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This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives” funded by the European Commission within 6th Framework Programme. 
The Project aims to help European railways to meet increasing transportation demands, which can only be accom-
modated on the existing railway network by allowing the passage of heavier freight trains and faster passenger 
trains. This requires that the existing bridges within the network have to be upgraded without causing unnecessary 
disruption to the carriage of goods and passengers, and without compromising the safety and economy of the rail-
ways. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research insti-
tutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. The 
European Commission has provided substantial funding, with the balancing funding has been coming from the Pro-
ject partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå Technical Uni-
versity has undertaken the scientific leadership. 

The Project has developed improved procedures and methods for inspection, testing, monitoring and condition as-
sessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe carry-
ing capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found to be 
in need of attention.  

 

The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
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1. Summary 
Concrete cracking at railway bridges resulting in stiffness loss and also corrosion of the 
steel reinforcement becomes more and more important due to the higher axle loads 
and higher train speeds they are nowadays confronted with, but not designed for. Nor-
mally the concrete cover will protect the steel from corrosion. However, if cracks occur 
and become large the corrosion protection is not given anymore. The corrosion rate 
strongly depends on the crack width and the crack depth so there is the need to meas-
ure and to characterize its dimensions. Only if the crack dimensions exceed a certain 
level, a repair is necessary. To increase the lifetime of bridges and to optimize the re-
pair this deterioration level has to be known. One way to do this is with the Impact-
Echo-method.  
The impact-echo technique is a useful tool for the detection of different faults in con-
crete structures. Unfortunately, the existing instruments and analysis tools designed for 
measurements were lacking of several features in the past detaining the extensive use. 
For many applications as for inspections of large structures like bridges, it is essential 
that the equipment for Impact-Echo measurements along profiles uses scanning tech-
niques and a fast and reliable data acquisition. However, the combination of scanning 
techniques with the Impact-Echo-method is relatively new and no sufficient measure-
ment systems are commercially available up to now. 
A new concept for impact-echo testing systems is developed in this workpackage, in-
cluding a new device, small and easy to handle, robust and unproblematic regarding 
transportation. The system utilizes advanced impact generation for fast scanning tech-
niques and reproducible impacts. The data acquisition, filtering and visualization of 
data are optimized for the inspection of large structures obtaining data at many meas-
urement points. Regarding the software state-of-the-art requirements were imple-
mented for both, scientific applications and field-tests. A new feature is the semiauto-
matic estimation of crack parameters like crack depth. The main objective of the work 
done in this project was to provide a quick and reliable measurement method for the 
detection and characterization of vertical cracks in combination with the detection of 
delaminations, honeycombing etc. in concrete bridges.  
In this report details of the hardware and software functionality of the measurement 
system that is developed by UStutt as well as the fundamental principles of the differ-
ent measurement techniques are described. Also some results are presented obtained 
at bridges and test specimen to measure the structure depth and the extension of 
voids. It can bee seen that the crack depth determination and delamination detection 
could be conducted very quickly in just one measurement step. Two methods for verti-
cal crack detection were investigated. First was the Time-of-Flight method and the 
second method was the Cumulative-Energy method. Both methods show an uncer-
tainty in characterizing the exact crack depth especially at complex cracking zones so 
that practical use of these methods is limited to simple cracks. However, due to the fact 
that several different analysis methods could be used simultaneously the interpretation 
of the test results becomes easier and faster that makes the Impact-Echo-method a 
competitive test method for bridge inspection. 
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2. General Remarks 
This technical report is prepared on the basis of the work done by UStutt in WP3 of the 
Sustainable Bridges project. 

2.1 Work Objectives 
Cracks play a major role for the sustainability of bridges out of reinforced concrete or 
pre-stressed concrete. Nowadays cracks are inspected visually so far and crack depth 
and crack orientation inside the observed structure is unknown. Also hidden cracks 
cannot be found and characterized by visual inspection. However, the characterisation 
of cracks in reinforced concrete structures concerning crack width and crack depth is 
still a problem because on one side cracks can strongly affect the structural behaviour 
and on the other side corrosion protection of the implemented steel reinforcement is 
not longer given if cracks become to large. To reduce maintenance costs and to in-
crease the durability of concrete bridges, fundaments, piles and embarkments a NDT 
method like the Impact-Echo-technique is a sufficient tool.  
Traditional impact-echo (IE) methods developed for the detection of inhomogeneities, 
ungrouted ducts and the measurement of structure thickness are not applicable to the 
detection and classification of vertical cracks as well as the known measurement pro-
cedures are very time consuming and therefore expensive. 
USTUTT has long experience in impact-echo developments and applications. Based 
on this experience a portable scanning IE system was developed in the project to 
measure crack depths in concrete members as well as delaminations using a “trig-
gered scanning IE system”. This system is easy-to-handle, applicable to large struc-
tures in situ and also very competitive. During the development other more common 
methods were used as a reference like RADAR, ultrasound and destructive techniques 
disposed by USTUTT. 
A main target for the final system was fast data collection with the ability to be handled 
by one person only and including simple data processing and documentation facilities. 
A single measurement should need less than 5 seconds. A self-explained scanning 
procedure is implemented with a target measurement time of one or two minutes per 
meter and the system was modified to fit to the 2D-Scanning system for automated 
measurements that was developed by BAM for the Sustainable Bridges Project. The 
system is adjusted to the requirements of all (concrete) bridge owners including the 
possibility to be handled by skilled railway workers without a long training course. The 
self-explained menu structure will be supported by a context sensitive online help. For 
more sophisticated applications advanced measurement facilities implemented in the 
soft- and hardware will be explained by a handbook. 
Additionally, USTUTT has contributed its know-how also to the activities and develop-
ments in WP3 regarding the localisation of delaminations, honeycombing and other 
defects using impact-echo. 
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2.2 Description of Work  
The development of a “triggered scanning IE system” in the first 36 month can be sub-
divided into several steps: 

 Definition of appropriate impactors and sensors.  
 Development of a portable and robust hardware platform (IP54 or IP65) and 

broadband sensors for in-situ measurements based on a tablet PC. 
 Implementation of time-synchronization and trigger options for time of flight 

measurements as well as new test methods for crack detection and characteri-
zation. Development of a software platform. 

 Conduction of laboratory and field tests to check the feasibility, robustness and 
correctness of measurement hardware and software. 

 Development of semiautomatic and automatic measurement and analysis pro-
cedures for easy and fast use of the test system.  



Sustainable Bridges SB-3.7 2007-11-30  6 (29) 
    
 

 

3. Introduction 
Due to the demands for quality control and sustainability of structures in civil engineer-
ing, a growing market for non-destructive testing has evolved. For concrete structures, 
several methods are well-introduced concerning defect characterisation. Ultrasound, 
radar, thermography, electro-potential-field methods and others are currently being 
used to detect voids, cracks, corrosion, etc. – with varying success. Several years ago, 
the Impact-Echo (IE) method, that considerably improved the detection of voids and 
honeycombing, was introduced by Carino et al. [1]. The strength of this method is its 
ability to detect voids in structures and to measure the thickness of concrete parts with 
good accuracy. For that reason, Impact-Echo was chosen to be the standard technol-
ogy for quality control of tunnels in Germany [2]. It seems that IE is the first non-
destructive technology to be part of a regulating standard for quality control in civil en-
gineering in Germany. However, this technology is still not widely accepted due to the 
poor handling and limited functionality of commercially available equipment based on 
this approach. Moreover it was shown [3] that single-point measurements are some-
how more difficult to be interpreted compared to measurements using a scanning tech-
nique. The so-called scanning IE technique was developed from measurements that 
were carried out by Weiler [4] and later on by Grosse and Weiler [5] as well as Köhler 
[6]. A more sophisticated approach using a static scanning frame was described by 
Colla et al. [3] and Lausch et al. [7]. It is obvious that at the beginning of the project the 
potential of this technique was not being used to its full extent regarding handling as 
well as analyzing techniques, therefore reducing the economic value of this method. 
Based on the development of a new hardware [8] some improvements regarding void 
as well as crack detection were made. The system has already the potential to be used 
in quality control of cementitious materials during setting and hardening, what was 
shown by Grosse et al. [9]. The Impact-Echo-Technique is now used in the frame of 
the collaborative project “Sustainable Bridges - Assessment for Future Traffic De-
mands and longer Lives” funded by the European Commission in the sixth Framework 
Programme (“Sustainable development, global change & ecosystems“). Some first re-
sults of the actual development and experiments made during the first period of the 
project are shown. 
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4. Impact-Echo System 

4.1 Measurement Hardware 
At the beginning of the project the number of commercially available Impact-Echo sys-
tems was limited. The data acquisition and analysis capabilities of these systems were 
very similar [8]. With such equipment, repetitive velocity measurements are neither 
practical nor cost-effective although a constant velocity cannot be expected to be pre-
sent in large structures. In general, Impact-Echo testing with currently available equip-
ment takes up to two minutes per measurement point for data acquisition and verifica-
tion of results. Considering the poor ergonomics of such devices, two operators are 
often necessary to handle the equipment. As personnel costs are crucial for in-situ 
measurements, reducing the complexity of the testing process is essential for further 
acceptance of this technique. Otherwise, only measurements at selected single points 
or with relatively wide grids are feasible. 

 

Fig. 1: DAI-1 impactor and sensor (left) together with the tablet-PC control unit (right). 
For that purpose a test system has been developed (Fig. 1) in the project. On the 
hardware side, the system consists of a transducer and an automatic impactor as well 
as a data acquisition PC-Card. The equipment is light, mobile and controlled by a rug-
gedized tablet-PC. The device is optimized for rough environments and a fast and easy 
data acquisition. For the detection of voids and cracks, the impact should generate a 
short relatively high energy but nevertheless non-destructive pulse with broad fre-
quency content. High impact energy is necessary to detect defects and boundary sur-
faces in greater depth. The developed impactor operates on the basis of high speed 
tubular solenoids. It is equipped with an electronic control unit interfacing to external 
devices that allows the operator to fully control the impact generation and also gives 
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feedback on impact time and duration. As the unit is able to deliver the exact time of 
impact, a second transducer so far required for velocity measurements [10, 11] is now 
obsolete. With the unit it was also possible to develop new fast inspection methods like 
the proposed methods of vertical crack detection and characterisation. 

 
Fig. 2: DAI-1 impactor and sensor implemented into BAM Scanner 

4.2 Measurement Software 
The Impact-Echo technique is in general a punctiform test method that means that one 
measurement only gives information about one point of the structure (A-Scan). To get 
a better a better idea of the structure it is more useful to use scanning techniques 
measuring at multiple points, e.g. one could look at several points in a line (B-Scan) or 
could measure a whole surface (C-Scan). If a B-Scan or a C-Scan is considered, a lot 
of single measurements have to be made and also combined which is very complex. At 
the project start this combination of the test results was often done manually that is 
very time consuming. Therefore there is the need in developing automatic computer 
controlled procedures. This has been done in the Sustainable Bridges Project.  
The measurement software, which was developed so far in the project, therefore ac-
counts for the following aspects: 

 Easy handling for fast and competitive measurements. 
 Automatic measurement grid generation for surfaces with unlimited measure-

ment points. 
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 Flexible toolbox with mathematical functions for determining automatic and 
semiautomatic measurement and analysis procedures (for crack/flaw detection 
and characterization). 

 Implementation of tools for the flexible graphical representation of A-Scans, B-
Scans and C-Scans that will allow an easy real-time analysis during the meas-
urement procedure. 

 Adaptability to 2D-Scanning systems like that of BAM for fully automatic meas-
urement (see Fig. 2). 

4.3 Analysis Toolbox 
The analysis toolbox is developed as a part of the IEDA-Software (see Fig. 3). With this 
toolbox it is very easy to generate automatic measurement setups as well as analysis 
procedures. This helps the user a lot to do an automatic measurement and examina-
tion without time consuming manual analysis, which sometimes can take hours or 
days.  

 
Fig. 3: Screenshot of the analysis toolbox of the IEDA Vers. 2.30 [13] 
Using this toolbox measurement and analysis procedures can be developed based on 
simple (e.g. normalisation or offset correction) or complex mathematic algorithms (e.g. 
FFT, Wavelets or statistical functions). Different combinations of calculations could be 
arranged and stored in sequences, which then will run automatically to analyse the 
measured data. The use of predetermined sequences also enhances the usability so 
that the engineer could easily interpret the measured data almost in real-time.  
Up to now the toolbox contains the most needed algorithms for the Impact-Echo tech-
niques. However, it is very easy to implement further algorithms like the automatic 
crack detection into the IEDA software. 
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4.4 Measurement Procedure 
For a fast and easy use of the Impact-Echo technique with respect to a large amount of 
measurement points the Impact-Echo software IEDA was modified. It is now for the 
first time possible to measure different points in any kind of direction without having 
specified the coordinates in advance. The coordinates of each measurement point that 
are predetermined by a measurement grid routine will be displayed in real-time and 
stored automatically. Due to the facilities of the software to analyse the data and to 
display the analysed data in A-Scans, B-Scans or C-Scans, the results of each meas-
urement are accessible very fast and will be shown real-time as can be seen in Fig. 3. 
Furthermore the user can see all the relevant data of each measurement on the 
screen, so he can directly analyse and verify the recordings.  
The new measurement screen allows a performance of one measurement every 2 
seconds which is fast enough for most applications as well as for the 2D-Sanning sys-
tem developed by BAM. However, most of the time is required to relocate the Impact-
Echo system to the next measurement point. 
An interface to the 2D-scanning system from BAM was implemented and tested in the 
project. Here the trigger and the coordinates of each measurement point are given by 
the BAM-Software. This allows a fully automatic measurement procedure.  

 
Fig. 4: Screenshot of the measurement panel of the IEDA Vers. 2.30 [13] 

4.5 Analysis Procedure 
The new developed version of the IEDA software includes several types of analysis 
based on the sequences that are implemented in the IEDA analysis toolbox. This 
analysis includes most of the measurement objectives the Impact-Echo technique 
could provide. These are methods for flaw detection as well as the new developed 
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methods for crack characterisation. For the flexible graphical representation of A-
Scans, B-Scans and C-Scans different screens have been implemented. The graphs 
are integrated into the IEDA software and allow switching between measurement mode 
and analysis mode during the measurement procedure. Therefore an easy real-time 
analysis could be made. 
Fig. 5 gives an example of a A-Scan that is used to show the depth of horizontal flaws 
or other defects. Fig. 6 gives an example of a B-Scan that is used to show the depth of 
horizontal flaws or other defects in a line of measurements. The selection of the meas-
urement line of interest could easily made by two cursors, which are placed on meas-
urement grid. This gives the user a good overview. In Fig. 7 an example of a C-Scan is 
shown that is used to give an overview about the scanned area. Critical areas could be 
marked with specific colours that make interpretation rather easy. 

 
Fig. 5: Screenshot of the analysis panel for A-Scans of the IEDA Vers. 2.0 [13] 
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Fig. 6: Screenshot of the analysis panel for B-Scans of the IEDA Vers. 2.30 [13] 

 
Fig. 7: Screenshot of the analysis panel for C-Scans of the IEDA Vers. 2.30 [13] 
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5. Impact-Echo Measurement Methods 

5.1 Standard Measurement Technique 
The Impact-Echo method uses transient stress waves generated on the surface of 
concrete or masonry structures by an elastic impact (Fig. 8). As the stress waves 
propagate through the material being tested, they are reflected by internal interfaces 
(discontinuities in the material) and external boundaries of the structure. Examples of 
such interfaces are delaminations, voids, honeycombing and cracks, as well as rising 
mains or large steel bars. In order to detect such interfaces, the emitted waves are re-
corded by a displacement or acceleration transducer which is placed near the impact 
point on the surface of the structure. 

 

Sensor 
Impactor 

s 

Impact 

T 

 
Fig. 8: Principle of impact-echo measurements to detect boundaries or voids. 
The depth of any internal flaws or external interfaces can be determined by analyzing 
the recorded signal and its characteristic frequency spectrum (FFT) using the following 
simple equation 

(1)  
2

P

R

v
d

f
=

⋅
 

where d is the depth of the interface or void, vP is the measured compressional wave 
velocity and fR is the resonance frequency in the spectrum corresponding to the period 
T of the wave. Usually the resonance frequency is the dominant frequency in the spec-
trum. Together with the previously measured compressional wave velocity of this struc-
ture, the depth of the void can be evaluated from equation (1). 
However, practical application of Impact-Echo measurement is often circuitous and 
time-consuming thus reducing its benefits. Therefore, modern Impact-Echo testing 
techniques require better operability of the test equipment for quickly gaining repeat-
able and reproducible results leading to cost-effective measurements. 

5.2 Principles of Crack Detection using Impact-Echo 
The principle of crack detection using the test system described in chapter 4 is similar 
to time of flight techniques [12], [13]. A signal emitted by the impactor will be detected 
after a certain travel time and with a certain amplitude or energy, respectively (see Fig. 
9). If a surface crack with a tip depth d’ is present between emitter and sensor, a time 
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delay Δt occurs in the signal with the following relation to the original travel time t:  
 1 2( )t t t tΔ = + −  

Δt will correlate with the crack tip depth. Unfortunately, the time delay depends very 
strong on the material filling the gap between the crack edges since there is usually not 
only air in between. Additional effects are caused by the reinforcement able to bridge 
the crack flanks. 
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Fig. 9: Principle of IE measurements for crack detection with time of flight method. 
 

hidden cracks 

 
Fig. 10: Hidden cracks e.g. induced by overloading or steel tendon failure. 
Another disadvantage is that the time of flight method cannot be used if the cracks are 
hidden or not reachable as can be seen in Fig. 10 for example.  
Therefore another method is to use the energy of the emitted signal as recorded by the 
sensor ensuring that the emitter produces a highly reproducible constant signal [14], 
[15]. This is especially true for the DAI-1 impactor. Tests (see chapter 6) have shown 
that the cumulative energy (samplewise addition of the squared amplitude of the re-
ceived signal) is a good discriminator between concrete surfaces with and without 
cracks. The peak energy of a time signal travelling across a crack is delayed and the 
overall energy is significantly lower compared to a wave travelling along an undisturbed 
surface, because a part of the impact energy is reflected at the crack surface. Fig. 11 
shows the principle of this technique that can be used for automatic crack detection 
and for an estimation of other crack parameters like crack depth and width. Under cer-
tain conditions (very large cracks) it is also possible to detect hidden cracks by the 
shown measurement techniques (Fig. 11, right sketch). 
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Fig. 11: Principle of IE measurements for crack detection considering signal amplitude 
and signal energy as criteria. 

 

 
Fig. 12: Measured signals obtained across a crack at a crack width of <0.1mm (upper 
curve) and at a crack width of approximately 0.7mm (lower curve). 
An example of a recorded signal measured across a crack is given in Fig. 12. It can be 
seen that the maximum signal amplitude and the onset time of the signal depends on 
the crack width. The crack width was regulated by inserting splines into the concrete 
structure. This means that increasing crack width leads to increasing crack depth. 
Fig. 13 shows the cumulated energy of two measured signals. The blue curve repre-
sents the cumulated energy of a measurement across an undisturbed surface and the 
red curve represents the cumulated energy of a measurement obtained across a crack. 
It can be clearly seen that the cumulated energy of the measured wave decreases with 
an increasing crack depth. However, the cumulated energy of the signal gives also a 
good hint for the quality of the concrete. For a characterization of a crack the partial 
derivative of the cumulated energy of the first part of the curves could be taken (see 
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the slope in the area of interest in Fig. 13). If the partial derivative is positive no crack is 
existent (descending slope in Fig. 10). If on the other hand the partial derivative be-
comes negative a crack is existent and if the partial derivative becomes more negative 
this implicates larger crack depth (ascending slope in Fig.10). 
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Fig. 13: Cumulated energy (amplitude) calculated for the first 5000 samples of received 
signals obtained across cracks (lower curve) and across undisturbed surfaces (upper 
curve). 
An interesting aspect is that the new developed Impact-Echo measurement technique 
as shown above provides different values simultaneously, which could be used for the 
characterization of the observed structure. The value which is normally used for the 
detection of flaws is the resonance frequency in the spectrum. However, with the new 
developed measurement system it is possible to use the Impact-Echo technique to re-
ceive additional values e.g. onset time for the time-of-flight technique and in addition 
the cumulated energy for a more precise characterization of the inspected structure. 
Horizontal and vertical cracks and flaws as well as the concrete quality could now be 
characterized in one single measurement. 
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6. Laboratory Tests 

6.1 Tests on a specimen with artificial cracks 
To validate and to compare the different analysis principles measurements were ob-
tained at a concrete slab, at which some model cracks (notches) with a depth of 25, 50 
and 75% of the slab thickness (d = 30 cm) were cut. An example of a recorded signal 
measured without crack and across cracks with different crack depth is given in Fig. 
14. It can be seen that the maximum signal amplitude and the onset time of the signal 
depends on the crack depth. 
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Fig. 14: Average cumulated energy for the first 4 milliseconds from 5 measurements 
(left) and maximum value of cumulated (after 4 µs) energy versus crack depth (right). 
In the left sketch of Fig. 14 it can be clearly seen that the cumulated energy of the 
measured wave decreases with increasing crack depth. In the right sketch of Fig. 14 
the maximum values from several single tests were shown for different crack depth. 
With the assumption that the cumulative energy is null for dcr=d cumulative energy 
could be expressed as a function of dcr,  

ceadf crdb
cr +⋅= ⋅−)(   (4) 

even though scatter is quite obvious in right sketch of Fig. 14. The values a, b and c 
mainly depend on the thickness of the structure, the concrete properties (e.g. damping 
or velocity) and the impactor/sensor characteristics and are specific values to be de-
termined for each structural element separately. 
An interesting aspect is that the new developed Impact-Echo measurement technique 
as shown above provides different values simultaneously. The value which is normally 
used for the detection of flaws is the resonance frequency in the spectrum. However, 
with the new developed measurement system it is possible to receive additional val-
ues, e.g. onset time for the time-of-flight technique and in addition the cumulated en-
ergy for a more precise characterization of the inspected structure. Horizontal and ver-
tical crack and flaw detection as well as the concrete quality characterization could now 
be combined in just one single measurement. 
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In Fig. 15 the test specimen with the idealized cracks and results of the time-of-flight 
method are shown. Here a large variation in the test results become obvious that is 
mainly due to different sensor coupling and inaccuracy in the onset detection of the 
received signal. However, the accuracy could be increased by stacking several meas-
urements. 
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Fig. 15: Test results from crack depth measurements using the Time of flight method: 
Variation of onset time and corresponding crack depth (top), onset time in form of a C-
Scan (middle), side view of test specimen with three idealized cracks (bottom). 
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6.2 Tests on a specimen with real cracks 
To prove the theories of crack detection and crack characterization it was needed to 
make some preliminary tests with a well known test set-up. Therefore, a test specimen 
was produced, in which some cracks could be initiated by inserting splints with a ham-
mer (see Fig. 16 and Fig. 17). This allows producing realistic cracks with different crack 
width and crack depth. Due to the fact that the initiated crack is complex and has no 
uniform crack depth (see right sketch of Fig. 18) the measurement results of the im-
pact-echo-measurements are compared with the crack width measured at the concrete 
surface.  

 

Fig. 16: Test specimen for laboratory tests 

 

Fig. 17: Test specimen for laboratory tests (Cracks initiated by splines) 

Initiated 
crack 
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Fig. 18: Test grid and initiated crack 
First test were made with different crack width of approximately 0.1, 0.2, 0.4 and 0.7 
mm and the preliminary hard- and software. The crack width was controlled by insert-
ing the splints differently. A measurement grid of 25mm was used (Fig. 18) which is 
less than the distance of 75mm between the sensor and the impactor (see Fig. 19). 
The measurement unit was relocated 6 times starting at 120cm (see Fig. 18, left 
sketch). The first five measurements are without a crack and the sixth measurement 
was across the initiated crack.  

 

Sensor 
Impactor 

7,5cm 

≤7,5cm measuring 
grid 

relocation 

 
Fig. 19: Test procedure with stepwise relocation of the measurement system 
Fig. 20 shows the test results of the measurements for different crack width. This figure 
is similar to Fig. 12. However, here the amplitude of the time signal is coded with dif-
ferent colours. The results show that the peak energy of a time signal travelling across 
a crack (measurement No. 6) is delayed and of lower amplitude as well as the overall 
energy is significantly lower (for details see also Fig. 12) compared to a wave travelling 
along an undisturbed surface, because a part of the impact energy is reflected at the 
crack surface (see Fig. 11). With regard to different crack openings induced by the 
splines one could also observe a decrease of signal energy with increasing crack width 
that corresponds to the theory. This is also shown in Fig. 21, in which the maximum 
signal amplitude is plotted against crack width. 
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Fig. 20: Test results from measurements at different crack width (B-scan of measured 
signals). 
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Fig. 21: Maximum recorded signal amplitude obtained across a crack at different crack 
opening. 
A combination of the described methods can be used for automatic crack detections 
and for a estimation of other crack parameters like crack depth and width. However, 
the signal amplitude and the signal energy could be used as criteria only if an internal 
horizontal interface or external boundary exists at the inspected structural part. As a 
conclusion it could be shown that the test method permits the detection of vertical 
cracks in general as well as the estimation of crack width and crack depth. 

 

Crack width   < 0.1 mm                0.1 mm                      0.2 mm                     0.4 mm                    0.7 mm   

Delay in onset time Decrease of signal 
energy  
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7. Outlook and Future Work 
Regarding the civil engineering industry and especially the railway bridges an increas-
ing demand for quality control of structures can be observed. Advanced Impact-Echo 
testing techniques for detecting voids or cracks that are easy to use for fast, repeatable 
and reproducible measurements can be used to improve the existing techniques or to 
replace visible inspections. The benefits are already obvious to be the one-sided ac-
cess and the easiness to conduct measurements saving time and money and bring the 
inspection on a more reliable and objective level. 
The IE technique has the potential to detect precisely large voids, honeycombs and 
inhomogeneities as well as the thickness of concrete structures. It was shown that with 
the new developed impactor-sensor device the time necessary for each measurement 
could be reduced by a factor of ten. The new hardware ensures more reliable impact 
generation so some new methods like the detection of vertical cracks could be con-
ducted automatically. Results were shown using the cumulative energy of the transmit-
ted signal and/or the well known time of flight as a crack discriminator.  
A combination of these methods can be used for crack detections and for an estimation 
of crack parameters like crack depth and width. However, the signal amplitude and the 
signal energy could be used as criteria only if an internal horizontal interface or exter-
nal boundary exists at the inspected structural part. Due to the fact that the described 
methods for vertical crack determination require just a slightly modified Impact-Echo 
system, it could be combined with the standard Impact-Echo measurement methods, 
which are nowadays widely used to detect voids, delaminations and honeycombs.  
Scanning facilities with an automatic grid generation has been developed. Also the in-
tegration of the hardware to the 2D-scanning system that is constructed by BAM is fin-
ished.  
These newly developed methods including a new software front end IEDA 2.3 were 
evaluated during further tests and demonstration. The tests have given more details 
about the reproducibility and reliability of this method. This will help to further optimize 
the hardware that is still in form of a prototype at this moment. The next actions are the 
development, evaluation and implementation of proper algorithms for semiautomatic or 
automatic crack detection and measurement validation. Also the hardware needs some 
more improvements because the reproducibility of impact generation and the sensor 
coupling to the concrete surface is still not sufficient, which sometimes complicates the 
analysis procedure. After that the prototype will become a system of high practicability. 
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9. Annex 

9.1  Field test on a steel reinforced concrete bridge in Stuttgart 
On a steel reinforced concrete road bridge (96 m length) in Stuttgart the capabilities of 
the IE technique and in particular the new hard- and software were tested to detect 
voids (Fig. 22). A determination of cracks was disregarded due to the fact that the 
structure does not show any critical cracks. 

       

Fig. 22: Void detection using the DAI-1 impact-echo system at a concrete bridge. 
As visible in Fig. 22 IE-measurements were done along profiles across the bridge. In 
frequency domain the data can be arrange as so-called impactechograms (Fig. 22). 
Due to the construction (dated from the early seventies) there are large voids (tubes) 
present in the middle of the bridge. Fig. 23 shows a part of the cross-section next to the 
pylons – grouted ducts for pre-stressed cables are not shown in the diagram. In the 
impactechogram the bottom of the tubes is clearly seen. Using the previously meas-
ured vp of 4162 m/s the distance between the tube bottom and the lower side of the 
bridge is determined to  

(2)  
4162 / 14
2 15

m sd cm
kHz

= =
⋅

 

According to the blueprints this distance was prospected to be 15 cm. The bridge was 
not needed anymore and was disassembled after the tests. During the demolition the 
correct depth was measured at a value of 14 to 16 cm which corresponds to the meas-
ured values. 
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Fig. 23: Results of void detection along a scanning line in a concrete bridge (see Fig. 
22). 

9.2 Field tests on a strengthened railway bridge at Winterthur 
The following field test shows a typical application of the Impact-Echo-testing at railway 
bridges. At this bridge the developed measurement system was tested and demon-
strated. 
The SBB decided to increase axle loads and train speeds for a railway track nearby 
Winterthur (Switzerland). However, the bridge seen in Fig. 24 was not designed for 
such high train speeds and high axle loads. Due to the fact that the railway track is of 
great importance and that it could not be closed for longer time periods it was decided 
to strengthen the bridge while it is still in service most of the time. 

 

Fig. 24: Example of Impact-Echo measurements (quality control of a strengthened rail-
way bridge near Winterthur - Switzerland). 

 

Fig. 25: Top and side view of the inspected bridge. 
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Fig. 25 shows top and side view and Fig. 26 shows the cross section of the bridge con-
struction. The yellow parts show old bridge components that were removed before 
strengthening. The red parts show the strengthening of the bridge with steel reinforced 
self-compacting concrete. 
There was an additional concrete layer casted around the old bridge construction. The 
new concrete layer is connected to the old concrete bridge deck by steel bolts that 
were fixed to the old bridge deck. Due to the complicated construction it was decided to 
use self compacting concrete. However, it was not clear if the self compacting concrete 
was able to fill all areas and was well compacted. Therefore, a quality control of the 
strengthening was needed. Due to the high reinforcement ratio GPR (Ground Penetrat-
ing Radar) was not recommended to be used. However, the Impact-Echo-technique 
was decided to be the best non-destructive test method. 

 

Fig. 26: Cross section of the inspected bridge. 
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Fig. 27: Conduction of the measurements during construction work and train traffic. 
Measurements with Impact-Echo were made while the bridge was in full service as well 
as construction work was continued. Knowing that the additional concrete layer has a 
thickness of 20 cm up to 28 cm it was decided to choose a measurement grid of 40 x 
40 cm². This measurement grid covers about 80% of the area so that a good quality 
control with respect to the efforts and the time needed to proceed with the measure-
ments was given. For measuring at all the three bridge spans a total time of three days 
(two persons) was needed.  
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Fig. 28: Test results (C-Scan) of one bridge field. 
For the analysis of the test results the resonant frequency and the corresponding depth 
was calculated and it was analyzed if significant resonant frequencies could be ob-
served that match to failures or hollow areas inside the new concrete layer. These 
resonant frequencies were coded to different colours and then plotted to a XY-diagram 
as could be seen in Fig. 28. Following the colour coding there could be observed some 
smaller areas with poor bond (adequate to small hollow areas) as well as one location 
at which large hollow areas with a thickness of several centimetres are obvious. This 
area was found to be critical so that an additional repair of the strengthening was indis-
pensable. 

Hollow area 


