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Abstract 
 
This report presents the results from the evaluation of two new methods – APEI 
(Advanced Portable Equipment for Inspection) for in-situ inspection and RSIM (Real-
time Structural In-service Monitoring) for in-service monitoring of concrete structures. 
Both the methods are based on the ultrasonic techniques and were developed in the EU-
project “SGIM-2001”.  
 
The evaluation results show that the APEI system does, at the present status, not reach the 
target performances given in the specific objectives. However, it has been demonstrated 
by the other partners in the EU-project that the system worked in a homogeneous media 
(water tank) and, when using echo-reflection from a signal test surface, the instrument 
could detect a variety of targets in concrete samples. This is a necessary step in proving 
the correct operation of the system and also encouraging step for the future development 
of the operational system. 
 
The overall conclusions from the evaluation of the RSIM system are positive: the method 
was found to have good sensitivity to structural changes in concrete beams caused by 
over-loading and corrosion of internal steel. Artificial neural networks were found to 
work well in detecting significant structural changes. All development tasks and the 
majority of evaluation tasks were completed successfully. There were, however, problems 
associated with long-term reliability of sensors, especially under the severe cold weather. 
The size of sensors seems too big to be easily handled. Therefore, the RSIM sensor needs 
to be re-engineered to be smaller and more reliable. More valuation tests would also be 
desirable. 
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Preface 
 
As well known, any structural failure of important and expensive structures, such as 
roads, bridges, tunnels, off-shore structures, and so on, may give rise to tragedies and 
have serious economic, environmental and social consequences. One of the most notable 
problems in the maintenance of large concrete structures is the unexpected deterioration 
due to corrosion of reinforcement steel and stressing-tendons, causing a reduced load-
carrying capacity of the structure. Therefore, reliable, non-destructive techniques are 
needed for testing and monitoring the deterioration due to e.g. fire, frost, corrosion, etc. 
 
The EU-project “SGIM-2001” under the 5th Framework Program “GROWTH” intended 
to develop two methods – APEI and RSIM – for meeting the above needs.  
 
The project was coordinated by Cambridge Ultrasonics Ltd in UK and involved six 
partners from three European countries: UK, Spain and Sweden. SP as the evaluator 
participated in the project. Vägverket (Swedish National Road Administration) partially 
financed this project as a support to SP for evaluating the two new methods. This 
financial support from Vägverket (AL90 B 2004:21037) is greatly appreciated. 

 
 
Tang Luping 
September 2006, Borås 
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Summary 
 
This report presents the results from the evaluation of the APEI (Advanced Portable 
Equipment for Inspection) and RSIM (Real-time Structural In-service Monitoring) 
systems developed in the EU-project “SGIM-2001”.  
 
The APEI system involves an advanced pulse-echo inspection method, capable of 
generating synthetic aperture (SAF) images of the interior of concrete structures quickly 
as part of a site survey. The equipment should be portable, ergonomically easy to use and 
should generate images quickly so that the operator can interact with the instrument to 
enhance the quality of images. 
 
The RSIM system is a structural in-service monitoring system, in the form of a distributed 
network of intelligent sensors, each sensor fixed to the surface of the structure under test. 
Each sensor should report back to a single PC, which should archive data and use the 
archived data to detect structural changes using artificial neural networks and risk 
analysis software. 
 
The evaluation results show that the APEI system does, at the present status, not reach the 
target performances given in the specific objectives. However, it has been demonstrated 
by the other partners in the EU-project that the system worked in a homogeneous media 
(water tank) and, when using echo-reflection from a signal test surface, the instrument 
could detect a variety of targets in concrete samples. This is a necessary step in proving 
the correct operation of the system and also encouraging step for the future development 
of the operational system. 
 
The overall conclusions from the evaluation of the RSIM system are positive: the method 
was found to have good sensitivity to structural changes in concrete beams caused by 
over-loading and corrosion of internal steel. Artificial neural networks were found to 
work well in detecting significant structural changes. All development tasks and the 
majority of evaluation tasks were completed successfully. There were, however, problems 
associated with long-term reliability of sensors, especially under the severe cold weather. 
The size of sensors seems too big to be easily handled. Therefore, the RSIM sensor needs 
to be re-engineered to be smaller and more reliable. More valuation tests would also be 
desirable. 
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1 Background 
 
Concrete is widely used in civil engineering infrastructures, such as roads, bridges, 
tunnels, off-shore structures and so on. Any structural failure of such important and 
expensive structures may give rise to tragedies and have serious economic, environmental 
and social consequences. One of the most notable problems in the maintenance of large 
concrete structures is the unexpected deterioration due to corrosion of reinforcement steel 
and stressing-tendons, causing a reduced load-carrying capacity of the structure. So far 
there is no reliable, non-destructive measurement for testing the degree of corrosion of 
reinforcement steel, especially, stressing-tendons. In the past years, a European 
collaborative research project, called “SGIM-2001” (project No. GRD1-2001-40075), 
was initiated under the 5th Framework Program “GROWTH” with the objectives to 
develop two new inspection and in-service monitoring methods for improving the quality 
and maintainability of large concrete structures. The two methods are: 

• APEI – Advanced Portable Equipment for Inspection, an advanced pulse-echo 
inspection method, capable of generating synthetic aperture (SAF) images of the 
interior of concrete structures quickly as part of a site survey. The equipment 
should be portable, ergonomically easy to use and should generate images 
quickly so that the operator can interact with the instrument to enhance the 
quality of images. 

• RSIM – Real-time Structural In-service Monitoring, a system in the form of a 
distributed network of intelligent sensors, each sensor fixed to the surface of the 
structure under test. Each sensor should report back to a single PC, which should 
archive data and use the archived data to detect structural changes using artificial 
neural networks and risk analysis software. 

The project was coordinated by Cambridge Ultrasonics Ltd in UK and involved the 
following partners: 

• Cambridge Ultrasonics Ltd in UK  

• Sonatest plc in UK 

• SP Swedish national Testing and Research Institute  

• Acciona Infraestructuras A.S. in Spain 

• IETcc – Instituto de Ciencias de la Construccion Eduardo Torroja in Spain 

• The Queen’s University of Belfast in UK 
The first two companies were the developers of instruments in the project and the rest of 
the partners were the evaluators to evaluate the instruments developed by the developers. 
SP was one of the evaluators. Vägverket (Swedish National Road Administration) 
financed this project as a support to SP for evaluating the two new methods.  
 
This report presents the work carried out by SP covering evaluation of the APEI and 
RSIM instruments developed by Sonatest and Cambridge Ultrasonics, respectively. 
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2 Objectives of the EU-project  
 
The original objectives of the EU-project “SGIM-2001” is to develop and validate new, 
advanced computer-based ultrasonic measurement instruments to:  

• Create images of the interior of concrete (the APEI system); and  

• Give early warning of significant structural changes using continuous monitoring 
(the RSIM system). 

The specific objectives for the two systems due to be developed are listed in Tables 2.1 
and 2.2.  
 
 
Table 2.1 – Specific objectives of the APEI system 
 Target performance 

Ergonomic factors Portable, rugged, for use on site by a single 
operator. Data to be collected within a few 
seconds, first image within about 1 minute. 

Test conditions Work from a single test surface on various 
concrete mixes used in different parts of Europe. 

Format of results A-scan, B-scan, SAF 2-D image also display 
multiple SAF images 

Tendon ducts - position Find position to within +/-20 mm at a range of 
150 mm. 

Tendon ducts - corrosion Detect deterioration: grout voids, corrosion 
greater than 25% of cross-section. 

Reinforcement bars - position Find position to within +/-20 mm at a range of 
150 mm. 

Reinforcement bars - corrosion Detect deterioration: corrosion greater than 25% 
of cross-section. 

Honeycombing Detect regions greater than 100 mm in size. 

Cracking of concrete Detect regions of micro-cracking greater than 
100 mm in size 

Measure thickness of concrete Find back-walls out to 2 m in good concrete 
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Table 2.2 – Specific objectives of the RSIM system 
 Target performance 

Ergonomic factors Fixed instrument based upon a PC to work under 
normal operating conditions of the structure 

Frequency of sensing To be chosen by operator in the range 10 
minutes to one day. 

Number of sensor points To be chosen by the operator in the range 1 to 80 
different points 

Sensor type Permanently attached piezoelectric 

Operators None, after installation 

Decision making Automatic by PC software – multi-layer 
perceptron artificial neural network 

Effect of installation on structure Negligible 

Operating cost Euro 2000/year excluding amortization of 
installation 

Issuing of warning Locally on display, printer, showing sensor point 
also potential to send message by telephone to 
central monitoring system. 
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3 Evaluation of the APEI system 
 
3.1 SP’s evaluation tasks for the APEI system 
The APEI system should be a kind of advanced portable equipment for in-situ inspection. 
The system transmits and captures ultrasonic signals through a transducer array, and 
produces the SAF images reflecting different depths in concrete. From these images the 
objects with a density significantly different from the concrete, such as steel, 
honeycombing, etc., may be illustrated. 
 
SP’s evaluation tasks for the APEI advanced portable equipment for in-situ inspection 
system according to the “SGIM-2001” project are listed in Table 3.1. From the tests the 
following capacities of the new instrument could be evaluated: 

• Capacity of locating position of post-stressed reinforcement; 

• Capacity of detecting flaw in the injection grout; 

• Capacity of detecting corrosion damage in the stressed reinforcement;  

• Capacity of detecting honeycombs in concrete; and 

• Capacity of detecting cracking in concrete. 
With the successful laboratory evaluation, it was intended to test the instrument on some 
real structures in situ. 
 
 
Table 3.1 – Specific objectives of the APEI system 
 Description Tests Size 

1 Produce concrete beams with tendon 
ducts at different positions. Some of 
the ducts will be pre-stressed with 
steel bars with different degrees of 
corrosion damage. 

Tendon duct positions and 
corrosion conditions 

30×40×100 cm 

2 Produce concrete beams with 
embedded steel bars of different 
degrees of corrosion damage and 
honeycombs of size 100-150 mm. 

Reinforcement positions 
and corrosion conditions 

Honeycombing 

30×40×100 cm 

3 Produce reinforced concrete beams 
without entrained air, pond 3%NaCl 
solution on the top surface of the 
beam with a size of about 100 mm 
(circle or square), and then have the 
beam subject to freeze/thaw cycles to 
produce internal cracks. 

Detecting micro-cracking 15×20×40 cm 

 
 
3.2 Production of concrete specimens 
According to Table 3.1, three different kinds of concrete test specimens have been 
produced at SP.  
 
Specimen Type 1 
Two concrete blocks of size 50×50×100 cm embedded with tendon of diameter about 80 
mm. In one of the blocks, the central portion of the tendon was wrapped with chloride 
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contaminated tissues in the before concrete casting (see Figure 3.1). After the hardening 
of concrete (about two weeks) this tendon was subjected to electrochemical treatment in 
order to produce corrosion. The theoretical corroded volume is about 200 cm3 (about 10% 
cross- section loss over 40 cm length). Due to the corrosion, significant cracks have 
occurred in the concrete. The wideness of crack on the top surface is about 2 mm (see 
Figure 3.2). Even though the exact dimension of corrosion is unknown, the significant 
damages in concrete (cracks) and tendon (corrosion that causes the cracks) are obvious. 
Therefore, these two concrete blocks – one damaged and another undamaged – are good 
enough for evaluation of the APEI system for its capacities of locating tendons and 
detecting corrosion damage. These concrete blocks were sent to Sonatest for convenience 
of the equipment development. The mixture proportions of these concrete blocks are 
shown in Table 3.2. 
 
 

 
Figure 3.1 – Concrete blocks with embedded tendon. 
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Figure 3.2 – Cracked concrete block due to corrosion of tendon. 
 
 
Table 3.2 – Mixture proportions of concrete with embedded tendon. 

Cement type Swedish Degerhamn anläggning 
Cement content, kg/m3 375 

Water-cement ratio 0.50 

Fine limestone filler, kg/m3 - 

Aggregate, 0∼8 mm, kg/m3 910 

Aggregate, 8∼16 mm, kg/m3 840 

Superplasticiser, wt% of cement  - 

Air entraining agent, wt% of cement 0.007 (Cementa L16)  

Air content, vol% of concrete 4.4 

Slump, cm 70 
  * Corresponding to CEM I 42.5 N BV/SR/LA. 
 
 
Specimen Type 2 
Two concrete blocks of size 30×50×80 cm embedded with reinforcement bars at different 
positions and plastic tubes for installation of tendons (Figure 3.3): In Block A, a 
honeycombing of size about 12 cm, consisting of a mixture of normal coarse aggregate 
and light-weight aggregate, was pre-placed in the centre of the mould before casting (see 
Figure 3.4). In Block B, sodium chloride was blended in concrete for possible initiation of 
corrosion. Self-compacting concrete (SCC) was used for casting these concrete blocks. 
The mixture proportions of this type of concrete are given in Table 3.3. 
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Figure 3.3 – Concrete blocks with embedded plastic tubes. 
 
 

 
 
Figure 3.4 – Pre-placed honeycombing in one of the mould. 
 

Honeycombing 
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Table 3.3 – Mixture proportions of SCC with embedded plastic tubes. 

Cement type Swedish Byggcement 
Block No. A B 

Cement content, kg/m3 370 371 

Water-cement ratio 0.50 0.50 

Fine limestone filler, kg/m3 133 133 

Aggregate, 0∼8 mm, kg/m3 1001 1003 

Aggregate, 8∼15 mm, kg/m3 659 661 

Superplasticiser, wt% of cement  0.63 (**) 0.57 (**) 

Air entraining agent, wt% of cement -  -  

NaCl, wt% of cement -  5  

Air content, vol% of concrete 2.0 1.8 

Slump flow, cm 645 615 

T50, sec 3.0 1.8 
  * Corresponding to CEM II/A-LL 42.5 R. 
  ** Type “Complex M44” 
 
 
Specimen Type 3 
A number of concrete specimens of size 15×20×40 cm with embedded thermocouple: 
These specimens were mainly used to introduce micro-cracks under the action of freeze-
thaw cycles for evaluating the capacity of the equipment in detecting micro-cracking. The 
same type of concrete as listed in Table 3.3 was used to cast these specimens. The 
experimental arrangement for introduction of micro-cracks is illustrated in Figure 3.5. 
The freeze-thaw regime was in accordance with Swedish standard SS 13 72 44, as shown 
in the right side of Figure 3.5. After about 30 freeze-thaw cycles the micro-cracks could 
be observed at the concrete surface, with the area of about 15 cm in diameter, as shown in 
Figure 3.6.  
 

 
Figure 3.5 – Experimental arrangement for introduction of micro-cracks. 
 
 

-25

-20

-15

-10

-5

0

5

10

15

20

25

0 6 12 18 24

Time (hrs)

Te
m

pe
ra

tu
re

 (°
C

)

T > 0 °C: 7-9 h

 
 

Concrete 

Water 
Cup 

Sealing 



15 
 
 
 
 

 
 
Figure 3.6 – Microcracks produced under the action of freeze-thaw cycles. 
 
 
3.3 APEI instrument 
The APEI equipment provided by Sonatest consists of: 

• A transducer array and steel frame with transducers connected to a multiplexer; 

• Transmit signal synthesis and signal capture unit connected to the multiplexer by 
cables; and 

• A PC running the SAF imaging software. 
The instrument “APEI 1000” arrived at SP before the summer 2005. After reading and 
understanding of the instrument, SP started the operation of the instrument in the middle 
of August. Unfortunately, the instrument did not response any signal, although SP tried 
various settings and alternatives following both the instructions according to the user’s 
manual and the communication with the technical experts at Sonatest. Finally, the 
instrument had to be returned to Sonatest for checking and repairing.  
 
The repaired instrument arrived at SP by the end of November. By a quick check, the 
instrument showed signals on the screen (Figure 3.7). Owing to the high density of work 
before the Christmas holidays, SP could not immediately start the evaluation work until 
January 2006. Even at the first trial on the concrete block with honeycombing, it was 
found that there was no clear signal at some measurement positions. In the beginning it 
was thought that this was probably caused by the poor contact between transducers and 
concrete, because in the later measurements the instrument seams work properly. After 
using SAF software supplied by Sonatest, some interest images were obtained. When SP 
tried to further carry out the measurements, the instrument did not give clear signals at 
any measurement position, no matter how much effort was made for securing the contact 
between transducers and concrete. The instrument was then returned to Sonatest again in 
the middle of February 2006. Afterwards, SP didn’t receive any news from Sonatest. 
Therefore, the evaluation presented in this report is based on a very limited number of 
measurements that gave clear signals. 
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Figure 3.7 – Clear signals on the screen of the APEI instrument. 
 
 
3.4 Evaluation of APEI instrument 
As mentioned previously, the measurements was carried out only on one surface of the 
concrete block A (Figures 3.8 and 3.9), with the parameter settings as listed in Table 3.4. 
Owing to the fact that the instrument became out of function after a short use, there was 
no chance to repeat the measurements even in a simple inverse way of scanning. 
Therefore, the results shown in Figures 3.10 and 12 were limited to this single area of 
scanning. Figure 3.10 shows the SAF calculation using the APEI software (SGIM 
SAFTgui). Figures 11 and 12 show the images at different depths using different 
parameters. 
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Figure 3.8 – Concrete Block A for APEI test.  
 
 
 

 
 
Figure 3.9 – APEI scanning frame on Concrete Block A. Scan area: 30 cm (Array 

Carriage) × 21 cm (7 scans at 3.5 cm spacing) 
. 
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Table 3.4 – Parameters used in the test of the APEI system. 
Test ID 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Test date
Chirp Frequency Start (kHz) 75
Chirp Frequency Stop (kHz) 75 100
Chirp cycles 2 5 7 10 2 5 7 10 10 10 2 2 2 2
Amplitude AFG Gain
Uncorrected Range (no path 
factor) (us)
Range: path factor * 
uncorrected range (us)
Aggregate size (mm)
Artifacts included
Thickness (mm)
Velocity (m/s)
Gain 
Scan end number 6 7 8 9
Concrete surface quality

50

10
10

15

255

200

500

5 10

2006-01-27 2006-01-31

rebar, tendon, honeycombing

Flat and smooth

300
3000

100150 150
50

 
 
 

 
 
Figure 3.10 – Example of the result from the SAF calculation. 
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Figure 3.10 – Comparison between the SAF images from the measurements with different 

scan end numbers. 
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Figure 3.11 – Comparison between the SAF images from the measurements on different 

dates with different chirp cycles. 
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The red pixels on the right side of the images in Figures 10 and 11 seem to reflect the 
tendon in the concrete block, while the round blue area in the images seems reflect the 
honeycombing.  
 
From Figures 10 and 11 it can be seen that the SAFT-images from the measurements 
carried out with different scan numbers or chirp cycles on different dates are incredibly in 
good agreement, implying very good repeatability. However, when using the same 
settings to run the SAF software with the original default data (first running of the SAF 
calculation after the new installation of the program without input new data) and with the 
example data file “Trunc0001-01-06.A”, which were provided by Sonatest with the 
installation program, it was found that the SAF images (see Figure 12) are always more 
or less similar to those in Figures 10 and 11. Are these similar images coincidently 
obtained from the similar samples used at Sonatest and SP, or just a software manifest? 
Since there is no chance to carry out more tests, it is difficult to judge that the images in 
Figures 10 and 11 reflect the actual measurements or just the manifest of the software. 
 
 

 
 
Figure 3.12 – SAF images from the original default data (left) and the example data file 

“Trunc0001-01-06.A” (right). 
 
 
Based on the above limited results and compared with the specific objectives in Table 
2.1, it can be concluded that the APEI system is apparently premature and the current 
status of the APEI equipment is far from the target performances given in the specific 
objectives, even though it showed some luminous potential to image the thick tendons 
and honeycombing, if the images really reflect the actual measurements. 
 
3.5 Evaluations of the APEI by the other partners 
Acciona and IETcc reported good success in using the preliminary APEI 1000 system 
with two transducers for detecting a variety of targets in concrete samples using echo-
reflection from a signal test surface. The targets detected include: 

• Back-wall echoes; 

• Reinforcement bars as small as 4 mm; and 

• Holes in concrete. 
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Cambridge Ultrasonics demonstrated a SAF image using its Matlab based software with 
Sonatest’s APEI ultrasonic data from a water tank. 
 
None of the other evaluators has, however, provided any successful SAF image using the 
prototype APEI instrument on concrete specimens. 
 
3.6 General conclusions about the APEI system 
According to the evaluation results from both SP and the other partners the following 
conclusions can be drawn:  

• The APEI system was able to create SAF images using a Matlab based imaging 
program but only with ultrasonic data taken from a water tank. However, this is a 
necessary step in proving the operation of the system and is therefore very 
encouraging. 

• The preliminary APEI equipment using two transducers has been found to work 
well on concrete samples, detecting small reinforcement bars, back-wall echoes 
and holes out to a range of less than 600 mm. This is also a necessary step in 
proving the correct operation of the system and is also encouraging. 

• Some SAF images using the full APEI system from the interior of concrete 
samples that may show the location of tendons but this result is not conclusive. 

• Other SAF images constructed from the interior of concrete do not contain 
information that can be verified and are inconclusive. 
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4 Evaluation of RSIM System 
 
4.1 SP’s evaluation tasks for the RSIM system 
The RSIM system is for Real-time Structural In-service Monitoring. The system transmits 
and receives ultrasonic signals through a network of sensors, and compares the received 
signals with the initially “good” ones. Any structural change may results in significant 
change in signal spectra. In such a case the system issues a warning. 
 
SP’s evaluation tasks for the RSIM system according to the “SGIM-2001” project are 
listed in Table 4.1. The following effects on the signal spectra should be evaluated: 

• Effect of mechanical stress at different loading levels until significant cracking on 
the concrete beam; 

• Effect of temperature; 

• Effect of moisture; and 

• Effect of internal damage due to frost action. 
With the successful laboratory evaluation, it was intended to test the instrument on a real 
structure. 
 
 
Table 4.1 – Specific objectives of the RSIM system 
 Description Tests Size 

1 Produce concrete beams without 
entrained air, install piezoelectric 
sensors on the beam, half-immerse 
the beam in 3%NaCl solution, and 
then have the beam subject to 
freeze/thaw cycles to produce 
internal cracks. The degree of 
cracking can be controlled by the 
number of freeze/thaw cycles. 

Record RSIM, measure 
fundamental frequency by 
conventional method, and 
test flexural strength after 
certain freeze/thaw cycles, 
so as to train RSIM with 
data of changes in 
mechanical properties due 
to micro-cracking 

15×20×40 
cm 

2 Produce reinforced concrete beams, 
install piezoelectric sensors on the 
beam, and then have the beam 
subject to external bending force to 
produce external cracks. The degree 
of cracking can be controlled by the 
external bending force. 

Record RSIM, strain-stress 
curve, and measure crack 
width and length, so as to 
train RSIM with data of 
changes in mechanical 
properties due to external 
crack or load 

240×30×30 
cm 

 
 
4.2 Production of concrete specimens 
According to Table 4.2, two different kinds of concrete test specimens have been 
prepared at SP.  
 
Specimen Type 1 
A number of concrete specimens of size 15×20×40 cm with embedded thermocouple (see 
Figure 4.1): These specimens were mainly used to introduce micro-cracks under the 
action of freeze-thaw cycles for evaluating the capacity of the equipment in detecting 
micro-cracking. The same type of concrete as listed in Table 3.3 was used to cast these 
specimens.  
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Figure 4.1 – Small concrete blocks with embedded thermocouples. 
 
 
Specimen Type 2 
The prefabricated reinforced concrete beams of size 300×300×2400 mm were used in the 
evaluation tests. Two types of reinforcement are available (see Figure 4.2): Type A with 
one single steel bar of size Ø16 mm at each corner and Type B with two bound steel bars 
of size Ø16 mm at each corner. The concrete used for the beams was a type of C45/55 
with water-cement ratio of 0.38-0.39.  
 
 
 

 
 
Figure 4.2 – Reinforced concrete beams. 
 

Reinforcement
Type A

Reinforcement
Type B
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4.3 RSIM sensors 
In the feasibility evaluation SP tested an early version of RSIM sensor on two concrete 
beams, but after a winter exposure, it was found that the sensor was damaged by the cold 
weather. Thus the sensor was sent back to CU for repair and upgrading. In September 
2005 two upgraded sensors arrived at SP. These two sensors were first installed on a 
concrete beam for bending test and afterwards exposed to cold climates (one in the 
outdoor climate and another in the freeze-thaw box in the laboratory. After certain 
exposure duration, it was found that both the sensors were again damaged by the cold 
weather. Therefore, it was impossible to carry out any further evaluation on the RSIM 
sensors.  
 
4.4 Bending test  
Two sensors were installed on a concrete beam with reinforcement Type B at the 
positions as shown in Figure 4.3. After the preparation and planning, the concrete beam 
installed with two sensors was bended to failure on a large machine (see Figure 4.4). The 
constant load was applied to the beam from 0 kN to 140 kN at an increment of 10 kN and 
an time interval of 30 minutes. During the 30 minutes time interval the spectra were 
recorded at every 3 minutes. The possible cracks were noted and their wideness was 
measured. Table 4.2 shows the loads and observed cracks. Some collected spectra are 
shown in Figures 4.5 and 4.6. From the figures it can be seen that both the sensors gave 
significant changes in spectrum after notable cracking (wideness > 0.15 mm, loading 90 
kN). Later in 4.7 it will show that both sensors detected the damage even at the loading 
50 kN with the first fine cracks (< 0.05 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 – Arrangement of the bending test. 
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Figure 4.4 – Bending test on a large machine. 
 
 
Table 4.2 – Loads and observed cracks during the bending test 

Tid, 
hh:mm 

Load 
kN Crack 1 Crack 2 Crack 3 Crack 4  Crack 5 Other remarks 

8:28 0       

8:58 10       
9:28 20       
9:58 30       

10:28 40       
10:58 50 < 0.05 < 0.05     
11:28 60 0.1 0.1     
11:58 70 0.15 0.15     
12:28 80 0.15 0.15 0.05    
12:58 90 0.18 0.17 0.1 0.05 0.05  
13:28 100 0.22 0.22 0.1 0.05 0.05  
13:58 110 0.25 0.25 0.15 0.1 0.1  
14:28 120 0.25 0.3 0.2 0.15 0.1  
14:58 130 0.28 0.32 0.22 0.15 0.12 Shear cracks 
15:28 140 0.39 0.35 0.23 0.16 0.14 Shear cracks 
15:58 0 No measurement 
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Figure 4.5 – Some spectra recorded from Position A (Sensor 2106050001). 
 
 

 
Figure 4.6 – Some spectra recorded from Position B (Sensor 2106050002). 
 
 
4.5 Outdoor climate test  
After the beam test, the sensor (Code 2106050001) was installed on a new beam with 
reinforcement Type B at Position A as shown in Figure 4.3, and the beam was places 
outside the building for outdoor winter exposure, as shown in Figure 4.7. The sensor was 
wrapped with plastic sheets to protect from the direct water ingress. The spectra were 
recorded until the temperature (in the sensor) became close to zero. Some spectra under 
different temperatures are shown in Figure 4.8. It is apparent from the results that the 
temperature, when it is higher than zero, has no significant effect on the spectrum.  
 
The outdoor exposure started on December 16, 2005. Unfortunately, after the winter (in 
the beginning of April 2006 when the outdoor temperature arose above zero), it was 
found that the sensor was damaged with the message “Unrecoverable hardware error…”. 
Thus it was impossible to carry out the planned bending test on this concrete beam, even 
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though every preparation has been done and the machine and operators have been 
reserved for the test. 
 
 

 
 
Figure 4.7 – Outdoor exposure of the concrete beam with a sensor installed. 
 
 

 
 
Figure 4.8 – Spectra under different temperatures. 
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4.6 Test in a climate chamber 
After the beam test, the sensor (Code 2106050002) was installed on a small concrete 
specimen of size 150×200×400 mm (see Figure 4.9). The specimen was placed in a 
plastic box. The box was filled with water at different levels at an interval of one hour. At 
each water level, the spectra were recorded for at every 3~5 minutes during the interval 
period. After the last level, the box was covered with a lid to prevent the water from 
intensive evaporation. The upper portion of the sensor was out of the covered space 
through a pre-cut hole in the lid to prevent it from intensive moist environment. The box 
together with the specimen and sensor was placed in a climate chamber for testing under 
the action of freeze-thaw cycles (see Figure 4.10), with the temperature regime as shown 
in Figure 4.11. After about 30 freeze-thaw cycles, it was found that the sensor was also 
damaged with the message “Unrecoverable hardware error…” (similar to the sensor Code 
2106050001). Thus it was impossible to carry out any further test with the damaged 
sensor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 – Arrangement of the sensor on the small specimen. 
 
 

 
 
Figure 4.10 – Plastic box with the specimen and sensor in a climate chamber. 
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Figure 4.11 – Freeze-thaw regime for the RSIM test. 
 
 
4.7 Data evaluation 
In the latest version of RSIM Archive software (version1.0.8.0), the measured spectra on 
the sound concrete beam (representing “good” spectra) can be migrated to the “bad” 
spectra with failure mode 0 and mode 1. With these “good” and “bad” spectra one can 
train the Artificial Neural Network (ANN). After a successful training, the software can 
then classify any spectrum.  
 
For the bending test, the spectra before loading were used as “good”. The classification 
results are shown in Figures 4.12 and 13. It can be seen that the classification results from 
both sensors installed for the bending test as shown in Figures 4.3 and 4.4 are in good 
agreement with the observations of the initiation of cracking (0.05~0.1 mm) after loading 
50 kN, see Table 4.2.  
 
It is interesting to compare the two sensor positions with the cracking development. 
Figure 4.14 shows that the sensor at Position A in Figure 4.3 gives continuous warning of 
failure once the cracks are wider than 0.1 mm (load >= 60 kN), while the sensor at 
Position B gives warnings with fluctuation, probably due to the larger opening of cracks 
near Position A closed some small cracks near Position B. 
 
For the outdoor climate test, since the temperature decreased quickly, only the first 6 
spectra (temperature 12~8 °C) were taken as “good” for the ANN training. Fortunately, 
the training was successful with 90% accuracy. As expected, temperature has no 
significant influence on the spectrum and, therefore, has no influence on the classification 
(see Figure 4.15).  
 
For the climate chamber test, the spectra at water level 0 were used as “good”. Figure 
4.16 also show that certain level of water surrounding the specimen has no influence on 
the classification. 
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Figure 4.12 – Classification results from the sensor at Position A in Figure 4.3. 
 
 

 
 
Figure 4.13 – Classification results from the sensor at Position B in Figure 4.3. 
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Figure 4.14 – Comparison of the classification results between Position A (left) and 

Position B( right) under high levels of loading. 
 

 
 
Figure 4.15 – Classification results from the outdoor measurements at different 

temperatures. 
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Figure 4.16 – Classification results from the measurements at different levels of water 

surrounding the specimen. 
 
 
4.8 Conclusions from SP’s evaluation 
Based on the limited evaluation results, it can be concluded that  

• The RSIM sensor can detect the structural failure if it is properly installed to the 
position near the weak part of the structure where the failure may occur. 

• Temperature and certain level of water surrounding the specimen have no 
significant influence on the spectrum and, consequently, the classification of the 
structural condition. 

• The current version of sensors can not stand cold weather. 

• The current version of RSIM Archive software can migrate the “good” spectra to 
the “bad” ones and both the “good” and migrated “bad” spectra can be used for 
training the can train the Artificial Neural Network. 

• With the trained Artificial Neural Network, the spectrum with failure (significant 
cracking) can be recognised and, consequently, a warning may be given.  

• The remote communication for issuing of warning has not yet incorporated in the 
system for evaluation in this project.  

 
4.9 Evaluations of the RSIM by the other partners 
The Queen’s University of Belfast carried out the evaluation on a reinforced concrete 
beam subjected to corrosion attack. The results show that the differences in the RSIM 
signals obtained before corrosion started and after extensive corrosion are readily 
detectable by eye. The RSIM signals showed significant changes at all stages of the 
development of corrosion. 
 
Acciona made a test structure of 500 cm long beam with cross-section of 20×30 cm and 
two columns of 100 cm with cross-section of 30×30 cm and loaded it to failure while 
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monitoring with RSIM. The test was essentially similar to the tests performed by SP, but 
with longer beam. The recorded signal spectra by eye showed a correlation with damage, 
even though it was unable to use the artificial neural network to classify them, probably 
due to too few records of “good” signals. 
 
4.10 General conclusions about the RSIM system 
According to the evaluation results from both SP and other evaluators it can be concluded 
that the RSIM system seems close the target performances given in the specific 
objectives, but further development and evaluations are needed prior to the practical 
applications in real structures, especially its durability problem under the cold weather 
and the remote communication for issuing of warning that has not yet incorporated in the 
system for evaluation in this project. 
 
 



35 
 
 
 
 

5  Needs for Future R&D 
 
5.1 The APEI system 
The evaluation results show that the APEI system does, at the present status, not reach the 
target performances given in the specific objectives. However, it has been demonstrated 
by the other partners in the EU-project that the system worked in a homogeneous media 
(water tank) and, when using echo-reflection from a signal test surface, the instrument 
could detect a variety of targets in concrete samples. This is a necessary step in proving 
the correct operation of the system and also encouraging step for the future development 
of the operational system. 
 
The needs for non-destructive inspection of reinforcement, especially post-stressed 
tendons, in concrete structures are obvious. According to the information from the recent 
international conference on Non-Destructive Testing in Civil Engineering, held on 14-18 
August 2006 in St. Louis, USA, the present approach to the inspection of tendons 
involves a combination of techniques such as GPR (Ground Penetrating Radar) and IE 
(Impact Echo), together with destructive coring for suspect damaged positions. The GPR 
technique can easily locate the position of tendons, but the instrument is relatively 
expensive, while the IE technique is basically for detecting the thickness of a slab-shaped 
component. When the thickness is known, it is possible to detect the flaw in concrete, 
such as cracks, voids, delaminations, honeycombing, etc. However, the interpretation of 
signal waves is not an easy work. Therefore, the uncertainty of the IE technique in 
detecting flaw is high. Destructive coring is still needed in the present approach. This 
indicates a need of the new technique like the APEI system for better inspection of 
concrete structures. It is hoped that the APEI system can be further developed to reach the 
objectives so as to be able to apply to practical inspection. 
 
5.2 The RSIM system 
The overall conclusions from the evaluation of the RSIM system are positive: the method 
was found to have good sensitivity to structural changes in concrete beams caused by 
over-loading and corrosion of internal steel. Artificial neural networks were found to 
work well in detecting significant structural changes. All development tasks and the 
majority of evaluation tasks were completed successfully. There were, however, problems 
associated with long-term reliability of sensors, especially under the severe cold weather. 
The size of sensors seems too big to be easily handled. Therefore, the RSIM sensor needs 
to be re-engineered to be smaller and more reliable. More valuation tests would also be 
desirable.  
 
With the long-term reliable sensors, the RSIM system can provide a very good tool for 
monitoring concrete structures, especially the old structures with decreased load-carrying 
capacity due to deterioration (fire, accident impact, internal frost damage, corrosion 
damage, etc.) or with overloading due to new traffic demands (increased vehicle load and 
traffic density), climate change (e.g. increased wind speed and snow load), etc. Figure 5.1 
shows an example of application of the RSIM system with a network of sensors.  A CAD 
program shows a structure with its network of sensors, which change colour when 
significant structural change is detected. Thus a warning can be given in advance to avoid 
serious consequences due to structural damage or collapse. 
 
Therefore, it is hoped that, in the near future, the RSIM system with improved sensors 
can actually be used in the real structures for safe monitoring. 
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Figure 5.1 – An example of the RSIM system with its network of sensors. 
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