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Abstract

Our work on concrete bridges will be reported. We found that AE is the most suitable
method for the purpose of old bridge inspection and further development effort was conducted.
This culminated in a draft document, “Recommended Practice for Testing Reinforced and Pre-
stressed Concrete Structures by Acoustic Emission” (RP), following the lead of documents of a
similar nature in Japan and in Texas. We will report here selectively the test results of five full-
scale bridges following the procedures we have proposed. These bridges were of different types
of construction: reinforced concrete, pre-stressed concrete (post-tensioned and pre-tensioned)
and combined concrete-steel construction. These justified the basic principles of RP, but also
demonstrated needs of individual modification fitting the structures and testing conditions.

Introduction

Extensive acoustic emission (AE) studies of concrete structures have been reported [1-5].
However, most concrete bridges and other structures are still inspected using traditional methods.
In Poland, there are about 30,000 concrete bridges, many of which were built over 30 years ago.
These structures have sustained various degrees of damage and their continued usage requires
maintenance and renovation. We need a method to select the bridges that must be renovated
urgently, but conventional testing methods for concrete structures do not provide the full
information about the severity of defects. With the support of the Polish construction industry
and the administrators of highways and bridges, we have embarked on developing a procedure
that can be applied for testing a large number of bridges.

“Recommended Practice” documents for concrete structures have appeared in Japan [6] and
from Texas Department of Transportation [7]. We have prepared a similar document for use in
Poland and conducted some tests according to the procedures proposed. These bridges tested
were of different types of construction: reinforced concrete, pre-stressed concrete (post- and pre-
tensioned) and combined concrete-steel construction. Selected results will be given here.

Philosophy of Testing Concrete Bridges By Acoustic Emission

Before any reliable tests on bridges could be done, it was necessary to perform a series of
measurements on model elements and full-scale structures under controlled loading condition.
Testing elements in a laboratory enable us to learn more about the features of the observed
phenomenon. It also gives important information concerning the setup of the testing equipment.
The research was performed following the scheme shown in Fig. 1. We have utilized a standard
12-channel PAC MISTRAS system for AE data acquisition and analysis.
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Fig. 1. Philosophy of testing concrete bridges by AE.

Model structural element testing by AE is well recognized (especially for reinforced concrete
beams). Test results have been published in a number of papers [e.g., 5] and results of our tests
are in general agreement. However, the results obtained during model testing cannot be directly
moved to in situ monitoring.

The model tests generated useful information about the wave propagation and attenuation in
concrete, which was helpful for setting up the measuring equipment. The attenuation has a
critical influence on the values of AE signal parameters: amplitude, duration and energy (or
MARSE1), which are the most important in evaluating the damage severity of structure [6, 7].
The attenuation depends on tested concrete structures. For example, in pre-stressed concrete
elements, the attenuation of AE signals is relatively low (2~3 dB/m at 55 kHz), while in old
concrete or concrete containing numerous tiny cracks or porosity, severe attenuation (greater
than 10 dB/m) essentially limits AE wave propagation. Therefore, the sensor placement scheme
must be designed individually for each of the tested structures or elements. For most structures,
we selected zonal location and zonal analysis of AE signals. The tested element (beam, slab, etc.)
shall be divided in zones and AE signals from each zone are recorded by one sensor. In the RP, it
is specified that the attenuation within each zone must be precisely determined and must not
exceed 10 dB in amplitude. This assures adequate coverage of the structure under test in
evaluating the integrity of the monitored structure. It also enables us to compare results obtained
from different tests. In addition, planar or volume locations are recommended when AE sources
are located in the vicinity of a known damage.

In the present RP, the following four AE parameters, the number of AE events, energy of AE
signals, duration and amplitude, are taken into consideration in damage evaluation of concrete
structures. If any of those parameters significantly exceeds the threshold value, more careful
inspection is required. Furthermore, in this procedure, multi-parameter analysis of these AE
features is performed. It is also recommended to compare the results for the test structure with
results from previously performed tests on similar objects and other information, such as damage

                                                  
1 MARSE – Measured Area of the Rectified Signal Envelope
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identified post-test. This analysis procedure depends on the tested structure and testing
conditions. Thus, it is important to accumulate the database of differently constructed bridges or
structures in properly assessing the integrity of the tested structure.

Another important problem in the RP is the AE sensor selection for RC testing. For this
purpose, we have selected two types of DECI AE sensors for these tests: resonant sensors with the
center frequency of 55 and 150 kHz. However, it has been noticed that AE signals acquired from
different structures vary significantly, and depend as well on type of cracking, type of
reinforcement and parameters of concrete. Wide-band sensors are currently used rarely due to the
low sensitivity (and additional background noise recorded, which are not caused by damage
propagation), but using resonant sensors of a particular frequency may result in losing some
important signals. In such cases, a solution is to perform an initial AE measurement on similar
concrete beams or bridge monitoring during service using wideband sensors, choosing the
suitable resonant frequency of test sensors.

Care should be taken when new pre-stressed prefabricated beams or structures are examined.
These beams exhibit significantly higher AE activity, which diminish over time. During the
period of high AE activities, which typically last about 1 month, these should not be included in
AE tests of structures. In addition it is recommended to compare the AE signals during bridge
testing with those generated during destructive tests of full-scale beams of similar construction.
Starting at the beginning of year 2003 the AE characteristics of selected pre-stressed beams (one
beam taken from each series) will be provided.

We decided to give special emphasis to the full-scale element testing, namely (12 and 18-
meters-long) pre-stressed concrete beams loaded on stands up to fracture under smooth and
repeated loading. Pictures of these tests are shown in Fig. 2. During loading the parameters of
AE signals were analyzed and compared with other parameters such as: crack appearance,
deflection and strain, in order to obtain the full range of failure processes that occur in the tested
beams.

 
Fig. 2. Left: Pre-stressed beam (type KUJAN), Right: AE sensor attached to the bottom surface.

As expected, the features of conventional parameters of AE signals depend on the load
applied (as a consequence of changes in integrity of tested element). Hits rate, values of
amplitude, energy and duration increased while load was raised. However, because of the large
scale of the element, it was impossible to assign each acquired signal to the particular crack
occurred. Due to this difficulty, a different method of data analysis had to be developed; namely,
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a zonal location was used. Each of the tested pre-stressed beams was divided in 10 measuring
areas (10 sensors were used). The structural integrity together with the intensity of AE was
analyzed separately for each area. The tested beams were loaded in 4-point-bending. This
scheme of loading means that in the middle part (1/3 of the beam’s length) the tensile stress had
the highest value. Those measuring areas were inspected more carefully (both by AE and
visually). The analysis of only conventional AE parameters could provide qualitative results. To
evaluate the load capacity or the level of deterioration more precisely, the quantitative analysis is
necessary. We suggest examining the intensity (based on historic index and severity) as a
measure of deterioration. In order to calculate the intensity of an emission source, the historic
index and severity must be calculated on data taken during the loading. To determinate the
intensity, the maximum historic index (HI) and severity values are plotted on a chart.

Historic index is a measure of the changes in Signal Strength throughout the test, defined by
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where H(t) is the historic index at time t, N is the number of hits up to and including time t, SOi is
the signal strength of the i-th event, and K is an empirically derived factor that varies with the
number of hits. For N < 50, K = 0: for 50 ≤ N < 200, K = N – 30: for 201≤ N < 500, K = 0.85N:
and for 501 ≤ N ≤ 2000, K = N – 35 [8]. The second parameter used for this analysis is known as
severity (Sr) and is defined as the average signal strength for the 50 events having the largest
numerical value of signal strength and is defined by the following equation:

∑
=

=

=
50

150

1 i

i
Oir SS

where Sr is severity and SOi is the signal strength of the i-th event as above. CARP first
introduced this procedure for damage evaluation in large laminated structures such as FRP tanks
and pipelines [8].

Intensity for different level of loading was analyzed. Although all the intensity parameters
and curves were experimentally derived for composite materials, our experiments show that they
may be applied for concrete structures as well. Surely, the more accurate evaluation based on
those criteria requires performing much more research. The intensity curves must be corrected in
order to provide absolutely reliable results. In Fig. 3 intensity for selected channels is shown
(historic index on horizontal axis and severity on vertical axis) for different levels of loading.

The applied gradation scale and the boundary values of severity and historic index were the
same as given by Fowler [8]. The general descriptions of the plotted zones are as follows:

A – minor emission, not for further reference,
B – “small” defect,
C – significant defect, further evaluation required,
D, E – major defect, immediate shutdown and follow-up nondestructive examination needed.

Each dot plotted in Fig. 3 represents a group of measuring zones producing AE signals
characterized by the similar features. As shown in these graphs, at the early stages of loading,
signals recorded by all sensors are graded as A (up to 40% of the failure load), which means no
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serious deterioration within monitored zones. For this loading, no cracks were observed. The
analysis shows that as the load exceeds 60% of the beam loading capacity, intensity plots are
placed in area B, that means that small scale cracking took place and indeed a number of tiny
cracks were observed. The last graph shows the intensity at failure, which took place in compres-

  

 

Fig. 3. Intensity plots for different stages of loading: 25% of failure load (upper left), 40% of
failure load (upper right), 60% of failure load (lower left), failure load (lower right). Different
colored dots indicate different measuring zones or sensor positions.

sion zone, where no reinforcement was situated. However, at the side surfaces, the tensile crack
could be seen. No fracture of reinforcing wires was observed.

The method of data analysis, which was described above, is a new way in the field of full-
scale concrete elements or structures evaluating by AE [7]. The zonal analysis and calculating of
historic index together with severity is the only method that provides results based on
quantitative criteria. It was used for evaluating the integrity of five bridges in Poland.

Examples of Reinforced Concrete Bridges Tested by AE

Acoustic emission method enables the testing of the structural integrity of concrete bridges in
following cases:
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• under regular traffic,
• under nominal moving load (dynamic),
• under nominal stationary load (static),
• special cases (during overloading).

The basic tests are performed during regular traffic. This approach does not require closing
the bridges and does not cause any traffic problems. If the bridge is graded as A or B class (using
Fowler’s scale), no further examination is needed. In other cases the bridges are monitored under
nominal loading (static and dynamic). A different procedure is required in special cases, for
example during overloading. Such type of AE monitoring is also described below. While testing
new bridges (before regular traffic is applied), the examination under nominal loading only is
performed.

A. New bridge built of pre-stressed beams.

One of the first bridges in Poland that was tested by AE was a new pre-stressed bridge shown
in figure 4. This was a 2 span structure built of 30 pre-stressed beams – type KUJAN. Beams of
the same type were examined by acoustic emission in a laboratory up to fracture. The bridge was
loaded in two modes (dynamic and static) by two heavy trucks (the load was equal to the
nominal capacity of this structure). As expected, the new bridge did not show any signs of
damage. During this AE monitoring, the bridge was loaded for the first time and this was the
reason of some initial friction, which produced AE signals at the supports typical for new
structures. This emission diminished during the following stages of loading.

Fig. 4. New pre-stressed bridge tested by AE.

The main purpose of these AE measurements was to get the initial AE features of the
structure. In the future the periodical tests will be performed. The results of all those tests will be
compared and in this way the deterioration of the bridge will be evaluated.
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The results obtained from the bridge are similar to those acquired during the early stages of
loading of the pre-stressed beams. Both the conventional AE parameters and intensity (Fig. 5)
(based on severity and historic index) were determined. Again, the zonal location was applied
and each dot plotted in Fig. 5 represents a group of zones producing AE signals characterized by
the similar features. As shown, AE signals recorded by all sensors were graded as A, which
means no damage or a minor one.

Fig. 5. Intensity parameter for tested bridge.

The testing of a new object became surprisingly one of the most often performed in situ tests
in Poland. Many investors and supervisors see a great need for evaluation of the quality of
engineering structures and the initial damage level of the structure. For a bridge that was graded
as A-intensity, a so-called �AE Certificate� is provided.

B. Severely Damaged Bridge Built of Post-tensioned Beams.

This AE measurement was intended to evaluate the damage of a bridge before repairing
(shown in Fig. 6) during loading. This bridge deteriorated severely and was selected for repair.
The visual inspection revealed: a) uncovered reinforcement, b) corrosion of the reinforcing
cables, c) corrosion of concrete, d) cracks in concrete. Those damages are shown in Fig. 7.

During field AE examination, the bridge was loaded by two heavy trucks placed closely to
each other (15 tons each � 30 t was the nominal loading capacity for this bridge). The structure
was subjected to two loading modes: dynamic and static. During the dynamic loading, the trucks
passed the bridge with the speed of 0.5 km/h, while during static loading the trucks were placed
at the center of the span in order to cause the highest stress in tested beams. To record AE
activities, 12 resonant (55 kHz) AE sensors were attached to the bottom surface of one of the
beams and zonal location was applied. The length of the beams was equal to 14.85 m. The sensor
spacing was 1.25 m.
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Fig. 6. Monitored bridge built of post-tensioned beams.

Fig. 7. Existing damages of the tested bridge.

Because of numerous visible damages, a large number of AE hits was expected during the
bridge loading. The purpose of this AE test was to identify the active damage (propagating
throughout the test) and their location of the most damaged zones. Using zonal location mode
does not require determining precisely the velocity of stress wave propagating in the tested
element. Direct source location would be very difficult especially in old fractured concrete
elements.

Results of AE activity recorded only for one of tested beams will be presented. AE from the
second beam did not indicate any active damage that would be detrimental for the structural
integrity of the beam. Due to this the description of those results has been omitted.

Results of AE activity during dynamic loading.
In Table 1, the number of hits and the maximum values of AE signal parameters that were

recorded by the channels during a dynamic loading are given. The other channels recorded no
hits.
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Table 1. Number of hits and maximum values of AE signal parameters during dynamic loading.
AE sensor
number

Number
of Hits

Amplitude
[dB]

Energy Duration
[µµµµs]

Rise Time
[µµµµs]

Counts

3 79 55 20 1300 346 24
9 1 42 1 32 10 2
11 38 55 7 828 141 20
12 1 50 27 1958 369 56

Relatively weak AE activity indicates that there is no danger for the structural integrity of
this beam under applied loading conditions. No AE signals were produced in the middle part of
the beam, although that part received the highest stress. All the acquired signals are characterized
by low amplitude (not greater than 55 dB), low energy, and relatively short duration.

The graphs of AE parameters (number of hits rate, amplitude, energy and duration) vs. time,
given in Fig. 8a and Fig. 8b, indicate that AE activity took place when the trucks were passing
through the middle part of the beam. However, during the following passes the level of AE did
not increase. The surface of beam in zones 3 and 11, where most of AE events were recorded,
were visually examined in detail and no cracks were observed. This suggests the friction between
concrete and uncovered reinforcing cables under the heavy loading was the main sources of
recorded emission.

Results of AE measurements under static loading.
The second stage of this AE examination consisted in measuring AE produced within the

beam under static loading. Two heavy trucks were positioned over the tested beam, and then AE
processor was switched on. After two minutes, it started to record AE activities. Almost all AE
signals were recorded on channel 4, meaning that these were produced within the zone about 4 m
from the supported end of the beam. A very intensive AE activity was observed at the beginning
of the third minute of the test and it has been clearly shown in Energy vs. Time and Duration vs.
Time plots in Fig. 9. Duration of some of the recorded signals amounted to 500 ms. Although
strong AE observation clearly indicates the development of active damage, the loading has not
been stopped because the signals� amplitude did not exceed 80 dB at first. In later part of the test,
such high amplitude signals were observed. The loading was removed when the number of
strong AE hits (>80 dB) exceeding a critical value (derived experimentally). Channels 3, 9, 11
and 12 recorded only one or two AE hits throughout the test. In Table 2, the number of hits and
maximum values of their parameters are given. The other channels recorded no hits.

Table 2. Number of hits and maximum values of AE signal parameters during dynamic loading.
AE sensor�s

number
Number
of Hits

Amplitude
[dB]

Energy Duration
[µµµµs]

Rise Time
[µµµµs]

Counts

3 1 45 1 30 4 1
4 70950 85 11250 500000 1600 17200
9 2 45 10 1310 80 11
11 2 73 200 3200 290 100
12 1 45 9 1090 700 200

The increase of the AE hits at sensor 4 recorded under the constant loading indicated the
serious damages were taking place in the vicinity of sensor 4. Visual examination of beam
surface in zone 4 did not reveal new cracks. Therefore, it was suggested that this emission must
have been caused by sources located in concrete-reinforcement interface. It was concluded that
the bridge has to be repaired (by constructing a continuous slab for all three spans) or reinforced.
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Fig. 8a. AE parameters (hits rate, amplitude) vs. time during dynamic loading.

Fig. 8b. AE parameters (energy, duration) vs. time during dynamic loading.

In rare cases, it is relatively easy to evaluate the structural integrity of the examined structure.
In this particular case, the real-time analysis of AE parameters described here clearly indicated a
serious damage in one girder. However, more often, only a multi-parameter analysis enables the
final reliable evaluation. The important conclusion to note from this test is that the dynamic
loading did not reveal any serious defects that were detected under static loading.

The same bridge was tested after it was repaired. The design of repair was prepared
following our suggestions. Next, selected beams were tested by AE (the same beams as
previously). The purpose of this action was to compare the parameters of AE signals obtained
from a damaged bridge and a renovated one. As expected, the multi-parameter analysis of
acquired data did not indicate any active damage. This example shows the potential of using AE
as a method for testing the quality of repair. This advantage of AE will be developed in co-
operation with Polish Management of Highways and Bridges.
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Fig. 9. AE parameters (Hits rate, Amplitude, Energy, Duration) vs. time during static loading.

C. An old viaduct built of pre-stressed concrete beams.

Some results obtained during the monitoring of a pre-stressed concrete viaduct together with
the evaluation criteria are given. On this viaduct, several pre-stressed concrete beams (17.5-
meters-long) were chosen for testing by AE technique. The examination was performed under
the loading from regular traffic. Resonant sensors (frequency = 55 kHz) were used. After
preliminary measurements (concerning the attenuation of produced stress waves), it was decided
that the sensors should by placed at the bottom surface of a tested beam. The distance between
the neighboring sensors was equal to 145 cm. Zonal location was performed.

The main goals of these measurements was to select beams that need to be removed (if there
are any) and to indicate seriously damaged zones of the beams. To achieve these goals, each
beam was divided in 12 measuring zones (145 cm long) according to the scheme of sensors�
placement. The conventional AE parameters (Amplitude, Duration and Energy) together with
Signal Strength were recorded. In Fig. 10, Amplitude vs. Time point plot is shown for 12 sensors
(for one beam only). It can be seen that only channel-2 signals exceeded the value of 70 dB.
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Other conventional AE parameters were higher in this zone as well. However, the number of hits
and the values of its parameters were higher on channels 4, 7, 8 and 10 than on others. It was
decided that the best solution for evaluating the structural integrity is to use a �comparative
criterion�. This method is based on comparing values of AE parameters acquired on individual
independent channel with the mean values of those parameters form all channels. Based on those
criteria, the measuring areas were divided in three types described as:

• low (or zero) AE intensity,
• medium AE intensity (comparable with the medium value),
• high AE intensity (greater than double mean value).

In Fig. 11, these areas for one of the tested beams are shown. These areas correspond with
the plots shown in Fig. 10. The final evaluation of the tested structure proved the usefulness of
the criteria described in the RP. This shows that preparing and using the RP was a successful
attempt of applying AE results obtained in laboratory to practical cases. In addition, for selected
channels, Historic Index (HI) was analyzed. It was assumed [7] that HI value exceeding 1.85
indicates the presence of active damage in pre-stressed concrete beams. However, the analysis of
this HI parameter does not always provide proper and reliable results in our tests and much work
remains to be done to derive the universal coefficients that allow the use of Historic Index for
reinforced concrete girders. Such experiments are currently performed at Kielce University of
Technology. For the examined structure, the value of HI did not exceed 1.85 for any zone.

It was noticed, that for some structures (especially the seriously deteriorated ones) the stress-
wave�s velocity and attenuation might be good and reliable criteria for evaluating the level of
damage of concrete. It is well recognized that the higher the level of deterioration is, the stronger
attenuation of AE signals is observed. It is also known that, in new concrete structures or
elements, the velocity of AE signals is much higher that in seriously damaged ones. The aspects
listed above are very helpful during the initial in-situ selection of the most damaged zones.

Fig. 10. Amplitude vs. Time point plot.
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Fig. 11. Measuring areas with different level of AE intensity.

 As mentioned above, AE parameters strongly depend on the type of structure and the
loading mode. Using �comparative criteria� of evaluation gives very good results and is probably
the most reliable method of evaluation. For this particular structure, based on the selected
criteria, the monitoring of selected zones under nominal loading was suggested in order to
provide the final evaluation.

D. Monitoring of a reinforced concrete bridge during overloading.

A small reinforced concrete bridge was monitored during overloading. The pictures taken
during this measurement are shown in Fig. 12.

The purpose of this test was to monitor the behavior of the bridge during transportation of a
heavy electrical transformer (470 tons) transported on two trailers. The monitoring was divided
in two stages: passing of the truck together with the first trailer and passing of the second trailer.
The number of hits and hits rate obtained during this transportation is shown in Fig. 13. It can be
seen that during both stages, the intensity of AE was similar. It means that there was no damage
caused by the heavy load.

It should be mentioned that AE was also recorded before and after the transportation under
regular traffic. The comparison of the results obtained during those measurements also did not
suggest any new damage. The evaluation based on AE was than confirmed by analyzing another
parameter: deflection.

The promising results of the first AE real-time monitoring had strong effects in the
development of this method. In the near future the Polish Management of Highways and Bridges
is going to use AE as a mandatory method for monitoring overloaded transports and selecting
routes for them.

E. A New Steel-Concrete Bridge.

The main purpose of this test was to obtain the initial AE level of a new combined steel-
concrete structure (shown in Fig. 14) in order to provide the �AE Certificate�. Selected areas of
the reinforced concrete slab were tested under nominal loading equal to 30 tons. As expected, no
damage was indicated. During the loading of the bridge, some emissions were recorded close to
the supports and steel girders, but these were of low levels and in Grade A.
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Fig. 12. Reinforced concrete bridge monitored during overloading.

During post-test analysis, intensity for each sensor was calculated. All measuring areas were
classified with grade A, which means low emission and no damage.

Conclusion

Acoustic emission method is useful for the evaluation of the integrity of reinforced concrete
structures. It can be successfully used for selecting bridges or their elements that need to be
renovated or scrapped. However, for each type of structures, individual evaluation criteria must
be selected. This requires performing model tests of reinforced and pre-stressed concrete beams
in different loading modes. In laboratory, it is possible to compare AE parameters with other
physical parameters such as: width of cracks, deflection and strain. The combined analysis of
these values gives a comprehensive view of processes occurring in tested elements and allows
the use of AE method for in situ structure testing. We strongly believe that, in the near future, the
owners of bridges and bridge industry in Poland will accept the �Recommended Practice for
Testing Reinforced and Pre-stressed Concrete Structures by Acoustic Emission�.

In many reports, the Felicity Ratio (FR) is recommended as a useful criterion. Although it
gives good results in laboratory tests, it cannot be used for evaluating in situ structures. The main
disadvantage of using FR  for evaluating full-scale structures  is the requirement  of an accurate
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Fig. 13. AE hits and hit rates: First stage of transportation � on the left,
Second stage of transportation � on the right.

control of loading. This is impossible in practice while testing existing objects in regular traffic.
Possible inaccuracies that may occur make this method useless.

We need to perform AE examination for each different type of reinforced and pre-stressed
beams, which are currently used in full-scale structures. Collecting their acoustic emission
characteristics will be useful in evaluating AE data recorded during bridge monitoring. Such an
archive for beam designs used in Poland is currently being prepared at Kielce University of
Technology and will be assessable for our partners in this cooperative effort. A series of new
bridges will be tested as well in order to estimate their level of damage during subsequent
periodic monitoring.
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Fig. 14. New steel-concrete bridge tested by AE.
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