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Abstract 
 

A 26.5-meters long, prestressed concrete girder was loaded in 5 stages to failure in four-point 
bending to evaluate damage evolution. AE signals were recorded in 12 zones of the girder for 
zonal location. Using laboratory tests of reinforced concrete beams with known dominant dete-
rioration mechanisms, seven classes of reference AE signals were identified. These signals were 
used for AE signal classifications in the monitoring of the girder, employing NOESIS supervised 
pattern recognition (SPR) procedure. AE activities generated by different types of sources char-
acterized the deterioration evolution in girder. AE SPR analysis applications in civil engineering 
structures will need definitive correlation with failure progression.  
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Introduction 
 

Acoustic emission (AE) is suited for the health monitoring of concrete bridges and structures. 
A guideline for highway structures was developed following the conventional AE procedures [1 
- 4]. For prestressed concrete (PC) bridges, which have been in use for a long time, we still lack 
adequate evaluation technology for damage development during service. Using current AE 
methods, we can estimate AE activities and their locations. The next objective is to assess the 
characteristics of the flaws and their severity.  Moment tensor approach is a valuable method [5], 
but we rely on the evolution of AE parameters utilizing supervised pattern recognition (SPR) 
analysis techniques [6].  This requires a set of reference AE signals, which we have developed in 
laboratory. Here, we report the AE examination of a large PC girder during proof loading using 
SPR. With further work, AE monitoring in field tests of prestressed and post-tensioned concrete 
bridges will become a practical tool.  

 
For wider acceptance of AE methodology by bridge inspection community, it is necessary to 

present the validity of AE tests effectively. We introduce the general approach used in that disci-
pline [7 - 9], so that we can communicate the AE inspection results.  General direction will be 
suggested, although we must continue to strive for satisfactory grading criteria based on AE and 
correlation work with fracture studies. 

 
Bridge Inspection 
 
 Most bridges are primarily inspected visually. Assessment is made for all structural mem-
bers.  Inspected bridge members are rated from 0 (failed condition, closed for traffic) to 9 (excel-
lent condition) in the US for overall characterization of the general condition of an entire com-
ponent (see Table 1) [9]. Another approach is to give severity code for each structural 
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Table 1 Condition Rating 
 

9. EXCELLENT CONDITION 
8. VERY GOOD CONDITION - no problems noted. 
7. GOOD CONDITION - some minor problems. 
6. SATISFACTORY CONDITION - structural elements show some minor deterioration. 
5. FAIR COldijITION - all primary structural elements are sound but may have minor 

section loss, cracking, spalling or scour. 
4. POOR CONDITION - advanced section loss, deterioration, spalling or scour. 
3. SERIOUS CONDITION - loss of section, deterioration, spalling or scour have seriously 

affected primary structural components. Local failures are possible. Fatigue cracks in 
steel or shear cracks in concrete may be present. 

2. CRITICAL CONDITION - advanced deterioration of primary structural elements. Fatigue 
cracks in steel or shear cracks in concrete may be present or scour may have removed 
substructure support. Unless closely monitored it may be necessary to close the bridge 
until corrective action is taken. 

1. "IMMINENT" FAILURE CONDITION - major deterioration or section loss present in 
critical structural components or obvious vertical or horizontal movement affecting 
structure stability. Bridge is closed to traffic but corrective action may put back in light 
service. 

0. FAILED CONDITION - out of service - beyond corrective action. 
 

Table 2 (a) Severity code and description 

Code 
 

Description 
 

1 
 

As new condition or defect has no significant effect on the element (visually or 
functionally) 

2 
 

Early signs of deterioration, minor defect/damage, no reduction in functionality 
of element 

3 
 

Moderate defect/damage, some loss of functionality could be expected  
 

4 
 

Severe defect/damage, significant loss of functionality and/or element is close to 
failure/collapse  

5 
 

The element is non-functional/failed  
 

 (b) Extent code and description 

Code 
 

Description 
 

A 
 

No significant defect  
 

B 
 

Slight, not more than 5% of surface area/length/number  
 

C 
 

Moderate, 5%-20% of surface area/length/number  
 

D 
 

Wide, 20%-50% of surface area/length/number  
 

E 
 

Extensive, more than 50% of surface area/length/number  
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element from 1 (no damage) to 5 (failed/non-functional) in Poland (see Table 2). For the latter, 
one also uses extent code from A (no significant defect) to E (extensive, more than 50% of sur-
face area/length/number) to determine the surface area affected by the defects. Combinations of 
severity and extent codes are used to designate the state of a structure. Visual inspection, how-
ever, is unable to detect and evaluate internal deterioration, its localization and/or severity.  Such 
characterization is feasible using AE testing, but we have to develop criteria to rate AE activity 
observed and to codify the extent of AE source distribution. These should correlate to the sever-
ity and extent codes or to the rating scale in the US.  We believe the use of clustering of AE 
sources via SPR can rate AE activity, while zone location results can be converted to extent 
scale. Before reaching that stage, we need to identify deterioration mechanisms from the AE 
clustering and signal features through corroboration with the fracture study of beam elements. 
 
Experimental Procedures and Results  
 

We utilized standard AE instrumentation. A 12-channel MISTRAS system from PAC was 
used along with DECI 55-kHz sensors. For each signal, we recorded rise time (RISE), counts to 
peak (PCNT), counts (CNTS), energy (ENER), duration (DURA), peak amplitude (AMPL), av-
erage frequency (AFRQ), rms voltage (RMS16), reverberation frequency (RFRQ), initiation fre-
quency (IFRQ), signal strength (SSTR), and absolute energy (ABEN). To locate AE sources, we 
localized them with zonal scheme only because of high inhomogenity of girder. The length of a 
zone depends on signal attenuation. We chose that the signal attenuation, when AE signal travels 
along the zone length, should be less than 10 dB. NOESIS Professional (ver. 4) pattern recogni-
tion software was used to group AE signals into clusters containing waves generated by a similar 
type of sources. For concrete engineering structures, most of the AE sources in a cluster can be 
referred to a specific deterioration mechanism. To identify this mechanism, experimentally de-
termined reference signals by known failure mechanisms are necessary. Detailed examination of 
failure processes are also critically needed. 

 
Reference AE signals  

In our study, to create AE reference signal database, we recorded the AE events generated 
during laboratory tests on reinforced concrete (RC) beams of 1.15 x 0.15 x 0.15 m. Data from 
larger beams of 13 and 18 m in length was also considered. We utilized only AE signals recorded 
during the loading parts of experiment, when known failure mechanisms were dominant. Unsu-
pervised pattern recognition analysis was applied to the AE signals produced by the deterioration 
processes during loading. We performed this classification based on twelve AE signal parame-
ters. We assumed that each of failure events results in specific AE sources that produce charac-
teristic signals, which belong to one of the clusters. From the AE data of RC beams, we obtained 
eight clusters. 
 
AE Monitoring during the Loading of a Girder 

A 26.5-m long and 1-m high prestressed-concrete (PC) girder was loaded in 4-point bending. 
Span length was 25.4 m and the center loading points were 5 m apart. The wire distribution in 
the girder was concentrated near the bottom to support tensile loads. Loading was applied in five 
cycles with unloading between them, as shown in Fig. 1. In each cycle or sequence, the applied 
load increased in multiple steps (usually the load increase for each step equals 60 kN). Maximum 
loads in the five sequences were 122; 232; 622; 996; and 1370 kN. The results presented below 
concern only the AE records collected during selected loading steps, represented by color bars in 
Fig. 2. That is, data presented will be from sequences III, IV and V. The crack distribution and 
crack opening were observed between loading steps. At the maximum applied load of 1.4 MN, a 
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Fig. 1 Load-displacement curves of 26.5-m PC beam. Load was cycled 5 times. 

 
Fig. 2 Applied loading of 26.5-m PC girder in five sequences. Color bars show the periods of AE 
data analyzed. 

 
significant deflection of the beam took place and made it impossible to continue loading, al-
though the beam could bear higher loads. Twelve AE sensors were located at the bottom of the 
girder, and the AE activities recorded from only the high stress zones were analyzed using PAC 
MISTRAS 2001 processor for this paper. The sensor spacing was 1.72 m. The sensor positioning 
was asymmetrical and #1 sensor was at 2.70 m from one span support. Sensor pairs #5 and 6, 8 
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and 9 straddled the center loading points and are the closest to them. The strongest AE activities 
were usually found on these sensors, but the next strongest can be on other sensors, as shown in 
Fig. 3 (signal strength vs. time in sec). In zone 9, which showed the highest AE signal strength, 
AE signal strength reached a peak at 88 sec corresponding to a load of 956 kN. However, this 
sharp peak was not as prominent in the next zone (10), at which AE signal strength was the sec-
ond highest. In zone 10, AE activities persisted ~10 sec longer, implying the AE source was 
propagating toward zone 10. 

 

 
Fig. 3 AE activities in zones 9 and 10 during sequence IV, at the loading step 934 - 996 kN. 

Table 3 The mean values of signal parameters in clusters.  

Cluster No C0 C1 C2 C3 C4 C5 C6 

Color        

Mean rise time 254.48 276.75 287.18 258.18 121.80 294.49 256.50 

Mean counts 192.40 947.57 8423.74 5300.82 16.31 7561.48 7961.00 

Mean energy 171.5 887.0 19594 4260 11.07 7948 21116 

Mean amplitude 63.15 72.76 87.85 77.21 46.65 83.01 99.25 

Mean ave. frequency 18.46 20.01 33.71 23.70 87.91 30.40 32.00 

Mean RMS (16) 0.22 0.33 1.55 0.42 0.13 0.71 2.86 

Mean reverb. Freq. 18.18 19.93 33.71 71.57 11.32 30.39 32.00 

Mean initiation freq. 118.71 101.30 46.62 71.57 273.29 47.29 35.00 

Mean absolute energy 5.05e+4 5.50e+5 2.84e+7 1.96e+6 1.16e+3 6.70e+6 1.68e+8 

Mean signal strength 1.07e+6 5.54e+6 1.22e+8 2.66e+7 7.18e+4 4.96e+7 1.32e+8 

Mean duration 11124 47396 249991 220322 1164.1 248140 249981 
 
AE Signals Analysis 
 With the help of Supervised Pattern Recognition (SPR), recorded AE signals during loading 
sequences III-V were grouped into clusters. This classification was performed for each loading 
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steps and each zone separately using NOESIS with the database of reference signals from labora-
tory RC beam tests. We found seven clusters containing AE signals from the 26.5-m beam test, 
but one cluster contained only a few signals and their origins were difficult to elucidate. Average 
values of AE parameters differed from cluster to cluster, as shown in Table 3. 
 

In reporting AE analysis below, we suggest possible source mechanisms for some of the 
clusters. However, all such assignments are tentative and require further verification. Still, it is 
useful to point out likely origins where warranted.  Among the clusters shown in Table 3, two 
clusters: C0 (represented in graphs by red squares) and C4 (pink circles), contain signals of low 
energy, signal strength, counts and duration. These appear to be from micro-cracking and from 
friction in concrete aggregates, respectively. In Fig. 3, red points constitute the background. 
Cluster C1 (with blue diamonds) are of AE signals of moderated duration and signal strength. 
They appeared when tiny cracks in the girder become visible. These signals precede the appear-
ance of readily visible cracks.  High-energy AE signals in clusters C2, C3 and C5, are much 
stronger than the three low energy clusters above (C0, C1 and C4). Long duration and high sig-
nal strength characterized them. We noticed that when these signals appear, signals in clusters 
C0 and C4 vanished. Signals of clusters C2, C3 and C5 were observed with the development of 
severe deterioration processes. 

 
During loading sequences I and II, a few C1 signals were observed at these low load levels. 

Extensive cracking started during sequence III, at the load step marked by blue color in Fig. 2. 
AE activities during this loading step are shown in Fig. 4. The load increased linearly from 498 
kN. After 50 sec or the load of 540 kN, stronger signals in clusters C3 and C5 were detected. 
This point diagram contains the AE data from the whole girder. Further load increases mainly 
resulted in crack opening and growth, and only a limited number of cracks were initiated. In the 
next load step, various types of sources produced the AE including cracks at the vicinity of 
prestressing wires.  
 

 
Fig. 4 AE activity of girder during the loading step 498 – 622 kN, sequence III. 



 193 

From the beginning of loading sequence IV, the girder contained many defects of different 
severity. We expected that this would influence the AE activity during loading that started from 
zero level (cf. Fig. 2). During sequence IV loading, AE from load steps under 622 kN (prior 
maximum) produced weaker signal strength than in sequence III. In the next two higher steps to 
685 kN and 747 kN, AE activities were comparable to those at sequence III. When the girder 
was loaded to 872 and 934 kN during subsequent load steps, however, AE activities were sub-
stantially lower. In the last step of sequence IV, AE activities returned to the previously observed 
level (similar to that shown in Fig. 4). Zone 9 AE behavior was similar, but the strong activities 
were found in load steps of 685, 747, 809 and 966 kN while weaker AE activities were again 
noted in steps of 872 and 934 kN. This is illustrated in Fig. 5. When we compare the data from 
sequence III and IV, it appears that previously introduced damages have no continual influence 
on AE during further loading where strong AE started at higher load levels. This is inferred from 
the near absence of AE activities in the step of 934 kN and from the strong emissions in the last 
load step of sequence IV. Some damages cease to develop, while other defects become active in 
enlarging damaged region. 

 

  

  
Fig. 5 AE activities of selected sequence IV load steps in zone 9. Prior load = 622 kN. 

934.0 kN 996.5 kN 

622.5 kN 684.7 kN 
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Figure 6 presents the amplitude data of classified signals; the data is from the last load step 
(996.5 kN) as shown in Fig. 5. The amplitude replaced signal strength in this plot. It is seen that 
C4 signals are mostly below 60 dB and at most 70 dB. C0 signals (red) range between 50 and 80 
dB. In the other extreme, very strong C6 signals (numbering only 3) have 98-100 dB amplitude. 
High signal strength C2 signals have a range of 78 to 96 dB. It is interesting that signals from 
C1, C2, C3 and C5 clusters have amplitudes of overlapping values.  

 

 
Fig. 6 Signal amplitude vs time of the last load step (996.5 kN); clusters shown by color.  

 
When the girder was loaded in sequence V, the load exceeded the design capacity, although 

the girder was still supporting the applied load even at the maximum load applied. In spite of 
high load the recorded AE activity during the load step (1254 kN) was not much higher than 
those shown in Fig. 4 obtained at the load step of only 622 kN maximum. This is shown in Fig. 
7.  AE strength depends clearly on damage mechanisms rather than the applied load level. 

  
Discussion and Concluding Remarks 
 

AE signals recorded during the loading of a large girder are of two types: low-energy (LE) 
and high-energy (HE). LE activity (C0 and C4) took place from the beginning of the loading 
while the HE sources started at higher loads and exhibited intermittent nature. HE source initia-
tion and activity depended on applied stress level and stress components (tension/shear), but low 
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activity periods were found even at very high loads. HE sources active in one zone may trigger 
AE activity in other zone far away. 

 

 
Fig. 7 AE activity in whole girder during sequence V, load step 1180 - 1254 kN. 

 
AE of a girder was recorded and analyzed with the help of SPR and reference signal data-

base. AE signals can be classified into clusters that can be referred to possible deterioration 
mechanisms and deterioration levels of structure. AE activity in clusters characterizes the level 
of deterioration better than empirically selected AE signal parameters. In the next step, we will 
try to develop from AE characteristics the scale that can be related to bridge inspection codes. 
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