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ABSTRACT: According to EN 150-10 and ACI Concrete Repair Manual, bond strength
interface quality are the main features of repgéteam necessary to be assessed. Pull-off test is
most commonly used for bond strength evaluationgboiving interest in nondestructive tech-
niques (NDT) is recently noted. Impact-echo (IEjresated as the most promising one for this
purpose. The aim of this paper is to analyze agcefff bond quality on stress wave propaga-
tion in repair systems. A group of samples has Ipgepared in order to obtain repair systems
of different bond quality. Prior to repair, qualiéy concrete substrates has been characterized
according different techniques: compressive stigngtiperficial cohesion, surface roughness
index and cracking quantification. Than a polymexdified repair mortar has been applied. Af-
ter hardening, IE signals have been recorded ahefiibond strength determined. The rela-
tionships between parameters characterizing surfaaéty, bond strength, IE frequency spec-
trum and results of wavelet analysis of IE sigraldhbeen analyzed.

1 INTRODUCTION

The general requirement for repair of concrete cttines is efficiency and durability -
Czarnecki and Emmons (2002). Following the comdatibrule formed by Czarnecki et al.
(2004), it can be assured if a proper repair matsglection is made but it is not the only con-
dition to fulfil. There are many factors affectiogp bond quality — Silfwerbrand et al. (2005).
The basic operation during repair, that can inardghast also decrease) bond strength between
repair material and concrete substrate, is sutf@eement — Courard (2000). In this paper rela-
tion between bond quality and impact-echo frequespgctrum was analysed.

2 EXPERIMENTAL PROGRAM

2.1 Repair systems description

Several repair systems with deferent quality ofccete substrate surface were tested (Tab.1).
The effect of the concrete surface treatment isijndependent upon the nature and the quality
of concrete substrate. Two groups of three diffetgmes of concrete were designed in order to
obtain classes of compressive strength from C2&/3050/60. The given classes were verified
by compressive strengthy evaluation. On each of group of concrete slahs;, fgpes surface
preparation methods were investigated. In ordesbi@in differences in profile development
and level of microcracking in the near-to-surfaagel, the surface preparation methods for
Group A were: polishing (PL), dry sandblasting (BB-jack hammering (JH) and hydrodemo-
lition (HD). For Group B surface preparation methodere suited as not to much aggressive
ones to obtain similar profiles, low-level microcking but differences in bond quality; they
were: brushing (NT), waterjetting (LC), wet sanditilag (SB-W) and scarification (SC).
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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 C45/5525/30 C35/45 C50/60
Surface preparation PL, SB-D, JH, HD NT, SB-W, SC, LC
Sample dimensions 80x60x10 cm 50x50x7cm
Repair material PCC (A), £ = 2,0mm PCC (B), Rix=0,25mm
Repair layer thickness 3cm 3cm

2.2 Results of substrate characteristics

The quality of substrates was characterized fromtpe view of their roughness, microcrack-
ing and surface tensile strength. The roughnessmessured by sand patch test according to
EN 1766 resulting Surface Rough Index SRI (Fig.Babstrates of Group A can be ranked
from polished smooth surface (PL), by dry sandbl&$8EB-D) and jack hammered (JH) to very
irregular hydrodemolitioned one (HD). In Group Bwvlpressure waterjetting (LC) has no big
influence on profile in comparison to brushed steféNT), while wet sandblasting (SB-W) and
scarification (SC) increase roughness a little. izcacking of samples of Group A was ob-
served on the cross-section of the 8 cm cores eméar-to-surface layer in the area of 2 cm
depth. Density of microcracks was calculated (Fy.1t can be concluded, that more aggres-
sive surface preparation technique influence marenrocracking: it was observed two times
higher density of microcracks after jack hammeiidig) and hydrodemolition (HD) than after
dry sandblasting (SB-D) and polishing (PL). As Hugressiveness of surface treatment of sam-
ples of Group B was small, the microcracking was otuserved here, although it can be ex-
pected a little higher level for scarification.
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Figure 1: Surface Roughness Index, SRI (a) andityesfamicrocracks, I, (b) depending on the method
of surface treatment

The pull-off test according EN 1542 and ASTM C 138Bcommonly used for evaluation of
bond strength (Fig.2b) was applied for surface itergrength (f) measurement (Fig.2a) in-
cluding type of failure registration. In case ofrgdes of Group A the concrete quality did not
have a major influence on the surface tensile gtreafter surface treatment as it was for sam-
ples of Group B (Fig.3). It can be also observad.4j that for surfaces jack hammered (Group
A) and scarified (Group B), more that 50 % of fedls appeared near in the superficial zone
(type A1, see Fig.2a). It is probably due to micaoking already mentioned.
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Figure 2: Pull-off for evaluation of surface teesitrength (a) and bond strength (b)
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Figure 3: Surface tensile strength,df samples
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Figure 4: Type of failure in the evaluation of suré tensile strength,sf

2.3 Results of bond strength evaluation in repair syste

When repair was 28 days old, the pull-off testsenmgrformed for evaluation of bond strength
between concrete substrate and repair layer (Fi§@face preparation effect on samples of
Group A can be divided in two groups in regard&bkd1504-10: bond strength after hydrode-
molition (HD) and sandblasting (SB-D) is greatearitthe threshold minimum values for labo-
ratory performance both for structural repair (2 and non structural (1.5MPa). The bond
strength for polishing (PL) and jack hammering (J$iklose to or below this limit. For the
Group B only the results on substrate C25 and €8%&this level. In comparison to Group A,
bond strength is much lower probably due to nofideht development of surface profile.
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Moreover, there was observed total delaminatiom witbstrate water jetted (LC) and brushed
(NT) for samples C50. These methods seem to beffitive also for C35. Looking at the
type of failure (Fig.6), an effect of microcrackirsgstill visible for jack hammering (JH), where
all failures were in the superficial zone of suasr(type A, see Fig.2b). For polishing (PL) all
failures appeared at the interface (type A/B, sige?b), because mechanical interlocking be-
tween substrate and repair layer was not sufficitiation is more unclear for dry sandblast-
ing (SB-D) and hydrodemolition (HD) where cohes®end interface A/B failures were ob-
served. Analysing Group B samples, many failuresancrete (type A, see Fig.2b), appeared
where concrete was weak (C25), especially wheneaggre surface treatment like scarification
(SC) was applied.
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Figure 5: Bond strength, between concrete substrate and repair layer
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2.4 Influence of substrate characteristic on bond sgtén

Multiply regression approach for evaluation of bapglity using calculated parameters of sub-
strate characteristic ((fSRI,La,frn) as explanatory variables showed, that the bigpast in
prediction of bond strength, have fs and SRI. When using these parameters only thesegr
sion coefficient, R was 0.70 for Group A and 0.82 Group B. Interesting is observation that
while influence of SRI increase is in both casesitpe, the influence ofnf for Group A is
positive and for Group B negative. This situatierciear visible on the graph of usability, de-
fined as a value of high usability u= 1.0 for batength f= 2.5MPa, medium usability u= 0.5
for f,= 1.5MPa and low usability u= 0.0 foif0.5 (Fig.7).
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Figure 7: Usability graph for evaluation of boncesgth usingf and SRI as explanatory variables

3 IMPACT-ECHO TESTS

3.1 Impact-echo method description

Impact-echo (IE) is a method for non-destructivaleation of concrete, based on the use of an
elastic, low energy impact of a steel ball on thdace generating low frequency stress waves
(mainly below 60 kHz). These waves propagate thndbg structure and are reflected by inter-
faces within the material (internal flaws such a#&s, honeycomb, cracks, delaminations) or
external boundaries (Fig.8a). IE method is oftesdu®r quality control of various types of re-
pair, e.g. injection of cable ducts, overlays e®ansalone et al. (1997). As the stress waves
generated in IE method have low frequencies (ingaoiaon to e.g. ultrasonic), this method is
less sensitive to heterogeneity of concrete. Addéi feature of IE method is application be-
sides a time-domain analysis (Fig.8b) a frequemahyais (Fig.8c). Based on frequency spec-
trum the depth of the reflecting interface (e.gwi) can be determined according to formula:
C
d=_= 1)
201,

where:d = depth of interfaceg, = wave velocityfy = frequency of dominant peak.
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Figure 8: Scheme of impact-echo method (a), exaoipleaveform (b) and corresponding frequency
spectrum (c) when defect in concrete is observed

Amplitude
Amplitude

3.2 Influence of substrate characteristic on impacteestress wave propagation

First two specific ranges of the frequency specsrwvere analyzed: first around of the bottom
peak frequency and second one around frequenaiessponding to the interface. The relation-
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ships between amplitude of bottom and interfac&paad parameters describing quality of re-
pair systems were not statistically significanictPwski et al.(2007) and Garbacz et al.(2008).
It means that amplitude of characteristic frequepegks is not proper measure to estimate
bond quality in repair systems. In next studiesmadized frequency spectrums was spread on
3D amplitude - frequency distribution where the hemof IE measurement (from 1 to 10 -
Group A, and from 1 to 7 - Group B) was the thixd gparameter. It can be observed (Fig.9)
that for jack hammering (JH) and hydrodemolitiorDjHn Group A, apart from the bottom
peak at about 20 kHz, there are some high peaksvier frequencies suggesting rough surface
and microcracking. In case of C50 group B samplesrestotal delamination and zero bonding
in pull-off test was obtained (NT and LC) there atear vibration peaks that have very low
frequency and bottom peak is no visible (Fig.10}adted 3D amplitude - frequency distribu-
tion surfaces were characterized with RugoDS progusing surface profile analysing ap-
proach — Garbacz et al. (2006). The statisticadupaters for 3D amplitude — frequency distri-
bution were calculated but still no statisticaligrsficant relationship between these parameters
and pull-off strength was found.
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Figure 9: 3D amplitude - frequency distribution @80 Group A

3.3 Evaluation of bond strength using wavelet approach

Wavelet analysis presents the next logic step alyars of signals. It allows for use of long
time sections, when analysis of low frequencieséle or short time — for high frequencies.
This effect is a result of using, instead of sinection, a wavelet - “short” wave, well concen-
trated in both time and frequency. Wavelet analgsisomposes signal on a set of shifted and
scaled versions of mother wavelet. Continuous WavBlansform - CWT results the C coeffi-
cients that are functions of scale and time pasitRignal is then composed of a sum of shifted
and scaled wavelet multiplied by C. If we use swplparameters of powered 2 the Discrete
Wavelet Transform - DWT is obtained. The resulDd¥T is a set of coefficient/time diagrams
(details,D) on given scale levels 2,4,8,16 etc.damental for wavelet analysis is relation be-
tween scale and sine frequency of wave phenomehs. fElationship describes pseudo-
frequencyf, equation:
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Figure 10: 3D amplitude - frequency distribution €60 Group B

Analytical determination of scale and detail lefagl specific ranges of the frequency spectrums
showed that the characteristic frequency rangesnterface echo are located at level D3-D2.
Results of the DWT transform on IE signals — detBi2 and D3 were statistically analysed us-
ing standard procedure of the MatLab by mean oblabe deviation (MAD), standard devia-
tion (SD) and range of amplitude (RG). Than mujtiptgression approach for evaluation of
bond quality using calculated parameters of deliatiribution was performed. The regression
coefficient,R was 0.68 for Group A and 0.85 for Group B (Fig,Mfat is a similar level as it
was in case when as explanatory variablearfd SRI were used. If we add to the explanatory
variables parameters from characterisation of @ircsubstrate (fSRI) and wavelet analysis
of IE signal (MAD,SD,RG for D2 and D3) the regressicoefficient, R increase to 0.88 for
Group A and 0.87 for Group B. A result of multipiggression approach was the regression
equations (Fig.11b) which allows for calculationestimated bond strength on the base of ex-

planatory parameters.
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Group A - Eq.(3):
foe =-5.9+ 1.7+ 0.3 SRI +

-166.6 D2_MAD + 150.8 D2_SD - 13.1 D2_RG +

-32.6 D3_MAD + 79.7 D3_SD - 4.2 D3_SD

Group B - Eq.(4):
foe =1.6 +0.3f+ 1.1 SRI +

+128.0 D2_MAD + 100.8 D2_SD + 5.5 D2_RG +

- 188.5 D3_MAD + 139.6 D3_SD - 3.8 D3_SD

Figure 11: Multiply regression coefficients in ewation of bond strength using different explanateas;-
ables (a) and equations for calculation of estichéiend strengthyfz (b)
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If we plot measured bond strength vs. estimated l®irength the points are localised quite
close to basic regression line gfEff, g, (Fig.12). To calculate minimal evaluated bond
strength, we need to corrected regression lined(dioke) by shifting the basic regression line
(dot line), as it is recommended in EN 13791, doea

Af, =-148(% ®)
where:s = standard deviation of distance between poindstesic regression line.
Points located in the grey area on the left formmeszied regression line have big probability for

low bond strength or even delamination.
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Figure 12: Bond strength measuredyd. bond strength estimategl,fwith multiple regression using as
explanatory variables D2 and D2 MAD,RG,SD togethigh SRI and f

4 CONCLUSIONS

Results presented in this paper and obtained ilieeaesearch lead to a statement that bond
strength estimation in repair systems can be mgdmact-echo signal analysis, especially us-
ing wavelet approach. Including into analysis tlaeameters characterizing concrete substrate
quality, like Surface Roughness Index and surfacsite strength, significantly improves this
estimation. Method of bond strength estimationdpair systems using impact-echo could be
based on the procedure of assessment of in-sitpre@sive strength given in EN 13791.

AKNOWLEGMENTS

The authors are thankful to Professor L.Czarnddkld of the Department of Building Materi-
als Engineering at the Warsaw University of Tecbgglfor valuable discussion and remarks.
This work was been prepared in the framework of Wjddnt nr 504 G 1080 7007.

5 REFERENCES

Czarnecki L, Emmons P.H., 200Rgepair and protection of concrete structui@s Polish), (ed. Polski
Cement), Crakow.

Czarnecki L., Glodkowska W., Piatek Z., 20@stimation of compatibility of polymer and polymer-
cement composites with ordinary concrete undertstime load conditionsArchives of Civil Engi-
neering, L (1), p.133-150.

Courard L., 2000, Parametric study for the creatibthe interface between concrete and repairs-prod
ucts, Materials and Structures, 33, p.65-72.

Garbacz A., Piotrowski T., Courard L., 20@G)alysis of stress wave propagation in repair syst@ising
wavelet approachRILEM PRO 51: 2nd Int. Symposium on Advances on€rete through Science
and Engineering, Quebec, Canada, (CD).

Garbacz A., Piotrowski T., Nieweglowska-Mazurkiezvis., 2008, Wavelet approach in repair efficiency
evaluation with stress waveSCC 2008, Porto, Portugal, 16 18.04.2008, p.68-69

Piotrowski T., Garbacz A., 200Application of signal analysis in assessment ofiregystem quality by
impact-echo and ultrasonic method2th ICPIC, Chuncheon, Korea, 26-28.09.2007, $-.790.

Sansalone M. J., Street W. B., 199mMpact-echo. Nondestructive evaluation of concestd masonry
Ithaca NY, Bulbrier Press, p.339.

Silfwerbrand J., Beushausen H., 20@®nded concrete overlays — bond strength issBesc.of the
ICCRRR, Cape Town, South Africa, 21-23 Nov 20099g21.



