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Abstract 
 

A system, based on acoustic emission (AE) monitoring technique, has been studied at Kielce 
University of Technology for several years. A reference-signals database has been prepared based 
on laboratory tests on samples, beams and full-scale girders. The developed reference data has 
been verified during field monitoring of prestressed and post-tensioned concrete bridges. Some 
phenomena, which are usually very difficult or even impossible to discover by the traditional 
methods, were detected by this system. 
 
Keywords: Destructive processes (DP) analysis, Prestressed concrete bridges, Structural health 
monitoring. 
 
Introduction 
 

Prestressed concrete bridges, which are nowadays in service, were designed to work safely 
for an average of 50 years. A large number of structures are reaching this age. Throughout 50 
years, the traffic has enlarged significantly, both in quantity of vehicles and transferred goods. 
The actual loads mostly exceeded the design loads applied at the time of construction. To assure 
both serviceability and safety of structures, inspections are undertaken periodically. However, the 
assessment relies mainly on visual observations. Material degradation evaluation and non-
destructive techniques (NDT) cover simply a limited volume of a structure. Moreover, the 
condition of a structure is estimated only at the time of an inspection. The history of damage 
initiation and development is unknown. In most cases, loading conditions as well as 
environmental factors are also unidentified. As a result, the assessment relies mainly on the 
inspector’s own experience and subjective decision-making. Road management institutions 
responsible for infrastructural networks had come to the conclusion that the traditional methods 
for bridge inspections are insufficient and new assessment methods and damage/deterioration 
evaluation criteria should be established. Following this challenge in the last decade, European 
and American engineering grants [1-9] have supported programs related to structural health 
monitoring, safety of infrastructure, increase of service life, reduction of maintenance costs and 
smart structural monitoring. These programs resulted in a great number of comments and 
conclusions. Here are some main remarks regarding structural monitoring. Most important aim is 
to improve already existing structural monitoring methods and to develop new innovative 
structural monitoring systems to prevent unexpected structural failures/collapses. To have a 
better understanding of existing condition, the measurement of the loading variations and its 
influence on the structural reliability should be controlled globally as well as locally. Moreover, 
measurement of loading should be carried out together with registering the environmental 
conditions. To control the initiation and the development of damages and deteriorations, long 
term (at least 1-2 weeks) and continuous monitoring should be conducted. For the collected 
monitoring results, a central database management should be created. Prognosis of the structural 
reliability concerning the decrease of strength of material is the final aim for a complete model of 
structural health monitoring system. 
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Unfortunately, there are neither a simple way nor suggested guidelines recommending 
monitoring/diagnosis procedures, which should be applied for fulfilling these expectations. 
Therefore, a bridge monitoring system has been studied at Kielce University of Technology 
(KUT), which seems to meet some of the required expectations for assessment. In contrary to 
traditional inspections, which are based on evaluation of detected defects/deteriorations, the 
system developed at KUT relies on localization and classification of active destructive processes 
(DP), which lead to failure. Assessment of DP also allows taking into account influences on 
structural degradation due to load changes in damaged zones, which are the intensity of traffic, 
and other external factors; i.e., environmental conditions, like temperature, humidity, 
freezing/defrosting, floods or foundation subsidence. The traditional estimation of remaining 
loading capacity considers only design and/or proof static load, which does not correspond 
directly to reality, where dynamic loads are more crucial. 

 
As a main monitoring technique at KUT, the acoustic emission (AE) analysis is used. AE 

analysis appeared to be suitable due to its ability to detect active DP, the possibility of 
monitoring under regular traffic, easy on-site installation and most importantly because AE 
allows long-term global monitoring of a considered structure. 
 
Acoustic Emission Signal Analysis 
 

During laboratory tests on samples and full-scale girders, 8 different AE signal classes have 
been identified representing 8 different DP, in which an individual damage mechanism is 
dominant. Each one of the classes represents a different level of damage severity. AE signals 
produced by DP are clustered into classes distinguished by an advanced pattern recognition 
analysis. For this purpose, the software NOESIS Professional ver. 4 was chosen. In point 
diagrams of AE signals the different colors and shapes represent each class corresponding to the 
level of damage severity as it is shown in Table 1. Among the clusters SC-1 and SC-2 
(represented in graphs by pink circle and red square), contain signals of low energy, signal 
strength, AE counts and duration. These appear to come from microcracking and from friction in 
concrete aggregates, respectively. SC-3 (blue diamond) belongs to AE signals of moderated 
duration and signal strength. They appeared when tiny cracks initiated in the girder (frequently 
before they become visible). These signals lead to the appearance of readily visible cracks. High-
energy AE signals in clusters SC-4 (black triangle), SC-5 (violet triangle) and SC-6 (green spots) 
are much stronger than the low energy clusters (SC-1, SC-2 and SC-3). Long duration and high 
signal strength characterized them. Signals of clusters SC-4, SC-5, SC-6 were observed with the 
development of severe deterioration processes [10]. Classes SC-7 and SC-8 appeared mostly 
when plastic deformation and fracture of wires took place. There is a high possibility that the 
signals in clusters SC-4 and SC-8 might come from the process of interaction between different 
DP from the same or neighboring zone. The classified AE signals are considered as the reference 
database; i.e., identified dominant DP, for undertaken monitoring of bridges. Details concerning 
the processing and AE signal classification have been presented in a journal [10] and conference 
papers [11, 12]. 

 
The development of the AE reference signals database required a number of laboratory tests 

on concrete samples, sample concrete beams and full-scale girders to be performed. One of the 
experiments was undertaken on a full-scale 26.5-m-long prestressed concrete girder. The girder 
was loaded in four-point bending in five cycles up to failure. AE monitoring was carried out 
together with measurements of force, displacement and crack width, respectively (see Fig. 1). 
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Table 1: Severity codes and colors corresponding to AE signal clusters. 
 

Signal class no No. 4 No. 0 No. 1 No. 3 No. 5 No. 2 No. 6 No. 7 

Class symbol 
      

  

Severity code SC-1 SC-2 SC-3 SC-4 SC-5 SC-6 SC-7 SC-8 

Severity color Pink Red Blue Black Purpule Green Grey Lt. Grey 

 
For AE monitoring, a zonal location was applied. As the girder was divided into 12 zones i.e. 

one AE sensor per zone, the 100% extension covers 12 zones correspondingly. The development 
of the destructive processes was studied in accordance with the increase of load and 
displacement. During the first two cycles; i.e., 0-232 kN and 0-498 kN, visible damages did not 
appear. First visible cracks initiated during Cycle III, i.e., 0-662 kN. AE analysis was carried out 
only during Cycle IV, i.e., 0-996 kN, to discover the development of DPs in an already damaged 
girder. AE results from Cycle IV have been analyzed in four loading ranges with respect to 
Cycle I – III. The presented results are classified according to the previously developed reference 
database (see Table 1). The extension of each cluster, which corresponds to damages/deteriora-
tions severity, has been estimated and compared with respect to the load level (see Table 2). This 
action allowed the evaluation of the load level, i.e., up to 232 kN, under which the already 
damaged girder during loading Cycle III could still safely operate. The load 232 kN was chosen 
as the safe load level due to appearance only of clusters SC-1 to SC-3, which are the low severity 
classes. 

 

 
Fig. 1. Load-displacement diagram for loading cycles III-V. 
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Table 2: Total damage extension of each signal class corresponding to the Loading Cycle IV. 
 LOADING CYCLES 
EXTENSION 0-232 kN (cycle IV) 0-498 kN (cycle IV) 0-662 kN (cycle IV) 0-996 kN (cycle IV) 
A (0%)                             
B (< 5%)                             
C (5% - 20%)                             
D (20% - 50%)                             
E (> 50%)                             

 
AE signals corresponding to DP appear periodically even under continuous load increase as it 

is shown in Fig. 2, where all diagrams are showing AE activity in the same zone under different 
loading ranges. It has also been noticed that the signals may be unevenly distributed between the 
selected zones alongside the element under observation, i.e., “quiet” and “hot spot” areas exist. 
 

 

 
Fig. 2. AE activities of one selected girder zone during four following loading steps. 

 
Acoustic Emission in Field Monitoring 
 

The KUT system has been implemented by the Regional Road Management in Poland. More 
than 50 prestressed concrete bridges have been monitored during past several years. Some of the 
monitored structures required minor or major refurbishment/rebuild works. Some other 
structures required restriction of loading. In some cases, the monitoring had to be repeated 
annually to control the development of DP and to recognize the critical events of the structural 
condition. Most of the monitoring has been carried out under regular traffic; some also during 
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controlled transports of overloaded vehicles. Analyses of AE signals during proof loading and 
field monitoring have revealed many unknown phenomena concerning the initiation and 
development of DP, the character of which is not continuous. Representative examples are 
described below. 

 
One of the achievements of the AE monitoring was detecting the activation of DP caused by 

the external sources. The monitored structure was a prestressed concrete viaduct over a railway 
line. The AE sensors were placed alongside the pile-capping beam, which spread over five piles. 
Monitoring of an individual pile-capping beam was carried out for a significant period of time, 
which was ~4 hrs. During the monitoring, signals belonging to the high levels of severity classes 
appeared (see Fig. 3), but only at the time when trains passed underneath the structure. 
The highest AE activity was registered only by one of the sensors placed over one of the pillars, 
where at the time of monitoring no visible signs of damage were discovered. Further 
investigation revealed that the activation sources of the high AE signals appearance were the 
damaged rail tracks. The passing train caused vibration of the damaged rail tracks, which 
transferred to the pile-capping beam and caused an activation of already existing interior 
damages. The registered signals were classified as a high intensity class according to the KUT 
reference database, which indicates a crucial structural condition. Multiple recurrence of this 
level of DP would cause a heavy damage or even failure of this element. Early discovery of this 
defect allowed avoiding the failure of the pile-capping beam, which would result in high 
rebuild/replacing costs. It should be noted that the vehicles crossing the viaduct at the time of 
monitoring did not activate any high-energy AE signals. 
 

 
Fig. 3. AE activities of the pile-capping beam in viaduct during train passage. 
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Some structures, even when visibly heavily damaged, are permitted for service under loading 
restrictions. Such limitations are usually based on engineers’ experience and their subjective 
judgment. When it comes to decision-making, it is very important to reduce uncertainties to 
minimum and if possible to avoid them. To investigate the condition of a 40-year-old damaged 
post-tensioned concrete viaduct, which was initially designed for 30 tons, KUT carried out AE 
monitoring. Due to the high level of developed damages, the loads were limited to 10 tons. As a 
consequence of the continuous heavy traffic, the applied load limit appeared to be exceeded. 
Therefore, the AE monitoring was performed immediately after reducing the load limit and 18 
months later (Fig. 4) to verify the development of DP. The blue points in Fig. 4 (right), i.e., SC-3 
clusters, demonstrate the progress of DP. The final decision contained strengthening of the 
viaduct and a regular monthly AE monitoring. 
 

 
Fig. 4. AE activity of the same zone in a post-tensioned concrete bridge. (left): right after 
execution of the load restriction, (right): 18 months later. 
 

 
Fig. 5. AE activity of a limited zone of the prestressed concrete bridge. (left): under regular 
traffic, (right): during crossing of an oversized vehicle. 
 

DP might also be initiated or activated when the service restrictions are not followed, i.e., 
oversize heavy trucks cross a bridge. The moment of DP activation could have been discovered 
only by the AE technique. The AE signals, shown in Fig. 5, present the activation instance of DP 
during the crossing of an overloaded vehicle. The same defects did not appear to be active under 
regular traffic. Early discovery of strong DP activity could prevent possible failures followed by 
major repairs. 
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The research has shown that DP depends not only on the level of loading but also on the 
speed, number, frequency and type of vehicles crossing a structure. Together with loading, the 
environment has an influence on the structural reliability. Both of these factors, i.e.. loading and 
environmental factors are time variable processes. This is why bridges are required to be 
monitored continuously during a significant period of time (at least 1-2 weeks) to distinguish the 
real character and severity of DPs. 
 
Discussion 
 

The presented DPs are not always leading directly to a collapse. DPs decrease the load-
carrying capacity, change the distribution of stresses and initiate different destructive 
mechanisms, which could lead to a critical event. These phenomena were discovered during the 
proof loading up to failure of prestressed concrete girders. Concrete cracking and plastic 
deformations of tendons had led to the increase of stresses in the compression zone, which 
caused concrete crushing and girder collapse. The process had lasted round 30 sec and did not 
reveal in high-energy AE signals, but only in minor severity signals belonging to the cluster SC-
3. Only the final collapse produced high-energy AE signals belonging to the high severity 
clusters [11].  

 
In general, two different main groups of DP can be recognized: short-duration high-energy 

AE signals, i.e., cracking or wire breaking and long-duration low-energy AE signals, i.e., 
corrosion or micro-cracking, which belong to the clusters SC-1 and SC-2. It should also be noted 
that AE signals originating from single DP overlap and could be recognized as a new process, or 
low-energy AE signals could be overridden by others with high-energy AE signals. Therefore, 
some of the processes, especially low energetic processes, cannot be discovered by AE 
monitoring alone. 

 
The presented cases demonstrate the advantages of DP evaluation by AE technique. In the 

performed field tests, the damages were not visible; this made them very difficult or even 
impossible to be detected by the traditional visual inspections. It seems that the AE-based health 
monitoring system meets the high expectations of bridge users and management. However, there 
are some important technical issues, which need to be considered. First of all, the procedure 
requires long-term continuous monitoring. For this purpose, suitable AE monitoring equipment is 
required, which is capable of registering the data without human presence. Therefore, the system 
should be resistant to variation of weather conditions and should also be safely installed on a 
structure with respect to external impacts and vandalism. Main developers of AE equipment are 
approaching this topic in the field of concrete bridge monitoring. The other issue concerns data 
transfer and analysis. Data processing and evaluation together with decision-making concerning 
further operation should be performed instantaneously. Therefore, for fast decision-making the 
analysis of the whole structure should be reduced to a small quantity of registered data. Only 
with a limited data, it is possible to perform an on-line and continuous signal analysis.  
 
Conclusion 
 

The KUT AE-based system has been used to monitor bridges for several years. Based on the 
monitoring results, it is concluded that the KUT AE-based system meets the requirements of an 
innovative monitoring system, which have been established by European research during the past 
few years. This system is not based on the assessment of detected defects like in the traditional 
inspections, but on the development of destructive process analysis and classification; i.e., 
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identification processes leading to failure/collapse. It allows estimating the level of serviceability 
and structural safety and is also capable of detecting unknown internal destructive processes, 
which could not be identified by other inspection methods. The proposed classification of 
destructive processes is also compatible with the standard European bridge inspection reports; 
i.e., damage/deterioration severity and extension. This classification allows the quantitative 
assessment of damage/deterioration development under regular traffic. Moreover, the monitoring 
can be performed for a significant period of time without any traffic interruption. 

 
This procedure can be used as an automatic warning system against structural or structural 

element failure/collapse. The on-site decision-making requires minimal human intervention, so it 
may be considered as an objective procedure. 

 
All of the results should be further studied and extended. Unfortunately, like all in situ tests 

this AE-based system requires a significant quantity of time and large quantity of funding. For 
this reason, international cooperation is highly recommended. At the moment, studies on 
structural health monitoring for prestressed concrete bridges are being prepared at the ETH 
Zurich in Switzerland. The system covers the analysis of severity of damage/deterioration 
processes together with the observation of the external parameters like load, environment factors 
as well as unexpected impacts; i.e., explosions close to a structure, or ground movement. Future 
research is focused on continuous bridge monitoring that should cover all seasons of year. 
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