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Abstract 
This paper introduces the development and application of an extensive hot spot monitoring of 
a steel truss bridge by means of strain gauge sensors. The evaluation of data is concentrated 
on changes in the stress range provoked by passing trains. Due to the identification of axel 
loads and train signatures, clusters of recurring trains with matching types are formed which 
lead to improved and reliable features in the condition monitoring process. Algorithms, 
hardware, design, implementation and the results of one-year operation are pointed out and 
the result serve as a database to define the state of the monitored hot spots. Excellent 
evaluation of the bridge behaviour is comprehended and precise structural changes are 
observable. Finally, the introduced monitoring delivers reliable statements for a save 
operation of the rail rout 
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1. INTRODUCTION AND MOTIVATION 

The monitoring of infrastructure as bridges, tunnels, dams etc. is a standard maintenance 
process of public transport operators, in general by visual inspections to document the 
deterioration of the structures. After decades, tiny structural changes cumulate in obvious 
faults, as for example cracks, and the save operation of a traffic route is no longer guaranteed 
because the structure has eventually changed its behaviour in carrying a load. 
More and more often in this situation, infrastructure operators install a monitoring system to 
document and analyse the behaviour of the structure more precise. The application of sensors 
and types of physical data are not limited. Time-dependent data are collected and features are 
extracted to determine a structural chance referring to a past state. This is when a basic SHM 
concept is introduced [1] to automatically decide between a damaged or an undamaged state 
of a structure. 
In Civil SHM application usually displacement, strain, acceleration and pressure data are 
used to deviate and evaluate features in the time or frequency domain as response of the 
structure [2]. To identify operational effects, data concerning the environment such as air 
temperature, heat radiation, wind speed and humidity is collected as well. Rarely traffic data 
such as axel load is collected because it is related to an additional subsystem in the data 
evaluation process. Fusing all the data is a major key to visualise a distinct state of the 
structure and easily detect a critical state [3]. 
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In the present monitoring approach, the concern of the Austrian federal railway operator was 
to observe the stability of fatigue crack growth on 20 hotspots distributed on a 60m span steel 
truss bridge (Fig.1a). The monitoring must serve daily information of the conditions of the 
cracks and the structure, whether a save operation of the major rail route is acceptable or not. 
The crack growth was visually observed over several years by the operator. The first sanction 
was to reduce the local track speed to lower the dynamic response and consequently the crack 
growth. The cracks have been all located in the proximity of the intersection of the 
longitudinal girders, carrying the sleepers, and the transverse girders, guiding the axel loads 
of the trains to the two parallel main trusses (Fig.1b).  
 

 
Figure 1: Overview of the 60m steel truss bridge, (a) sensor positions and (b) crack details. 

 
A detailed documentation and evaluation of all crack positions and crack lengths was done in 
May 2015. No pattern of the crack distribution on the structure could be reconstructed and all 
crack locations had to be taken into account to develop a SHM application. Furthermore, the 
distribution seemed to be very arbitrary and preliminary strain measurements have not 
illustrated any suspicious irregularities in the loading of the girders. 
Therefore, strain sensors have been picked as indicators to monitor changes in the stress field 
in the proximity of the crack tip to conclude the crack growth. These sensors are very 



3 
 

sensitive to structural changes, cheap and reliable when professionally installed [4]. To 
complete the monitoring system a commercial axel load measurement system was chosen and 
the initial concept defined. 

2. MONITORING DESIGN 

The monitoring is based on the identification of crack growth on 20 hotspots on the structure 
(Fig. 1a) as mentioned above. To implement a significant SHM system the approach was to 
split the sensors into two groups (global and local) to evaluate the state of the whole structure 
or of a single component when a train is passing the bridge. 10 “global” strain gauge sensors 
are applied on the lower flanges of the transverse girders to measure the flexural strain 
(marked with U, Fig. 1a) to conclude on changes of the load distribution in case of an 
increase of the damaged state. 20 “local” strain sensors (marked with R, Fig. 1a) are applied 
close to the crack tips to record the loss or increase in the strain field due to crack growth. 
These sensors are monitoring the flexural or shear forces depending on the number of cracks, 
lengths and orientations. Fig. 1b illustrates the orientation of the sensor when vertical and 
horizontal cracks are present on both sides of the web (shear forces), or when only a vertical 
crack is present (flexural forcers). 
Eight axel load sensors are installed on both directions for track1 and 2, placed 20m ahead of 
the bridge on the main track. The system consists of two bending sensors on each rail, 
interpreting data of axel loads, train speed, number of axels and identifying the vehicles. To 
evaluate operational effects, one temperate sensor is applied on the centre of the structure to 
record the structural temperatures from summer to winter. 
All data of the 39 channels is collected and fused. Data acquisition was operated on the bride 
in 24/7 mode. The system, constantly supplied with power and equipped with an UPS, is able 
to send status messages concerning the operation state of the system and sensors. The system 
is embedded in the mobile internet to automatically transfer the data to a web interface or 
data base. The configuration of the system is executed via remote-access. 
 

 
Figure 2: Extracted feature  of 2 strain sensors of one train passing the bridge. 

2.1 Feature Extraction from strain gauge sensors 

Extracting an accurate feature is essential to match data of different states of a structure. The 
strain data is only acquired when a train is passing the bridge by the use of the axel load 
sensors as triggers, hence an accurate sampling rate is necessary (FS=600Hz) to properly 
resolute the axel loading on the girders. A 900m long cargo train passes the bridge in 
approximately one minute and the data for all 30 strain sensors must be reduced and 
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represented by one value per sensor. Due to the regularity of the axel loads of trains and the 
concentration of high axel loads to locomotives the maximum stress range () is the selected 
feature. It is important to mention, that the absolute value is not of interest because only the 
change in the amplitude in comparison with equivalent train configurations are evaluated. 
Fig. 2 illustrates exemplaril y the feature extraction of two sensors after a train has passed the 
bridge. It is easy to identify, that the train has 9 wagons and the locomotive is on the end. 
Furthermore, the time shift in the peaks indicates the position of the sensors on the bridge and 
the influence length. 

2.2 Axel Load features 

The information about the loads is measured using the system Argos INSTANT by HBM in 
an, especially for this project designed, li ghtweight configuration. Argos INSTANT is able to 
measure dynamic forces exerted by the vehicles on the rail. In further processing these 
measurements are in turn used to determine train and vehicle weights. For this purpose, 
specially engineered sensors are clamped on the rail. There is no mechanical modification or 
alteration of the rail. The running behaviour of vehicles is not influenced. 
The special variant used here is a lightfast installation with 4 sensors that are placed in 2 
sleeper bays (See following figure). The main purpose for such a configuration is to measure 
overall load collectives of the passing trains. It is important for the gap between the sensors 
to be at least 2 sleeper-bays. 

 
Figure: Layout of the sensor positions on the rails per track. 

The basic properties for the system is an accuracy class for train and vehicle weight of 
typically 8% and for the vertical quasi-statically axle force of typically 10%. The measuring 
of the speed for each vehicle between 5 and 200 km/h is achieved with an accuracy of +/-2 
km/h. 
The system can determine the train composition through analysis of the axle patterns. Hence 
type of locomotive, type of wagons and type of passenger coaches can be identified. This is 
an important feature to enable the statistical approach for data analysis described later. 
In general, the measurement process works the following: a crossing train triggers a 
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measurement. Once the train has passed the measured time series are saved and an automatic 
post processing-analysis is initiated. The analysis program is a Windows console application 
designed for automated analysis (GAST). The results are saved in textual and XML-Format. 
All the programs steps are logged in the GAST.LOG file. The variables that have been 
determined are stored in an XML file, that is used for transmission of the data. In addition, 
graphical reports of the evaluation are generated which are a convenient and user-friendly 
representation of the results. The following figure shows such a report. The measured vehicle 
weights, axle loads and train composition are depicted.  
 

 
Figure 4: Example for a graphical result report 

3.1 Data fusion 

The introduced features are combined in the sense of input and output data. One has to take 
into account that both data sets are measurements and underlie a relevant variance. A straight 
forward correlation of maximum axel load to maximum stress range would fail due to several 
reasons. 
First the maximum stress range (output) is variable with the component of the bridge and its 
length combined with the position of the axels in relation to the point of measurement. In a 
structural analysis, influence lines are reasonable models to represent the axel position on a 
girder provoking the associated force. These influence lines for transvers and longitudinal 
girders are applied as weighting function for convolution with the axel sequence. Obtaining a 
function with amplitudes as load per meter (input), the maximum values are correlated with 
the maximum stress-range (Fig.6). If the structure is linear this yields a linear regression of 
the correlation from the input with the output. 
Secondly, the measurements are influenced by operational effect caused by temperature 
variations per day and per year. Especially the daily temperate range caused by air 
convection and sun radiation deviates from sensor location to sensor location, which 
increases the variance of the measurements. These phenomena are illustrated in a low 
variance by measurements at night and strong variance on sunshiny days. 
Best results can be achieved when data are clustered in sets with equal axel load pattern. A 
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very big benefit of the axel load identification system is the database of confirmed vehicles. 
From the training data of the first month, 4 configurations of passenger coaches and 2 
configuration of cargo trains are identified, which are recurring every day and are applied for 
the data clustering. Furthermore, simultaneously passings of two trains on the bridge, 
resulting in outliers in the stress range, are filtered as well. 
Illustrated are the stress range and the clustering of equivalent train configurations 
exemplarily for a sensor on a transverse girder (U) in Fig. 5. In Fig. 5a the blue points refer to 
one train passing and the coloured markers refer to a distinct cluster. The red and magenta 
markers are light passenger coaches with 10 axels, the green and cyan markers refer to 
different types of locomotives with 5 and 7 passenger wagons and the black markers refer to 
cargo trains with 25 coal wagons with a single or double traction.  
 

 

 

 

Figure 5: Stress range data of a strain sensor on a transverse girder: (a) details of 11 months of train passings 
with the marked train configurations and (b) mean values of each month and cluster. 

As depicted in Fig. 5 the uniform and precise stress range for each train cluster is very 

stess range, 
light passenger choach with traction 
Double ligtht passanger choaches with traction 
1044 locomotve + 4 to 6 passanger wagons (25m) 
1016 locomotive + 7 passenger wagons (25m) 
1044 locomotive + 20 to 26 iron ore / coal wagons (18m) 
2 x 1044 locomotives + 20 to 26 iron ore / coal wagons (18m) 

(a) 

(b) 
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explicitly demonstrated. Although the stress range for train passings on this sensor point 
ranges from about 60 to 220 µm/m, the mean values and variance of the cluster data persist 
on a defined level. This characteristic is very distinct for passenger trains. However, cargo 
trains vary with their loading. An influence of operational effects is very low on the data of 
Fig. 5 because hardly any deviations are evident in the course of one year. Finally, the 
training data of the train clusters are a very reliable source of identifying deviations in the 
stress range for each of the 30 sensor points. 

3. RESULTS OF ONE YEAR MONITORING 

In July 2015 the data collection started and monthly reports have been prepared. The traffic 
on this rail rout in the centre or Austria, leading from the South (Slovenia) to the North 
(Germany and Czech Republic) is remarkable. During a week the mixed traffic of cargo and 
passenger trains, counts in average 95 trains per track and day which sums up to 2500 trains 
per month and track. The climate in this alpine region provoked temperatures of the steel-
structure from 34.5°C in August 2015 to -8.4°C in February 2016. 
Data according to the axel load monitoring remain very stable for track 2. Track 1 showed 
slight discontinuities due to maintenance work on the ballast in the area of the sensors in mid-
October 2015. The axel load system operates in a light version for this application which 
resulted in a reduced and accepted accuracy (± 5%) in the determination of the axel loads due 
to a minimum number of sensors on the rails for an application on a curved track. 
Baseline data of all strain gage sensors were recorded in August 2015 and a monthly 
evaluation of possible deviations has been established. For each sensor a regression model is 
deviated from the baseline data and from the monthly data. Consequently, the monthly 
evaluation is accomplished by the comparison of the obtained linear models as illustrated in 
Fig. 6. 
 

 

 
Figure 6: Results from the sensor feature evaluation according to 6 axel load patterns, monthly mean and the 

according regression of data in February 2016 in compression with baseline data from August 2015, (a) and (b) 
refer to a transverse girder data (global sensor), (c) and (d) refer to a crack data (local sensor) 

(b) 

(c) 

reg. mod. Aug. 15 
reg. mod. Feb. 16 

reg. mod. Aug. 15 
reg. mod. Feb. 16 

(a) 

(d) 
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It is easy to observe, that the results from a global sensor on the flange of a transverse girder 
has no deviation from month to month (Fig. 6a, b). The condition of the girder is unaltered in 
the course of a year and operational effects are insignificant. Different could be concluded for 
a sensor monitoring the proximity of a crack. In Fig. 6c and d the deviation is obvious and a 
decrease of 20% in the stress range from August to January is observable. This property 
provoked a visual inspection in October 2015 but no changes in the crack length could be 
observed. At this point in time it was assumed, that the deviations according to temperature 
effects due to thermal stress and expansion are significant for the crack monitoring. 
Furthermore, the assumption was made that amplitudes decrease till the minimum 
temperatures in winter and will increase till summer. This thesis was confirmed as depicted 
in Figure 6c. 
The described effect is observable only on 5 of 20 crack sensors and is linear with the 
temperature (approximately 0.7µm/°C). At all 30 sensor locations data were collected 
without loss of data and no crack growth is concluded. The bridge is operated safely till the 
end of August 2016 when it will be replaced by a new modern one. 

9. CONCLUSIONS 

Accurate information about the condition of the bridge is achieved by clustering the date 
according to axel loads to identify equal train configurations. The general architecture of the 
monitoring system presented, makes it suitable as a blue print to realize SHM-solutions for 
similar application scenarios. Monitoring stress deviations with strain gauge sensors for this 
civil SHM application has demonstrated a precise and reliable indicator even by collecting 
data over a year under environmental conditions. Operational effects have been taken into 
account, but the baseline data have to enfold at least 3 months of data. 
The extension of axel load data to the feature extraction procedure has a huge impact in the 
evaluation of data, emphasising the meaning of condition monitoring in the sense of periodic 
returning loads. Although the evaluation in this application is mostly automated the next step 
for future developments is an automated design of a smart waring procedure for a save 
operation of traffic routs. 
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