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HIGHLIGHTS

« Concrete substrate roughness and microcracking influence stress wave propagation.

« No relation between bond strength and amplitudes of frequency peaks in IE spectrum.

« Proposed FE model is useful for simulation of stress wave propagation in repair systems with different interface quality.
« Bond strength estimation with IE needs advanced signal analysis e.g. wavelet analysis.
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According to Concrete Repair Manual as well as ACI 562-16 and European EN 1504-10 standards, a bond
strength as a measure of adhesion is one the main feature of repair system necessary to be assessed. The
most common laboratory and engineering method for bond strength evaluation is pull-off test. This is
however a semi-destructive method that needs a repair in a place of measurement. Recently, the great
interest in nondestructive techniques (NDT) development is noted. Impact-echo (IE) is considered as
one of the most promising methods for this purpose.

Ié?r'l chfertdes"re air In this paper, the study on the usability the IE test based on frequency spectrum analysis for bond
Adhesion P strength evaluation is analyzed. Both Finite Element Method (FEM) simulation and experimental tests

were performed in order to obtain potential relations between IE frequency spectrum and parameters
characterizing concrete substrate quality that may affect the final bond strength and the real value of
pull-off bond strength measured on samples as well. It was concluded that the IE method can be a useful
tool for interface quality and bond strength evaluations in concrete repair system. However, more com-
plex signal analysis, e.g. wavelet analysis, should be considered in the future.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

In concrete repair systems a specific interface is created. Its
quality is affecting the adhesion and as a consequence reliability
and durability of repair [1-3]. Adhesion is understood as a process
through which two bodies are brought together and attached -
bonded - to each other: it has therefore two different aspects,
according to whether interest is mainly either in the conditions
and the kinetics of contact or in the separation process [4]|. An
interface with good adhesion between concrete substrate and
repair material is usually treated as a high quality interface. Many
factors are influencing adhesion. The most important ones are con-

* Corresponding author.
E-mail address: a.garbacz@il.pw.edu.pl (A. Garbacz).

http://dx.doi.org/10.1016/j.conbuildmat.2016.12.064
0950-0618/© 2016 Elsevier Ltd. All rights reserved.

crete substrate characteristic (e.g. laitance, roughness, surface sat-
uration, microcracking level etc.), repair material properties and
application technology [5]. The bond strength is considered as a
technical measure of adhesion and can be measured with different
methods. EN 1504 [6] in general recommendations over quality
control/quality assessment (QC/QA) suggests the pull-off test [7]
for evaluation of adhesion of repair materials as relevant. It is com-
monly used in laboratory and onsite for evaluation of bond
strength [6,8-9]. However this kind of test is usually insufficient
for interface quality evaluation in large area concrete repair. The
NDT methods could be very useful in such case. They allow the
monitoring of the object after repair as well [10]. Impact-echo
(IE) method is considered as the most promising one because it
is less sensitive to heterogeneity of concrete in comparison to
e.g. ultrasonic [11]. In the IE method a low energy impact of a steel
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ball on the surface is used to generate stress waves that propagate
through the structure and are reflected by interfaces within the
material or external boundaries (Fig. 1a). Additional feature of IE
method besides a time-domain analysis (Fig. 1b) is frequency spec-
trum analysis (Fig. 1c).

IE method is often used for quality control of various types of
repair, e.g. injection of cable ducts, overlays etc. Usually, defects
like voids or delamination are detected. Lin et al. [12] observed
some differences in frequency spectrums for two overlay systems
with different bond strength (Fig. 2). However, they concluded that
those differences were not significant for evaluation of bond
strength. The aim of this paper is to study the usability of the IE
test based on frequency spectrum analysis for evaluation of bond
strength in repair systems.

2. Concrete substrate quality and bond strength of tested repair
systems

A surface preparation of concrete substrate is the basic opera-
tion before a repair system application. It has been widely demon-
strated that it can significantly influence on the microcracking
level and surface roughness, substrate saturation level and as a
consequence it may affect the bond strength between repair mate-
rial and concrete substrate [3,13-18]. The effect of surface quality
on impact-echo signal was investigated for two groups of concrete
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substrates (Table 1). Effect of near-to-surface properties on bond
strength for those groups was discussed in previous paper by Cour-
ard et al. [19].

The surface quality was described by means of following
parameters: Surface Roughness Index (SRI) defined in EN 1766,
microcracking density (Ls) (Fig. 3) [19] and surface tensile strength
(fns) defined in EN 1504-10 and measured according to EN 1542
(Fig. 4), resulting from different surface preparation techniques.
In [19] it was concluded that surface tensile strength is an accurate
parameter characterizing the quality of substrate prior to repair
and is easier to evaluate than density of microcracks.

On the base of the results of pull-off bond strength (Fig. 5) for
different qualities of concrete, it is clear that compressive strength
of concrete is not a discriminate important parameter for evalua-
tion of adhesion in repair systems but selection of surface treat-
ment technique should be preceded by the analysis of its
aggressiveness in relation to the concrete substrate strength, tak-
ing into account both the development of the roughness profile
and the decrease of surface tensile strength due to microcracks
in the near-to-surface layer.

3. Impact-echo measurement and signal analysis

Impact-echo (IE) is a method used for non-destructive evalua-
tion of concrete: it is based on the use of elastic, low energy impact
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Fig. 1. Scheme of impact-echo method (a), example of waveform (b) time-domain spectrum and (c) corresponding frequency when defect in concrete is observed.
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Fig. 2. Frequency spectrums for overlay systems with different bond strengths, f, tested in lab conditions (acc.[12]).

Table 1
Characteristic of tested repair systems.
Group A Group B
Concrete substrate C30 C40 C45 C25 C35 C50
Compressive strength classes C30/37 C40/50 C45/55 C25/30 C35/45 C50/60

Surface preparation

hammering, HD - hydrodemolition
Substrate sample dimensions 80 x 60 x 10 cm
Repair material

Repair layer thickness 3cm

PL - polishing, SB-D - dry sandblasting, JH - jack

Polymer-cement mortar PCC (A) Dpmax = 2,0 mm

BR - brusing, SB-W - wet sandblasting, SC -
scarifing, LC - water cleaning

50 x 50 x 7 cm

Polymer-cement mortar PCC (B) Dax = 0,25 mm
3cm
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Fig. 4. Surface tensile strength, f;s of samples (acc. to [19]).
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Fig. 5. Pull-off bond strength, f, of samples (acc. to [19]).
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of a steel ball on the surface [11]. The impact is generating stress
waves that propagate through the structure and are reflected by
interfaces within the material (internal flaws such as voids, honey-
combs, cracks and delamination) or external boundaries. As stress
waves are of low frequency (mainly below 60 kHz). I[E method is
often used for quality control of various types of repair, e.g. injec-
tion of cable ducts, overlays etc. (eg.[10,20-22]). Additional feature
of IE method besides a time-domain analysis is frequency analysis.
Based on frequency spectrum, the depth of the reflecting interface
(e.g. flaws) can be determined according to formula Eq. (1):

_bB-o
=27 v
where: d - depth of interface, ¢, - wave velocity, fq - frequency of
dominant peak,8 - shape factor (f=0.96 in the case of plate
structures).
There are also some limitations to the use of IE for detecting
defects [11]:

- minimal depth of defect d [mm] results from basic relation
between wave velocity ¢, [m/s] and maximum frequency of
useful energy f [kHz] that is directly connected to ball diameter
(Fig. 6);

- minimal lateral dimension L,,,;, [mm] of defect should be bigger
than minimal wave length A,;; [mm] (see Fig. 6);

- minimal lateral dimension L,,;, [mm] of defect should be at least
0.25 and no more than 1.5 times the depth d [m].

Taking into account these conditions impact ball diameter of
2 mm was selected to evaluate interface quality in both types of
repair systems. For the analyzed systems, composed of a 10 cm
(Group A) or 7 cm (Group B) thick concrete substrate and a 3 cm
thick repair layer, the possible shapes of a frequency spectrum
for a repaired system with defect at interface are presented in
Fig. 6. If a defect is sufficiently large (>28 mm at ¢, = 4000 m/s)
there is no bottom (opposite surface) peak (A,) observed but only
a clear interface peak (4;) is present; frequency spectrum is like
for an element of thickness equal to defect depth (Fig. 6a). When
a defect is smaller a clear bottom (A,) and an interface peak (A;)
are visible in frequency spectrum (Fig. 7b). In an extreme situation,
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Fig. 6. IE method detection range vs. impactor diameter.
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when a delamination is very wide and located close to the surface,
a flexural vibration peak of a high amplitude and low frequency
dominates in the spectrums.

The effect of interface quality on frequency spectrum was
observed by Garbacz [23] during testing repair systems with ultra-
sonic pulse echo method (nominal frequency of transducer -
500 kHz). The test results indicated that there was no correlation
between the pull-off strength and the P wave velocity for the repair
system with bond coat. The bond coat filled properly irregularities
of concrete substrate properly and air voids at the interface were
not observed. The statistically significant relationship was
obtained for systems without the bond coat - the P wave velocity
increased as the pull-off strength increased. In this case, the frac-
tion of air voids at the interface increased when the roughness
increased. In both types of repair systems the pulse velocity was
not correlated with the substrate roughness. The trend was found
in studying the relationship between the amplitude of maximum
frequency peak and the pull-off strength: as the pull-off strength
increases, the amplitude value of peak decreases. Statistical signif-
icance of the relationship between the amplitude value of the high-
est peak and the mean waviness of surface profile (Fig. 5d) was also
found but only for the repair systems without the bond coat, essen-
tially because the fraction of air voids increased with the surface
roughness.

The effect of substrate surface roughness on ultrasonic wave
propagation was analyzed by Santos et al. [24] as well. Their FEM
simulation indicated that roughness of concrete substrate had rel-
atively low influence on signal amplitude. However, they observed
that these pulses decrease in the presence of rough interfaces, due
to a greater wave dispersion. In the case of presence of heteroge-
neous concrete layers, significant noise appears in the signal, gen-
erated by the coarse aggregates, masking the echo differences
previously detected between smooth and rough interfaces.

Taking into account principles of IE method it seems to be pos-
sible to assume that generated stress waves should be less sensi-
tive on surface roughness and amplitude of peaks in frequency
spectrum could reflect bond strength in repair systems.

By analogy to the ultrasonic pulse-echo methods, it seems to be
possible to correlate interface quality with the amplitude of the
characteristic peaks in the frequency spectrum. These peaks appear
at the frequency range corresponding to the reflected wave
from the interface and/or the opposite surface of the concrete
slab (bottom peaks). It can be expected that, in the case of low-
quality repair in the frequency spectrum will be present a peak
of relatively high amplitude corresponding to the interface reflec-
tion - simultaneously the amplitude of the bottom peak will
decrease.

4. Results analysis

Results of IE measurements for tested samples were presented
in the form of maps of the frequency spectrum (Fig. 8) in the fol-
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Fig. 7. Typical shapes of a frequency spectrum for a system with defects at interface.
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Fig. 8. Examples of IE frequency spectrum maps for: C30A-SB-D and C35B-SB-W (a) C30A-PL and C40A-PL (b) C50B-BR and C50B-LC (c).

lowing axes configurations: X - frequency [kHz], Y number of mea-
surements on the sample (Group A 1-10; Group B 1-7). The colors
correspond to the amplitude in the spectrum of frequencies. Spec-
tra obtained in the study of systems for the Group A, where the
range of substrate surface roughness is larger, are more heteroge-

neous than the spectra obtained in the study of systems for Group
B with less rough profile. For almost all systems, the characteristic
peak, corresponding to the reflected wave from the lower surface
of the concrete slab (bottom) is visible at frequencies around
20 kHz (Fig. 7a,b). Only in two cases, for systems C50-LC and
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C50-BR (Fig. 8c), significant peaks in the low frequencies — below
11 kHz, are dominant. This was confirmed when coring samples
for pulloff test where a lack of adhesion of repair material was
observed.

For the tested repair systems, mean values of maximal ampli-
tudes in two specific ranges of the frequency spectra were ana-
lyzed based on the wave speed evaluation and repair system
geometry: first range was around the bottom peak frequency fj
and second one around frequencies corresponding to the interface
fi - the values of the ranges are presented in Table 2.

Although standard deviations of amplitude values (A, and A;)
are large (Table 3), some general observations, especially for Group
A, can be drawn. A number of factors affecting on bond quality
have an effect on the amplitudes of characteristics peaks in fre-
quency spectrums but not always in the same direction. These
dependences may be clearly observed on spectrums for samples
of group A presented in Fig. 8. The mean values of bottom peak
Ap are the lowest for polishing and hydrodemolition (Fig. 8a,d). In
the first case, this is probably due to either delamination or cracks
parallel to the interface [15]. A different explanation is given in the
case of hydrodemolition: it was observed that very rough surface
(the biggest SRI) was not filled with the repair mortar and air voids
at the interface were entrapped. The amplitude of interface peak A;
was again the highest for polished and jack-hammered samples
(Fig. 9a,d). Moreover, samples after hydrodemolition presented a
multi-peak shape in the range of frequencies corresponding to
reflection from the interface. The lowest value was obtained for
sandblasted samples - here neither microcracks nor air voids were

observed. In case of group B, the amplitudes for LC samples are
usually the highest but no other relations are observed.

Next step was to find relations between the analyzed peak
amplitudes and pull-off bond strength. The multiple regression
correlation results, presented in Table 4, for the explanatory vari-
ables A; and A, do not show statistical relation to bond strength
fh (correlation coefficient R is much less than 1.0 and statistical sig-
nificance of a result p > 0.05). However, the results indicate that
the amplitude A, more largely contributes to the explanation of
the level of bond strength than the amplitude A; (a larger standard-
ized regression coefficient f is for A,). It was surprising, as it was
expected that information about the bond quality would come
rather in the frequency corresponding to the wave reflected from
the interface (A;) than from the bottom (Ap).

Nevertheless in the following multiple regression correlation
analysis, the roughness and the microcracking level, which affect
the elastic wave propagation, were taken into account. SRI and
fhs, two parameters whose statistical significance was already
demonstrated by Courard et al. [19], have been introduced into
the correlation model. As a result multiple regression correlation
coefficients R increased up to 0.70 for Group A and 0.85 for Group
B respectively, as presented in Table 5.

Results show that the amplitudes of characteristic peaks are
related not only to the level of bond, but also to the roughness
and microcracking as well. Several high peaks in the range corre-
sponding to the interface, observed in the case of the hydrodemo-
lition treatment (HD), as well as shifted maximum peak towards
lower frequencies in the spectrum for the jack hammered sample

Table 2

Frequency ranges for bottom, f,, and interface, f;, peaks.
Peak Unit Group A Group B

From To From To

o [kHz] 14.65 19.53 17.58 22.46
fi [kHz] 58.59 87.89 42.97 7227

Table 3

Amplitudes of characteristic IE frequency peaks for specified concrete repair systems of Group A and B.
Sample Ay A;

Mean SD Mean SD

GROUP A
C30-PL 0.25 0.17 0.067 0.035
C40-PL 0.18 0.15 0.058 0.043
C45-PL 0.14 0.04 0.025 0.011
C30-SB-D 0.32 0.17 0.017 0.008
C40-SB-D 0.16 0.09 0.028 0.024
C45-SB-D 0.20 0.16 0.032 0.014
C30-JH 0.36 0.18 0.063 0.079
C40-JH 0.12 0.07 0.019 0.014
C45-JH 0.43 0.19 0.081 0.040
C30-HD 0.19 0.08 0.057 0.041
C40-HD 0.11 0.08 0.019 0.021
C45-HD 0.20 0.14 0.032 0.017
GROUP B
C25-LC 1.01 0.58 0.051 0.025
C35-LC 1.24 0.79 0.169 0.119
C50-LC 0.88 0.84 0.083 0.049
C25-BR 0.58 0.32 0.022 0.007
C35-BR 0.89 0.38 0.062 0.047
C50-BR 0.32 0.11 0.048 0.035
C25-SB-W 0.32 0.15 0.031 0.011
C35-SB-W 0.88 0.22 0.066 0.027
C50-SB-W 1.07 0.52 0.043 0.023
C25-SC 0.64 0.36 0.039 0.022
C35-SC 0.37 0.15 0.019 0.009
C50-SC 0.86 0.33 0.036 0.016

SD - standard deviation.
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Fig. 9. Typical frequency spectrums for tested repair systems of Group A differ in concrete substrate preparation: polishing (a), dry sandblasting (b), jack hammering (c),

hydrodemolition (d).

Table 4
Results of multiple regression correlation for pull-off bond strength as a dependent variable, fh and amplitudes of bottom and interface peaks A, and A; as explanatory variables.
n=12 Group A n=12 Group B
R=0.29; R?=0.08; p < 0.68; BSE = 0.59 R=0.19; R? = 0.04; p < 0.84; BSE = 1.01
B SD B SD B p B SD B SD B P
Ap —-0.364 0.421 —2.067 2.396 0.411 Ap —-0.203 0.435 —-0.621 1.326 0.651
A; 0.152 0.421 3.873 10.710 0.726 A; 0.017 0.435 0.402 10.086 0.969
intercept 2.210 0.448 0.001 intercept 1.606 0.812 0.079

B - standardized regression coefficient; B - non standardized regression coefficient; R - correlation coefficient; R? - coefficient of determination; p - statistical significance;

SD -standard deviation for variable; BSE - standard deviation for fh estimation [MPa].

Table 5
Results of multiple regression correlation for pull-off bond strength as a dependent variable, fh and SR, fhs and amplitudes of bottom and interface peaks A i A; as explanatory
variables.
n=12 Group A n=12 Group B
R =0.70; R? = 0.49; p < 0.26; BSE = 0.50 R=0.85; R>=0.71; p < 0.44; BSE = 0.63
B SD g B SD B p B SD B SD B p
SRI 0.765 0.337 0.283 0.125 0.057 fhs —-0.830 0.244 -1.011 0.297 0.011
fhs 0.631 0.349 1.355 0.749 0.113 A; 0.289 0.277 6.716 6.432 0.331
Ap 0.109 0.415 0.619 2.358 0.801 Ap —0.246 0.284 —-0.752 0.865 0414
A; -0.101 0.389 —2.557 9.879 0.803 SRI 0.0.53 0.264 0.276 1.383 0.847
intercept —3.495 2.987 0.280 intercept 4,920 1.754 0.026

B - standardized regression coefficient; B - non standardized regression coefficient.

R - correlation coefficient; R? - coefficient of determination; p - statistical significance.

SD -standard deviation for variable; BSE - standard deviation for fh estimation [MPa].

(JH), confirm this conclusion. It means that the maximum ampli-
tudes of the characteristic peaks are the parameters insufficient
and inaccurate for bond strength evaluation in repair systems. It
leads to the research on use of more advanced signal analysis,
e.g. wavelet analysis.

5. Finite Element model analysis

Numerical time-domain studies were carried out using Finite
Element (FE) code LS-DYNA®, dedicated to transient dynamic

problems based on the model developed by Kwasniewski and
Garbacz [25]. The FE models were dedicated to large plates which
can be treated locally (in vicinity of the impact point) as a part of
infinite (in two dimensions) media. These FE models refer to an
infinite plate with total thickness of 200 mm. It consists of 6 lay-
ers — five upper layers, each with thickness of 20 mm, can have
different material properties (Fig. 10). The last, bottom layer of
thickness 100 mm is supposed to represent concrete substrate.
The FE models represent segments of the cylinder with radius
260 mm, cut off about the vertical axis positioned along the
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impact direction. The FE meshes are built with regular wedge six-
node and cubic eight node elements, each with mostly the same
vertical dimension of 2 mm. The quarter model consists of
276,050 elements. Symmetry boundary conditions were defined
on the vertical cross-sectional planes, were normal displacements
were constrained. Nonreflecting boundaries are applied to the
cylindrical surface to represent the connection to the infinite
media.

The simulations with that model have shown that repair mate-
rial thickness as well as its acoustic properties are the important
factors influencing propagation of stress wave through repair sys-
tem. Numerical investigations of IE method have shown that an
interface is usually “visible” if absolute value of R coefficient is
higher than +0.24 [10,25]. This was also experimentally confirmed
by Garbacz for polymer-cement composites differ in polymer con-
tent [23].
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The above FE model was modified to simulate effect of substrate
roughness and presence of air voids at the interface on stress wave
propagation. The simulations were performed for system with the
same profile geometry as the ones used in the experiment and for
two extreme cases of filing of surface irregularities: completely
filled and non-filled surface irregularities (Fig. 11). The surface
geometry corresponded to real surfaces roughness obtained after
sandblasting (SB) and hydrodemolition under high pressure (HD)
of concrete substrate of compressive strength class C40/50.

The experimental tests were carried out on 600 x 800 mm rect-
angular plates and 130 mm total thickness (concrete substrate —
100 mm and overlay — 30 mm). The material properties (E modulus
and density) of the both concrete substrate and overlay were
determined. The simulation performed for solid concrete plates
with the same geometry confirmed that it can be considered as
the infinite medium (Fig. 12).

—-—

Fig. 10. FE models of quarter the cylindrical segment used for simulation of effect of repair overlay properties and corresponding contours of pressure.

Fig. 11. Assumed roughness patterns description with completely filled and non-filled surface irregularities in FEM simulations.
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Fig. 12. Comparison of amplitude spectra for (a) infinite medium and (b) solid concrete plate with dimensions: 600 x 800 x 130 mm.
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Fig. 13. Example of disturbance in wave propagation for sandblasted (a) and hydrodemolitioned (b) surfaces in the case of air voids presence at interface.

The grooves are oriented along y length direction. The meshes
are built of regular hexagonal eight-node elements with typical
xyz dimensions of 1 x 4 x 2 mm. The height of the elements in
the interface was reduced to 1 mm for modelling substrate rough-
ness and voids. The quarter model consists of over 1.1 million of
finite elements. Similarly to the first group of the FE models, sym-
metry boundary conditions were defined on the vertical cross-
sectional planes, were normal displacements were constrained.
In the vertical direction the modelled segment is supported only
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a few nodes located in the bottom corner of the plate. This local
supports against vertical displacement, simulate the actual test
conditions. There are eight nodes identified for displacement read-
ing. These nodes are located on the top surface with 20 mm spac-
ing along x-axis (shorter side). Time histories of displacement for
the second node, 20 mm from the impact point, represent basic
detected signal.

The results of simulation indicate presence of larger air voids at
the interface. They can significantly influence stress wave propagation

b) Hydrodemolition (specimen: C40-HD)
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Fig. 14. Typical frequency spectra for experimental repair systems (a,b) and results of FE simulations in case of completely filled (c,d) and non-filled (e,f) surface irregularities.
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even in the case of long wave as generated in IE method (Fig. 13). If
surface profile irregularities are filled the surface roughness does
not significantly influence the shape of frequency spectrum.

Frequency spectra resulted from FE simulations and experimen-
tal program (Group A SB-D and HD) indicate good similarity, espe-
cially in the case of possible air voids at the interface (Fig. 14b,f). It
can be concluded that the presence of larger air voids at the inter-
face significantly influence the propagation of stress waves in
repair systems.

6. Wavelet approach

As it was introduced in chapter 4 more complex IE signal anal-
ysis can be helpful for bond strength estimation in repair systems.
A new tool for signal analysis — wavelet multiresolution time-scale
method was recently implemented in NDT for concrete structures
Table 6

Pseudo-frequencies for details of levels 1 to 6 for wavelet transform (sampling
A=2ps).

Scale Detail level Pseudo-frequency f, [kHz]

db2 (called Haar) db4
2 d1 249 179
4 d2 125 89
8 d3 62 45
16 d4 31 22
32 d5 16 11
64 dé6 8 6

a) C40-PL

Ca,b Coefficients - Coloration mode : init + by scale + abs

AATRAL AR 17001 ) ] FARER

AN TTPRE

' A4 THATTRIORAL T/ FPETRITIAL | ) TYWRRRNTYNL AL 771 ) T TIVA T VT A 7 |

Scale of colors from MIN to MAX

assessment [26-28]. It presents the next logic step in frequency
analysis of signals - a STFT method of flexible size windows. It
allows using long or short time sections, when analysis of low
and high frequencies is made respectively. In comparison with
STFT, the result image is divided on time-scale segments that are
of different sizes depending on scale range. This effect is a result
of using, instead of sine function, a wavelet - “short” wave, well
concentrated in both time and frequency. A Wavelet Toolbox in
MatLab environment was used here for analyses [29].

Wavelet analysis allows for a decomposition of a signal on a set
of shifted and scaled versions of mother wavelet. Continuous
Wavelet Transform - CWT is resulting into C coefficients that are
functions of scale and time position: a signal is composed of a
sum of shifted and scaled wavelet multiplied by C. CWT is usually
presented as a time-scale graph called scalogram.

If we use scaling parameters of powered 2 the Discrete Wavelet
Transform - DWT is used. In practice, it is realized be using low
and high-pass filters. Filtering process decomposes signal into
the approximation (low frequency content) and details - a set of
coefficient/time diagrams on given scale levels 2, 4, 8, 16 etc. (high
frequency components).

First step of the wavelet analysis is to select proper function -
wavelet. As it was intended to make both CWT and DWT analysis
the possibilities are limited to orthogonal and biortogonal
wavelets. Next recommendation is to use wavelet being the most
similar to a signal that is going to be analyzed. As IE signal is not
symmetric and the resolution is not limited - the best choice

b) C40-SB-D
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Fig. 15. Typical scale-time diagrams for tested repair systems of Group A with different concrete substrate preparation: (a) polishing, (b) dry sandblasting, (c) jack

hammering, (d) hydrodemolition.
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Fig. 16. Frequency spectrums for the specific detail - d2 of the IE signals for the simulated repair systems.
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Fig. 17. Frequency spectrums for the specific detail - d3 of the IE signals for the simulated repair systems.

seemed to be Daubechies (db) wavelet. Fundamental for wavelet
analysis is relation “scale - sine frequency” of wave phenomena.
This relationship describes a pseudo-frequency f; Eq. (2):

fe
fa:a.Aa (2)

where: f. — wavelet center frequency (frequency for dominant oscil-
lation), a - scale, A - sampling period in seconds.

According to this formula, the pseudo-frequencies may be cal-

culated for both every scale level in CWT and every detail in
DWT (see Table 6).

6.1. CWT of experimental repair systems

The CWT coefficient distribution diagrams obtained for real
repaired systems are complex (Fig. 15). However, by comparison
it is obvious that they depend, in some extend, on concrete
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Fig. 19. Fast Fourier Transform (FFT) of the whole signal (a) de-noised one after separation of D2 partition (b).

substrate and bond interface quality. It is observed at both low fre-
quency (high scale) and high frequency (low scale) regions.

6.2. DWT of FE repair systems

The DWT wavelet analysis was afterwards performed on FE
simulated systems. The analysis of DWT results using db2 (Haar)
wavelet presents the influence of air voids on stress wave propaga-
tion in repaired systems. This is not clearly visible by observation
of DWT details but it is abviuos after the FFT (Fast Fourier Trans-
form) analysis performed on each detail (Figs. 16 and 17). For the
system HD_p (Fig. 16d) with high surface profile amplitude and
air voids at the interface, a large amplitude peak at frequency that
corresponds to the reflection from the interface is observed in d2.
For the other systems the peak in these frequencies is present in
d3: once again when there are air voids simulated (SB-D_p) its
amplitude is the highest (Fig. 17b).

6.3. DWT of experimental repair systems

Analytical determination of scale and detail level for specific
ranges of the frequency spectra (see Table 6) showed that the char-
acteristic frequency ranges for interface echo are located at level
d3-d2 and d4 for bottom [30]. Results of the DWT transform -
details d1-d5 were statistically analyzed using standard procedure
of MATLAB by mean value (MEAN), mean absolute deviation
(MAD), standard deviation (SD) and range of amplitude (RG). The
relationship between statistical parameters of coefficient lines at
different levels and pull-off strength shows that the information
about quality of bond in repaired systems is localized at levels
d2, d3 - where the correlation factor is the highest (Fig. 18). The

results of statistical analysis of DWT indicate that the most signif-
icant are relationships between the pull-off strength and the range
and standard deviation of medium frequency detail d3 (r > 0.60): r
value < 0.5 for other details means weaker relation and lower sig-
nificance. The mean value and absolute mean deviation versus the
pull-off strength are not statistically significant. These results indi-
cates that the most suitable parameter for characterization of bond
quality in repaired system is a medium range of frequency. The
basic tendency is that parameters describing deviation of detail
amplitude increase as a pull-off strength increase.

Another advantage of wavelet analysis is de-noising and separa-
tion from the signal the part that is responsible for frequencies of
interface area - in the analyzed case d2 (Fig. 19). On the FFT of
the whole signal there is only visible a bottom peak on the fre-
quency 0,04 (after recalculating - 20.48 kHz). After de-noising
the signal in order to separate the partition of D2 in FFT amplitude,
in frequency spectrum a peak on the frequency 0136 (69,63 kHz)
that corresponds to reflection from an interface appears.

7. Conclusions

On the basis of the results obtained for repair systems tested
with impact-echo, the following main conclusions can be drawn:

- the relationships between pull-off strength and amplitudes of
bottom and interface frequency peak are not statistically signif-
icant; this implies that an amplitude of frequency peaks is not
proper measure of bond quality in repair systems;

- concrete substrate roughness and microcracking influence on
stress wave propagation and increase the noise level in the IE
frequency spectrum;
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- the FE simulation results for repaired system with different
interface quality confirmed that developed model is useful for
simulation of stress wave propagation trough repaired systems
evaluated with impact-echo method. Due to the variety of
parameters characterizing possible tested objects, experience
is required to interpret impact-echo test results. The developed
FE models of repair systems can be treated as a “ideal” reference
repair systems.

- the results of wavelet analysis of IE signal indicate that this
approach is promising for estimation of bond strength in repair
systems.

The results presented here have been already introduced in
development of a mobile, integrated diagnostic scanner equipment
for non-destructive testing of concrete elements using three com-
plementary methods - Ultrasonic - Impact-Echo - GeoRadar “UIR-
scanner” [31].
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