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ABSTRACT 
Various deterioration and cL"unage in reinforced concrete (RC) have been repol1ed. Since salt is one of 
deterioration causes of RC. monitoring and diagnosis against deterioration are key issues. Thus. 
development of LlOll-destructiye evaluation (NDE) teclUlique is impol1ant to assess corrosion process. To 

identify the onset of conosion and the nucleation of cOITosioll-illduced cracking in concrete due to 

expansion of con"osioll products. continuous acoustic emission (AE) monitoring: is available . In order to 

clarify these phenomena. cyclic wel and dry tests are perfonned in a laboratOly. The SiGMA (Simplified 

Green's ftUlctions for Momelll tensor Analysis) procedlU"e is applied to AE wavefollllS to identify source 

kinematics of nllcro-crack locations . types and orientations. This shldy shows that the onset of con'osion 

and the nucleation of conosion-induced cracking: in concrete are visually identified. Then. cracking 

mechanisms due to the expansion of cOll"Osion products are quantitatiwly clarified. 

INTRODUCTION 

In concrete engineering:. it is a serious problem that concrete s tll.lctures are no longer maintenance-free . In 

this respect. non-deSh1.1Criw evalua tion (NDE) con'osion dama ge was repol1ed (Dubra\'ka et al.. 2000). In 

reinforced concrete (RC) stlllcmres, passi\"e films on the surface of rebars (reinforcing steel -bars) could 

be broken due TO penetration of chloride ions . and actiyated fenite ions lead TO con'osion of rebars. 

Because almost all of concrete strnChll"eS are reinforced by rebars. the corrosion due to salt anack has 

been refened to as the most clitical deterioration of reinforced stlllchues. So far. electrochemical 

teclmiques of the half-cell potentials and the polarization resistance are widely employed to e\"aluate 

cOlTosion of rebar. Recently. acous tic emiSSion (AE) method ha s been introduced to detect 

corrosion-induced cracking in concrete (Ohtsu. 2003). 

According to a phenomenological model of rebar con'osion in seawater em'irollluenTs. it is repor1ed 

(Melchers eT a!.. 2006) that a typical cOll'osion loss dming: the corTosion process can be div ided into four 

phases shO\vu in Fig . 1. At Phase 1. the onset of conosion is initiated. The activity of the cOITosion 

process is dominated by the rate of penetration of oxygen and water. Then a cOlTosion loss decreases at 
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Fig. 1 Typical corrosion loss for steel in seawater inullersion. 

Phase 2. because dle flow of oxygen is e,-ellmally inhibited by conosion products of rebar. The COITos ioll 

process increases again at Phase 3. because the con'osion penetrates inside the rebal' and the expansion of 

COITosioll products occurs. Enllntally. the cOl1'osiotl of rebar progresses at an almost constant speed at 
Phase 4. Thus. the phenomenologicalmodei is refen ed to as a two-step process of the onset of cOITosion 
and the expansion of cOITosion products. 

By applying AE redllliques. it has been repot1ed that the onset of con'osion and the nucleation of concrete 

crackin g: are detected (Ohtsu. 2003. Ohtsu and Tomoda. 2008), Consequently. continuous AE 

measm'ement is applied to identify the transition periods at the onset of cOITosion and at the nucleation of 
concrete cracking. AE actiyities under cyc lic wet and ru)' test are ulYestigated and these results are 

confinned by scannulg electron microscope (SEM). To clarify micro·cracks Ul concrete. SiGMA 

(Simplified Green's nUlctions for Moment tensor Analysis) procedm'e has been applied (Ohtsu. 1991. 

Ohtsu and OIUlo et al .. 2008). Kinematic s of AE som·ces. such as crack location. crack type and crack 

orientation, in the conosion process is analyzed by SiGM.A. analysis fi"olll recorded AE wayefonns. 
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Fig. 2 AE generation due to con'osion of rebar. 
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Fig. 3 AE waYefoml parameters. 

AE detection due to the con osion of rebar is illustrated in Fig . 2 (Ohtsu. 1996). AE eHnts are associated 

with cracking and are detected by AE sens ors as electrical signals. which are amplified. filtered. and 
processed. An AE signal is characterized by employing AE parameters such as energy. counts. e,·ent. 

amplimde. rise time and duration as illustrated in Fig. 3. 
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THORY OF SIGMAANALYSIS 
According to the generalized theolY of .'-\E (Ohtsu and Ono. 1984). AE signals are generc'lled by 

micro-crack motions in a solid. The SiGMA analysis consists of 3-D (three-dimensional) AE source 
location procedm"e and moment tensor analysis for AE sources. In the SiGMA analysis. two parameters of 
the arri\"al time (PI ) and the amplimde offhe first motion (P2) shown in Fig . 4 are read and applied to the 

ana lysis. 

In the location procedm'e. AE source (crack) location x ' is detenllined from the alTival time differences Ij 
between the obsen;ation point X I and -'"1+1. by soh-jug: equations. 

( I) 

Here. \'p is the n locity ofP-wa,'e. R is the distance berween the som'ee .,-' and the obselTation point x . 

After detelluillillg the AE source location. the amplitudes of the first motion (P2) are substituted into the 
following equation. 

( -) - C Ref(r.y) M D4 A .\ - S· R ' Ypr , P'I' - (2) 

Here. A(x) is the amplitude of the first motion and Cs is the calibration coefficient of the sensor sensitivity 
and material constants . The reflection coefficient Ref(r. ;) is obtained as f is the direction of sensor 
sensitivity. DA is area of crack sUlface. Mpq is the moment tensor and y is the direction wctor of distallce 
R from the SO\ll'ce to the observation point .\' as shown in Fig. 5. 

TIle moment tensor Mpq consists of the crack motion vector I and the nonnal vector 11 to the crack smface. 
In an isotropic material. the moment tensor Mpq is deriwd from the following equation. 

(3) 

Here. A and I' are Lame constants. 

x : AE sensor 

R x ': AE source .. ,' , 

o 200 400 600 800 1000 
Time(~ls) 

Fig. 4 Detected AE wavefollll. Fig. 5 Crack nucleation and AE detection. 



 

12

To identify source kinematics. the eigenva lue analysis of the moment tensor has been proposed (Ohtsu. 
199 1). In general. the eigenva lues of the moment tensor are represented by the combinaTion of the shear 
crack and the tensile crack as shown in Fig. 6. Ewnmally. the relative ratios X. Yand Z are obtained as. 

1.0 = X + Y + Z 

the intennediate eigenvalue 
the maximum eigem-alue 

the mininllull eigeuva lue 
the maxinnuneigenvallle 

O-1'/ 2 + Z 

= - X - Y/ 2 + Z 

(4) 

In the present SiGMA code. AE sources with shear ratios less than 40% are classified as tensile cracks. 
When the ratio X is larger than 60%. AE SOlU'ce is classified as a tensile crack. In the case of the ratios 
betwee1l40% and 60%. the cracks are refell'ed to as mixed-mode. 

After deremuning the crack type. the direction of crack motion is deriwd fi:ol11 the eigenwctors. In the 
eigel1\'alue analysis. three eigeuwctors el. e2 and e3 . 

e l =1+rI 

e2 = / x rI (5) 

e3 = 1- 11 

are also detennined . Here. vector I and rt are interchangeable. In order to visualize these kinematical 
i.nfolluation of AE somces. the Light Waw 3D software (New Tek) is introduced. Crack modes of tensile. 
nuxed-mode and shear are given in Fig: . 7. Here. an ana\\' vector indicates a crack motion vector I_ and a 
circular plate cOITespollds to a crack smface which is perpendicular TO a crack nOllual \·ector n. 

Eigen\'ll.llles 
of tensile 

Deviatoric 
of Tensile 

Hydrostatic 
mean of tensile 

Fig. 6 Uuified decomposition of eigeuvalues of the moment tensor. 

Fig. 7 3-D display models for tensile. nuxed-mode and shear cracks. 
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EXPERIMENTS 

RC specimens of dimensions 75 ><. 100 ><. 400 nUll were made. Configuration of dle spec imen is illustnued ill 

Fig. 8. A rebar of 13 nun diameter was embedded with 20 nUll cm"er-thickness for longimdinal 
anangement. Mixture propol1ion of concrete is given in Table 1. Here. NaCi solution is employed as 
nuxed-water. Mechanical prope11ies of hardened concrete are giyen in Table 2. Following: the standard 

curing: for 28 days. cOll'osion process lUlder salt anack was simulated by cyclic wet and dry condition. 

concrete AE sensors 
reb~ position area 

,------A-----, 

-.1
13 I • 7 5 
x 

150 100 150 ISo I ' 

400 nu 100 nl 

Fig: . S Sketch of reinforced concrete specimen tested. 

Table 1 Mixture proponioll of concrete. 

Mamun Water 10 WcighrjX1" lrn) coa::refe 
s .... ... 

g:l\~l si:ze cC1l~ ratil w,~ c~ S~d Gnu! NaCI «nV (%) 
(om) WIe (~.) (kg) (kg) (kg) (kg) (kg) 

JO " 185 33' 823 1019 R 210 8 5 

Table 2 Mechanical propel1ies ofhardelled concrete. 

Compressi,"e Poissou's 
P-wa,-e 

strength ratio 
wlocity 

(MPa) (111/,) 

43 .9 0.2 4332 

3% NaCl solution 
COlllailler 

Penuiarion surface 
(a) Wet condition (b) DIY condition 

Fig. 9 Sketch of cyclic wet and dry test. 

In the cyclic wet and dty test. the specimens were cyclica lly put into the container filled with 3% NaCi 
solution for a week and subsequently taken OUT of the container TO dry lUlder ambiem temperamre for 
another week as shown in Fig. 9. AE measurement was continuously conducted. by using AE 
meaSlU'ement system (DiSP. PAC). Six AE sensors (R I5. PAC) of 150 kHz resonance were attached 10 the 
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Table 3 Coordinates of AE sensors. 
lCH 

x (Ill) y (m) C (Ill) 
2CH -----------------, lCH 0.010 0.030 0.075 

2CH 0.100 0.070 0.075 
6CH 3CH 0.090 0.000 0.045 

Y 4CH 0.020 0.000 0.030 
i 5CH ...................... y 5CH 0.095 0.100 0.033 

x 6CH 0.0 10 0.100 0.055 
Fig. 10 Set of AE sensors . 

sUlface of the specimen as shown in Fig. 10 and the coordinates of AE sensors are given in Table 3. The 
fi'equency range of the meaSlU'ement was 10 kHz to 2 MHz and total amplification was 60 dB gain. For 
event counting. the dead-time was set to 2 msec and the tlU'eshold level was set to 40 dB gain. EvelY 
week. AE meaSlU'ement was temporarily stopped for the electrochemicalmeasurement . 

Half-cell potentials at the surface of the specimen were measured by a p0l1able cOlTosion meter. 
SRI-CM-II (Yokota al.. 1999). Potenrials were measured at one location on the bottom surface of the 
specimen. TIle specimen was measured evelY week. Then results of the half-cell potentia is were 
convel1ed to the probability of cOIl'osion on the basis of ASTM C876 standard (ASTM. 1991). which is 
prescribed in Table 4. 

Table 4 Criterion for half-cell potential (mV. CSE). 

Potential COIl'osion probability 

-350mV < E 90% no cotl'Osion 

-350mV < E ::: -200mV Uncel1ain 

RESULTS AND DISCUSSIO ' 
(1) AE Acrivirv 

E< -350mV 90% cOIl'osioll 

Cumulative AE hits and AE events for evelY I hour of all 6 channels are shown in Fig. 11. An AE event 
cOll'esponds to one phenomenon which was detected by all 6 AE sensors. AE hits and AE events stal1 to 
gradually increase dmlng the first 28th day. Then_ AE hits have sharp ly-increased on the 28th day. From 
42th day elapsed to 140th day. AE hits and AE e\'ents increase cOlltinually. The curve of cumulative AE 
hits is in remarkable agreement widl the cun'e of cOll'osion loss in Fig. 1. Thus. it leads to the fac t that the 
onset of cOll'osion stalled dUling the first 42nd day and the expansion of cOlTosion products OCCUlTed from 
42nd day to 63rd day. It implies that AE events obsen'ed from 63rd day to 140th day could result fi'olll 
cOIl'osion-induced cracking ill concrete . 



 

15

onset of 
corrosion nucleation of 

00 5 
-" 6000 
UJ 4 
« 5000 
.§ 4000 3 

E 3000 
E 2000 

2 

8 1000 
0 

0 28 56 84 112 140 
Time(day) 

Fig. I I Cumulation AE hits and AE e\·ellls. 

(2) AE Activity and Half·cell Potentials 
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Fig. 12 CmllulalionAE hits and Half·cell potentials. 

CUlllulalin AE hits are compared with half·cell potentia Is in Fig. 12 . TIle half·cell potentials stall to 
decrease after 91st day. After elapsed 112th day. the potentials became more negatin than ·350 mV TIms. 
behaviors AE activity during the cOlTosion process is the earlier waming than the decrease trend of the 

half·cell potentials. TIle corrosion filrlher penetrates inside. After 9 1st day elapsed. IlIst breaking. and 
other intemal cracks ins ide rebar could occur. Then. concrete cracks are nucleated due to expansion of 
cOll'Osion produc ts in rehar. 

(3) SEM Observation 
For SEM (JEOL JSM·5600). obseryation of rebars was conducted by taking rebar out of the specimen 

after 35th day elapsed and 105th day elapsed. Rust could be fOlUld at 35th day elapsed and 105th day 
elapsed by visual obselTation. SEM photo after 35th day is shown in Fig. 13 and SEM photo after 105th 
day is showll in Fig. 14. At the 35th day elapsed in Fig.. 13.110 con'osion is identified inside the rebar. At 
the 1051h day elapsed in Fig:. 14. the slUface oxide filtn almost exfoliated and the IlISt on the superfic ial of 

the rebar lUlder an oxide fi lm is identified . Here. the magnifying power of a photo of Fig. 13 is 500. In Fig. 
14. the magnifying power of a photo is 1000. 

Oxide film 

Fig.. 13 At 35th day Cross·section SEM. Fig: . 14 At 1051h day Cross·sectioll SEM. 
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(4) SiGMAAnalvsis 
In the SiGMA analysis, AE event defmitiou time (EDT) is set to lOO ~Isec . EDT is applied to recognize 
A.E waves occlU11ng within the specified time £i'om the fll'st-hit and to class ify them as pa11 of the current 
event . Results of the SiGMA analysis during the first 42nd day are illus trated in Fig. 15. At the period, 
only 10 AE e\'ents are detennined, These e\"ellls are located mostly SlllTouIlding the rebar. Results of the 
SiGMA. analysis from 42nd day to 140th day are illustrated in Fig. 16, At the period, 159 A.E e\"eIlts are 
detenllined. Large l1tullbers of AE ewnts are observed arOlUld the rebaf. At 126th day, surface cracks were 
\'isually fOlUld, AE cluster at the total is compared with the smface crack observed at the bottom of the 
spec imen in Fig. I i , Locations and 0l1entations of AE som'ces are in remarkable agreement with the 
sluiace cracks observed. TIlis suggests that generation of the cOITosion-induced cracking in concrete 
could be visualized by conducting: the SiGMA analysis continuously, 

Surface (x-.:) Smface (l '-':) 

Fig. 15 Results of SiGM.<\ analysis (0-42nd days) 

Fig:, 16 Results of SiGMA analysis (42nd-140th days) 

Surface (.\"-.1') 

Fig. 17 Results of SiGMA analysis with cracks (Total days) 

(5) Location Analvsis 
In the Location ana lysis . the .A£ e\'ent is applied which was detected by out of 5 AE sensors from all 6 AE 
sensors. AE e\'ent definition time (EDT) is set to 100 psec . Results of the Location analysis dm1ng the 
fll'st 42nd day are illustrated in Fig, 18. DUl1ng the first 42nd day elapsed. 40 AE e\"ents are observed at 
around the rebar. In the onset of con'osion. it implies that corrosion of rebar was able to be idelllified by 
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Fig:. 18 Results of Location analysis (O·42nd cL1Ys) 

• 
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Fig. 19 Results of Location analysis (42nd· 140th days) 

Location analysis. Results of tile Location analysis from 42nd day to 140th day are illustrated in Fig. 19. 
From 42nd cL1Y to 140th day elapsed. 247 AE eYents are obserwd fr0111 the rebar toward the surface of the 
specimen. It implies that those cracks progressed at the left of the specimen. 

CONCLUSION 
In order to clarifY the deterioration process due to conosion of reinforced concrete. AE monitoring: IS 

applied to the cyclic wet and dry test. The following conclusions are obtained. 

I . In the cyclic wet and dry test. on deterioration process of a RC. the onset of con'osion and the 
nucleation of conosion·induced cracking in concrete are distinguished from AE acti..-iry. This 
confin llS that these two stages can be identified by AE monitoring. 

2. From SEM. comparing SEM photos with AE acti..-iry. it is sUllullalized that at 35 days .A..E acti..-iry 
conesponds to the transition from Phase 1 to Phase 2. and at 105 days AE acri"iry is associated with 
the transition from Phase 3 to Phase 4. 

3. AE acti\'iry is 10"" at the onset of con osion. l1ms. the number of AE events located a few. 111en. AE 
sources clearly obser ... ed at the llucleation of cracking that the cracks accun'ed arOlUld the rebar. 
Results of SiGMA analysis during: the COlTosion process are in remarkable agreement with locations 
of the smface cracks. Results show that cOll'Osion·induced cracking can be identified by the SiGMA 
analysis of AE monitoring:. 

4. In the Location analysis. AE e\"ents located around rebar at the onset of corrosion. Thus . it implies 
that early·waming of cOlTosion·induced cracking can be identified by the Location analysis of AE 
monitoring . 
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