lowest and the highest AV/V) for the same stress gradually
increased, reaching very high values for LWj;.

3.0 25
Center-time (us): Center-time (us)

25 —115.4 B 200.4

- -1204 i 20 -- 2104
- 1254 - -

S5 ke LE 2204
—-—-130.4 s LA 15 |F-—-2304
|---=-1354 PG = 7 |ke=-2404

&
<
=]

T T T T T T T 05 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0o 2 4 6 8 10 12 14 16 18 20
Stress (MPa) Stress (MPa)

(a) (b)
Figure 10. Relative velocity variation vs. stress (2T = 10 us; CC-domain [-1 ps, 4 ps]): (a) LW11 and (b) TW12

In case of longitudinal waves LW, the relative velocity variation was not calculated for center-times higher than
140 ps because the same local maximum of the CC function was not observed in all stress levels, see Figure 11. The
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CC local maximum clearly identified for low stresses could not be located for stresses higher than 8.0 MPa. Besides,
the cross-correlation function values were very low in domain [-1 ps, 4 ps], indicating a weak similarity between the
waveforms in this center-time range.

1.00
< Local maximum
0754
S
5 0504
C
2
c 0254 /
k=)
g 0.00
6 &
T -0.25 {Stress (MPa):
8 1—18
O-0504---62
+--80
0754----89
1-----107
-1.00 . T T T T T

Time shift (us)

Figure 11. Cross-correlation function for LW11 (tc = 154.4 us, 2T = 10 ps)

Regarding transversal waves, TW», the relative velocity variation dependence on the stress continued to be verified
for very high center-times such as 350.4 ps, and the analysis characterized Coda Wave Interferometry. However, the
relative velocity variation values in such center-times were very different from those in center-times around 194.9 us
(see Figure 12).

25
Center-time (us)
194.9
209 _ _2200 PRt
- - 27390 _,."_.-‘.
15 -—-3054 DL 7
% ..—-350.4 . '_/.f"' -
s
A

0o 2 4 6 8 10 12 14 16 18 20
Stress (MPa)

Figure 12. Relative velocity variation vs. stress for TW12 (2T = 10 ps; CC-domain [-1 ps, 10 ps])

The center-time similarly influenced the results for ultrasonic waves propagated in direction 2 of the prism (Figure
13). However, a high variation in the AV/V, vs. stress curve was observed for different center-times even in the elastic
region for longitudinal waves LW», (Figure 14a). On the other hand, transversal waves TW»,; (Figure 14b) showed very
small variations with 55.9 us to 75.9 us center-times.
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Figure 13. Maximum value of the Cross-correlation function and relative velocity variation vs. center-time for waves in the
direction 2 (2T = 10 ps; CC-domain [-1 ps, 2 ps])
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Time window (27) also influenced the results obtained from the cross-correlation function. Figures 15, 16 and 17
show high time-windows led to a decrease in the AV/V) variation through different center-times.
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Figure 15. Maximum value of the Cross-correlation function and relative velocity variation vs. center-time for LW11 (CC-domain
[-1 ps, 4 ps]): (a) 2T =20 ps and (b) 2T =30 ps
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Figure 16. Maximum value of the Cross-correlation function and relative velocity variation vs. center-time for TW12 (CC-domain
[-1 ps, 4 ps]): (@) 2T =20 ps and (b) 2T =30 ps
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Figure 17. Maximum value of the Cross-correlation function and relative velocity variation vs. center-time for waves in the
direction 2 (CC-domain [-1 ps, 2 us]): (@) 2T =5 ps and (b) 2T = 15 ps

The maximum value of the cross-correlation function was also reduced, indicating a lower similarity ratio between
the waveforms inside that time window. This was expected, since a higher amount of data is evaluated due to the time
window increase, becoming a more sensitive result to differences between the waveforms.

Figure 18 shows the relative velocity variation vs. stress for longitudinal and transversal waves for different time
windows. Longitudinal waves were more influenced by the variation in time window in comparison to transversal
waves. Regarding LW, expressive differences were observed for stresses higher than the nominal elastic limit, whereas
high differences were observed for LW»; even in the elastic region.
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Figure 18. Relative velocity variation vs. stress (CC-domain [-1 ps, 4 ps]): (a) LW11 (tc = 125.4 ps), (b) TWi2 (tc =220.4 ps), (c)
LW2 (tc =41.9 ps) and (d) TWa21 (tc = 60.4 ps)

4 DISCUSSIONS

The heterogeneity of concrete causes a scatter of the ultrasonic waves, which is increased when a stress level is applied to a
concrete element, leading to the creation and extension of microcracks. This effect makes the ultrasonic waves travel along
different trajectories inside the specimen from source to receiver. The waveform obtained from the ultrasonic tests in concrete
specimens is a composition of the amplitudes of several scattered waves arriving at different times at the receiver. In the cross-
correlation for feature extraction, the analysis uses a time window of the waveform, i.e., the relative velocity variation obtained
is an average value of all waves arriving in time range. This average represents the exact value of the relative velocity variation
in case of an isotropic material, which is constant for all paths. The velocities of compression and transversal waves for an
isotropic material are independent of the propagation direction (V;; = V2, = V33 and V> = Va3 = V}3). Therefore, in a scenario A
where the prism showed in Figure 19 is composed of an isotropic material, velocities V4, ¥V, and Vc related to paths Sy, Sp, and
Sc, respectively, are equal, although the TOFs and the paths are different (¢4 # t3 # tc and S4 # Sz # Sc, respectively). If the material
remains isotropic after a stress state, the relative velocity variations (4V/V,) will be the same in all paths.
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Figure 19. Scheme of wave paths in an ultrasonic waveform
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However, Hughes and Kelly [8] showed the stress state changes the constitutive matrix of a material, leading to a
dependence of ultrasonic velocity on the stress level. The authors obtained expressions for the stress dependence of the
velocities of direct waves using the finite strain formulation of Murnaghan [31], according to which an isotropic
material becomes anisotropic due to the stress state. Regarding an anisotropic material, the wave velocities are
dependent on the propagation direction (V;; # V22 and V;2 # V>;). In this scenario, called scenario B, velocities V4, Vs
and V¢ (Figure 19) are completely different and dependent on the constitutive matrix of the material. Consequently, the
relative velocity variation is not the same for different paths and the AV/V, value from the cross-correlation function

represents an average behavior of multiple waves travelling in distinct paths and arriving at the receiver in the evaluated
time window.

The anisotropy level induced by the stress can be expressed as a fractional velocity difference. The more common
expression from the literature relates the velocities of transverse ultrasonic waves polarized in mutually perpendicular
directions [18], [36]. Here, this concept is extended by other velocities towards the definition of anisotropy
dimensionless coefficients a and g for longitudinal and transversal waves, respectively Equation 4 and Equation 5.

_ W1V

@= (V11+V22)/2 “4)
_ V-V

b= (V12+V21)/2 %)

Concrete displays some level of anisotropy even with no stress application [37]. The anisotropy dimensionless
coefficients were 8.85% and 4.18% for longitudinal and transversal waves, respectively, for null stress, showing the
anisotropy of the material affects the longitudinal velocity more intensively in the concrete specimen analyzed, and

explaining the higher AV/V, variability with time window or center-time for longitudinal waves in comparison to
transversal ones (see section 5).

The anisotropy coefficients were calculated for all stress levels subtracting the coefficients at null stress (ay and £y)
to facilitate the comparison between values of longitudinal and transversal waves. The stress application generates a
small variation in anisotropy coefficients when compared with the initial values (Figure 20), showing the initial
anisotropy of the concrete is the main contributing factor to scenario B, previously described.
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Figure 20. Variation of anisotropy coefficients with the stress level.

Although the 4V/V, value obtained by the cross-correlation function is influenced by the anisotropy of the material
and represents the behavior of multiple waves, it remains dependent on the stress level for any center-time or time
window, according to the results in section 5; however, it is neither constant with the change in the variables, nor the
relative velocity variation of the direct waves - direct waves are those that arrived first at the receiver. Therefore, the
time window should be small and the center-time should be closer to the time of arrival of the waves for the AV/V,
obtained by the cross-correlation function to represent direct waves.

Rev. IBRACON Estrut. Mater., vol. 16, no. 4, e16402, 2023 13/16



R. M. L. Gondim, K. F. Bompan, and V. G. Haach

5 CONCLUSIONS AND FINAL REMARKS

This study evaluated the influence of cross-correlation function parameters on the feature extraction of ultrasonic
test results performed in a concrete prism. The specimen was subjected to different stress levels in/out of the elastic
regime, and analyses were conducted for longitudinal and transversal waves emitted in two directions regarding time
window length, center-time of the time window, and cross-correlation function domain. The influence of the stress level
on the relative velocity variation was observed in all ultrasonic waves in and out the elastic regime. Discussions led to
the following conclusions:

* The global maximum value of the CC function cannot be used for the calculation of the relative velocity variation
in case of high stresses applied to concrete. The CC domain should be carefully selected, since the time-shift that
represents the relative velocity variation is an argument of a local maximum value.

* Longitudinal waves were more sensitive to changes in time window and center-time than transversal waves,
probably due to the anisotropic behavior of the concrete, since the anisotropic dimensionless coefficient for
longitudinal waves was higher than that for transversal waves. This behavior made the transversal waves the most
suitable for the analysis of stress variation since they are few influenced by the time window and center-time.
Therefore, transversal waves, which are lightly influenced by time window and center-time, are the most suitable
for analyses of stress variation.

* Variations in AV/Vy vs. stress diagrams caused by time window and center-time were lower for stresses in the elastic
regime. Although the choice of the time window or center-time highly influences the results from the cross-
correlation function, the relative velocity variation remains dependent on the stress level; however, this relation is
not representative of direct waves, as the cross-correlation represents the average velocity variation between two
time windows.

* The feature extraction procedure applied to the results of ultrasonic tests is a key point in the evaluation of the
dependence of the propagation wave velocity on the stress level. The CC-function parameters should be carefully
selected and kept constant in results that will be compared.

LIST OF ACRONYMS AND SYMBOLS

2T: window length

o anisotropy dimensionless coefficient for longitudinal waves

[: anisotropy dimensionless coefficient for transversal waves

AV/Vy: relative velocity variation

o: applied compressive stress

OMax,UPV: Maximum compressive stress applied during UPV tests

T: factor used to “stretch” or compress the signal in the stretching method

ABNT: Brazilian Association of Technical Standards

ASTM: American Society for Testing and Materials

CC: Cross-Correlation function

CC-domain: domain of cross-correlation function

CWI: Coda Wave Interferometry

fem: average compressive strength of concrete

LCR: Critically Refracted Longitudinal waves

LWj;: longitudinal waves propagated in direction i and polarized in direction j

Sa, Sg, Sc: possible propagation paths

S-waves: secondary or transversal waves

te: center-time

TOF: Time of Flight

ts: time shift used as argument of the cross-correlation function in the doublet method
tsmaxce: time shift that generates the maximum value of the cross-correlation function in the doublet method
TW;;: transversal waves propagated in direction i and polarized in direction j
UPV: Ultrasonic Pulse Velocity

Upert: Signal recorded in the perturbed medium

Uunp: signal recorded in the unperturbed medium

Vo: propagation velocity in the unperturbed medium

V;;: velocity of a wave propagated in direction i and polarized in direction j

Va, Vs, Vc: velocity of waves traveling through paths Sa, Sg and Sc, respectively
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