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Abstract 

In many of the so called developed countries a large amount of infrastructure has been established, which have 

been designed safe life, if a finite life has been considered. Strictly following a safe life approach requires such 

infrastructure to be taken out of service once this finite life comes to an end. This is however economically often 

not possible, since most of the infrastructure has become an asset of indispensable use. Taking advantage of a 

material’s scatter in fatigue life however requires a more profound assessment of a structure in terms of the loads 

applied and the resulting degree of damage it can tolerate, how its current damage condition can be assessed and 

how its residual life can be estimated. This article provides an idea and a concept on how this can be applied for 

steel structures taking a steel railway bridge as an example. The idea in this case is based on the use of measur-

ing the electromagnetic properties at different locations of a structure and correlating those to stress, strain and 

damage distributions on the one side and performing residual fatigue life evaluations on the other allowing an 

interesting life cycle management process to be initiated. 

Keywords: non-destructive testing (NDT), structural health monitoring (SHM), magnetic testing, fatigue life 

calculation, steel 

 

 

1. Introduction 

Fatigue of engineering structures has been an issue from an engineering design point of view 

for around 150 years now. The lifetime of materials being subject to repeated mechanical 

loads is limited. There are numerous examples in engineering including civil, mechanical, 

power, offshore, automotive, naval, aeronautic or railway where fatigue-induced material 

failure of components has caused significant cost and claims and in the worst case even fatali-

ties. 

To assess an engineering structure the loading conditions as well as the geometry and the ma-

terial used have to be known. This information may be retrieved from design documents. 

However, if this information is not available the estimation of the structure’s residual has to 

be retrieved by other means. One of those means and methods being able to determine stress-

es as well as damage conditions specifically in ferromagnetic materials is electromagnetics. 

This is therefore an interesting option to be included in a structure’s life cycle management 

process. It allows the understanding of a material’s loading and hence stress state, its micro-

structure and the changing processes due to quasi-static as well as cyclic fatigue loading to be 

obtained. The consequential fatigue behaviour as well as the damage process is a function of 

the applied loads, the geometry and the chemical and physical properties of the material con-

sidered. Classically the material response is characterized by the portion of elastic and plastic 

strain depending on the loading parameters and the stage of the fatigue damage progression. 

However there may be parameters being more sensitive than those classical parameters with 

regard to damage which may be used instead. 
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Within the following a first attempt is described where an ageing railway steel bridge is ana-

lysed with regard to its load distribution and damage condition using electromagnetics based 

inspection techniques and where the results obtained are then intended to be used for perform-

ing residual fatigue life assessment. 

 

2. Electromagnetic Techniques for Stress and Damage Measurement 

In a variety of different studies electromagnetism with has been proven as a powerful tool for 

fatigue damage assessment (i.e. [1-3]). An approach with a resulting hardware device to be 

used is the 3MA approach, which has resulted in an experimental equipment such as 3MA [4] 

or MikroMach [5]. MikroMach being used here is a handheld device of which the principle is 

shown in Fig. 1. It consists of a yoke, an actuation coil, a Hall sensor, a power generator and 

the respective electronics and is linked to a laptop from which the device is controlled and 

data are processed and visualised. The four electromagnetic methods being considered include 

multi-frequency eddy current impedance, incremental permeability, Barkhausen noise and  

 

Figure 1: MikroMach system for electromagnetic characterisation and principle 

 

higher harmonics analysis all being described in further detail in [4]. Those methods will al-

low the structural materials damage condition to be assessed already at a sub-microscopic 

stage of cracking. MikroMach allows quick characterization of ferromagnetic materials by 

measuring up to 42 magnetic parameters from the four different electromagnetic methods, all 

of which are performed with one compact sensor. Figure 2 (right) gives an example of how 

three of those parameters are determined from a Barkhausen noise curve: the maximum noise 

amplitude Mmax, the full width at half maximum of the noise curve FWHM, and the coercive 

field strength Hc. By specific mathematical methods (i.e. pattern recognition, regression anal-

ysis), the measured magnetic values can then be calibrated to represent in principle a property 

(i.e. mechanical) that will have an influence on the magnetic properties, such as hardness, 

residual stresses, dislocation density etc..  Mechanical and magnetic properties of ferromag-
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netic materials are related to each other. E.g. the Bloch wall jumps, which are the origin of the 

Barkhausen noise are determined by the density of defects and especially dislocations. So it is 

possible to indirectly measure mechanical properties such as hardness, residual stresses, ten-

sile strength etc. through magnetic methods. For this purpose, MikroMach’s measuring soft-

ware MMS can perform calibration using advanced mathematical methods like pattern recog-

nition and regression analysis. 

 

Figure 2:  Left: A MikroMach measuring system, consisting of sensor, battery and measuring computer. ! Right: 

A schematical Barkhausen noise curve with selected measured parameters. M: Barkhausen noise 

amplitude; H: exterior magnetic field. 

 

3. Assessment of Railway Steel Bridge 

 

3.1 Measurement Techniques 

The single-track steel truss railway bridge over the Żerański canal in Nieporęt, Poland is 

about 50 years old (see Fig. 3). Traffic is low with just three passenger trains and about three 

or four freight trains and locomotives a day currently, which leaves enough time for meas-

urements. This bridge is a particularly interesting object because its mechanical behaviour is 

well known. It has been comprehensively characterized in the last years with details provided 

in [6–8]. Most notably, a sophisticated finite element model of the bridge comprising 16 000 

elements was built as shown in Fig. 3. The model was experimentally verified by strain and 

acceleration measurements during controlled excitation (the accelerometers can still be seen 

in Fig. 3 in the middle of the diagonal beams). Because of all this experience and detailed 

knowledge available, this bridge was selected as a characterization object in order to be able 

to verify results measured so far. 

Three kinds of magnetic measurements were carried through: 1.) Single measurements at net 

weight load; 2.) single measurements during which an inspection trolley was gradually shift-

ed; 3.) continuous measurements during train passing. All measurements had more or less the 

objective to evaluate the influence of the stress distribution on the magnetic behaviour of the 

bridge material. The evaluation of other material properties by magnetic methods being relat-

ed to a structure’s material damage is a further objective of the study reported here, notably 

with regard to the residual lifetime or the degree of fatigue damage evaluation. This is another 

complex task because the parameters depend on many microstructural factors such as disloca-

tion density and distribution. Also, these factors cannot be easily simulated by numeric meth-
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ods as is the case for macroscopic stress. Therefore, if measurements cannot be performed on 

a stress-free material, the understanding of the stress and strain conditions in a structure is a 

prerequisite for a structure’s fatigue assessment to first thoroughly understand the impact of 

stress on experimental results and to be able to reproduce these effects. 

 

 

Figure 3: Steel truss railway bridge at Nieporęt (top), Poland and FEM model (bottom). 

Static measurements at constant load are one important part of this investigation. In the ab-

sence of exterior mechanical excitation, measuring effects will probably be due to the net 

weight of the bridge and the resulting stress distribution. These measurements were mostly 

performed as length scans on the upper surface of one of the two middle beams that support 

the railtrack and that run in x direction (see Fig. 4 for coordinate convention). One reason that 

this component was selected was its ease of access. As there is no need to move the inspection 

trolley, the measurements can be carried out by one single person and can be repeated at short 

notice. Also, the component is accessible over its whole length. Results from a line scan ra-

ther than from dispersed measuring spots can be easily put in relation with the bridge geome-

try (nodes, elements) and are thus easy to interpret. 

Measurements were performed between two sleepers respectively (see Fig. 5), which gives a 

total of 64 measurement points for a total bridge length of 40 meters. Each measurement was 

performed in the x and y direction and evaluated separately. 

The bridge is equipped with two inspection trolleys. The lower one, designed for overhead 

inspection from beneath the bridge, is easily accessible and has a mass of 1.3 tons. In order to 

investigate the influence of stress on the results, this trolley was placed in five different loca-

tions (see Fig. 4). For each position measurements in 11 selected sites were performed, num-

bered W1-W11 respectively. The measuring spots were all located in the first two triangles of 

the structure, inside the lower chord (W1, W3, W7, W8), on the diagonal beams (W2, W5, 

W10), on the railway carrier beam (W6, W11) and on the cross beams, close to the edge of 
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the bridge (W4, W9). 

 

Figure 4: Coordinate convention and location of trolley positions analysed 

 

Figure 5: Measurement locations along railtrack carrier beam 

Each measurement was done in two perpendicular directions. The spots were selected under 

two premises: they should not be too far away from the trolley rail (i.e. from where the stress 

is conducted into the material) and they should facilitate measurements in all three directions. 

The results were subsequently compared to finite element analysis results. 

Continuous MikroMach measurements were performed each time a passenger train was cross-
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ing the bridge. The number of these measurements is limited because the train is only sched-

uled twice a day. Freight trains would be a better alternative because they are heavier, thus 

creating a more significant stress answer in the material. A passing freight train can create 

deformations of many centimetres, which are easy to see with the bare eye. Also, freight 

trains take much longer for crossing the bridge (a passenger train takes about 12 seconds on-

ly), which would be beneficial for the statistical significance of the measurements. However, 

as the trains have no public schedules and the preparation of one measurement takes about ten 

minutes, it is not possible to take advantage of this at the moment. During the measurements, 

the train was captured with a webcam in order to determine the moment where the train enters 

and leaves the bridge (see Fig. 6). 

 

Figure 6:  Screenshot from measurement with passing train. The moving train is being captured with a webcam. 

The screen with the system time being displayed is recorded continuously in order to synchronize the 

video with the measurement. 

 

3.2 Results  

The stress distribution along the railway beam in x direction was analysed by FEM analysis 

(Fig.s 7 and 8). There are characteristic profiles, especially in σy, σz and τxy. The question was 

if these theoretical results could be reproduced by magnetic measurements. The measured 

results are shown in Fig.s 9, 10 and 11. 

The most remarkable result was that the node plates at the joints of the five truss triangles 

influence the shape of the Barkhausen profile curve so heavily that identification of the joints 

could already be seen during the measurement without additional signal processing. There-

fore, the measurement points corresponding to the node plates have been highlighted in red in 

the diagrams. This effect is visible in the characteristic widths of the Barkhausen curve, espe-

cially in DH25m. It can be seen in Fig.s 9 and 10 that the red dots in the DH25m curve (and 

to a lesser extent in DH50m and DH75m) correspond to the spikes that the σy profile displays 

in Fig. 7.  
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Figure 7: Static solution of FEM analysis along the railway carrier: normal stresses σx , σy , σz 

 

Figure 8: Static solution of FEM analysis along the railway carrier: shear stresses  τxy, τyz, τzx  

Measurements were also taken at the different sites W1-W11 indicated above for the case of 

the lower inspection trolley having been moved to the different positions indicated in Fig. 4 

and were compared to FE simulations made in parallel. It has to be kept in mind that loads 

applied are comparatively low and the resulting magnetic signals too, keeping in mind that 

those signals are subject to a large amount of scatter. A selection of promising results is there-

fore only shown at this stage in Fig. 10. More work is required to further understand the im-
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plications of those results and what effect higher loads would have on those. 

 

Figure 9:  Widths of Barkhausen noise curves measured along the span of the bridge 

Measurements made for a train passing the bridge have been made at the trolley positions P2, 

P3 and P4 as indicated in Fig. 4. Some results for five different electromagnetic parameters is 

shown for measurements taken at position P4 in Fig. 11. The dwell time of the train on the 

bridge is indicated by the red vertical lines. It can be seen that four of the parameters clearly 

indicate the train passing the bridge. To get those data now validated further FE analysis for 

dynamic loading will have to be required to fully interpret the results obtained.  

Principally in can be concluded from the preliminary results shown here that electromagnetic 

parameters can be principally used for stress, strain and load measurement even in a complex 

engineering structure. This information is useful, since it allows further assessments to be 

made with regard to fatigue damage for which a brief outlook is given below.  

 

4. Options for Residual Fatigue Life Evaluation 

Fatigue life calculations are based on fatigue-life curves (S-N or Wöhler curves) where the 

fatigue life of a service loaded component can be predicted using the Palmgren-Miner damage 

accumulation rule. This rule principally assumes damage to accumulate in a linear fashion, 

which has been known to be incorrect for many years. However there is hardly an alternative 

to this assumption as long as the materials’ mechanics is not sufficiently well understood. 

It is therefore the challenging aim to use non-destructive testing (NDT), e.g based on magnet-

ic methods, to characterize a metallic material’s microstructure. Scans over a defined surface 

of the component considered could, in conjunction with an appropriate NDT parameter, more 

realistically characterize the structural metallic component’s damage condition which is far 

from a linear assumption. This information will have two benefits: a) to more precisely assess 

the structural component’s residual life and b) to feed the information recorded back into a 
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specific database or a fatigue life calculation such as PHYBAL [2]. 

 

Figure 10:  Some promising electromagnetic measurements made (left) compared to simulations (right) at diffe-

rent different sites of the bridge: W5 (top), W2 (middle) and W1 (bottom) 
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Figure 11:   Results from measurements in measuring spot P4. The dashed red lines indicate the time when the 

train was on the bridge. A3: amplitude of the 3
rd

 upper harmonic; K: Harmonic distortion; Hco: Co-

ercive field strength determined from harmonic analysis; Hro: Summation of the upper harmonics of 

at zero-crossing. Hcm: For comparison, the coercive field strength as determined by Barkhausen noi-

se analysis is shown. This method, unlike harmonic analysis, yields no valid result for this measu-

rement. 

The fatigue behaviour of metallic materials is usually investigated by stress-strain hysteresis 

measurements. In addition, temperature [9–11], electrical resistance [10–14] and electromag-

netic measurements [15–17] can also be used for the characterization of the cyclic defor-

mation behaviour of metallic materials and steels. These methods indicate fatigue damage 

significantly earlier than state-of-the-art strain measurements. Also, they can be applied dur-

ing service loading and do not require specimens with a standardized gauge length. 
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Besides for the estimation of the endurance limit, the slope of the Wöhler curve (S-N curve) is 

of main importance for the reliable material selection and the fatigue-resistant dimensioning 

of complex components, e.g. bridges or buildings. Therefore, the physically based fatigue life 

calculation method (PHYBAL) has been developed and applied for different unalloyed, me-

dium and high-alloyed carbon steels as well as cast irons and light-weight materials. PHY-

BAL is a short-time procedure for the calculation of the stress-strain curves as well as the S-N 

curves of metallic materials, only based on three fatigue tests on unnotched specimens. This 

method reduces by about 90 % both the time and cost of experimentation compared to con-

ventional approaches and provides remarkable scientific and economic benefits. These mate-

rials’ data generated constitute a significant basis for the assessment of any structural compo-

nent, even when being loaded randomly. 

The first step of the PHYBAL calculation is a stepwise or continuous load increase test (LIT), 

which provides the basic information regarding the respective load levels resulting in first 

plastic deformations and in final specimen failure. The stress amplitude σ
a  leading to first 

plastic deformations can be used for the estimation of the endurance limit of the material. This 

estimation shows a really good agreement with conventional statistically evaluated fatigue 

strength and falls into the range of 90–95 %. 

Following the PHYBALLIT approach, two constant amplitude tests (CATs) are performed in a 

next step slightly above the estimated endurance limit and slightly below the stress amplitude 

that led to the specimen failure in the LIT, respectively. The results of these two CATs in a 

defined fatigue state serve as reference points for the forthcoming fatigue life calculation. 

The power law according to Morrow can be used to describe cyclic stress-strain (CSS) curves 

of load increase tests and constant amplitude tests. To include additional quantities besides the 

plastic strain amplitude, like temperature, electrical resistance or magnetic values, the power 

law can be generalized with the cyclic hardening coefficient !K
M

 instead of !K , the cyclic 

hardening exponent !n
M  instead of  !n  and the measured values M instead of the plastic strain 

amplitude εa,p : 

σ
a
= !K ε

a,p( )
!n

→ σ
a
= !K

M
M( )

!nM
(1)  

The Basquin equation, which correlates the stress amplitude σ
a  with the number of cycles to 

fracture Nf, can be generalized similarly to (1) by introducing a modified fatigue strength co-

eficient !σ f ,M  
instead of  !σ f  and a fatigue strength exponent bM instead of b: 

σ a = !σ f 2N f( )
b

→ σ a = !σ f ,M 2N f( )
bM

(2)  

According to Morrow, the fatigue strength exponent bM can be calculated using the cyclic 

hardening exponent !n
M

: 

b =
− "n

5 "n −1
→ b

M
=

− "n
M

5 "n
M
+1

(3)  

With the cyclic hardening exponent !n
M  (1) and the fatigue strength exponent bM  (3) and 

with the  σ a − N f  relation of one CAT, the fatigue strength coefficient !σ f ,M  
(2) can be deter-

mined and the Wöhler curve can be calculated as follows: 
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N f = 0.5
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bM

(4)  

Fig. 12 shows an example of conventionally determined lifetimes from the two CATs, com-

pared to the PHYBAL calculation for normalized SAE 1045 steel. This diagram provides a 

first view into the very good match of the PHYBAL approach with experimental data and can 

be transferred to other measurement techniques e.g. based on magnetics and other materials, 

e.g. S235, a common steel in the field of civil engineering. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Experimental lifetimes (CATexp.) and PHYBAL curve calculated based on the change in temperature 

for normalized SAE 1045 steel 

Within the next step, it is planned to integrate the magnetic parameters evaluated by means of 

MikroMach into the PHYBAL approach. By reaching this aim, residual life assessments of 

structural metallic components could be determined in a most unique way by simply scanning 

a structural metallic component’s material condition through a magnetic sensor and feeding 

the information recorded back into a numeric fatigue life evaluation procedure based on a 

PHYBAL database. To make this database available, LITs and CATs will be performed and 

the fatigue behaviour will be characterized based on MikroMach measurements providing the 

input parameters for the fatigue life calculation. Due to the fatigue-sensitiveness of electro-

magnetic measuring methods, this parameter can be a characteristic magnitude such as the 

Barkhausen noise amplitude, the maximum incremental permeability, the eddy current im-

pedance etc. In case original material from the bridge is not available, the material has to be 

characterised in situ as well if possible (e.g. by mobile hardness measurement, spark erosion 

spectroscopy etc.) and a model material will be used for the fatigue tests. 

The high potential of magnetics with respect to the fatigue-sensitive characterization of the 

cyclic deformation behaviour has already been shown. Fig. 13 shows the cyclic deformation 

behaviour for quenched and tempered SAE 4140 steel under a constant stress amplitude of 

620 MPa in terms of the plastic strain amplitude εa,p  as well as the electromagnetic imped-

ance ZGMR. ZGMR, obtained from a giant magnetoresistor, already shows an increase in the 

slope at 5·10
3
 cycles, which is presumably related to first dislocation reactions before first 

microcrack formation as well as propagation processes appear. εa,p does not increase until 

1.6·10
4 cycles due to the advanced formation of microcracks followed by macrocrack propa-
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gation. 

 

 

 

 

 

 

 

 

Figure 13. Cyclic deformation curves for constant amplitude loading on the basis of plastic strain amplitude as 

well as electromagnetic impedance for quenched and tempered SAE 4140 

The expected result will be a life cycle management method for components as well as ageing 

infrastructure. This becoming successful will be a paradigm shift never seen before. 

 

5. Conclusions 

The study presented here is a first approach on how to characterise an ageing engineering 

infrastructure made of a ferromagnetic material using electromagnetic techniques. Those elec-

tromagnetic techniques can be used to determine stresses and strains at virtually any locations 

on the structure considered and can also be used for validating numerical calculations. It can 

be further used as a local load spectrum generator to be used for fatigue life evaluation. Com-

bined with materials’ fatigue data determined with a procedure such as the PHYBAL ap-

proach a solution is provided that allows those data to be generated in a most efficient way. 

Relating this approach even to electromagnetics data will virtually allow a structure’s damage 

condition to be determined in a sub-microscopic cracked condition. This is a significant pro-

gress compared to state of the art techniques since it may allow the real damage conditions of 

a structure to be determined not having to consider the linearity of a Palmgren-Miner damage 

accumulation rule. 

Besides proving the approach in further detail much effort will also have to be placed in fur-

ther analysing the electromagnetic signals from a pattern recognition as well as from a statis-

tics point of view.  

 

Acknowledgement 

The research leading to these results has received funding from the People Programme (Marie 

Curie Actions) of the European Union’s Seventh Framework Programme FP7/2007-2013/ 

under REA grant agreement No 284995. 

 

 

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



References 

1. P. Starke, F. Walther, D. Eifler, “New fatigue life calculation method for quenched 

and tempered steel SAE 4140”, Mat. Sci. Eng. A., 523(1-2), 246-252, 2009  

2. P. Starke, F. Walther, D. Eifler, ‘‘PHYBAL’’ a short-time procedure for a reliable 

fatigue life calculation”, Adv. Eng. Mater., 12(4), 276- 282, 2010 

3. C. Boller, P. Starke, G. Dobmann, C.-M. Kuo, C.-H. Kuo, Approaching the assess-

ment of ageing bridge infrastructure, Smart Structures and Systems, 15(3), 593-608, 

2015 

4. I. Altpeter, R. Becker, G. Dobmann, R. Kern, W.A. Theiner, A. Yashan, Robust solu-

tions of inverse problems in electromagnetic non-destructive evaluation, Inverse prob-

lems, 18, 1907 – 1921, 2002 

5. K. Szielasko, Entwicklung messtechnischer Module zur mehrparametrischen elektro-

magnetischen Werkstoffcharakterisierung und –prüfung; doctoral thesis, Saarland 

University, 2009 (in German) http://scidok.sulb.uni-saarland.de/volltexte/2009/2412/  

6. P. Kołakowski, A. Mróz, D. Sala, P. Pawłowski, K. Sekuła, A. Świercz . Investiga- 

tion of Dynamic Response of a Railway Bridge Equipped with a Tailored SHM Sys-

tem. In: Key Engineering Materials 569-570 (2013), Juli, 10681075. 

http://dx.doi.org/10.4028/www.scientific.net/KEM.569-570.1068. DOI 

10.4028/www.scientific.net/KEM.569-570.1068. 

7. K. Sekuła, P. Kołakowski, Piezo-based weigh-in-motion system for the railway trans-

port. In: Struct. Control Health Monit. 2012; 19:199–215. 

8. P. Kołakowski, J. Szel, K. Sekuła, A. Świercz, K. Mizerski, P. Gutkiewicz, Structural 

health monitoring of a railway truss bridge using vibration-based and ultrasonic me-

thods. In: Smart Mater. Struct. 20 (2011) 035016 (10pp). doi: 10.1088/0964- 

1726/20/3/035016 

9. G. Meneghetti, ‘Analysis of the fatigue strength of a stainless steel based on the ener-

gy dissipation’, Int J Fatigue 2007;29(1):81–94  

10. D. Dengel, H. Harig, ‘Estimationofthefatiguelimitbyprogressively-

increasingloadtests’, Fatigue Fract Eng M 1980;3:113-128. 

11. M. Schelp, D. Eifler, ‘Evaluation of the HCF-behavior of SAE 4140 by means of 

strain, temperature and electrical measurements’, Mat Sci Eng A 2001;319-321:652-

656.  

12. J. Polák, ‘Electrical resistivity of cyclically deformed copper’, Czech J Phys B 

1969;19(3):315–322.  

13. B. Sun, L. Yang, Y. Guo, ‘A high-cycle fatigue accumulation model based on electri-

cal resistance for structural steels’, Fatigue Fract Eng M 2007;30(11):1052–1062.  

14. G. Biallas, A. Piotrowski, D. Eifler, ‘Cyclic stress-strain, temperature and stress-

electrical resistance response of NiCuMo alloyed sintered steel’, Fatigue Frac Eng Mat 

Struct 2007;18(5):605-615.  

15. I. Altpeter, R. Tschuncky, K. Hällen, G. Dobmann, C. Boller, M. Smaga, A. Sorich, 

D. Eifler, ‘Early detection of damage in thermo-cyclically loaded austenitic materials’, 

16th Inter- national Workshop on Electromagnetic Non-destructive Evaluation, 10.–

12. March, India, 2011:130-139.  

16. G. Dobmann, ‘Zerstörungsfreie Prüfung von Werkstoffen und Bauteilen’, Handbuch 

Leichtbau: Methoden, Werkstoffe, Fertigung, 2011:1091-1137. (in German) 

17. G. Dobmann, A. Seibold, Nuclear engineering and Design 1991;130:347-358.  

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany


