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(a) (b) 

(c) (d) 

 

 
(e) (f) 

 

Fig. 2.1: (a) Principle of mesurment of strain profile variations. (b) The device during testing and calibration in the laboratory. (c) 
Bottom view and (d) elevetions of the strain profile monitoring device. (e) Longitudinal section and (f) cross-section of the 

underpass with the installed device. 

It is believed that this EMI is caused by electric currents traveling in the rails. It seems that the mere 
movement of a train on the track several kilometers away from monitoring system may result in significant 
EMI as explained in [12]. A similar type of EMI in the function of an automated railway traffic regulator 
is reported in [13]. On the other hand EMI is not reported in recent works dealing with monitoring of 
electrified railway bridges using strain gages [2, 4]; this may be due to the fact that these two bridges where 
large steel structures that somehow acted as Faraday cages for the monitoring system. 

A signal recorded during and between two successive train passages during a rather noisy period is 
shown in Fig. 2.2(a). It is interesting to observe the characteristic beat form of this noise and how it remains 
unaffected by the crossing of the trains. A fast Fourier transform (Fig. 2.2(b)) of the above signal reveals 
that this noise has a very distinct nature and consists of a superposition of harmonics spaced at approxi-
mately 33.4 Hz, exactly two times the frequency of the electric current used by the Swiss Federal Railways 
(16.7 Hz). It is interesting to observe that it is the higher harmonics ( 83.5Hz) which mainly contribute to 
the noise while the lower ones, although observable in this particular graph, are very often hidden among 
the contribution of other frequencies. 
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results because of the presence of noise. It is therefore examined in the following whether further filtering 
can be justified for the indirect signals. 

 
(a)                      passenger train without defective wheels  (b)                       passenger train with two defective wheels 

(c)                     freight train  (d)  comp. passenger trains with and without defective wheel    

Fig. 2.3: FFT spectra of strain variation in the longitudinal (principal) reinforcment from train types passing on track 1 (over the 
monitoring point). (a-c) in order of appearance: a passenger train with a four axle locomotive, the same type of passenger train with 
two defective wheels, a freight train with a six axles locomotive. Black line: direct signal; red line: indirect signal. (d) Comparison 
of the direct signal FFT spectra for the passenger trains with and without defective wheel; black line: without defective wheel; red 

line: with defective wheels. 

The vibrations of the trains are in the range of frequencies between 0 and 10Hz. On the other hand, 
vibrations of the track in the range of 20 to approximately 75Hz are mainly due to the successive passage 
of the wheels over the sleepers, and occasionally by the periodic impact of a defective wheel on the rail 
[14]. The local perturbations indicated by arrows in Fig. 2.4 and 2.5 are probably due to the passage of 
defective wheels. If this is true, cars with defective wheels can easily be identified by a carful macroscopic 
examination of the 75Hz-low-pass-filterd signals (either direct or indirect). These defective wheel induced 
vibrations are the only track vibrations that have been observed to have a significant impact on the peak 
values of the reinforcement strain. This means that an additional low-pass filtering down to 20Hz does not 
significantly affect the peak values of the signal except in the cases of a flat wheel. In Fig. 2.3(d) the FFTs 
of a train signal without flat wheels and a train of the same time with two flat wheel are compared. It can 
be seen that the presence of the defective wheels results in an enhancement of the frequency content in the 
region around 50 Hz. It is probably by coincidence that the frequencies resulting from the wheel out of 
roundness coincide with the band of EMI-induced frequencies in that region. It is also interesting to mention 
that flat wheel effect is in general less pronounced during the crossings of the heavier trains. 

It is therefore suggested that the signals obtained by the device be filtered with a low pass filter at 20Hz 
before used for structural examination purposes. The effect that this further filtering has on the accuracy 
and precision of the monitoring scheme is discussed in detail in Section 2.3.1. 
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(a)      Passenger train direct signal  (b)     Passenger train indirect signal 

(c)         Freight train - direct signal (d)        Freight train - indirect signal 

Fig. 2.4: Variation of strain in the longitudinal (principal) reinforcment from trains passing on track 1. Black line: band-stop filtered 
signal for elimination of EMI above 83.5 Hz; red line: 75 Hz low-pass filtered signal. 
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(a)      Passenger train direct signal  (b)     Passenger train indirect signal 

(c)         Freight train - direct signal (d)        Freight train - indirect signal 

Fig. 2.5: Variation of strain in the longitudinal (principal) reinforcment from trains passing on track 1. 75 Hz low-pass filtered sig-
nal; red line: 20 Hz low-pass filtered signal. 

2.3. Results and discussion 

2.3.1. Evaluation of the monitoring scheme 

In Fig. 2.6 and Fig. 2.7 the signals recorded directly on the bars and filtered with a low pass at 75 Hz–
the “direct method” –are compared to the signals of the strain at the level of the bars as calculated from the 
measurements on the device and filtered with a low pass filter at 20 Hz–the “indirect method”. Fig. 2.6 
refers to the longitudinal (principal) reinforcement, while Fig. 2.7 refers to the transvers reinforcement. The 
signals correspond to the most common types of trains passing either on track 1 (over the point of meas-
urements) or on track 2–in the following each train passage is referred to as “traffic incident”. It can be 
observed that for all the types of traffic incidents, the two signals follow closely each other. The only ex-
ception is in the case of flat wheels (Fig. 2.6(d) and Fig. 2.7(d)). 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

(g) (h) 

Fig. 2.6: Variation of strain in the longitudinal (principal) reinforcment. Black line: direct method; red line: indirect method. (a-f) 
Tains  passing on track 1 (over the monitoring point): (in order of appearence) a suburban train unit, an intercity train unit, a 

passenger train with a four axle locomotive, the same type of passenger train with two defective wheels (indicated by the arrows), a 
freight train with a six axles locomotive, a special convoi. (g, h) Trains passing on track 2: a freight train with a six axles 

locomotive, a passenger train with a four axle locomotive. 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

(g) (h) 

Fig. 2.7: Variation of strain in the transvers (secondary) reinforcment. Black line: direct method; red line: indirect method. (a-f) 
Trains  passing on track 1 (over the monitoring point): (in order of appearence) a suburban train unit, an intercity train unit, a 

passenger train with a four axle locomotive, the same type of passenger train with one defective wheel (indicated by the arrow), a 
freight train with a six axles locomotive, a special convoi. (g, h) Trains passing on track 2: a freight train with a six axles 

locomotive, a passenger train with a four axle locomotive. 
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Fig. 2.8(a, b) present the distribution of the difference and the ratio respectively of the maximum strain 
per incident–the incident maximum–obtained by the direct and the indirect measurement method for the 
principal reinforcement (the incident maximum is not necessarily recorded at the same time by the two 
methods). The mean and standard deviation of the distributions are also indicated in the figures. Two dis-
tributions are presented: one referring to the total population of recorded traffic incidents and one corre-
sponding to the sub-population of incidents giving a maximum strain higher than 30*10-6. The later sub-
population represents quite accurately the freight train incidents which are practically the type of incidents 
that needs to be considered in safety verifications at the ultimate limit state of fracture and fatigue. It can 
be observed that over the entire population the indirect measurement tends to give slightly larger incident 
maxima than the direct method by 3% (0.5 μm/m) on average. This tendency is more pronounced in the 
subpopulation of freight trains for which the indirect method gives on average values larger by 8% (3 
μm/m). Similar characteristics are observed for the transverse reinforcement. 

The origins of this discrepancy observed in the higher loads could not be identified and is neither clear 
whether one of these methods is substantially more accurate than the other so that it can be used as a refer-
ence. At least a part of this discrepancy is due to the higher noise of the indirect signals which remains 
present in frequencies below 20 Hz. In any case these differences are barely larger than the precession of 
the strain gages which is in the order of 1μm/m. 

Since it is the subpopulation of freight train incidents that is critical for structural verifications (at both 
the ULS of fracture and the ULS of fatigue), the precision of the proposed monitoring scheme, with respect 
to the incident maximum of strain in the reinforcement, can be taken, in the context of a probabilistic mon-
itoring based verification procedure, as ±10%. This value is obtained as ±1.65 times the standard deviation 
of the ratio of incident maxima for the freight train subpopulation (Fig. 2.8(b)) and corresponds to the 90% 
of measurements. This value is in any case an upper bound of the real precision since it is assumed that the 
statistical variation is entirely due to random error of the proposed scheme (i.e. that the measurements 
directly on the bar are absolutely correct). Besides that, the precision with respect to incident maxima of 
curvature is expected to be lower because the effect of the factors that influence in the same way the meas-
urements on both strips is mutually compensated (the measurements on the two strips are subtracted for the 
calculation of curvature). 

(a) (b) 

 

Fig. 2.8: Distribution of the difference (a) and ratio (b) between the incident maxima of strain at the level of the longitudinal 
(principal) reinforcement as obtained by the indirect and the direct method. Gray solid bars: distribution in the entire population of 

traffic incidents; Red outlined bars: distribution in the heavy freigt train subpopulation. 

To conclude this section, it can be said that the developed monitoring provides a rather accurate picture 
of the structural response with respect to both the action effect incident maxima–relevant to verifications at 
the ULS of fracture–and the number and amplitude of cycles, relevant to damage accumulation verification. 
However, since signal flittering constitutes a potential source of inaccuracy, in a future application of this 
scheme additional measures have to be taken in order to: (a) reduce electromagnetic interference and (b) 
stiffen the strips of the device. These measures will enable to reduce noise and undesired amplifications 
and eliminated or reduced the need for filtering the signals. 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Fig. 2.9: Comparaison of recorded strain histories with calculated histories. Black line: recorded signal; red line: calculated history 
(indirect method). (a-b) signal on the longitudinal (principal) rainforcement for an intercity train unit (a) and a freight train (b), (c-d) 
signal on the transvers (secondary) rainforcement for an intercity train unit (c) and a freight train (d) (not the same incidents as in (a) 

and (b)), (e-f) the load patterns used in the calculation (dimensions in m). 

 
Fig. 2.10: Distribution of a unit axle load on the nodes of the finite element model (dimensions in m). 
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where   and  are the nominal (remote) stress and strain in the bar,  and  are the local stress and strain at 
a given point in the vicinity of a stress concentration and  is the stress concentration factor for the same 
point. 

Because the nominal stress strain relationship is required to remain elastic in service conditions the rela-
tion can be equivalently written as  

 (4.6) 
(a) 

 

(b) (c)

 (d) (e)

Fig. 4.1: (a) Axisymetric FE model used for the calculations of stress distribution at the root of the rib. (b) Axial stress in the direction 
of the axis of the bar (vertical direction on the figure). (c) Von Mieses equivalent stress. (d) Axial stress in the direction of the radious 

of the bar (horizontal direction on the figure). (e) Shear stress. 

Hence, by virtue of the above principle, the local loading conditions are power controlled independently 
whether the global loading is stress or strain controlled. 

Furthermore, according to the finite volume theory of Taylor [12] (later extended for multiaxial fatigue 
situations by Susmel and Taylor [13] and Susmel [14]) the elastic stress concentration factor that has to be 
used for fatigue calculations is not the factor that corresponds to the point of the maximum elastic stress on 
the surface of the element (generally referred as theoretical stress concentration factor ) but an “average” 
value of this factor over a characteristic volume around the point of maximum elastic stress. This representa-
tive factor is generally referred as fatigue stress concentration factor . Taylor proposes various methods 
for defining  among which the simplest, still quite efficient, consists in taking it equal to the stress concen-
tration factor at the center of this characteristic volume. (Another finite-volume-energy based approach has 
been proposed by Lazzarin and Zambardi [15] and applied to welded structure by Berto and Lazzarin [16]). 
The size of this volume is considered as a material property which in general can be thought as a measure of 
the microstructural inhomogeneity of the material. The classical definition of this characteristic size is given 
by El Hadad [17] as 

 (4.7) 

where  is the threshold value of the stress intensity factor cracks do not propagate and  is the fatigue 
limit of the material. However, since the notion of fatigue limit is sometimes questionable, fatigue limit is 


























































































































