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Summary 
Railway business (both in Sweden and internationally) is in need of efficient and non-
destructive methods for convenient measurements of the neutral temperature. Banverket 
has hitherto made some investigations of different such methods and this analysis aims in 
this perspective to 

• Identify different techniques and methods that are possible to use for measuring 
the neutral temperature and sort out those that are not useful for rail applications. 

• Give the theoretical basis for each method in order to obtain a firm base for 
further investigations and judgements. 

• Perform critical examinations of the development potential, cost and time 
consumption for each of the methods and identifying those methods and 
equipments that are of most interest for further investigations. 

• Identify additional actions to be taken in combination with efficient neutral 
temperature determinations for reduction of the heat distortion risk in CWR-
tracks.  

The following methods are possible candidates for further investigations:  

Ultrasonic methods 
Based on either the longitudinal wave principle or the birefringence principle with 
methods developed by, for example, NIST and RIPL. 
Deformation methods 
Based on measurements of either strains or of positions with commercial methods as the 
Pfender device, the MS-02 device, the MP method or the geodesic method. 
Magnetic methods 
The Barkhausen noise principle seems to be more promising than the magnetic parameter 
method with developed testing methods by Railscan, Railtest and Rollscan. 
X-ray diffraction method 
Based on diffraction of X-rays in crystal planes, portable equipment exists although the 
method has traditionally been used under laboratory conditions. 
Rail vibration techniques method 
Based on the relation between stiffness and force in combination with an accurate laser 
measurement system, this method is a promising alternative. 
In parallel to improved measurement techniques for neutral temperature, a list of possible 
additional actions has been identified. These are additional logical ways to reduce the risk 
for rail heat distortions and they do not have any technical solutions today. The author is 
currently not aware of all possible efforts that have been made regarding these issues but 
they should be kept in mind during future work. For example: 

• Could rail cooling be performed by heat conduction to the cooler regions below 
the track? 

• Should the neutral temperature be increased (cf. chapter 3)?  
• Could rail grinding improve the mechanical integrity? 
• Are there possible modifications of the CWR-concept itself that could reduce the 

thermal stress build up? 
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• One obvious action is to improve the lateral resistance of the track region. This is 
the main focus of the accompanying report within this preliminary study. 

This preliminary study shows that there exist promising methods that would improve the 
measurements of neutral temperature. When this preliminary study is completed, it is 
therefore proposed that actions are taken for more detailed investigations of the one or 
two most promising methods. This should be done through field studies and laboratory 
studies in Sweden but also, where appropriate, through visits to places in Europe where 
the methods have been evaluated.  
It would also be of interest to study additional ways of reducing the risk for rail heat 
distortions.  
 
 
Key words: Neutral temperature, Stress free temperature, Stress measurement methods, 
non-destructive rail buckling 
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Preface 
This is an intermediate report on the ongoing, preparatory track stability project that is 
carried out by Chalmers and SP in cooperation under the Charmec-umbrella. The report 
focuses on methods to measure the neutral temperature in a rail, while an accompanying 
project report deals with modelling of track stability. The project has been financially 
supported by Banverket.  

The current project is planned to be finished early 2004 for what reason this report is 
incomplete. The remaining work mainly concerns the following: 

• Certain information about the different methods is still lacking. As can be seen, 
some of these subsections are still empty. 

• One temporary section with non-clarified methods has been introduced. 
Additional information about these methods will be brought together and the 
information will be moved to its different relevant locations. 

• Since the conclusion is based on insufficient information, it is still incomplete. It 
will be “sharper” at the final report of this preparatory project. 

The author thinks this intermediate report is a great opportunity to spread the current 
information about the project to persons within Banverket that are interested and involved 
in neutral temperature measurement. Comments on this report, as well as viewpoints on 
special issues to be focused upon in the remaining part of this preparatory study, would 
be highly appreciated. 

The project shows that there exist promising methods that would improve the 
measurements of neutral temperature. It is therefore proposed that actions are taken for 
more detailed field and laboratory investigations of one or two of the most promising 
methods in a continuation of the current project. 

Preliminary version 2003-11-10 
Erland Johnson, SP 

The remaining work has now been performed and the report is finalized. 

Final version 2004-03-10 
Erland Johnson, SP 
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1 Introduction 

1.1 Background 
Historically, railway tracks were built in sections and assembled with a gap between each 
rail segment. These jointed tracks enabled expansion and contraction of the rail due to 
temperature variations. Nowadays continuously welded rails (CWR) are used. In CWR-
tracks the length variations due to temperature variations are limited. In contrast to 
jointed tracks, forces build up in the rail since no room for thermal expansion exists. 
During the hot season this results in significant compressive stresses, with the risk for 
heat distortions. On the other hand, tensile stresses build up during the winter, which, in 
possible combination with the more brittle material behaviour at lower temperatures, lead 
to rail fractures. The consequences of heat distortions are generally much more severe 
than rail fractures. To avoid heat distortions in CWR-tracks, a much higher lateral 
resistance must be build into the road bed than for jointed tracks.  
Why are then CWR-tracks used? 
It costs approximately the same to construct CWR tracks as jointed tracks. However, 
there are important technical, economic and other advantages with CWR, which is why it 
is now in widespread use on most railways. CWR is also a prerequisite for high-speed 
services. The main advantages of CWR are: 

• Reduced maintenance costs 
• Less rail defects and failures 
• Less wear on vehicles 
• Less noise and vibration emissions 
• Greater ride comfort 
• Lower energy costs for traction 
• Easier mechanisation of track laying and maintenance. 

All these elements improve the life cycle cost of the track [23]. 
The absence of expansion space in CWR-tracks implies that, above a certain temperature, 
compressive stresses arise, while, below this temperature, tensile stresses arise. The 
temperature corresponding to stress free conditions is referred to as the neutral rail 
temperature (NRT). If the NRT is too low, too large compressive stresses may arise in the 
warm period, with the risk for thermal instability and heat distortions. If, on the other 
hand, the NRT is too high, rail fractures may occur in the winter time. 
The NRT-value is established during track construction. However, it may later on change 
due to rail creep during operation and maintenance owing to, for instance,  

• Train acceleration and train breaking 
• Inward or outward movement of the rail in sharp curves  
• Track maintenance operations, such as tamping, destressing, ballast cleaning etc.  
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The variation of the neutral temperature during operation, together with the apparent risks 
when it is outside the design safety limits, implies that NRT-measurements must be made 
regularly in CWR during operation. 
There are 11743 km rail in Sweden. Out of these, 9335 km are built up with continuously 
welded rail (CWR) for which the neutral temperature must be known. This requires 
regular measurements due to its variations in time. The methods in use in Sweden today 
for measuring the neutral temperature (rail cutting and the lift method, see further below) 
are time consuming and expensive to use. In addition, there are costs related to the 
reduced availability. Limited resources make it impossible to keep track of all rails. 
Today the neutral temperature is only known in a fraction of the CWR-rails in Sweden. 
The same type of information is lacking in other parts of Europe as well [19]. Information 
is especially lacking in tracks, which were built in the 80s and earlier and which were put 
into position with older measurement techniques. There is thus a high probability for the 
existence of rail where the neutral temperature is outside an appropriate range. This is 
unacceptable from a safety point of view. Banverket has been requested by 
Järnvägsinspektionen [46] to take an inventory of and to rectify those sections of the 
track, which may still incorporate prohibited stresses. A major problem for doing this is, 
however, the large costs associated with the measurements.  

1.2 Objectives 
Railway business is in need of an efficient and non-destructive tool for routine 
measurements of the neutral temperature (or in practise the absolute rail force together 
with the rail temperature) in CWR-tracks. This need is of vital importance for both 
Banverket in Sweden [1] and international operators [24] and [19]. 
Banverket has hitherto made some investigations of different such methods and especially 
put the following methods under investigation [1]. 

• The Lift method (a semi-destructive method described in section 5.3.1) 
• The Railscan method (see magnetic methods in section 5.4.3) 
• The X-ray diffraction method (see section 5.4.4) 
• The EMAT method (see section 6) 
• An Australian method (RIPL, see Ultrasonic methods in section 5.4.1) 

The ultimate goal would be to introduce a field measurement technique, possibly in 
combination with other measures that reduce the risk for heat distortions.  
In order to take a few steps towards this goal, this preliminary study will specifically 
focus on the following objectives: 

• Identify different techniques and methods that are possible to use for measuring 
the neutral temperature and sort out those that are not useful for rail applications. 

• Give the theoretical basis for each method in order to obtain a base for further 
investigations and judgements. 

• Perform critical examination of the development potential, cost and time 
consumption for each of the methods and identify those methods and equipments 
that are of most interest for further investigation. 
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• Identify additional actions to be taken in combination with efficient neutral 
temperature determinations for reduction of the heat distortion risk in CWR-
tracks.  
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2 Incidents and accidents 2003 
Heat distortions occur comparatively frequently during the summer. The following table 
(in Swedish) shows, as an example, reported events from April 22nd to August 11th in 
2003.  
The table is only inserted to give a picture of the frequency of the events. Initially one 
objective was to analyse the data and draw conclusions. However, the reports were 
observed to be rather subjective, and sometimes incomplete, which precluded such an 
investigation, [2], [3],[7], [13], [14], and [15]. 
Announcing date Repairing date Description 
2003-04-22 15:15 2003-04-22 19:30 Solkurva? 

2003-05-26 14:55 2003-05-26 21:38 

Lokförare på 8753 såg antydan till ev. 
solkurva södra änden på spår 3A innan 
mellansignal. 

2003-05-27 11:41 2003-05-27 14:36 
Solkurva mellan sign 271 och 281. 
Malmö C 

2003-05-27 18:02 2003-05-27 22:22 
Misstänkt solkurva enl.förare. 300 m. 
Innan Fsi till Bma sett fr. söder. 

2003-05-28 15:46 2003-05-28 20:46 Solkurva 
2003-05-28 16:32 2003-05-30 11:00 Solkurva 

2003-05-31 13:41 2003-05-31 17:30 
Dåligt spårläge ( Begynnande solkurva 
) mellan sign 107-113 tåg 629 

2003-05-31 13:50 2003-06-01 14:30 

Misstänkt solkurva km 7+600 vid 40-
nedsättning över en bro.. Nedsatt till 10 
km/h 

2003-06-02 07:24 2003-06-02 09:35 Strax innan si 334, början till solkurva. 

2003-06-02 09:13 2003-06-02 11:00 

Lokförare påpekar att det gungar till  
vid stolpe 50, det kan vara början till en 
solkurva. vid stolpe 50. 

2003-06-02 16:40 2003-06-03 01:00 

Sättning 100m före infsi till Grevie från 
norr, avsynas. Solkurva kl 20:57 
40km/h 

2003-06-03 05:18 2003-06-03 06:30 

2 rejäla sättningar(ej solkurvor?) vid 
brokanterna mellan skansbg och or 
krysset viadukterna swemaint o posten 
) 

2003-06-03 16:48 2003-06-04 03:30 

Dåligt spårläge ( solkurva ) mot Et. vid 
Sth.40 från signal.144 och 100.m mot 
Et. 

2003-06-04 11:38 2003-06-05 03:45 
Solkurva vid södra änden av spår 3A  
(södra plf-änden) se arbetslogg. 

2003-06-04 12:39 2003-06-04 15:15 Solkurva 

2003-06-04 17:16 2003-06-05 04:38 
ev solkurva cst spår 13 vid sign 345 
tegelbacken 

2003-06-06 16:41  
Tendens till solkurva mellan si 38 och 
98. 

2003-06-13 07:29 2003-06-13 11:30 solkurva, Bn – Edsbyn 

2003-06-13 16:39 2003-06-14 09:36 
Misstänkt solkurva på spår 6 ,på nedre 
bg närmast nordatlanten 

2003-06-15 12:04 2003-06-16 15:00 
Solkurva mellan växel 301 och 302 kan 
anstå till måndag 

2003-06-18 11:15 2003-06-18 22:00 Solkurva km 12 +760. Sth 40. 
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2003-06-25 09:46 2003-06-25 17:50 Solkurva sp 3 

2003-06-25 15:00 2003-06-25 19:23 

tendens till solkurva mellan vxl 101-
105 (Roland Hansson vet om det och 
ska åtgärda det) 

2003-06-26 17:26 2003-06-26 21:19 Trolig solkurva 
2003-06-27 07:33  solkurva på sp 112 på RBG 

2003-06-28 17:57 2003-07-01 09:30 
Liten solkurva vid Lekatysvägen i Av 
Enl 311,330 

2003-06-29 13:29 2003-06-29 14:42 
Begynnande solkurva km 415+300 Det 
var ingen solkurva . 

2003-07-01 13:35 2003-07-01 15:00 Solkurva 

2003-07-01 15:35 2003-07-01 18:18 
Solkurva  vxl mot sågen Munksund  
spårägare:SCA 

2003-07-01 16:23 2003-07-02 01:11 

Strax efter infsi norrifrån sett till 
Segmon Så är det en misstänkt sättning 
eller solkurva 

2003-07-02 15:51 2003-07-03 01:25 

Kränkde till i Tåget ....T 6061  
Solkurva Nedsättning 20 Km / h .Km 
1171.500 - 1172.000. 

2003-07-03 22:16 2003-07-04 03:34 
Solkurva växel mot SCA sågverk  
spårägare:SCA 

2003-07-07 12:50 2003-07-08 00:33 
Solkurva strax söder om vx4 
Söderbärke 

2003-07-08 18:13 2003-07-10 00:56 
Begynnande solkurva vid försignalen 
till infarten i Katrineholm Uppspår 

2003-07-09 06:40 2003-07-09 07:50 Misstänkt solkurva spår 2 U-grp 
2003-07-09 14:08 2003-07-09 20:18 Ev solkurva, dåligt stoppat 

2003-07-09 16:34 2003-07-10 08:30 
Ev. solkurva efter fösta växeln på spår 
11 bakom tornet 

2003-07-10 15:58 2003-07-11 14:30 Solkurva km 291 på nedspår 
2003-07-10 15:59 2003-07-11 00:13 Tendens till solkurva / 22:00 BV klar 

2003-07-11 12:34 2003-07-14 12:34 
Solkurva SP-4 mellan Lidingövägen 
och manskapshuset 

2003-07-12 11:13 2003-07-12 13:17 
Solkurva. Enligt lokföraren både syntes 
och kändes den. 

2003-07-14 07:28 2003-07-14 10:17 
Begynnande solkurva mellan km 100 
och 101 på U-spår 

2003-07-14 11:43 2003-07-14 16:00 Solkurva Sö. delen pbg norr vx 148 

2003-07-14 14:40 2003-07-14 15:57 
Solkurva Vargön station, "Fsk till vx 
22" 

2003-07-14 15:07 2003-07-15 22:00 

Solkurva? Vid signal 792 30 meter 
efter den in mot Pölsebo"Nedsättning 
utförd 10 km" 

2003-07-14 17:00 2003-07-14 21:39 
Solkurva Vikmanshyttan-Säter, 50m 
norr om övergång Vhy-St 

2003-07-14 19:59 2003-07-15 15:30 
Misstänkt solkurva vid gamla vågen 
(vallen) 

2003-07-14 21:18 2003-07-15 12:36 
Solkurva se loggen RING även TISD 
morgon (se även logg)km 470 st 47 

2003-07-15 12:02 2003-07-15 16:30 Solkurva på huvudtågväg 

2003-07-15 12:24 2003-08-13 10:58 
Solkurva? Besiktas snarast, km 80 till 
81 

2003-07-15 16:31 2003-07-15 22:44 
solkurva vid signal 815"nedsättning 10 
km" 

2003-07-16 02:11 2003-07-16 03:30 
Misstänkt solkurva.Nedsättning gjord 
Km 35+900 - 36+450 tavlor ute. 
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2003-07-16 07:45 2003-07-16 12:16 
Solkurva mellan växel 218 och 216. 
Inget trafikstopp behövs. 

2003-07-16 10:13 2003-07-17 00:30 Solkurva spår 9 

2003-07-16 11:15 2003-07-25 10:59 
Solkurva vid signal 65, upptäcktes av 
Vut springfeldt 

2003-07-16 12:42 2003-07-16 18:30 
Misstänkt solkurva väster övergång i 
Viskan 

2003-07-16 16:04 2003-07-16 19:14 solkurva ovanför vx 203 

2003-07-16 17:36 2003-07-16 23:37 
solkurva km 386+500 stolpe 145 
uppspår 

2003-07-16 20:03 2003-07-16 22:29 solkurva vid signal 815 

2003-07-17 14:04  
Solkurva Malmö Godsbangård. Spår 15 
R-gruppen Spår avstängt. 

2003-07-17 14:45  Solkurva Oxd - Nks km? 
2003-07-17 17:32 2003-07-17 18:12 solkurva spår 19 
2003-07-18 12:36 2003-07-21 07:00 Misstänkt solkurva vid vx 471-473 
2003-07-18 19:34 2003-07-18 21:51 Solkurva 

2003-07-20 14:45 2003-07-23 05:06 

solkurva 500-1000meter innnan 
infartsignalen till Katrineholm 
uppspåret 

2003-07-21 11:56 2003-07-21 15:35 
Misstänkt solkurva st213-214 lokförare 
10169 

2003-07-21 11:50 2003-07-22 09:24 
Solkurva mellan Mönsterås och 
Mönsterås Bruk. 1.500 

2003-07-21 17:13  

Tendens till solkurva. Spår C6, mellan 
signalerna Äs 38 och 15. Måste 
besiktigas. 

2003-07-24 15:10 2003-07-25 09:45 
Eventuell solkurva 500-600 meter efter 
Kråkerumsvägen 

2003-07-25 13:01 2003-07-28 09:59 Solkurva km 600+300 

2003-07-26 12:05 2003-07-26 13:20 

Misstänkt solkurva N-spår 50 meter 
söder om Vimpelgatan samt ett stolphål 
framåt. 

2003-07-29 14:35 2003-07-29 18:35 
Solkurva vid signal 302 Stefan Ehn tar 
över kl 17-15.. 

2003-07-30 13:00 2003-07-30 16:00 
Tendens till solkurva pga spår arb. Spår 
A1 mot Äsg. 

2003-07-31 13:53 2003-07-31 16:54 Solkurva efter sig 189 mot sp 24, 25 

2003-08-01 06:56 2003-08-01 11:00 
Solkurva sp 13 norra änden vid släden. 
Hbgb 

2003-08-01 14:26 2003-08-01 15:54 Solkurva nedanför växel 174. 
2003-08-01 18:19 2003-08-01 20:22 Misstänkt solkurva mellan si 752 – 772 

2003-08-05 10:37 2003-08-05 23:57 
Misstänkt solkurva. Spår 31. Vid 
brygga 13. Se logg. 

2003-08-06 10:42 2003-08-06 11:27 
Solkurva på gång ??? mellan 
Fristadsvägen / Duo 21. N-spår. 

2003-08-06 13:45 2003-08-06 17:15 Solkurva 30 meter efter vx 22 
2003-08-06 15:51 2003-08-06 22:07 Solkurva vid km 34 
2003-08-06 20:07 2003-08-06 23:00 Misstänkt solkurva vid Dsi 136 Hm bg 

2003-08-10 09:16 2003-08-10 16:30 

Knycker till vid Fsi till Infsi 
Åp.Solkurva km 55+600-56+400,40 
km/tim.Sio-jour,Hb fixar baliser 

2003-08-11 07:02  solkurva spår 6 västra änden 
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3 Fundamental behaviour of rails 

3.1 Thermal instability 
The fundamental equations (based on kinematic relations, constitutive relations and 
equilibrium equations) that describe the deformation in railways towards instability are 
developed in Appendix 1. One important result is that, as the rail temperature increases, 
the probability for lateral buckling increases. As the rail temperature increases without 
mechanical loading, the lateral displacement w increases in accordance with figure 1 (See 
figure A7 in appendix). When the temperature increases with a value TBmax (that can be 
explicitly calculated from the theory in Appendix 1 in combination with experimental 
data for certain parameters) above the neutral temperature, buckling will occur. However, 
there is a temperature range below this value, extending down to TBmin in which buckling 
may occur if sufficient additional mechanical loading is present, in addition to the thermal 
loading. Below the temperature increase TBmin, buckling will not occur.  
The following rail quantities are introduced in Appendix 1. Longitudinal strain εx, 
Longitudinal displacement u, Lateral displacement w, Initial lateral displacement w0, 
Bending radius ρ, Longitudinal force N, Bending moment M, Young´s modulus E, 
Coefficient of thermal expansion α, Temperature T, Neutral temperature TN, Moment of 
inertia about the vertical axis I and cross sectional area. A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The critical temperature increases (above the neutral temperature) TBmax and TBmin thus 
control the overall thermally induced stresses in the cross section that sum up to a 
resulting force over the rail cross section.  
 
 
 

 

w

TBmax

TBmin

∆T 

Figure 1. The buckling response curve from static buckling theory showing 
qualitatively the temperature increase against maximum lateral displacement. 
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3.2 Local stresses 
The neutral temperature is controlled by the net force over the railway cross section. 
Locally, however, the stresses vary significantly due to local stresses that add to the 
thermal stresses and the stresses from the externally applied loads from trains. These are 
residual stresses, welding stresses, bending stresses and contact stresses.  

3.2.1 Residual stresses 
Residual stresses arise during production. They are partly tensile and partly compressive 
over the rail cross section so that they do not add to the resulting force over the cross 
section. However, they are of importance during measurement of rail forces and neutral 
temperatures since some measurement methods (to be discussed below) are influenced by 
these stresses. A typical residual stress distribution in a rail cross section is shown in 
figure 2 [25] and [21].  
 
 

 
 
Typically a tensile residual stress of 100-200 MPa prevails in the rail head and in the rail 
base while a compressive residual stress of similar magnitude is obtained in the rail web, 
see figure 2. 
 
 

Figure 2. Typical residual stresses in the rail, taken from [21]. 
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3.2.2 Welding stresses 
The stresses are affected by welding, approximately up to 500mm from the weld. If 
welding is performed before the rail is connected to the sleepers, no resulting net 
longitudinal force will, however, be obtained.  

3.2.3 Bending stresses 
Bending stresses will arise as the track is bent in curves. If elasticity is assumed, a 
bending moment, M, will appear in accordance with equation (A7), i.e. 

ρ
EIM =       (3.1) 

where E is Young´s modulus, I is the moment of inertia about the vertical axis and ρ is 
the radius of the curved track. 
The maximum stress is obtained as  

e
I

M
⋅=maxσ      (3.2) 

where e is the distance from the neutral layer to the end of the rail, i.e., half the width of 
the rail. Putting together equations (3.1) and (3.2) gives  

eE
⋅=

ρ
σ max      (3.3) 

For a typical rail, the distance e is approximately 70mm and Young’s modulus is 
E=2.07·1011Pa. Consider, for instance, a curve with radius ρ=400m. The maximum stress 
(tension on the outer radius and compression on the inner radius) is then obtained from 
equation (3.3) as  

MPaMPaMPa 40361070
400

1007.2 3
11

max ≈=⋅⋅
⋅

= −σ   (3.4) 

3.2.4 Contact stresses 
In the region of contact, plastic deformation occurs in a layer of a few mm in top of the 
rail head. In this layer, compression will prevail. 
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4 Neutral temperature 

4.1 Background 
The neutral temperature, TN , see equation (A19), is of importance since, if it is too low, 
too high compressive stresses may arise during hot summer days, while, if it is too high, 
too high tensile stresses will arise during cold winter days. It is therefore important that 
the neutral temperature takes a value within a certain intermediate range. When the rail is 
built, adjustments of lengths are made to ensure that the value is within this range. 
However, during operation, the rail is moving and the value is changed. There are 
therefore two important actions that must be taken regarding the neutral temperature.  

1. The value of the neutral temperature must be measured and recorded regularly. 
2. In case the value is outside the allowed range, a method to neutralize the rail must 

be available.  
Different techniques exist to measure the neutral temperature. Some of them are 
destructive or partly destructive, while some of them are non-destructive. Today 
Banverket uses either the destructive method with rail cutting or the semi-destructive lift-
method. These methods, as well as other non-destructive methods for measuring the 
neutral temperature, will be examined in this report.  
If the neutral rail temperature is outside the allowed interval, neutralization of the rail 
must be performed. This is accomplished by rail cutting followed by elimination or 
addition of rail material and rewelding. The procedure is performed in accordance with 
BVF 586.10. In principle, the following measures are taken [5]: 

1. Dismantle every second rail fastening. 
2. Cut the rail. 
3. Dismantle the remaining rail fastenings. 
4. If the current neutral temperature is lower than the prevailing temperature, 

eliminate a piece of the rail. 
5. Lift the rail with a lift jack and put it onto cylinders without movement in the 

lateral direction. 
6. Hit the rail to release the static friction against the cylinders. The rail is now 

stress free. 
7. If the rail temperature is within the allowed range for the neutral temperature, the 

rail could be attached to the sleepers and final welding could be performed 
directly. 

8. If the rail temperature instead is below the allowed range for the neutral 
temperature, the following actions must be taken: 

a. Extend the rail with heat or with mechanical tension (a distance equal to 
the length 40m times the coefficient of thermal expansion times the 
difference between the desired neutral temperature and the present rail 
temperature). 

b. Distribute the elongation over a length of 40m. 
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c. Cut the end of the rail to give room for the extension, as well as for an 
opening gap. 

d. Weld together. 
9. The procedure cannot be used if the prevailing temperature is larger than the 

desired neutral temperature. 
An EU-project [23] recommends the following quantities to be recorded during 
neutralization: 

• Designation of the track in terms of location, direction and km 
• Confirmation of permanent way prerequisites for neutralisation, such as track 

geometry after marking and complete ballast bed. 
• Confirmation of monitoring of neutralisation with stage-by-stage indication of 

o Date of welding operation 
o Type of welding 
o Type of lengthening of rail 
o Fastening temperature 
o Initial temperature 
o Lengthening procedure 
o Length of stress-free rendered rails 
o Change in length for neutralisation 
o Name of person responsible for execution of the work 
o Name of person responsible for supervising construction 

The records shall be maintained until neutralisation is carried out again.  

4.2 Instructions and regulations from BV  
The relevant rules and procedures from Banverket are the following: 
BVF 522.1 ”Rälsbefästningar” 
BVF 524.1 ”Räler” 
BVF 524.2 ”Järnvägsteknisk svetsning och lödning i spår samt riktning och kapning” 
BVF 540.33 ”Tillåtna hastigheter efter spårarbeten”. 
BVF 540.44 ”Tillåtna hastigheter efter spårarbeten”. 
BVF 541.60 Spårlägenormer (avser riktvärde för underhåll) 
BVF 585.50 “Normalsektioner (ballast) inklusive banunderbyggnad” 
BVF 586.10 “Skarvfritt spar, Regler för byggande och underhåll” 
BVM 599.010 ”Åtgärder vid rälsbrott i skarvfritt spår”. 
BVM 599.019 ”Regler för säkerställande av spårstabiliteten efter utbyte av DEF-skadade 
betongsliprar”. 
SJF 541.45 ”Skarvar”  
 
 
 



18 

Swedish National Testing and Research Institute 
 
 

From BVF 540.33 the following neutral temperature ranges are required for CWR-tracks 
 
Region Neutral temperature range, TN 
Norr 7-17ºC 
Mellersta 12-22ºC 
Östra 14-24ºC 
Västra 14-24ºC 
Södra 12-22ºC 

4.3 Considerations of allowed temperature 
intervals 
Static and dynamic buckling theories (see Appendix), supply two critical temperatures 
TBmax and TBmin, see figure 1 above. From these two values, a maximum allowed 
temperature increase in the rail, TALL, above the neutral temperature, TN, could be 
determined in order to avoid thermal buckling of the rail. Thus the functional dependency 
TALL(TBmax,TBmin) could be used to emphasize this procedure. Different alternatives exist 
for this evaluation, see [19] and [23].  

Alternative 1: TALL=TBmax 

This is an easy criterion but unfortunately it is unconservative and sensitive to 
disturbances for what reason it must be used in connection with a safety factor. 

Alternative 2: TALL=TBmin 
This is a safe criterion if the lateral resistance is sufficiently high. The magnitude of TBmin 
is however to a large extent controlled by the limiting lateral resistance FL. (see figure 
A5). This quantity is difficult to measure in field conditions. 

Alternative 3: TALL=TBmax-5.5ºC 
If the lateral resistance is weaker, the two temperature values TBmax and TBmin approach 
each other and it is no longer conservative to use the minimum temperature as in 
alternative 2. Then this third alternative has been shown to be appropriate.  

Alternative 4: Criterion based on buckling energy 
The criteria above have the disadvantage that they give different levels of stability for 
different cases. To avoid this, buckling energy could be used instead. This energy is 
obtained from calculations with the buckling theory.  

The maximum temperature in the rail, TRmax, must not exceed the allowed increase above 
the neutral temperature, i.e. 

ALLNR TTT +<max      (4.1) 

The maximum rail temperature is generally considered not to exceed the maximum air 
temperature with more than ∆1=20ºC, i.e. [19], [20] and [4] 
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1max,max ∆+= airR TT      (4.2) 

Merging equations (4.1) and (4.2) gives 

ALLairN TTT −∆+> 1max,      (4.3) 

On the other hand, the neutral temperature must be sufficiently low to avoid rail fractures 
during the winter when the rail temperature reaches its minimum, TRmin.  The maximum 
tensile stress due to thermal loading then becomes (cf. eq.(A6) with εx=0) 

( )minmax RN TTE −= ασ      (4.4) 

This stress must be less than the stress that gives fracture. In the absence of cracks or 
other defects, this would have been the fracture stress of the rail material. However, 
cracks develop and propagate in the rail head due to rolling contact fatigue in the contact 
with the wheels. If such a crack is of length a, the critical condition would be 

a
Kf IC

⋅
⋅<

π
σ max      (4.5) 

where KIC is the fracture toughness of the rail material at the temperature in question and f 
is a geometry factor dependent on, for instance, the crack orientation relative to the rail. 
Putting together equations (4.4) and (4.5) yields 

minR
IC

N T
aE

KfT +
⋅⋅

⋅<
πα

    (4.6) 

The minimum rail temperature is not more than ∆2=5ºC below the minimum air 
temperature [19], [20] and [4], i.e.  

2min,min ∆−= airR TT      (4.7) 

Insertion into equation (4.6) gives 

2min, ∆−+
⋅⋅

⋅< air
IC

N T
aE

KfT
πα

    (4.8) 

Putting together the unequalities (4.3) and (4.8) yields 
 

2min,1max, ∆−+
⋅⋅

⋅<<−∆+ air
IC

NALLair T
aE

KfTTT
πα

  (4.9) 

 
This gives a necessary interval for the neutral temperature for certain values of the 
parameters in eq. (4.9). Consider a few examples. Let, as typical rail material data and 
field conditions, E =2.07·1011N/m2, α =1.15·10-5/ºC, 1∆ =20ºC and 2∆ =5ºC. The 
fracture toughness is reported to be KIC=42MPam1/2 at -25ºC [45]. Calculations [19] 
indicate that the allowed temperature increase should be somewhere in the range from 
30ºC to 50ºC. The minimum and maximum allowed neutral temperatures, calculated from 
the inequalities (4.9), are presented in the following two tables for a few cases of the 
other parameters. 
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max,airT [ºC] ALLT [ºC] 

(30-50) 
min,NT [ºC] 

+35 +40 +15 
+35 +50 +5 
+40 +30 +30 
For the ranges of allowed temperature increase and air temperature considered, the 
minimum required neutral temperature varies in the range from +5ºC to +30ºC. 

a /mm 
 

KIC /MPam1/2 

(35-45) 
min,airT /ºC max,NT /ºC 

⎟
⎠

⎞
⎜
⎝

⎛
−+⋅= 5

1334264.0 min,max, air
IC

N T
a

KfT
 

2 40 -35 172 
2 40 -30 177 
2 35 -35 145 
5 40 -35 94 
10 40 -35 55 
20 40 -35 27 

These numerical exercises show that the upper limit of the neutral temperature is sensitive 
to the fracture toughness and the crack length. The lower limit is reduced by increasing 
the allowed temperature increase, i.e. by essentially increasing the lateral resistance. The 
results also indicate that the neutral temperature (see the table in the previous section) 
seems to be closer to the lower end (buckling end) than the upper end (rail fracture end). 

4.4 Possible actions to improve the mechanical 
integrity 
Inequality (4.9) above supplies a couple of logical ways to increase the allowed range of 
the neutral temperature and thereby to reduce the risk for buckling (and rail fractures). 
Note that the list below is just a theoretical list with no technical solutions available for 
the different cases. 

Alternative 1 Reduce max,airT  

• Cooling the air around the rail during the summer 

Alternative 2 Reduce 1∆  

• Impede radiation towards the rail 
• Cool the rail, for instance by using the lower temperature further down below the 

rail. 

Alternative 3 Increase ALLT  
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• Improve the lateral resistance by, for instance,  
o increasing the lateral stiffness generated by the ballast 
o Use concrete slab track instead of traditional ties and ballast [18]. 
o Several other possibilities exist here. This is the main focus of the 

accompanying project report [45]. 

Alternative 4 Increase KIC 
• Improve the fracture toughness of the material 

Alternative 5 Increase min,airT  

• Heating the air during the winter 

Alternative 6 Reduce 2∆  

• Heating the rail during the winter 

Alternative 7 Reduce the maximum crack length 
• Frequent crack maintenance 

Alternative 8 Make sure that the neutral temperature TN is in the appropriate interval 
• Introduce more rapid and less costly methods to determine the neutral 

temperature. Such methods are considered in the next section.  

Alternative 9 Modifications of the CWR-concept 
• Introduce modifications of the CWR-concept to avoid the large stress build up 

due to temperature variations.  

The other alternatives should be kept in mind during the work although they are not the 
focus of this study. 
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5 Measurement methods 

5.1 Introduction 
In this chapter different methods to measure the neutral temperature are considered. For 
each method the following aspects are considered: 

a. Physical principle 
b. Measured quantity 
c. Accuracy in measured force or neutral temperature 
d. Measurement time 
e. Commercial product and status 
f. Educational requirements 
g. Requirement for measurement (on track, weather, time of year, temperature,…) 
h. Necessary equipment (e.g. weight, cost) 
i. Advantages 
j. Disadvantages 
k. Reference to railway applications 
l. User references including other branches using the method 
m. Literature references 

Two methods are used by Banverket today, the rail cutting procedure, which is a 
destructive method, and the lift method, which is a semi-destructive method. These two 
methods will be considered first. Thereafter a couple of non-destructive methods will be 
presented.  

5.2 Destructive methods 
The rail cutting method is a destructive method that is considered here, since it is used by 
Banverket today. Otherwise the focus of the current pilot study is towards non-destructive 
methods.  

5.2.1 Rail cutting method 

5.2.1.a Rail cutting method - Physical principle 
The principle is based on that when the rail is untightened from the sleepers and is cut, 
the thermal stresses are released, leading to expansion or compression of the rail. This 
motion is measured as follows: 
A punch mark is introduced at each side of the cutting place and at a distance of 
approximately 100 mm from each other. The distance (Lf) between the punch marks is 
measured with a sliding calliper. The rail temperature (TR) is measured as the mean 



23 

Swedish National Testing and Research Institute 
 
 

temperature in the rail within 50m at each side of the measurement position. The rail is 
then cut with gas cutting. If the rail ends then are pressing against each other, a piece is 
cut away within the length Lf, to obtain stress free rail ends. The rail temperature (TR) is 
then rechecked and its value is possibly modified. Finally, the new distance (Le) between 
the punch marks is measured.  
The rail opening could then be calculated as  

fe LLe −=       (5.1) 

If the rail opening, e, is positive, tension prevails and the neutral temperature TN is larger 
than the rail temperature TR, while, if e is negative, compression prevails and the neutral 
temperature is lower than the rail temperature.  
From Hooke´s thermoelastic law one obtains the following relation between the 
temperature difference and the rail opening 

( )RN TTLe −⋅⋅= α      (5.2) 

where α is the coefficient of thermal expansion and L is the rail length over which the 
stress relaxation occurs. This length is however not well defined in reality and instead 
tabulated values in BVF 586.10 that relate e and TN-TR are used. These are given in the 
table below.  
 
e (mm) TN-TR(ºC) e (mm) TN-TR(ºC) e (mm) TN-TR(ºC) e (mm) TN-TR(ºC) 
-13.8 -20 -5.5 -10 -0.6 0 4.0 10 
-12.7 -19 -4.9 -9 -0.1 1 4.6 11 
-11.7 -18 -4.4 -8 0.3 2 5.1 12 
-10.8 -17 -3.8 -7 0.7 3 5.7 13 
-9.9 -16 -3.3 -6 1.2 4 6.4 14 
-9.0 -15 -2.8 -5 1.6 5 7.1 15 
-8.3 -14 -2.3 -4 2.0 6 7.8 16 
-7.5 -13 -1.9 -3 2.5 7 8.5 17 
-6.8 -12 -1.4 -2 3.0 8 9.3 18 
-6.1 -11 -1.0 -1 3.5 9 10.2 19 
      11.1 20 
 
These values are plotted against each other in figure 3 below. 
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The data presented in figure 3, and taken from BVF586.10, are obviously based on field 
measurements. One observes a nonlinear behaviour, in contrast to equation (5.2), which 
shows a linear relation between e and TN-TR. The coefficient of thermal expansion is 
essentially constant in the temperature interval considered, 1.15·10-5/ºC. This means that 
the rail length L, that is active in the process of building up stresses, depends on the 
temperature deviation from the stress free temperature. If the tangent is drawn to the 
curve in figure 3 both for the case of a rail temperature close to the neutral temperature 
(in the middle of the figure) and for the case with a maximum deviation between rail 
temperature and neutral temperature (at one of the ends of the curve in the figure), a 
corresponding effective active rail length L could be calculated in accordance with 
equation 5.2. One obtains an active length of 39m in the former case and 95m in the latter 
case. As the rail temperature increases from the stress free temperature (the neutral 
temperature) the friction is obviously overcome in additional bonds at the sleepers and 
more sleepers become involved in the force equilibrium which thereby increases the rail 
length involved. The active length is not well defined in reality since a gradual decrease 
of rail force should prevail as one moves away from a locally warmer rail region. The 
calculated values give, however, an estimation of the rail lengths involved.  

5.2.1.b Rail cutting method - Measured quantity 
The elongation or contraction before and after cutting are measured together with the rail 
temperature TR. The neutral temperature TN is then obtained from equation (5.2).  

5.2.1.c Rail cutting method - Accuracy in measured force or neutral 
temperature 
The accuracy of the measured neutral temperature is ±2ºC. If this value is recalculated to 
normal force, the corresponding uncertainty in normal force becomes approximately 
±40kN. (The following values have then been used: The rail cross-sectional area is A = 
7.687·10-3 m2 (UIC-60 rail profile), the coefficient of thermal expansion is α = 1.15 ·10-5 

/ºC and Young´s modulus is E = 2.07 ·1011 Pa.) 

Figure 3. Data of elongation at rail cutting against temperature difference 
between neutral temperature and rail temperature, taken from table above with 
data from [BVF 586.10]. 
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5.2.1.d Rail cutting method - Measurement time 
The measurement time is comparatively long such that availability of the track for traffic 
is lost. 

5.2.1.e Rail cutting method - Commercial product and status 
There is no need for advanced equipment but only gas cutting equipment and equipment 
for temperature and position measurement are needed. This equipment is available and in 
use today.  

5.2.1.f Rail cutting method - Educational requirements 
The educational requirements are comparatively low for this method. The method can be 
handled by ordinary educated maintenance persons.  

5.2.1.g Rail cutting method - Requirement for measurement 
• The rail temperature must not deviate from the neutral temperature with more 

than 20ºC.  
• The measurement location must not be closer than 50m from the end of a CWR-

rail or from a switch. This is required since undisturbed breathing zones must 
develop at each side of the cutting place.  

5.2.1.h Rail cutting method - Necessary equipment 
The method requires gas cutting equipment, temperature sensors and position 
measurement equipment.  

5.2.1.i Rail cutting method – Advantages 
The method has the following advantages: 

• It is a known method for which experience exists. 
• It has comparatively good accuracy. 
• The method can be used in straight track sections as well as in curves. 
• The method is not sensitive to residual stresses in the rail. 

5.2.1.j Rail cutting method - Disadvantages 
• Destructive method, introduces another weld. 
• Requires that the track is closed. 
• Comparatively high cost per measurement point. 
• It takes long time per measurement point.  

5.2.1.k Rail cutting method - Reference to railway applications 
The method is used at Banverket for tracks with SJ43-, SJ/BV50- and UIC60-rails.  

5.2.1.l Rail cutting method - User references including other branches 
using the method 
The method is specific for railway tracks.  



26 

Swedish National Testing and Research Institute 
 
 

5.2.1.m Rail cutting method - Literature references 
The following references cover certain aspects and experiences with the rail cutting 
method, namely [5] and [8]. 

5.3 Semi-destructive methods 
Semi-destructive methods are defined as methods that temporary destroy the rail but 
which restore the initial conditions after the measurements.  

5.3.1 Lift method 
This method has been investigated and is, in addition to the rail cutting technique, used by 
Banverket [1]. 

5.3.1.a Lift method - Physical principle 
The neutral temperature is determined by analysing the required vertical force and the 
corresponding deflection during a lift of 30 m unclipped rail. The basic principle rests on 
the fact that the relation between these, i.e. the stiffness of the rail, depends on the 
longitudinal force and therefore, for a given rail temperature, on the neutral temperature. 
Information about the rail temperature, the rail profile, curve radius and a couple of other 
site details are needed as well. 

5.3.1.b Lift method - Measured quantity 
The neutral temperature is calculated from measurements of the vertical lift force together 
with the corresponding vertical displacement and the rail temperature. 

5.3.1.c Lift method - Accuracy in measured force or neutral temperature 
The accuracy of the measured neutral temperature is ±3.5ºC. Under the same material and 
cross sectional data as given for the rail cutting method, this corresponds to an inaccuracy 
in normal force of ±64kN. 

5.3.1.d Lift method - Measurement time 
The method is comparatively rapid. Each measurement only takes approximately one 
hour.  

5.3.1.e Lift method - Commercial product and status 

Product 1: VERSE (VErtical Rail Stiffness Equipment) 
VORTOK International and AEA Technology Rail in UK has developed equipment 
(VERSE) for this lift method. (The Finnish RHK has bought this equipment for testing 
and the Swedish BV follows this Finnish testing.)  

Product 2: TLV 
A track loading vehicle has been developed in the US through a joint effort under the 
FRA/VNTSC Track safety Research program and the AAR’s vehicle track system (VTS) 
program [44], see also [47]. 
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5.3.1.f Lift method - Educational requirements 
The whole measurement procedure in the commercial products is computer guided and 
would hardly require any additional education than what the maintenance people using 
the rail cutting technique have today.  

5.3.1.g Lift method - Requirement for measurement 
The method can only be used on straight tracks and in curves with larger radii than 700m.  

5.3.1.h Lift method - Necessary equipment 
The equipment comprises a frame incorporating a hydraulic lifting cylinder device, a 
force transducer and a displacement transducer. The measurement systems are connected 
to a hand-held computer.  

5.3.1.i Lift method - Advantages 
• The method is, in principle, non-destructive, rail cutting is not needed. 
• The method is rapid (one hour per measurement) 
• Computer guided equipment exists 
• The method is sufficiently accurate (±3.5ºC) 

5.3.1.j Lift method - Disadvantages 
• Not possible to use for certain tightening arrangements. 
• Uncertain in curves with smaller radii.  
• It can only be used in tension, i.e. when the rail temperature is lower than the 

neutral temperature. 
• Approximately 30 meters of rail must be untightened which makes it impossible 

to use the method in hot weather since then the untightened rail will buckle 
before lifting. The rail temperature therefore must not be too much larger than the 
neutral temperature.  

5.3.1.k Lift method - Reference to railway applications 
The lift method is under field evaluations in Finland. 

5.3.1.l Lift method - User references including other branches using the 
method 
The method is rail specific and no other branches using the method have been found by 
the author.  

5.3.1.m Lift method - Literature references 
The following references cover certain aspects of the lift method, namely [1], [8], [9] and 
[44]. 
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5.4 Non-destructive methods 

5.4.1 Ultrasonic methods 

5.4.1.a Ultrasonic methods - Physical principle 
An ultrasonic wave could be generated by acoustic radiation that initiates particle 
displacement on the surface of a piece of material. The ultrasonic wave spreads through 
the material with a speed that depends on the stress state. The variation of wave velocity 
with stress state is described by the acousto-elastic constants (which are dependent on 
temperature and also on heat treatment). The velocity depends, in addition to the stress 
state, also on material properties, ultrasonic wave type as well as on the wave polarization 
direction.  
There are three different wave types namely, longitudinal waves, shear waves and 
Rayleigh (surface) waves. These have led to the development of different techniques for 
stress measurement. The two first wave types will be considered here.  
Before presenting the different methods, it is necessary to give a mathematical description 
of the physical processes.  
Consider plane waves that propagate along the principal axes in the material (represented 
by the indices i, j and k) in an isotropic solid with cubic structure (face centered cubic and 
body centered cubic structures, i.e. in practise for instance steels). The wave velocities are 
then given by  

( ) ( )( ) ( )[ ]ikjiii mlv εµλεεελµλ
ρ

10442212 ++++++++=  (5.3a) 

( ) ( )( )[ ]kjikjiij nmv εµεµεεεελµ
ρ

5.02412 −++++++=   (5.3b) 

( ) ( )( )[ ]kjikjiik nmv µεεµεεεελµ
ρ

25.0412 +−+++++=   (5.3c) 

The first index represents the direction of wave propagation and the second index the 
direction of vibration. Here ρ is the mass density of the material and λ and µ are the Lamé 
modulii. The Lamé modulii could be calculated from the shear modulus G or Young’s 
modulus E and the Poisson’s ratio ν according to  

( )ν
µ

+
==

12
EG      (5.4a) 

( )( )νν
νλ

211 −+
=

E
     (5.4a) 

Equation (5.3a) gives the wave velocity for a wave having the polarization direction 
aligned with the wave propagation direction, a socalled longitudinal wave, while the 
second and the third wave types (eqs. 5.3b-c) represent waves with the polarization 
direction at a right angle to the propagation direction, socalled transverse wave velocities. 
The first term in each of the wave velocity descriptions correspond to the generally 
referenced longitudinal (vL) and transversal (vT) wave velocities in question, i.e. 
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ρ
µλ 22 +

=Lv      (5.5a) 

ρ
µ

=2
Tv       (5.5b) 

The additional terms in equations (5.3a-c) represent the influence of the strain state (εi, εj 
and εk represent the principal strains) on the wave velocities, referred to as the acousto-
elastic effect. This effect involves three additional material parameters l, m and n (the so-
called third order parameters, see equations 5.3a-c). Sometimes, instead the so-called 
acousto-elastic constants AECij are referred to. For the case with sought uni-axial load in 
the j-direction and wave propagation in the i-direction, these constants are related to the 
material parameters l, m and n in accordance with equations (5.6a-c). 
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( ) ( )[ ] µµλλ
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= ijik AECAECm    (5.6b) 

( )[ ] µ
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µλµ 4

23
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+
= ikij AECAECn    (5.6c) 

A scanning of material data for railway steels in the references (given in section 5.4.1m 
below) give reasonable ranges for the different material parameters. These are as follows: 
λ = (110-120) GPa, µ = (78-84) GPa, l = (-380 — -240) GPa, m = (-670 — -590) GPa, 
n = (-750 — -690) GPa. If it is assumed that the principal axes of strain coincide with the 
principal axes of stress and Hooke´s law relating stresses to strains is used, one obtains 
the following first-order accurate expressions for the dependence of the wave velocities 
on the three principal stresses components σi, σj and σk 

kji
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vv σσσ ++=
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    (5.7a) 
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v
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where the following constants have been introduced 
( )( ) ( )λλµλµλ +−++++= llmA 22210542    (5.8a) 
( )( ) ( ) ( )lmllB 21054222 +++−+−++= µλλλλµλλ   (5.8b) 

( )( )µλµλµ 2324 ++=C     (5.8c) 

( )( ) ( )nmmD 5.022242 −++−+++= µλλµλµλ   (5.8d) 

( )( ) ( )nmmE 5.042222 −++−+++= µλλµλµλ   (5.8e) 

( )( ) ( )µλλλµλ 6225.02 ++−−++= mnmF    (5.8f) 
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( )µλµ 234 2 +=K      (5.8g) 

The requirement that the principal stress and principal strain axes are aligned corresponds 
to isotropy. The expressions are only presented for this case although the method not 
appears to be restricted to this case. Expressions for wave propagation in other directions 
than the principal directions could be derived [30] but will not be presented here. 
If the values for railway steel as an example are taken in the middle of the intervals 
presented above, i.e. λ = 115 GPa, µ = 81 GPa, l = -310 GPa, m = -630 GPa and n = -
720 GPa one obtains the values A = -571810 MPa2, B = 61940 MPa2, C = 45502236 
MPa3, D = -16452 MPa2, E = -98586 MPa2, F = 1800 MPa2 and K = 13305708 MPa3. If 
these values are inserted in the velocity relations (5.7a-c) above, one obtains  

kji
L

Lii

v
vv σσσ 00136.000136.00126.0 ++−=

−
   (5.9a) 
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  (5.9b) 
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−
  (5.9c) 

where the stresses should be given in MPa. Depending on whether longitudinal or 
transversal waves are used, two different methods exist in practise.  

Method 1: Longitudinal wave propagation 
The first equation (5.9a) enables measurement of stress with longitudinal wave 
propagation along the rail. The equation actually involves three unknown stress 
components σi, σj and σk where σi is the sought one. The stresses in the transverse 
directions (with indices j and k) influence the wave velocity with one order of magnitude 
less than the longitudinal stress. Wave propagation should thus be applied in the rail 
direction (along which the stress of interest is directed). By putting the other stresses to 
zero would imply an error of the order of a few percent.  
The longitudinal waves are generally transmitted into the rail through a liquid contact 
medium. 

Method 2: The birefringence effect 
If a certain distance L is investigated with two different shear waves (eqs 5.9b and 5.9c), 
the velocities could be related to the corresponding time of flight as 

ijij vLt /=       (5.10a) 

ikik vLt /=       (5.10b) 

Insertion into equations (5.7a-g) gives (to the first order in the stresses) the following 
expressions 
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where the numerical values are taken from above. These relationships describe the 
socalled birefringe effect. They allow the characterization of stress states in terms of the 
difference of two principal stresses which is of particular benefit if yield criteria (Tresca, 
von Mises) are of interest. In addition to the independence from the measurement 
distance L, the birefringence equations only contain one of the third order elastic 
constants m, n and l. This constant, n, is, in addition, less sensitive to the microstructure 
than the other constants, see further below. For rails, the acoustic birefringence could be 
used for stress evaluation with shear waves polarized perpendicular (lateral to or aligned 
with the rail direction) to the vertical propagation axis and propagating between the rail 
head and its base. The difference in times of flight of pulses polarized lateral to and along 
the rail direction is proportional to the difference between lateral stress σk, and 
longitudinal stress σi, see eq. (5.11b). One must thus have a separate value for the lateral 
stress value or assume that it is zero. In practise, the lateral stress should be small 
compared to the stress of interest (in the rail direction). 

Shear waves are produced by transducers brought into contact with a specimen, or by 
mode conversion of oblique longitudinal waves, or by non-contacting, electromagnetic-
ultrasound transducers. 
It should be emphasized that the equations above can only be used for the stress analysis 
of materials in which the stress or strain state is the only reason for the direction 
dependency of the ultrasonic velocities.  
In reality, the directional dependency of the ultrasonic velocities is also affected by 
microstructure, plastic deformation, texture material heat treatment and temperature. 
These dependencies bring more complexity into the evaluation. 
The complex interaction between the microstructural elements (e.g. grains, grain 
boundaries, second phases and pores) and the ultrasonic waves influence the sound 
velocities (through variation in the third order constants l, m and n) with the same order of 
magnitude as the influence of the stress or strain itself. It is therefore difficult to evaluate 
stress states in materials in which the microstructural state varies in the investigated area. 
The constant l is generally affected much more by the microstructure than the constants m 
and n. One could note that for the birefringence effect above (method 2), only the third-
order constant n appears in the evaluation. This method is thus less sensitive to the 
microstructure than the evaluation with longitudinal waves (method 1). The elastic 
constants are generally independent of the microstructure but due to large plastic 
deformations in rails, also such a dependence might influence the evaluations. 
Due to the influence of microstructure on the wave velocities, the material constants 
should be evaluated using a rail sample with a microstructural state similar to the 
component to be tested. 
Plastic deformation also affects the ultrasonic wave speeds. As was the case for the 
microstructure, also plasticity seems to affect the constants l and m significantly, while 
the elastic constants, as well as the third-order constant n, are affected to a lower degree. 
However, the plastic strains in rails are comparatively high and the influence is not 
negligible as in many other applications with less plasticity.  
Alloying elements also affect the wave velocities, the carbon content appears to have a 
stronger influence than other alloying elements.  
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Most structural materials are polycrystalline aggregates and their exposure to plastic 
deformation and/or heat treatment during manufacturing leads to the alignment of the 
single crystals relative to the forming geometry or the temperature gradient. This 
preferred orientation or texture is the main reason for the anisotropic behaviour of these 
materials. The elastic anisotropy caused by texture influences the ultrasonic velocities and 
is, in addition to the strain or stress state, another reason for the directional dependency of 
the wave velocities. In order to evaluate stress states, the texture influence on the 
velocities has to be separated or discriminated. Since the texture is not known in 
mathematical terms in most cases, a straight forward approach is to experimentally 
evaluate the second and third order elastic constants on representative rail samples.  
The elastic behaviour and density vary with temperature. This implies that the velocities 
of ultrasonic waves are temperature dependent. Using ultrasonic frequencies between 1 
and 20MHz, experimental investigations in the temperature range –10oC to +40oC result 
in linear decreases of longitudinal and shear velocities with increasing temperature. For 
steels, the longitudinal and the shear wave velocities decrease with about 0.1% as the 
temperature increases by 10oC. This is an effect of Young’s modulus decreasing more 
rapidly than the mass density. Like the second-order constants, also the third order 
constants are affected by the temperature. It is found that the constants l and m decrease 
linearly with temperature while the constant n does not change significantly.  

5.4.1.b Ultrasonic methods - Measured quantity 
The time of flight of ultrasonic waves is measured. 

5.4.1.c Ultrasonic methods - Accuracy in measured force or neutral 
temperature 
There are two aspects to be considered with respect to the accuracy of the ultrasonic 
stress analysis. One is the inaccuracy associated with the stress free reference. The other 
is the inaccuracy associated with the acousto-elastic constants using a representative 
sample.  
The ultrasonic path length and the ultrasonic time-of-flight have to be measured with an 
accuracy of some parts in ten thousand. The measurement of the path length is usually 
avoided either by using transmitter and receiver probes with unchanged distance fixed in 
a rigid frame or by the combined use of two different waves propagating the same path 
length as with the birefringence method. Thus the factor controlling the accuracy is the 
resolution in time measurement.  
The total accuracy is also affected by the uncertainty in acousto-elastic constants due to 
the influence of microstructure, plasticity, texture and temperature. 
The accuracy for the method in general is approximately 7% if plastic strains are less than 
8%. This corresponds to a few degrees C. The accuracy is, however, heavily dependent 
on how much calibration data that are available for the material in question.  

5.4.1.d Ultrasonic methods - Measurement time 
The method is comparatively rapid.  

5.4.1.e Ultrasonic methods - Commercial product and status 
There are commercially available transducers with accompanying instrumentation. They 
use standard electronic components. Ultrasonic transducers with normal incidence, as 
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they are available on the market, are suitable for ultrasonic stress analysis. Piezoelectric 
longitudinal wave transducers with center frequencies between 1 and 20 MHz and shear 
wave transducers with center frequencies between 0.5 MHz and 10 MHz and diameters in 
the range from about 3 mm to about 25 mm are standard. Electromagnetic transducers for 
shear waves, with the advantage that no coupling medium between transducer and the 
surface of the component is needed can be ordered from specialized manufacturers.  
There are different setups for measuring the time-of-flight of ultrasonic waves. Personal 
computers with a plugged in ultrasonic transmitter/receiver board are also available as 
robust analogue devices suitable for in-field measurements. They could use different 
procedures and algoritms to identify the corresponding point in the echoe as in the 
generated signal. The most consistent methods for this are provided by the so-called 
overlap, cross-correlation and cepstrum algorithms.  
Since the ultrasonic techniques for the evaluation of stress states are not “just take it from 
the shelf and apply” techniques, the commercially available setups for evaluating stress 
states are optimised for specific applications. A few examples for railway applications are 
described here. 

DEBRO 30 
The DEBRO 30 is designed for evaluating surface stress states in components like rails 
and girders with a quasi-uniaxial stress state.  

DB-METHOD 
DB has tested the ultrasonic method with the equipment consisting of transducer, 
electronics, batteries and other components mounted on a trolley which is designed to run 
on the track [22]. The propagation times for transversal waves along the top and along the 
side of the rail head as well as along the web are measured.  

NIST 
NIST, the National Institute of Standards and Technology (Materials Science and 
Engineering Laboratory, Materials Reliability Division, http://www.boulder.nist.gov/ 
div853/) has investigated the method and developed a portable measurement unit. The 
time of flight of ultrasonic waves is measured but also the orientation of their polarization 
vectors relative to the initial material anisotropic directions from fabrication.  

RIPL 
RIPL Systems, a subsidiary of psnt (Australia) has developed a system called LSM1, 
which uses Microplus acquisition and imaging technology from Sonomatic to carry out 
spatial mapping for rail stress-free temperature. Non-invasive ultrasonic testing 
techniques are used to map and measure the stress level throughout the rail network at 
selected points. The actual stress-free temperature is calculated. The equipment is 
mounted on a 4x4 vehicle and driven along the track, to give a cost-effective and fast 
inspection method. This product is under observation by Banverket. [1, 28]. Information 
is also found on the websites: http://www.iorw.org/ and http://www.pndt.com.au/ 
pndt_new/down-loads/RIPL.pdf. 

5.4.1.f Ultrasonic methods - Educational requirements 
The physics behind the method is comparatively complicated. Although commercial 
equipment is becoming available it appears to be necessary to have some additional 
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understanding of the method in order to be able to critically judge and interpret the 
results.  

5.4.1.g Ultrasonic methods - Requirement for measurement 
The method requires cubic symmetry of the material. This is no restriction for ordinary 
railway materials. The method also requires reference data on similar material at similar 
conditions, as regards, texture, microstructure, plastic deformation, temperature and 
plastic deformation. There must be no significant variation of all these parameters along 
the wave propagation path.  

5.4.1.h Ultrasonic methods - Necessary equipment 
Necessary equipment is a transducer, electronics, batteries and some other components. 
Commercially available transducers (see above) and accompanying instrumentation are 
portable and in some cases mounted on a trolley to run on the track.  

5.4.1.i Ultrasonic methods - Advantages 
The method with measurements of the time for longitudinal wave propagation (method 1 
above) along the rail has the following advantages: 

• It has a higher sensitivity than the birefringence method since the change in time 
of flight due to stress is higher than with the birefringence method.  

The method with measurement of acoustic birefringence (method 2 above) has the 
following advantages:   

• It is temperature independent 
• Simple probe heads are used for the generation and detection of ultrasonic waves. 
• The probe head is coupled to the easily accessible rail head. 
• The measurement can be performed on rails of various height. 
• There is no influence from residual stresses since the wave propagates from the 

rail head to the rail base, averaging the residual stresses which integrated over rail 
cross section are close to zero.  

Both methods have the following advantages 
• They are fast with rapid data acquisition 
• They enable locus or time continuous measurements. 
• They give essentially no traffic disturbances 
• They are non-destructive 
• They are portable 
• Moderate cost of equipment and a low cost per measuring point 
• Potential for automation 

5.4.1.j Ultrasonic methods - Disadvantages 
The ultrasonic techniques are not widespread because of their lack of sensitivity. This is 
because the change in velocity caused by stresses is rather small. Ultrasonic speed 
depends not only on the actual stresses in the material but also on the material structure 
and defects in the material structure.  
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The method with measurements of the time for longitudinal wave propagation (method 1) 
along the rail has the following disadvantages (which imply that no absolute value of the 
longitudinal force in the rail could be obtained): 

• It includes the residual stresses. Due to this dependence one should be careful not 
to measure on surfaces with wheel contact since we have plastic deformations 
(and additional residual stresses) here.  

• It is dependent on chemical composition. 
• It is dependent on material texture 
• It is dependent on temperature 

The method with measurement of acoustic birefringence (method 2) has specifically the 
following disadvantages: 

• Wheels of passing trains cause plastic deformations of a thin material layer and in 
used rails the running surface can be curved and not parallel to the base. These 
changes in the rail geometry result in changes in the wave propagation direction 
and unpredictable reactions of the waves. As a result, the received pulses are 
disturbed and measured times are not precise. Therefore the method cannot be 
applied to used rails in service. The scatter of readings is too high to evaluate 
thermal stresses with sufficient accuracy. 

Both methods have the following disadvantages 
• They depend on the elastic constants which thereby must be measured. The value 

of these are the greatest uncertainty source.  
• Rail samples with the same microstructure are needed for calibration.  

5.4.1.k Ultrasonic methods - Reference to railway applications 
The ultrasonic method has been investigated for the Thyssen UIC60, Krupp UIC60, 
Thyssen S54 Krupp S54and R65-track profiles with both SH-waves and transverse waves 
[22]. 
NIST are investigating their developed portable equipment for measuring the thermal 
stresses in long sections of welded rail.  

5.4.1.l Ultrasonic methods - User references including other branches 
using the method 
NIST are investigating their developed portable equipment for a couple of different 
applications as  

• Measuring the distribution of stress in a gas pipe line subjected to three point 
bending. 

• Measuring the bending stresses in cast iron pipes used for gas distribution 
systems throughout the world. 

5.4.1.m Ultrasonic methods - Literature references 
The following references cover different aspects of the ultrasonic method and have been 
used above: [1], [11], [12], [21], [22], [28], [29] and [30]. 
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5.4.2 Deformation methods 
The rail forces could also be obtained from deformation measurements. The measured 
quantity could be either strain or displacement. 

5.4.2.a Deformation methods - Physical principle 

STRAIN GAUGES 
A resistive strain gauge uses the fact that the electric resistance, R, of a uniform cross-
section conductor is a function of strain through its dependence on the dimensions 
according to  

A
rLR =       (5.12) 

where r is the resistivity of the material, L is the length and A is the cross sectional area of 
the conductor. In an ordinary strain gauge the conductor is looped into a grid pattern to 
obtain a long length in a small region along a direction in which the strain is of interest. 
By integrating loops in different directions in the same component, the strain could be 
measured in different directions, see figure 4. From the strain values in different 
directions, the stress could be calculated from Hooke´s law assuming that the material is 
linearly elastic. The electric resistance, however, also depends on temperature. Therefore, 
temperature compensation of the strain gauge must be performed. 
Since strain gauges generally are located on the surface of objects, the strain, and thereby 
also the calculated stress values, are the surface values [31] and [32].  
Several other physical quantities are also used for measuring strains, for instance, 
Mechanical gauges or extensometers use mechanical lever systems; Optical gauges use 
optical lever systems; Pneumatic gauges use the change in pressure; Acoustic gauges use 
the change in frequency of a vibrating wire; Piezo-resistive or semiconductor gauges use 
the piezo-resistive effect in Silicon to produce resistance changes; Inductance gauges use 
the changes in inductance; Capacitance gauges use the change in capacitance between to 
parallel or near-parallel plates [31] 

 
 

DISPLACEMENT MEASUREMENTS 
Figure 4. Principle of strain gauge. 
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Instead of strains, position changes could be measured. From these changes in distance 
between two positions, strains could be calculated. These could then, in the same way as 
mentioned above, be used for calculation of stresses. Several commercial methods based 
on position measurements are presented below.  

5.4.2.b Deformation methods - Measured quantity 
Either the strain or displacement is measured, as described above, whereafter the stress is 
calculated from Hookes´ law. 

5.4.2.c Deformation methods - Accuracy in measured force or neutral 
temperature 
The strain gauges lead to an accuracy of 1MPa, which theoretically allows a change in 
neutral temperature of 0.4ºC to be detected, [21] and [25]. 
The Pfender meter could in practice measure distances between balls or changes in such 
distances within 0.002mm. This gives an accuracy of 2ºC when determining the changes 
in neutral temperature along a 100mm measuring base [21]. 
The MS-02-device has an accuracy of ±3ºC [21]. 
The MP-device measures displacements and has an accuracy in displacement of 0.26mm 
in the longitudinal direction and 0.06mm in the lateral direction [26]. 
The geodesic method measures the longitudinal displacement and gives an accuracy of 
0.1mm in displacement [21]. 

5.4.2.d Deformation methods - Measurement time 
The different displacement and strain methods have a comparatively long installation 
time but give, after installation, rapid information about changes in neutral temperature.  

5.4.2.e Deformation methods - Commercial products and status 

STRAIN GAUGES (resistive) 
Strain gauges should be placed along the centre line of the web on both sides of the rail 
(lengthwise and perpendicularly). A system has been investigated with gauges (FAE-12S-
S6EL, 3.5mm base, made by BLH and KFC-5-C1-11, 5mm base made by Kyowa), 
electroplated joints, a lacquer (Hottinger 120), coating (ABM75) and a specially designed 
computer-aided measurement data acquirement system (d.c. semi-bridging measurement 
amplifier), a 14-bit A/D converter and an RS232 interface connected to a notebook, 
compensating gauges placed in a thermometer probe that was used for measuring the 
temperature of the rail and was attached to the rail by a magnet [21], [25] and [29]. 

PFENDER DEVICE (mechanical) 
The Pfender device is based on relative measurement of rail base elongation or shortening 
and has been used in Hungary. Pairs of balls are hammered into the rail surface (on both 
sides of the web) at every 10 metres with a measuring base of l=100mm and in 
correlation with a geodesic point. The distance between each pair of balls hammered into 
the surface is measured with a Pfender meter, see figure 5. If the change in length is ∆l 
and Young´s modulus is denoted E, the change in stress due to the length change (at 
given temperature) is 
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l
lE ∆

=∆σ       (5.13) 

and the corresponding change in neutral temperature becomes 

l
lTN

∆
⋅=∆

α
1

     (5.14) 

where α (=1.15·10-5/K) is the thermal expansion coefficient of the rail material. The 
Pfender meter has to be checked regularly to calibrate for heat expansion of its parts [21], 
[22] and [25]. It appears to the author that the equipment gives both the stress and the 
strain information that are necessary to calculate the third unknown, the neutral 
temperature.  

 
 
 Figure 5. The Pfender meter, taken from [21]. 
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MS-02 DEVICEa 
The method measures the relative rail base elongation or shortening and has been tested 
in Poland. The measurement is carried out on a gauge length of 425mm and held in place 
by special pivots along the neutral axis of the rail. The thermal or mechanical 
displacement of the base of the instrument relative to the base on the rail between the 
pivots is measured, see figure 6. This relative displacement is then transformed to strain 
and from this, the longitudinal force between the pivots is obtained. All these operations 
are performed automatically by the MS-02. The device is capable of measuring thermal 
force, the force resulting from mechanical load or a combination of the two. Dynamic 
longitudinal force cannot, however, be measured [21] and [26]. 
 

 
 
 
 

MP DEVICE 
The MP device, used in Poland, measures displacements. The device consists of a pipe 
with a chip and an electronic display, see figure 7. The displacements are shown on 
0.01mm scale and they are measured relative to fixed points, a so-called local coordinate 
system on the base fixed on a vertical post placed in the ballast and subgrade ([26] and 
[21]). 
 

 
 
 

Figure 6. Principle of the measurement of longitudinal force with the MS-02-device, 
taken from [21]. 

Figure 7. Schematic of the MP device, taken from [21]. 
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GEODETIC/GEODESIC METHOD 
In this method, which has been investigated in Hungary, measurements are made with 
respect to a geodesic base network. A base network must first be installed along the track 
by deep foundation pier footings (below the freezing point). Then measuring points are 
fixed to the side of the rail. The relations between length measurements and neutral 
temperature are the same as for the Pfender method [21] and [25]. 

5.4.2.f Deformation methods - Educational requirements 
The methods require extensive preparatory installation work in the field. This must be 
done by specially educated people. Subsequent measurements should only require minor 
educational efforts.  

5.4.2.g Deformation methods - Requirement for measurement 
There are no general requirements for the methods. They can be used both in curves and 
at straight rail sections. The methods work both in compressive and tensile stress states.  

5.4.2.h Deformation methods - Necessary equipment 
All the methods require that, as described above, first fixed installations are made in the 
field and, secondly, different measuring devices (depending on the specific method) are 
available for the measurements.  

5.4.2.i Deformation methods – Advantages 
• The measurements are straightforward when the installations have been made.  
• The measured quantities are directly and even linearly related to force and neutral 

temperature, i.e. no additional calibration procedures are necessary.  

5.4.2.j Deformation methods - Disadvantages 
• For strain gauges there is a significant preparation time since the rail surface must 

be cleaned down to the metal and smoothed and then degreased before an 
adhesive can be applied. 

• The neutral temperature must be known at installation.  

5.4.2.k Deformation methods - Reference to railway applications 
References to railway applications have been described extensively above with the strain 
gauge method, the Pfender device, the MS-02-device, the MP-device and the geodetic 
method (see [21], [22], [25] and [26]). 

5.4.2.l Deformation methods - User references including other branches 
using the method 
Strain and position measurements are used in a wide variety of industrial applications.  

5.4.2.m Deformation methods - Literature references 
The following references cover different aspects of the deformation methods for 
measuring the neutral temperature. [21], [22], [25], [26], [29], [31] and [32]. 
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5.4.3 Magnetic methods 

5.4.3.a Magnetic methods - Physical principle 

PHYSICAL QUANTITIES 
A couple of physical quantities are used within the literature of stress measurement with 
magnetic methods. The following table shows these quantities, and, in certain cases it 
also shows alternative names when different designations have been found. 
 

Quantity Unit Name 
B Tesla (T) = 

Vs/m2 
Magnetic induction, Magnetic flux, Magnetic flux density, Magnetic 
field 

H A/m Magnetic field, Auxiliary magnetic field 
M A/m Magnetization, Magnetic moment/volume, Intensity of magnetization 
µ  Vs/Am Permeability 

0µ  Vs/Am Permeability of free space  
4π·10-7 Vs/Am 

mχ  — Magnetic susceptibility 

mκ  — Relative permeability 

β  Am/Vs Magnetizability 

RELATIONS BETWEEN QUANTITIES 
Within the established theory of magnetism, the following relations exist between the 
different quantities 

( )MHHB +=⋅= 0µµ     (5.15) 

BBHM m
m ⋅=⋅=⋅= β

µ
χχ     (5.16) 

( )mχµµ += 10      (5.17) 

0µ
µκ =m       (5.18) 

MAGNETIZATION HYSTERESIS LOOP FOR FERROMAGNETIC 
MATERIAL - FUNDAMENTALS 
When a magnetic field, H, is applied onto a ferromagnetic material, a magnetic induction, 
B, will appear in the material. The induction lags behind the magnetic field, i.e., the 
relation shows a hysteresis behaviour as illustrated in figure 8. 
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Figure 8 The hysteresis behaviour between the magnetic induction B and the applied 
magnetic field H. The definition of coercive force HC and remanence BR are also shown. 
 
Two parameters could be identified from the intersection between the curve and the 
coordinate axes, the coercive force, Hc, typically in the order of 104 A/m, and the 
remanence, Br. The coercive force is obviously the field required to reduce the induction 
to zero while the remanence is the remaining induction as the magnetic field has been 
reduced to zero.  
Instead of magnetic induction, B, sometimes the magnetization M is plotted against H. B 
and M are related through eq. (5.15) or eq. (5.16). 
The explanation to the behaviour shown in figure 8 is that specimens are composed of a 
number of small regions called domains, within each of which the spins are aligned in the 
same direction so that the resulting magnetization is saturated. Each domain can be 
smaller than the grains and consists of 109 – 1015 atoms. The directions of magnetization 
of different domains, however, need not necessarily be parallel. The increase in 
magnetization of the specimen under the action of an applied magnetic field takes place 
by two independent processes:  

1) In weak applied fields, the total volume of domains which are favourably 
oriented with respect to the field increases at the expense of unfavourably 
oriented domains. This process is first reversible such that if the field is 
decreased, the decrease in magnetization follows the same curve back. At a 
certain field level the motion of the domain walls (often called Bloch walls) is 
irreversible, so if the field is decreased the magnetization does not follow the 
same curve. This irreversibility of domain wall motion is due to lattice defects. 

2) In stronger applied fields the domain boundaries stop moving and the individual 
magnetic moments of the domains come into alignment with the applied field 
direction, i.e. the magnetization direction within the domains, rotates toward the 
direction of the applied field.  

STRESS DEPENDENCE IN HYSTERESIS CURVE 
The appearance of the hysteresis curve depends on the local stress field, which enables its 
use for stress measurements. However, it also depends on temperature and 
microstructure, which make calibrations necessary. For instance, stress measurements are 
more sensitive at elevated temperatures. Regarding the microstructure, the different 
magnetic parameters become more linearly related to the stress field, the harder the 

H

B 

BR

-HC
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material is. Calibration may be performed using either tensile or bending tests with, for 
instance, X-ray, neutron diffraction or ultrasonic measurements. 
Whenever magnetic fields are superimposed in the stress field direction this direction 
becomes a preferred magnetisation direction (if the tested material has a positive 
magnetostriction). In this case strains parallel to the exciting H-field will support 
remagnetization processes and will become a magnetic easy direction; if compressive 
stresses are acting in H-field direction a stronger magnetic field is needed to achieve the 
same magnetization as for the tensile case; the direction becomes a poor magnetization 
direction. An example for a steel is shown in figure 9. One observes that the sensitivity is 
larger in compression than in tension.  

 
Figure 9 The variation of the hysteresis behaviour with a stress field in the field direction 
(Taken from [30]). For a compressive stress a magnetic field in the stress direction 
results in a lower magnetic induction than for a stress free sample while for a tensile 
stress the magnetic induction becomes only slightly larger than for the stress free case.  

If, on the other hand, the magnetic field H and the corresponding magnetic induction B 
are applied and measured respectively at a right angle to the stress direction, there is a 
large sensitivity for tension but only a weak dependence in compression, see figure 10. 
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Figure 10 The variation of the hysteresis behaviour with stress field and field directions 
for a mild steel (Taken from [33]). If the magnetic field H and the corresponding 
magnetic induction B are applied and measured respectively at a right angle to the stress 
direction, there is a large sensitivity for tension but only a weak dependence in 
compression. If they are measured in the stress direction, the opposite is true. 
 
A difficulty with using the hysteresis curve for stress measurements is the non-linear 
relation between stress and different parameters describing the hysteresis curve. One 
observes, for instance, for the mild steel in figure 10, that a compressive stress parallel to 
the magnetic direction gives a higher magnetic induction B while the opposite is true for 
the material shown in figure 9. Actually the influence of stress could go in either 
direction, depending on the material, and sometimes the behaviour for a specific material 
changes as the magnetic field level is raised above a certain level [30]. The results then 
become ambiguous and it is therefore necessary to use more than one physical quantity 
during the evaluation. 

BARKHAUSEN NOISE 
In addition to this stress induced magnetic anisotropy, where the dependence on stress of 
different parameters in the hysteresis loop is utilized, the Barkhausen noise methods 
could be used for stress measurements. These methods are based on the fact that the 
magnetization of ferro-magnetic materials causes high-frequency electromagnetic and 
acoustic phenomena, known as Barkhausen noise. Most of the Barkhausen activity takes 
place close to the coercive field Hc (see Figure 8 above). Its power spectrum starts at the 
magnetization frequency (maybe somewhere 30–80Hz) and extends to about 250kHz. The 
noise is due to the abrupt magnetic reorientations and the movement of the magnetic 
domain walls under the influence of a changing applied magnetic field, as discussed 
above. Since these effects are dependent on stress as well as on microstructure, the same 
is true for the noise level. The measurement of stress using the Barkhausen noise method 
thus utilizes the relationship between the level of Barkhausen noise and the stress in the 
material. The relation between the level of noise and the stress in the material has to be 
established by means of calibration measurements carried out using a specimen made of a 
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material similar or identical to that to be tested. This procedure, like the actual 
measurement of stresses in the material to be tested, is influenced by residual stresses. In 
addition, the Barkhausen signal is only related to the stress state in the surface of the 
component down to a depth of approximately 1-2mm. (This region of measurement is 
discussed in [29]). 
An approach to use the measured surface information to extract the longitudinal rail force 
is developed in [10]. The ideas could be summarized as follows: 

• Perform several measurements with the applied field in different directions in 
order to extract the different stress components.  

• Use the fact that a stress applied in one direction with the displacement fixed in 
the transverse direction gives zero stress in a direction at an angle of 61o to the 
direction of stress application (arctan(1/ ν ) where ν is Poisson’s ratio) for self-
calibration purposes. 

• Perform measurements on a similar rail material but which is treated in such a 
way that the residual stresses are released to get residual stress free references. 

5.4.3.b Magnetic methods - Measured quantity 
Depending on the specific magnetic method used, different quantities are measured. 

• Magnetic fields and shapes of hysteresis loops [33]. 
• Magnetic Barkhausen signal [30]. 
• Acoustic Barkhausen signal [30]. 

5.4.3.c Magnetic methods - Accuracy in measured force or neutral 
temperature 
The magnetic parameter method has not been reported but the Barkhausen method 
appears to give the neutral temperature within ±(3 to 4)ºC. The accuracy ±3ºC  is reported 
for the Railscan method (see below) [22] and ±4ºC is reported in [10]. 
The Barkhausen noise analysis (BNA) technique appears to have a limited range of stress 
over which useful results can be obtained, in the order of ±280MPa in steels. At larger 
magnitudes of tensile or compressive stresses, a curve of Barkhausen noise vs. stress 
tends to become flat.  

5.4.3.d Magnetic methods - Measurement time 
The present method of neutral temperature measurement requires 48 readings to be taken 
at very precise orientations. A new sensor has been designed that will reduce the number 
of readings by a factor of three, and, together with a mounting bracket, would allow 
readings to be taken more accurately and in a very short time. Computation time is 
negligible, hence the whole sequence could be conducted simply and quickly [10].  
The Railscan method (see below) makes it possible to cover several hundred metres of 
rail per hour taking a measurement every couple of metres [22]. However, this method is 
mainly intended for obtaining the distribution of the neutral temperature along the rail or 
with time. In order to get absolute evaluations of the neutral temperature, calibration 
measurements at two different temperatures are required. This increases the time 
significantly. 
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5.4.3.e Magnetic methods - Commercial product and status 

MAGNETIC PARAMETER METHOD  
The method is based on the elasto-magnetic effect, the change in the magnetic properties 
of ferromagnetic materials as a result of deformation of their crystal lattice when they are 
strained. Magnetic properties are defined as functions of the hysteresis loop and two of 
these, coercivity and remanence have been considered, see also figure 8 above.  
In the first approach, the magnetic properties of a relatively small part of the web has 
been investigated using small magnetic cores. A prototype instrument has been developed 
by the Polish State Railways PKP (Polskie Koleje Pánstwowe). The tests demonstrate 
that the apparatus could be used in a railway environment, but it could not meet all the 
requirements of the ideal specification. A major limitation of the small-core system is that 
it can only measure magnetic properties over a comparatively small portion of the rail 
cross section. If residual stresses are present at the position of measurement, they will 
therefore seriously affect any attempt to determine absolute force in the rail.  
A second approach was investigated to overcome this deficiency, where a system to 
magnetize the whole rail cross section was investigated. PKP has also evaluated such a 
system but was unable to produce a system that could meet the specification. The major 
problem was the lack of linearity between stress and magnetic parameters. Furthermore, 
plastic stresses from the roller straightening process and from work hardening of the 
wheel/rail contact area seriously influence the feasibility of the system.  
PKP has therefore concluded that this technique could not form the basis of a reliable 
measurement system [22]. 

RAILSCAN (BARKHAUSEN) 
The Barkhausen noise is used in the Railscan device. The result is affected by the 
material quality and residual stresses. It assumes that the material characteristics remain 
constant within one single piece of rail, and eliminates manufacturing stresses through  
calibration measurements on the same type of rail to be studied. The equipment consists 
of a central unit mounted on a Railscan recording vehicle. The rail thermometer and the 
magnetic measurement probes are mounted under the vehicle. A hand-operated control 
moves these into position once the measuring point is reached. Waymarks or marks at the 
measuring point ensures that the measuring equipment can be placed at precisely the 
same position for later measurements.  
Comparison measurements where the neutral temperature was known demonstrated that 
the Railscan is a suitable method. The Hungarian State Railways, MAV, is planning to 
introduce this method in their network [22]. The Railscan method is under investigation 
by Banverket [1]. It is especially suitable for studying the distribution of the neutral 
temperature along the track and also its variation with time. 

RAILTEST (BARKHAUSEN) 
The Railtest method is directed to more precise evaluations of the neutral temperature in a 
rail cross section, based on the following measurements with Railscan or with the 
magnetic parameter method. First a calibration is performed. It consists of taking 
measurements at selected points of the cross section at two temperatures that differ from 
each other by at least 5ºC to 7ºC. The measuring points are marked to ensure 
measurements at the same point. Later on, further measurements on this cross section can 



47 

Swedish National Testing and Research Institute 
 
 

be carried out at just one temperature. The rail surface does not need to be cleaned 
thoroughly – removing surface dirt is sufficient [22]. 

ROLLSCAN (BARKHAUSEN) 
American Stress Technologies (AST) of Pittsburgh has developed equipment, known in 
its simplest form as Rollscan. It provides surface stresses credibly up to about 50% of 
yield and provides a reasonable indication of stresses up to about 80% of yield for 
constant microstructures in steel. The equipment consists of a sensor and a processor. The 
sensor has two parts, an electromagnet and a coil. The processor determines the frequency 
and power of the electromagnet and analyses the signal received by the sensing coil. The 
output is a non-dimensional Barkhausen noise number that can be correlated to 
microstrain [10]. From these strain values, stress values are calculated, which, together 
with temperature measurements give the neutral temperature.  

5.4.3.f Magnetic methods - Educational requirements 
Although the developed methods are computerized, the author judges that a basic 
understanding of the principles still are necessary for a user of the method in order to 
understand and critically examine the measured values.  

5.4.3.g Magnetic methods - Requirement for measurement 
The magnetic methods only give information from material close to the surface 
(including residual stresses) and, in addition, a result that is dependent on the micro-
structure. This requires first a reference value of the neutral temperature from another 
method or that the method is applied at many locations on the surface and at two different 
temperatures to eliminate the effect of stress variation over the rail cross section. 
Secondly a separate rail with similar microstructure must be measured upon to eliminate 
the influence of the microstructure.  

5.4.3.h Magnetic methods - Necessary equipment 

BARKHAUSEN NOISE 
The necessary equipment for the Barkhausen noise analysis is as follows 

• Electronics package 
o Generates the magnetic field by an electromagnet. 
o Analyses the Barkhausen noise and transforms it to a stress value. The 

detected signal is filtered in the frequency range of interest and generally 
a scalar is extracted from it. Several parameters of the detected signal can 
be used for this purpose, such as its maximum amplitude, root mean 
square value or the magnetic field at which maximum activity occurs.  

• A hand-held probe 
o Applies the magnetic field to the rail. 
o Senses the corresponding noise by an induction coil detecting the 

electromagnetic pulses produced by the Barkhausen noise 
Calibration must be done with the actual material, for example, by flexing a beam.  
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5.4.3.i Magnetic methods - Advantages 
• The method is rapid when calibration has been performed [10]. 
• The method is non-destructive. 
• Sufficient accuracy ±3ºC. 
• The method could be used in curves and thus at essentially any point on the rail 

[10]. 
• The method could be used in both tension and compression. 

5.4.3.j Magnetic methods - Disadvantages 
• Influence of residual stresses. 
• It only measures stresses at the surface, down to a depth of 0.5mm [33]. 
• Measurement is necessary at two different temperatures. 
• Calibrations are necessary since the influence of microstructure on the 

Barkhausen noise is significant.  
• Specifically educated personnel needed. 
• Lengthy procedure for calibration [8]. 

5.4.3.k Magnetic methods - Reference to railway applications 
The Polish State Railways, PKP, is investigating the magnetic parameter method. The 
Hungarian state rail Railways, MAV, is using the Barkhausen method.  

5.4.3.l Magnetic methods - User references including other branches 
using the method 
The magnetic parameter and the Barkhausen noise techniques are established general 
methods, not restricted to railway applications. Information can be found in general text 
books as, for instance [29], [30] and [33]. 

5.4.3.m Magnetic methods - Literature references 
In addition to the specific references given about magnetic methods within the section 
above, the following references have also been of value.  
Different parts of the dependence of the curve shape on stress, including saturation in Hc 
and Br can be found in [25], [33] and [30]. The dependence on magnetostriction and the 
relation between H and ε are found in [42]. Acoustic and magnetic Barkhausen signals 
are discussed in [42], [22], [25], [21], [29] and [10]. Formulas for Barkhausen 
calculations are shown in [10], [34], [35] and [36]. 
General discussions about Barkhausen equipment may be found in [29] and [33]. 
Measurement quantities for the different principles are found for magnetic field 
parameters in [33] and for the magnetic and acoustic Barkhausen signal in [30]. 
More hysteresis diagram (H against B) and (H against M), and data for coercive force and 
remanence can be found in [40], [43], [37] and [39]. Ferromagnetism, the M-H-relation 
and interpretation in terms of Bloch walls and domains are found in [38], [40] and [41]. 
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5.4.4 X-ray diffraction method 
Stress measurement with X-ray equipment is one of the methods that are studied by 
Banverket [1].  

5.4.4.a X-ray diffraction method - Physical principle 
Stress evaluation with X-rays is based on the diffraction of X-rays on the lattice of the 
crystals in the rail material. For every X-ray wavelength (λ) one will obtain interferences 
in those directions where the crystal lattice dimension is related to this wavelength and 
the Bragg angle (θ) in accordance with the Bragg law: 

λθ ⋅= nDsin2      (5.19) 
where D is the lattice plane distance during stressing and n is an integer (the order of the 
interference). The angle 2θ is the angle between the primary and the diffracted X-ray 
beam, both beams are inclined by the Bragg angle θ to the normal of the lattice plane, see 
figure 11. 

 
Figure 11. Reflection of X-rays at the lattice planes of a crystal (Taken from [30]). 
 
Upon straining the material (and thereby stressing), the lattice planes move relative to 
each other, i.e., the distance D increases from its stress-free state D0. The stress-free state 
D0 is known for the lattice in question and the corresponding distance D upon stressing is 
calculated from Bragg´s law above where the wavelength λ of the X-ray source must be 
known and where the angle θ can be measured, see figure 11. The strain in the direction 
normal to the lattice plane is then easily calculated as  

0

0

D
DD −

=ε      (5.20) 

By varying the primary beam direction, differently oriented crystal planes are 
investigated and the strains normal to these planes could be obtained. 
From the strain components, the corresponding stress components can be calculated from 
Hooke´s law.  
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Since the different crystal grains in the rail material are randomly oriented, only those 
grains favourably oriented with respect to the X-ray direction will contribute. Some 
complications occur since attenuations of the X-rays by the material reduce the influence 
from crystals remote from the surface compared to those that are closer to the surface. 
This fact must be corrected for during the evaluation.  

5.4.4.b X-ray diffraction method - Measured quantity 
The diffraction angles of different X-rays are measured. From these the strain 
components can be calculated from the Bragg relation. The stress components are finally 
calculated with Hooke´s law. 

5.4.4.c X-ray diffraction method - Accuracy in measured force or neutral 
temperature 
No railway applications have been found so that the accuracy in terms of rail forces or 
rail neutral temperatures are unknown. 

5.4.4.d X-ray diffraction method - Measurement time 
No railway applications have been found so that the measurement times in Railway 
applications are unknown. 

5.4.4.e X-ray diffraction method - Commercial product and status 
Mobile X-ray diffraction equipment exists today [30]. The weight of the diffractometer is 
between 10kg and 25kg and the weight of the complete equipment is in the range 75kg to 
125kg. In particular, the AST-diffractometer “G2” stands out due to its small size. Also 
Northwestern University has developed a portable X-ray-analyzer for residual stresses 
(PARS), which is available commercially. 

5.4.4.f X-ray diffraction method - Educational requirements 
In order to use the method in railway applications, some fundamental understanding of 
the method as well as on the techniques to handle the different complexities are 
necessary. The necessary amount of education depends on the degree of automation of 
the specific commercial unit.  

5.4.4.g X-ray diffraction method - Requirement for measurement 
The rail surface must be clean. 

5.4.4.h X-ray diffraction method - Necessary equipment 
The equipment consists essentially of an X-ray-tube and an X-ray detector, assembled 
together along a focusing circle.  

5.4.4.i X-ray diffraction method - Advantages 
• The strains are measured directly. No additional calibrations towards indirect 

quantities are necessary. 
• Non-destructive method. 
• Comparatively rapid method.  
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• Well-established theory and methods exist to handle different complexities 
• Methods to handle texture as well as material inhomogeneities are available 

5.4.4.j X-ray diffraction method - Disadvantages 
• Does not give an averaged value for the whole cross section but only an averaged 

value over a smaller volume. 
• The measured stresses are essentially surface stresses 
• Quite high cost of the equipment. 
• The surface must be clean. 

5.4.4.k X-ray diffraction method - Reference to railway applications 
No railway applications have been found. 

5.4.4.l X-ray diffraction method - User references including other 
branches using the method 
The X-ray diffraction method is a well-established method for measuring stress states in 
crystalline materials. It is used for many applications and information is available in 
ordinary textbooks, see for instance [30]. 

5.4.4.m X-ray diffraction method - Literature references 
The following references present some different aspects of the X-ray method: [1], [29] 
and [30]. 



52 

Swedish National Testing and Research Institute 
 
 

5.4.5 Vibration techniques 

5.4.5.a Vibration techniques - Physical principle 
Vibration techniques generally use the physical fact that the eigenfrequencies in a beam 
or a string depend on its axial loading conditions. The frequencies increase with increased 
tension. If the tensile force becomes much larger than the stiffness, the eigenfrequencies 
approach those of a straight tensioned string. If, on the other hand, the beam is loaded 
with a compressional force, the eigenfrequencies decrease and become, in fact, zero when 
the compressional force reaches the buckling load. This may in fact be seen by including 
the acceleration term in equation (A9a) which leads to an acceleration term in equation 
(A11d). When this is combined with equations (A3) and (A7) one obtains for the lowest 
eigenfrequency Nf  for a beam loaded with a longitudinal force N, in terms of the 
corresponding frequency with zero normal force 0f  as 

B
N N

Nff +⋅= 10      (5.21) 

where BN  is the buckling force. Investigation of different boundary conditions may be 
found in [48]. The fact described by equation (5.21) could be used to analyse the 
frequency with FFT-methods and extract the normal force. In combination with 
measurements of the rail temperature, the corresponding neutral temperature of the rail 
could be calciulated. This physical principle could be used either with the rail as the beam 
or with an additional wire along the rail.  

HAMMER AND FFT 
Hit the rail with a hammer and measure the eigenfrequencies.  

LASER VIBROMETRY 
The method is based on the principle that a beam in tension is stiffer than a stress-free 
beam or a beam in compression. A vibration is imposed by shaking the rail with a 
frequency in the range 100Hz – 200Hz. The amplitudes are only of micron-size. A laser is 
moved along the track and measures the vibration amplitude every centimetre over a 
length of one meter. When the amplitude is plotted, a sine wave may be discerned. This 
wavelength is not affected by the end conditions. Through a relation between frequency, 
wavelength and load, the load can be calculated.  

RAFT - RAIL VIBRATING WIRE 
This method, used by Brittish Railways [19] and [22], appears not to be a method where 
the rail is vibrating but merely a wire along the rail is vibrating. From the wire vibration 
the relative force change in the rail is possible to evaluate.  
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5.4.5.b Vibration techniques - Measured quantity 

HAMMER AND FFT 
The displacements or accelerations are measured against time and the frequencies are 
extracted through FFT.  

LASER VIBROMETRY 
The wavelength after excitation is measured.  

5.4.5.c Vibration techniques - Accuracy in measured force or neutral 
temperature 
No accuracy investigations have been found. One observes from equation (5.21) that the 
relative accuracy in force will not exceed twice the relative accuracy in the frequency 
measurement.  

5.4.5.d Vibration techniques - Measurement time 
The method is comparatively rapid. 

5.4.5.e Vibration techniques - Commercial product and status 

LASER VIBROMETRY 
There is currently no commercial product available. Researches at the University of 
Illinois at Urbana-Champaign are working on a project using Rail vibration techniques to 
measure the stress of rail. Planned future research projects will involve field testing.  

RAFT - RAIL VIBRATING WIRE 
This technique appears to be in use by Brittish Railways, although no detailed 
ainformation has been found.  

5.4.5.f Vibration techniques - Educational requirements 
As long as reliable commercial methods not are available, the method requires 
educational skills in measurement techniques and signal data handling.  

5.4.5.g Vibration techniques - Requirement for measurement 
No critical requirements have been found yet.  

5.4.5.h Vibration techniques - Necessary equipment 
Depending on the detailed method, different equipments for generating, detecting and 
analysing the signals are needed.  

5.4.5.i Vibration techniques - Advantages 

LASER VIBROMETRY 
• The method is non-destructive 
• One only needs to scan over approximately one meter (lift method requires 30m) 
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• The method could be applied in hot weather also since only one meter free length 
will not buckle (as 30m free rail would have done with the lift method.) 

5.4.5.j Vibration techniques - Disadvantages 

RAFT - RAIL VIBRATING WIRE 
• A hole must be cut in the rail, i.e. it is slightly destructive. 
• Only gives the relative force, no absolute value is given. 

5.4.5.k Vibration techniques - Reference to railway applications 

LASER VIBROMETRY 
Development is ongoing in US at the University of Illinois at Urbana-Champaign. 

RAFT - RAIL VIBRATING WIRE 
Appears to be in use by Brittish Railways. 

5.4.5.l Vibration techniques - User references including other branches 
using the method 
Measurements of eigenfrequencies is a general procedure used by, for instance, SP, in 
other applications as well.  

5.4.5.m Vibration techniques - Literature references 

LASER VIBROMETRY 
Use of laser vibrometry in railway applications is discussed by Judge [18]. 

RAFT - RAIL VIBRATING WIRE 
Mentioned in references [19] and [22]. 
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5.5 Measurement methods not appropriate for 
rails 

5.5.1 Photoelasticity 
The photoelastic method utilizes the phenomenon of a change in optical properties of 
certain transparent materials subjected to load. When polarized light is passed through a 
stressed transparent model, interference patterns or fringes are formed. These patterns 
provide immediate qualitative information about the general distribution of stress, 
positions of stress concentrations and of areas of low stress. The method is, however, not 
applicable to neutral temperature analysis in rails due to the requirement of a transparent 
material. In addition the method focuses on identifying spots of high or low stress levels 
rather than the absolute average stress level that is of interest in rails. The method is in 
addition not useful when residual stresses are present which is the case in rails. More 
information may be found in [31], [32] and [29]. 
There is also one method with photoelastic coatings on metals which can be used for non-
transparent materials. It gives, however, only the relative stress levels on the surface. 
More information may be found in [31] and [32]. 

5.5.2 Grid Technique  
In the grid technique, a grid is marked either mechanically or chemically on the surface of 
the material under investigation. The distortions of this grid under strain is then measured. 
This gives the local deformation on the surface but it is too local for rail applications and 
it requires several measurements along the surface to get a complete picture over the 
cross section. In addition it is too expensive and too slow due to surface preparations. A 
modification of this procedure is the replica technique which also is far too local to be of 
use for rails. 
More information may be found in [31]. 

5.5.3 Moiré techniques  
A further modification of the grid procedure, known as the Moiré technique, 
superimposes the deformed grid on an undeformed master (or vice versa). An interference 
pattern, known as Moiré fringes, is produced and can be analysed to yield strain values. 
The method is not applicable to rails for the same reasons as the grid technique.  
More information may be found in [31] and [32]. 

5.5.4 Holographic methods  
In holography, a laser is used as a source of coherent light. Interference is obtained 
between holograms of deformed and undeformed components. The method is not 
practically usable for rails since it is too local, too sensitive and not (within cost 
efficiency) adjustable to the actual field conditions. Its primary purpose is to reveal 
microscopic changes in the geometry of components undergoing mechanical or thermal 
loading. Laser speckle is a related technique, which is also more useful in lab application 
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due to the accuracy required for mapping laser interference patterns. It is also mainly used 
for measuring surface deformation changes. 
More information may be found in [31] [32], [29] and [33]. 

5.5.5 Brittle coatings  
The brittle coating technique of experimental stress analysis relies on the failure by 
cracking of a layer of a brittle coating which has been applied to the surface under 
investigation. The coating is normally sprayed onto the surface and allowed to air- or 
heat-cure to attain its brittle properties. When the component is loaded, this coating will 
crack as its so-called threshold strain or strain sensitivity is exceeded. Cracking occurs 
when the strain is greatest, so that an immediate indication is given of the presence of 
stress concentrations. The cracks also indicate the directions of maximum strain at these 
points since they are aligned at right angles to the direction of the maximum principal 
strain. The method is not applicable to neutral temperature investigations in rails for 
several reasons. It does not give a value of the strain but only information if a certain 
level is exceeded or not. It is too local so that it requires too much effort to gather 
information that is necessary for extracting information about the cross-sectional average 
stress. The method is also focused on tension while the critical rail stress states are 
compressive.  
More information may be found in [31] and [29]. 

5.5.6 Sectioning 
Sectioning is a destructive method where layers are eliminated successively in order to 
release and determine residual stresses. It is however aimed at residual stresses and not 
the net force in a cross section. In addition it is too time consuming to be of interest in the 
field. 
More information may be found in [29]. 

5.5.7 Hole drilling  
Hole drilling is similar to sectioning as discussed above. It is classified as a semi-
destructive method, in contrast to sectioning that is referred to as a destructive method. 
As for sectioning also hole drillingit is aimed at finding residual stresses. More 
information may be found in [29]. If the method would be applied onto a rail, the 
obtained stress would be the total stress, i.e. the residual stress plus the thermal stress. 

5.5.8 Neutron diffraction 
Neutron diffraction is a very accurate way of measuring stress and strain conditions, not 
only close to the surface but also deeper into the material. The neutrons penetrate deeper 
into the material than X-rays. The method is, however, not adaptable to portable systems. 
The value of the method is its ability to measure strain absolutely and thus to validate or 
calibrate other techniques that could be used, for instance, in the field. 
More information may be found in [33] and [30]. 
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6 Conclusions 
Different techniques and methods for the measurement of the neutral temperature in rails 
have been identified. Their theoretical basis, as well as technical and practical 
information (for instance cost, measurement time, accuracy, commercial status, 
educational requirements and flexibility), have been presented. The following methods 
appear hitherto to be the most promising: 

Ultrasonic methods 
Based on either the longitudinal wave principle or the birefringence principle with 
methods developed by, for example, NIST and RIPL. 
Deformation methods 
Based on measurements of either strains or of positions with commercial methods as the 
Pfender device, the MS-02 device, the MP method or the geodesic method.  
Magnetic methods 
Within the magnetic methods, the Barkhausen noise principle (a surface method) seems 
to be more promising than the magnetic parameter method. Developed testing methods 
exist such as Railscan, Railtest and Rollscan. 
X-ray diffraction method 
Based on diffraction of X-rays in crystal planes, portable equipment exists although the 
method has traditionally been used under laboratory conditions. The method only 
measures surface conditions.  
Rail vibration techniques method 
Based on the relation between stiffness and force in combination with an accurate laser 
measurement system, this method is a promising alternative under development at the 
University of Urbana-Champaign, Illinois, USA.  
 
In addition, a couple of measurement techniques are referred to where the author is 
uncertain about which principle they are based on. These are: 
The rail flexural response technique. This method is only mentioned in [22]. Is it related 
to the lift method? 
Electromagnetic-acoustic transducer EMAT. This appears to be a specific method since it 
is mentioned [1] to be under observation by Banverket. On the other hand the transducer 
is used within the equipment for the acoustic Barkhausen method as well as for the 
ultrasonic method. In [19] it is mentioned to be sensitive to rail microstructure and the rail 
surface condition. 
Flexural wave propagation. This method is mentioned in [19] but is mentioned to be 
sensitive to the rail-sleeper structural damping.  
In parallel to improved measurement techniques for neutral temperature, a list of possible 
additional actions has been identified in Chapter 4. These are only additional theoretical 
ways to reduce the risk for rail heat distortions and they do not have any technical 
solutions today. The author is currently not aware of all possible efforts that have been 
made regarding these issues but they should be kept in mind during future work. For 
example: 
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• Could rail cooling be performed by heat conduction to the cooler regions below 
the track? 

• Should the neutral temperature be increased? 
• Are there possible modifications of the CWR-concept itself that would reduce the 

thermal stress build up? 
• One obvious action is to improve the lateral resistance of the track region. This is 

a main focus of the accompanying report [45] within this preliminary study. 

This preliminary study shows that there exist promising methods that would improve the 
measurements of neutral temperature. It is therefore proposed that actions are taken for 
more detailed investigations. This should be done through field studies and laboratory 
studies in Sweden but also, where appropriate, through visits to places where the methods 
have been developed and evaluated. 
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Appendix 1 

Kinematics 
In order to analyse the deformation of the track, a rail segment AB, see figure A1, will be 
analysed. The x-direction is in the longitudinal direction (aligned with the straight track) 
and the z-direction is in the lateral direction. Motions in the vertical directions are not 
considered here. Buckling might occur in the vertical direction as well. This mode is 
however rare due to the high vertical bending stiffness as compared to the lateral bending 
stiffness and, in addition, also due to the heavy weight of the sleepers which resist the 
upward motion. Therefore only lateral and longitudinal effects will be considered. For 
quantitative analyses of the buckling temperature, it is necessary to include the vertical 
dimension and analyse a complete 3D-model [49]. However, in order to identify the 
general principles, as is the purpose here, a 2D-model in the lateral and longitudinal 
directions is sufficient.  
The segment is initially located in the x-direction except for an initial small disturbance, 
w0, in the z-direction. As deformation, for reasons to be discussed below, proceeds, a 
displacement u in the x-direction and a displacement w in the z-direction develops. After 
deformation, the track segment is assumed to have moved to position A’B’ in figure A1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. The lateral and longitudinal deformation of a track segment. 
 
The strain is defined as the change in length of the track segment relative to the original 
length, i.e.,  
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The square root expression is simply obtained by Pythagoras’ theorem. Differentiation 
with respect to x has been denoted with a prime. A series expansion, including terms up 
to second order yields 

2
2
1

0
2

2
1 '''' wwwuux +++≈ε     (A1b) 

Second order terms in w0’ actually disappear. If it is further assumed that u’<<1, i.e. small 
longitudinal strains, the second term on the right hand side could be dropped and one 
obtains the expression 

2
2
1

0 ''' wwwux ++≈ε      (A1c) 

In addition to straining, the track will bend. The bending (here assumed to be solely 
lateral bending about a vertical axis, a reasonable 2D-approach according to [49]) could 
be characterized with a bending radius ρ, according to figure A2.  
From geometrical considerations one obtains 

θtan'=w       (A2a) 
222 dwdxds +=      (A2b) 

dsd =θρ       (A2c) 

 
 
 
 
 
 
 
 
 
Figure A2. The bending deformation of a track segment. 
 
Mathematical evaluations give the bending radius as  
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The deformation within the rail cross section during bending in the z-direction varies 
linearly in the lateral direction. In accordance with ordinary beam theory one obtains, 
with z = 0, in the neutral layer of the cross section, that the longitudinal strain at bending 
varies as 

ρρ
ρρε zz

x =
−+

=       (A4) 
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Constitutive relations 
Hooke´s law for a linearly elastic material during uniaxial loading (longitudinal, x-
direction) gives the longitudinal stress σx as 

)( NRxx TTEE −⋅⋅−⋅= αεσ      (A5) 

where E is Young’s modulus, α is the coefficient of thermal expansion, TR the rail 
temperature and TN the neutral temperature, i.e. the temperature at which there is no 
thermal stress contribution in the rail.  
In analogy with ordinary beam theory, the cross sectional normal force N and the cross 
sectional bending moment for lateral bending M (about a vertical axis) are used instead of 
the stress. These cross sectional properties generally, as the stress does, vary in the x-
direction. They are obtained after integration according to equations (A6) and (A7). 
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x TTEAEAdATTEdAEdAxN −−=−−== ∫∫∫ αεαεσ   (A6) 
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σ EIzdATTEdAzEzdAxM
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NR
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x =−−== ∫∫∫ )()( 2    (A7) 

where it has been assumed that the rail temperature deviation from the neutral 
temperature is constant within the cross section and xε  is the cross sectional average 
strain. In the second equation, use has also been made of the kinematic bending relation 
(A4) and the moment of inertia of the cross-sectional area about the vertical neutral axis I. 
The cross sectional area A has also been introduced. 

Equilibrium 
The deformed segment in figure A1 is redrawn in figure A3 with loading included in 
order to consider the equilibrium equations. Equilibrium is essentially posed in the 
undeformed configuration, except that the influence of the lateral deformation on the 
bending moment, M is included. In addition to the bending moment there is a normal 
force N and a shear force T in the cross section. Train loading is simplified as distributed 
forces, q(x) in the lateral direction and t(x) in the longitudinal direction, the latter, for 
instance, due to train braking. Due to the connection to the sleepers and the underground, 
resistive forces will arise when the rail is displaced. A simplifying assumption is that a 
distributed lateral force R will arise due to lateral movement w(x) and a distributed 
longitudinal force F will arise due to longitudinal movement u(x). In addition, a linear 
torsional stiffness towards the sleepers is assumed. It is denoted kθ and is the torsional 
stiffness per unit length. This results in a distributed bending moment that arises due to 
rail rotation in every point along the track.  
The rail rotation θ could be related to the lateral displacement function with the use of 
equation (A2a) above. One obtains  

'arctan w=θ       (A8) 
The general appearance of experimental data for the longitudinal resistance F(u), the 
lateral resistance R(w) and the torsional stiffness kθ are presented at the end of this 
section.  
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Figure A3. Loading on a track segment 
 
 
Lateral equilibrium now gives (assuming that du<<dx)  

0)]([ =+− dTdxxwRqdx     (A9a) 

which could be rearranged to 
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Longitudinal equilibrium gives  
0)]([ =+−− dNdxxuFtdx     (A10a) 

which could be rearranged to 
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( ) dxwkTdxdwdwNdM 'arctan0 θ++++    (A11a) 

which could be rearranged to 

( ) 'arctan''0 wkwwNT
dx

dM
θ−+−−=    (A11b) 

In order to eliminate T through equation (A9b), equation (A11b) is differentiated with 
respect to x to 
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where it has been assumed that the torsional stiffness is constant along the rail. Insertion 
of equation (A9b) into (A11c) finally gives 
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Experimental data for the longitudinal resistance F(u), the lateral resistance R(w) and the 
torsional stiffness kθ will now be presented.  
The longitudinal resistance of the track is defined as the resistance offered to the rail as it 
moves or tends to move in the longitudinal direction. Some of this resistance is obtained 
from the fastenings that hold the rail to the sleeper while another contribution comes from 
the interaction between the sleeper and the ballast and of the ballast resistance itself. With 
small loads in the rail there can be initial rail movement in the fastening with respect to 
the sleeper. With increasing load, the rail may move along with the sleeper in the ballast. 
Generally the creep resistance of the fastening is much higher than that of the sleepers in 
the ballast, and therefore the track longitudinal resistance is essentially governed by that 
part of the track, which is in the ballast. In more detail F(u) depends on the initial elastic 
force of the fastening, pad shear stiffness and friction, sleeper type and size, ballast type 
and condition and then also, importantly, on the vehicle vertical load. A typical resistance 
curve is shown in figure A4 below, see [19], [20] and [24]. 
 
 
 
 
 
 
 
 
 
 
 
 
A typical value of the maximum resistance for a sleeper is in these references shown to be 
in the range 5–10kN. With a typical sleeper spacing of 0.6m this implies a limiting order 
of size value of F0=10 kN/m. A typical value of u0, see figure A4, where the resistance 
has reached most of its strength, is approximately 5mm. A simple formula that catches the 
general behaviour of this longitudinal resistance curve could be written as  

( )uFF ⋅= µtanh0      (A12) 

where µ is a stiffness parameter with a typically value larger than 500/m [45]. 
Next the lateral resistance is considered, denoted R in figure A3. (Further information is 
given in [19] and [24].) This is the resistance offered by the ballast to the lateral 
movement of the sleeper. The resistance has essentially three sources.  

• Resistance from the sleeper bottom (30-50%) 
• Resistance from the crib and sleeper sides (40-60%) 
• Resistance from the ballast shoulder and sleeper end (10-30%) 

The typical behaviour of the resistance curve is shown in figure A5.  
 
 
 

u

F 

F0

u0 

Figure A4. The longitudinal resistance against longitudinal 
displacement 
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Both the peak lateral resistance, FP, and the limiting lateral resistance, FL, increase with 
consolidation level, but the former to a higher extent. Before consolidation they take 
about the same value. As consolidation proceeds, the peak becomes more and more 
pronounced. The references give the following typical data: The peak lateral resistance 
per sleeper is approximately 5–8 kN and the limiting resistance 5–7 kN. With a sleeper 
spacing of 0.6m this implies the approximate values FP = 8–13kN/m and FL = 8–12kN/m. 
Both FP and FL are important for the buckling strength as will be seen below. The same 
references also indicate the following values for the characteristic displacements, wP = 5–
15 mm and wL = 50–150 mm. 
Finally the torsional resistance, kθ , will be considered. This stiffness is essentially 
controlled by the rotations of the rail in the fastenings. For the sleepers to rotate in the 
ballast, the significantly larger torsional resistance offered by the ballast through sleeper 
base friction and the crib reaction must be overcome. A typical curve of the torque per 
unit length, against angle of twist, θ, is shown in figure A6 [19]. 
 
 
 
 
 
 
 
 
 
 
 
This relation is often linearized for use in buckling analysis. The linear slope could then 
be used as an approximate value of kθ  in equation (A11b) with an approximate size of 
3kN/rad.  

FP 

w wL wP 

FL 

F 

Figure A5. The lateral resistance against lateral 
displacement 

Figure A6. The torque per unit length against the 
angle of twist.  
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Equations of instability 
Now assume that w’<<1 and simplify the notation by using prime notation for all 
derivatives and also introduce the notation ∆T=TR-TN, and eliminate the arguments. First 
εx is eliminated between equations (A1c) and (A6) and ρ between equations (A3) and 
(A7). These actions transform equations (A1c), (A3), (A6), (A7), (A10b) and (A11d) to 
the following set of four equations 

tFN +='      (A13a) 
''EIwM =      (A13b) 

( ) TEAwwwuEAN ∆−++= α2
2
1

0 '''    (A13c) 

( ) ( ) ''''''''''' 00 wkwwNwwNRqM θ−+−+−−=   (A13d) 

It has been assumed that the temperature deviation from the neutral temperature is 
constant along the cross section. This set of equations could be used for studies of 
different situations of interest. For certain cases analytical solutions will be possible to 
find, while otherwise numerical tools must be used.  

A simple example 
A simple example is obtained when the following additional conditions prevail: 

• Train forces absent, i.e. t=0 and q=0 
• Zero resistance from sleepers and underground, F=0 and R=0 
• No torsional stiffness from sleepers, kθ=0 
• No initial disturbance, w0=0 
• Zero longitudinal displacements, u=0 

Equations A13a-d then give 

TEAwEAN ∆−= α2'
2

     (A14a) 

0'''''' =+NwEIw      (A14b) 
Now consider a part of the rail located between x=0 and x=L. A heat distortion 
corresponds to a nonzero displacement w along this portion of the rail. If, as an example, 
a sinusoidal distortion is assumed as  

( )Lxww /sin π)=      (A15) 

insertion into equation (A14b) gives 
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+ wN

L
EI )π

     (A16) 

This equation is always fulfilled when the rail is straight, i.e. when ŵ =0. However, as the 
normal force becomes increasingly compressive, the first parenthesis could be zero and 
the equation could be fulfilled for a distortion of the rail. This occurs for the particular 
choice of distortion when  

2

2

L
EIN π

−=      (A17) 
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Such a compressive force could be achieved in a nondistorted rail by a temperature 
increase above the neutral temperature (see eq. (A14a) with 'w =0).  

αEA
NTTT NR −=−=∆      (A18) 

Elimination of N between equations (A17) and (A18) gives  

2

2

AL
IT ⋅=∆

α
π

     (A19) 

This is a conservative level since the assumed distortion corresponds to a moment free 
region where the distortion starts. A couple of simplifications have also been introduced. 
It shows, however, the existence of a critical temperature increase above the neutral 
temperature to obtain a distortion. If different end conditions are considered one obtains 
values in the following range 

2

2

AL
IT ⋅⋅=∆

α
πξ      (A20) 

where ξ is in the range 1-4 depending on the shape of the rail where the distortion starts.  
For a rail profile of UIC-60 type (30% of the Swedish rail system) A=7.687·10-3 m2, 
α=1.15 ·10-5 /ºC and I=5.13·10-6 m4. Insertion into equation (A20) with ξ=4 (most 
conservative case) gives with, for example, a rail length L=10m, a critical temperature 
increase ∆T=23ºC. Due to all simplifications introduced in this example, the specific 
value should not be taken too seriously but the example shows that moderate temperature 
increases are likely to cause problems if there is no side resistance within 10m. The value 
also strongly depends on the length L of the heat distorted zone.  

Static buckling theory 
If no railway loads are applied onto the rail, i.e., t=0, and q=0, equations (A13a-d) are 
simplified to  

FN ='       (A21a) 

( ) TEAwwwuEAN ∆−++= α2
2
1

0 '''     (A21b) 

( ) ( ) ''''''''''''' 00 wkwwNwwNREIw θ−+−+−−=    (A21c) 

If the development of the maximum lateral displacement w is simulated as a function of 
temperature increase for a, for instance, sinusoidal initial displacement w0, one obtains, 
for a sufficiently small initial imperfection and sufficiently strong lateral resistance R, a 
principal behaviour according to figure A7 below [19]. 
 
 
 
 
 
 
 
 

 

w

TBmax

TBmin

∆T 

Figure A7. The buckling response curve from static buckling theory 
showing temperature increase against maximum lateral displacement. 
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Two temperature increases are of interest, TBmax and TBmin. At a temperature increase TBmax 
the track will buckle out without any excess energy. The temperature increase TBmin, on 
the other hand, is the temperature increase below which no buckling can occur. In order 
to buckle out, significant excess energy is needed at this temperature increase. The static 
buckling theory thus predicts a temperature interval for buckling with a conservative 
value at the bottom and an unconservative value in the top.  
The temperature TBmax increases with increasing peak lateral resistance FP, increasing 
lateral resistance FL, increasing imperfection length and increasing track radius. The same 
tendency is observed for TBmin, except for the fact that the size of the initial imperfection 
is unimportant.  
If the initial imperfection is larger and the lateral resistance is weaker the two temperature 
values in figure A7 come closer to each other and merge, which instead gives a 
progressive buckling behaviour. This tendency is amplified in curved tracks. 

Dynamic buckling theory 
Experience shows that the majority of buckles occur under a vehicle, i.e., with the help of 
vehicle loads. In the static buckling theory these (t and q) were put to zero in equations 
(A13a-d) leading to equations (A21a-c). If these loads are included, one important 
consequence is that the lateral buckling strength of CWR tracks decreases significantly, 
i.e. TBmax, decreases. This means that the static theory predicts non-conservative values of 
the critical temperatures.  


