
J. Acoustic Emission, 23 (2005) 136 © 2005 Acoustic Emission Group

MICROMECHANICS OF CORROSION CRACKING IN CONCRETE BY
AE-SIGMA

FARID A. K. M. UDDIN and MASAYASU OHTSU
Graduate School of Science and Technology, Kumamoto University, Kurokami,

Kumamoto 860-8555, Japan.

Abstract

Nucleation of micro-cracking due to corrosion is identified by AE-SiGMA, by which crack

kinematics of locations, types and orientations are quantitatively determined. These kinematical

outcomes are obtained as three-dimensional (3-D) locations and vectors, and 3-D visualization is

developed by using VRML (Virtual Reality Modeling Language). Thus, the cracking modes are

investigated for different crack patterns and the cracking mechanisms of 594 events were identi-

fied. It is confirmed that the mechanisms of micro-cracking due to corrosion of reinforcement are

nearly equally of the mode-I, mixed-mode and mode-II failure. This is because cracks in con-

crete propagate in zigzag path, dynamic motions on micro-crack planes consist of the crack-
opening mode and the shear mode.
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1. Introduction

Corrosion of reinforcing-steel bar (rebar) in concrete is a major cause of the deterioration in

reinforced concrete structures. For making decision on maintenance and repair works, the identi-

fication of cracking mechanisms due to corrosion is important. Expansion caused by corrosion

products generates micro-cracks. The mechanisms of micro-cracking can be investigated ex-

perimentally by acoustic emission (AE). AE-SiGMA (Simplified Green’s functions for Moment

tensor Analysis) was developed as a powerful technique for the moment tensor analysis [1].

Crack kinematics of locations, types and orientations are quantitatively determined. Because

these kinematical outcomes are obtained as three-dimensional (3-D) locations and vectors,

VRML (Virtual Reality Modeling Language) was implemented [2]. In this paper, mechanisms of

corrosion cracking in concrete are studied by using 3-D visualization of AE-SiGMA results.

2. Experimental Procedures and SiGMA

To simulate crack patterns due to rebar corrosion in concrete, an expansion test was carried

out. Concrete was made up of mixture proportion as water (W):cement (C):sand (S):gravel (G) =

0.5:1.0:2.41:2.95 by weight. The maximum size of aggregate was 20 mm. At the fresh state,

slump value and air content were 7.0 cm and 5.0 %, respectively. Concrete specimens of dimen-
sions 25 x 25 x 10 cm were tested. A circular hole of 3 cm diameter was created at the location of

reinforcement.
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Fig. 1 Arrangement of AE sensors and measuring system.

In the test, dolomite paste (water:dolomite = 1:2) was employed as an expansive agent and

cast into a circular cavity of the specimen as shown in Fig. 1. Expansion pressure was measured

by using an embedded pressure gauge. AE events were detected by a six-channel system of AE

sensors (PAC, UT1000). Arrangement of AE sensors and the measuring system are also illus-

trated in Fig. 1. AE waves were amplified 50 dB with a preamplifier, and waveforms and events

exceeding the threshold level of 50 dB were recorded and analyzed by AE-TRA212 system

(PAC), at 1- s sampling interval.

Tensile crack Mixed-mode Shear crack

Fig. 2 VRML models for tensile crack, mixed-mode, and shear crack.

In a previous paper [3], classification of cracks is denoted only by symbols. Crack orienta-

tions, however, are not so easily represented in a two-dimensional (2-D) projection. To improve

this aspect, VRML was introduced. Crack models of tensile, mixed-mode and shear cracks are

shown in Fig. 2. Cracks are classified into tensile, mixed-mode and shear cracks from the shear

ratios. AE sources, of which the shear ratios are smaller than 40%, are classified as tensile

cracks. These greater than 60% are referred to as shear cracks. In between 40% and 60% of the

shear ratios, AE sources are classified as mixed mode.
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Fig. 3 Observed cracks (left) and visualized results (right) of AE-SiGMA in the specimen.

In the expansion test, peak pressure was measured as 17.1 MPa after about 18 hours elapsed.

Observed cracks on the specimen, and results of AE-SiGMA are shown in Fig. 3. Surface crack

‘Sv’, diagonal cracks ‘D1’ and ‘D2’ are observed. According to the results of AE-SiGMA, ten-

sile, mixed-mode and shear cracks are intensely observed near these three crack traces. During

the test, it was observed that surface cracks ‘Sv’ was first nucleated and propagated vertically to

the surface in the region of concrete cover. This is followed by the diagonal cracks ‘D1’ and ‘D2’,

running diagonally towards the inside.

Table 1 Results of AE-SiGMA.

Number of AE events classifiedType of crack Total Number

of AE events Tensile Mixed-mode Shear

Surface crack ‘Sv’ 102 40 (6.7%) 33 (5.6%) 29 (4.9%)

Diagonal crack ‘D1’ 197 69 (11.6%) 66 (11.1%) 62 (10.4%)

Diagonal crack ‘D2’ 295 103 (17.4%) 100 (16.8%) 92 (15.5%)

Total 594 212 (35.7%) 199 (33.5%) 183 (30.8%)

3. Identified Mechanisms Of Corrosion Cracking

By AE-SiGMA, the cracking mechanisms of 594 events were identified. Of these, 35.7 % of

the events are classified into tensile, 33.5% events into mixed-mode and 30.8% events into shear

cracks, as summarized in Table 1 and shown in Fig. 4. These AE events are classified as associ-

ated with crack patterns ‘Sv’, ‘D1’ and ‘D2’ in Table 1.

3.1 Surface Crack

Out of 594 events analyzed, 102 events were associated with the surface crack and 40 (6.7%)

events are classified into tensile mode, 33 (5.6%) events into mixed-mode and 29 (4.9%) events

into shear cracks. As seen in Fig. 3, the crack mechanisms of all 3 modes are mixed around the

D2

Sv

D1
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surface crack. Relations between AE sources and expansion pressure are shown in Fig. 5. Nu-

cleation of the surface crack is observed around the peak pressure as high AE activities. At this

stage, the tensile cracks are most numerous. Mixed-mode and shear cracks are slightly less active

in the whole stage. This implies that cracking mechanisms of the surface crack are crack-opening

type, consisting of both tensile and shear motion due to zigzag crack extension.

Fig. 4 Expansion pressure and activities of classified cracks.

Fig. 5 Expansion pressure and activities of classified cracks for the surface crack ‘Sv’.
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3.2 Diagonal Cracks

For the diagonal crack ‘D1’ and ‘D2’, 197 and 295 events in total were analyzed, respectively,

as shown in Table 1. 69 (11.6%) events are classified into tensile mode, 66 (11.1%) events into

mixed-mode and 62 (10.4%) events into shear cracks for the diagonal crack ‘D1’. For the diago-

nal crack ‘D2’, 103 (17.4%), 100 (16.8%) and 92 (15.5%), respectively, for the three modes. As

confirmed by VRML visualization of AE-SiGMA results in Fig. 3, these three modes were con-

centrated along the diagonal cracks. Results of AE activities and expansion pressure for the di-

agonal cracks ‘D1’ and ‘D2’ are shown in Figs. 6 and 7. All three modes of cracks became

equally active over the whole stages, but the tensile cracks were always the most numerous.

Fig. 6 Expansion pressure and activities of classified cracks for the diagonal crack ‘D1’.

Fig. 7 Expansion pressure and activities of classified cracks for the diagonal crack ‘D2’.
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4. Conclusion

The traces of the surface crack and the diagonal cracks are identified by AE-SiGMA results

with VRML. It is confirmed that AE sources are clustered close to the final failure surfaces. Ac-

cording to the results of AE-SiGMA, the number of AE events increases just before crack exten-

sion. Depending on the crack types, the contributions of mode I and mode II are varied during

crack extension. These results are summarized, as follows:

1. Mechanisms for nucleating the surface crack and the diagonal cracks due to expansion

of corrosive products are identified by AE-SiGMA results.

2. The surface crack starts to be initiated when the expansion pressure reaches the peak.

According to AE-SiGMA results, all three modes were nearly equally observed. How-

ever, mixed-mode and shear cracks were less active and tensile cracks mostly active.

Mixed-mode cracks were a little more active than shear cracks at the post-peak region.

Following the surface crack, the diagonal crack is prone to extension.

3. For the diagonal cracks, both tensile and mixed-mode cracks became equally active,

while shear-mode cracks were slightly less over the whole stage.

4. Mechanisms of corrosion cracking in concrete are of crack-opening failure, but the

cracks follow zigzag paths, thus explaining nearly equal contributions of mixed-mode

and mode-II cracks. The results show a great promise to apply AE-SiGMA procedure

for inspection, identifying the mechanisms of corrosion cracking in concrete.
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