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Figure 1.1  Types and possible causes of unevenness and measuring methods developed to assess 
them.
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Figure 1.2  Methodology of the monitoring methods development process.





Figure 2.1. Traffic loading caused by a vehicle and factors influencing it (modified from Ehrola 
1996). 
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Figure 2.2. Distribution of vertical loading via rail on sleepers (Holm et al. 2002  Profillidis 
2000). 



Figure 2.3. Environmental loads on the road structure (Doré  Zubeck 2009). 



Figure 2.4. General process of frost heaving for roads (Doré & Zubeck 2009). 



Figure 2.5. Strain–deformation behaviour of unbound materials under repeated loading (Huang 
2004). 
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Figure 2.6  Critical stresses on the road structure, caused by traffic loading (Doré & Zubeck 
2009). 
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Figure 2.7. Euler–Bernoulli beam on the Winkler foundation (Esveld 2001). 

p(x)

xyuxp

xp

x
u

xy

p(x)

uy
dx

ydEI

E
I
u y

y
y



x = 0, y  = 0
x = 0, y 0.5 · Qd

L
x

L
xe

uL
Q

xy L
x

d

y(x) x 

dQ
u
e
x

L characteristic length base length   

u
EIL

E I
L u

M x
EI

L
x

L
xe

LQ
xM L

x
d



Figure 2.8. Influence lines of the rail’s deflection and bending moment (Esveld 2001). 
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Figure 2.9. Rotation of principal stresses in a road structure under traffic loading (Lekarp et al. 
2000). 



Figure 2.10. Effect of water content on permanent deformations (Dawson et al. 2004). 



Figure 2.11. Schematic diagram of the effect of various structural layers on permanent 
deformations of the track (Selig & Waters 1995). 





Figure 2.12. Progressive subgrade shear failure (Selig & Waters 1994). 

Figure 2.13. Excessive subgrade plastic deformation (Li & Selig 1998). 
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Table 2.1. Limit values (mm, 5-m chord) used in track inspection for longitudinal level. 





Figure 2.14. Determination of wheel loads with the help of strain gauges attached on the rails 
(Remennikov et al. 2008). 



Figure 2.15. Wheatstone bridge connection for the measurement of wheel load from a rail. The 
numbering of strain gauges is the same as in Figure 2.14. 

Figure 2.16. Two WIM stations: bending plates on the left and piezo-ceramic strip sensors on the 
right (Jacob & Feypell-de La Beaumelle 2010). 

Falling weight deflectometer and similar measurement devices 



Figure 2.17. FWD developed by URS Infrastructure and Environment Ltd. for track use (Sharpe 
2014). 

 
quasi-static sleeper stiffness



Track loading vehicles 
 

Figure 2.18. TTCI’s track loading vehicle (Li et al. 2002). 



Figure 2.19. Principle of the BSSM measurement vehicle and its operation (Fröhling 1997). 

Accelerometer sensors 



Figure 2.20. Example of integration of the accelerometer signal into displacement. 

Figure 2.21. Accelerometer sensors installed on the foot of the rail and on the sleeper head in 
connection with the SUPERTRACK project (Supertrack 2005). 

 

  



Geophones 

Displacement measurement in relation to a reference point 

Rolling stiffness measurement vehicle 



Figure 2.22. RSMV’s structure. Left: counter weights installed above the loading axle; right: a 
close-up of the axle equipped with a hydraulic jack and instrumented with an accelerometer 

sensor and a force sensor (Berggren 2005). 

Track deflection and stiffness measurements from a track recording vehicle 



Portancemetre 

Figure 2.23. Portancemetre (Hosseingholian et al. 2011). 



TLV 

Figure 2.24. Measurement of track geometry with a chord method based on lasers (Li et al. 
2002). 

China Academy of Railway Sciences 



Figure 2.25. Chinese CARS stiffness measurement system (Wangqing et al. 1997). 

University of Nebraska 

Figure 2.26. Measurement of deflection with the help of a camera and line lasers (Norman et al. 
2004). 



Figure 2.27. Rail deflection in relation to the measurement point (Norman et al. 2004). 

SKMT 



Figure 2.28. SKMT, the Czech measurement device (Berggren 2005). 

SBB 



Figure 2.29. Swiss SBB’s stiffness measurement system (RIVAS 2013). 

Measurement based on accelerometers 

  



Traffic speed deflectometer 

Figure 2.30. Principle of TSD (Baltzer et al. 2010). 



 
Levelling 

Settlement pipe 

  



Robotic total station 

Figure 2.31. Monitoring movements of the walls of an open mine with a robotic tachymeter in 
South Africa (Zeiner 2007). 

GPS measurement 



Inclinometer 

Cable radar measurement 



Invar steel wire sensors 
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Figure 3.1. Calculating speed with the acceleration signal. 



Figure 3.2. Acceleration sensor SCA620 used to monitor a road structure. The acceleration 
sensor components are very small. In practice, the size of a sensor depends on the 

way in which it is protected. 



Figure 3.3. Installing acceleration sensors in the asphalt at a test location in Vesilahti. 

Figure 3.4. An example of using acceleration sensors to take measurements of recoverable 
settlement of a sleeper. The sensors are located outside the rails at the ends of the sleepers. 



Figure 3.5. Acceleration sensor AS-20B manufactured by Kyowa. 

Figure 3.6. Principle of a deformation sensor and its various development versions. 



Figure 3.7. (a) Deformation sensors being installed, (b) a model equipped with an inductive 
sensor and (c) a model equipped with an LVDT sensor. 





Figure 3.8. Two different MDD devices. On the left is the Dynatest version and on the right the 
schematic of CTLGroup’s version (Dynatest 2014, Weinmann et al. 2004). 



Figure 3.9. The MDD that is to be placed in the embankment is ready to be installed. 



Figure 3.10. Installing MDD. The sensor element was installed in a 50-mm hole made with a 
drill rig (on the left) and fixed to its surroundings with installation sand (on the right).  



Figure 3.11. Some of the installation phases of a sensor measuring deflections in the pavement. 



Figure 3.12. A pressure sensor circuit read through serial communication. The size of the circuit 
board is about 80 × 20 mm. The pressure sensor component itself is located at the centre of the 

circuit, and its diameter is only 6 mm. 



Figure 3.13. Measurement results from the test on the pressure sensors’ dependency on 
temperature. 



Measuring frost depth 



Figure 3.14. Ways of determining the frost line (i.e. the zero point of temperature). In option A, 
the zero point is determined based on the temperature gradient of unfrozen ground. This will 

yield a more accurate result compared with the more simple option B. 

  



Measuring frost heave 

Figure 3.15. Schematic of the automated measuring of frost heave in the structural layers of a 
track. 



 

Figure 3.16. Measuring system built to measure frost heave in the structural layers of a track. 

Deflection measurements 



Figure 3.17. Deflection of the road surface caused by a truck and measured by accelerometers  

Effect of seasonal variation on pavement stiffness 



Figure 3.18. Deflection of the road surface during the time period caused by a school bus. 

Figure 3.19. Effect of frost depth on peak deflection caused by a school bus. 



Figure 3.20. Shape of the deflection basin of the road surface with different frost depths 
measured by accelerometers. 



Vertical strain 

Figure 3.21. Measurement results of the strain sensors from the Vesilahti test site. 



Main findings 



Figure 3.22 Principle of instrumentation and sensor locations. 

Tampere-Seinäjoki line 

Table 3.1. Monitored bridges in 2008. 



Figure 3.23. Measurement results of the Tampere-Seinäjoki line. The axle load was 14 t. 

  



Seinäjoki-Oulu line 

Table 3.2. Monitored bridges in 2009. 

Figure 3.24. Example of a typical Finnish steel bridge, Ähtävänjoki bridge, over a river. 



Figure 3.25. Measurement results of bridge approach monitoring in the Seinäjoki-Oulu line. The 
axle load was 21 t. 

  



Second measurement round 



Figure 3.26. Measurement result comparison of two measurement rounds. Measurements were 
taken before maintenance in 2009 and after maintenance in 2011.

Main findings 



Figure 3.27. Instrumentation plan for Viiala’s test site. 



Figure 3.28. Layered compression of the embankment in relation to an anchor at a depth of 3 
m, determined with MDD. 

Figure 3.29. Total frost heave and frost heave between 0.5 and 1.0 m measured with MDD, and 
the adjacent sleeper’s total frost heave measured with a displacement sensor. 

 



Main findings 

Figure 3.30. Sensor locations at the beginning of the Stynie Wood tests (Vuorimies et al. 2012). 



Figure 3.31. Displacement between strain gauge plates after each pass of the trucks (Vuorimies 
et al. 2012). 

Figure 3.32. Effect of the driving line on strains caused by the steering axle wheels. The colours 
indicate different wheel loads (Vuorimies et al. 2012). 



Figure 3.33. Effect of the driving line on strains caused by the dual wheels with variable loads 
and tyre pressures (Vuorimies et al. 2012). 

Main findings 



Figure 3.34. The settlement pipe being installed. 



Figure 3.35. One of the embankment settlement’s measuring points for levelling. 

Figure 3.36. Vertical position of the settlement pipe’s sensors in relation to the rail. 



Figure 3.37. Winter-season settlements according to the settlement pipe. 



Figure 3.38. Effect of a sizeable daily temperature variation to the settlement pipe’s 
measurements.

True settlement of the embankment 

Figure 3.39. Comparison between the results from the levelling and the settlement pipe between 
6/2009 and 6/2012. 



Figure 3.40. Measurements from the settlement pipe at Paimio’s monitoring site after five years 
of monitoring. 

Main findings 



Figure 3.41. Water content sensors, ready-to-install sensor elements and the installation hole 
being filled with sand. 



Figure 3.42. Locations of the frost monitoring stations (Pylkkänen et al. 2014). 



Figure 3.43. Measurement results from Kitee’s frost monitoring station. 

Figure 3.44. Measurement results from the frost monitoring station in Varkaus. 



Figure 3.45. Measurement results from Tornio’s frost monitoring station. 

  



Main findings 







 

Figure 4.1. The Stiffmaster, a continuously operating measuring device for track stiffness. 



Figure 4.2. Schematic of the continuously operating stiffness measuring device. 

Figure 4.3. Schematic of calculating recoverable deflection. 



 



Figure 4.4. The measuring device’s attachment to the TKA7’s axle on the unsprung mass. A 
specifically designed mounting adapter is used, attached to the locomotive’s transmission. 



Figure 4.5.Calibrating the measuring device with a video camera. For this measurement, the 
device was calibrated by filming the deflection caused by a heavy axle at a known point in the 

track. 



 

Figure 4.6. Effect of a wide deflection curve on the measurements. 

    
  
  

  

   
  
  

     

     
  
  

  

    
  
  

     



Figure 4.7. Effect of fishplate joints and a degraded supporting layer on the measuring. 

     
  
  

  

    
  
  

    



Figure 4.8. Measurement results from winter measurements on the Lielahti–Ylöjärvi track 
section. 



Figure 4.9. Winter and autumn measurement results from between the operating points of 
Lielahti and Ylöjärvi, using a 20-m moving average. 



Track culverts 

Figure 4.10. Measurement results from the culvert at km 199 + 378. 

Bridge approaches 



Figure 4.11. Measurement results from Epilänharju’s underpass at km 194 + 547. 

Turnouts 

Figure 4.12. Measurement results at the turnout V001 in Ylöjärvi. 



Frost insulation boards 



Figure 4.13. The frost insulation board’s effect on track deflection at km 198 + 000 to 198 + 
050. 

Figure 4.14. The frost insulation board’s effect on track deflection at km 194 + 440 to 194 + 
650. 



Figure 4.15. Some variation areas of track stiffness, which also exhibit defects in the geometry. 

Figure 4.16. Some variation areas of track stiffness, without clear geometry defects. 



Figure 4.17. Some track geometry defects in areas without a clear variation in stiffness. 



Figure 4.18. Standard deviations of the geometry and deflection, calculated for the 10-m 
sections. 

Figure 4.19. Correlation between the standard deviations of geometry and deflection. 









Figure 4.20. Effect of different rail types on the recoverable deflection level at the operating 
points of Jalasjärvi and Peräseinäjoki. 





Figure 4.21. Effect of tamping on the deflection variation on the track section between 
Kirkkonummi and Turku. 

Figure 4.22. Effect of tamping on the standard deviation of the deflection. The standard 
deviation has been calculated as moving over a 10-m distance. 







Figure 4.23. Distributions of the deflection measurement points of three consecutive 
measurement runs and an example of the repeatability calculation points. 



Table 4.1. Calculation results for the deflection measurement’s repeatability. 



Table 4.2. The measuring method’s reproducibility. 



Figure 4.24. Comparison between the continuously measured deflection and the recoverable 
settlement of instrumented sleepers at turnouts V055 and V056 located at Kouvola’s rail yard. 



Figure 4.25. Comparison of the measurements taken with the Stiffmaster and the acceleration 
sensors at turnout V062 of Tampere’s rail yard. 



Figure 4.26. Vertical axle-box acceleration filtered with a 5-Hz low-pass filter at two different 
speeds, shown in relation to distance. 












































