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Abstract 15 

This paper details the field-testing approach and results of thermite welds used in railway applications. Rail steels 16 
made from R260 grades are welded by two different processes: the standard process according to the European standards, and a 17 
recent technology. Welds are introduced in the same testing location to ensure comparable loading conditions in the aim of 18 
studying their degradation behaviours. The total testing-period is 6 months. During the in-service period, the surface hardness of 19 
the running band, in the welded area, is recurrently measured. For an accurate assessment of field results, a vehicle/track 20 
interaction (VTI) model evaluated the expected dynamic loads induced by the initial vertical irregularities.  21 
 22 

The simulations show that the highest dynamic load at the wheel/rail contact happens at the location of the maximum 23 
absolute gradient, in accordance with previous research. Particularly, dipped welds show relatively high dynamic forces inducing 24 
a high loss of the transversal profile. In respect of the field results, the comparison of initial and final surface hardness indicates 25 
a significant increase for ‘ALFONS’ welds over the welded areas. Additionally, all welds depicted a cyclic increase and decrease 26 
of the running band hardness. This result is discussed according to the ratcheting susceptibility of welds and eventual wear 27 
progression. For a testing-period of 10 weeks, the gauge corner of one ‘ALFONS’ weld developed a crack. The assessment of 28 
the longitudinal profiles revealed changes of the vertical irregularities that may modify the dynamic loads, and further the rolling 29 
contact fatigue mechanisms and degradation rates. 30 
 31 
Keywords: Aluminothermic weld, Geometrical discontinuity, Metallurgical discontinuity, Dynamic load, Railhead ratchetting.  32 

 33 
 34 
 35 
1. Introduction 36 

 37 
In railways, the aluminothermic welding method joins rail sections together by the way of a superheated 38 

liquid metal [1]. For safety issues, it requires meticulous preparation and execution. In addition, it involves highly 39 
skilled operators to minimize the generation of imperfections such as porosity, lack of fusion, and solder cracks. 40 
According to Terashita et al. [2], these defects are the main causes of transversal fissures inducing a noticeable 41 
reduction of weld lifetime during operation. Current regulations act to ensure early detection of these anomalies and 42 
to improve weld qualities in the track [3], [4]. However, even with a robust weld, long-term performances could 43 
decrease due to the cyclic loading over the weld-running band. 44 

 45 
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The repetitive passage of the wheel gives rise to damage by the means of wear modifying the railhead 46 
profile, plastic deformation, and/ or cracking due to fatigue. In-service, rail weld degradation manifests various 47 
aspects. Most known forms are differential wear, corrugations, and squat defects. Actually, deteriorations result 48 
from weld discontinuities that can be divided into two types:  49 

 Geometrical discontinuity is generated during the welding process and/or by the finish grinding operation, 50 
for instance, a vertical misalignment of rails or a mismatch of weld collar. Commonly, the weld geometry 51 
is evaluated by the measurement of the longitudinal weld profile. European norm details the examination 52 
procedure [4].  53 

 Material discontinuity is caused by dissimilarity between the structure of the cast weld filler material and 54 
the original rail steel structure. The fusion welding process generates a microstructural gradient that gives 55 
rise to hardness variation across the weld [5], [6].  56 

 57 
Rail weld discontinuities have distinguishable scales. The geometrical irregularity has milli-metric vertical 58 

variation. This variation has been correlated to the dynamic wheel-rail forces[7]. On the other hand, the material 59 
inhomogeneity is almost at a micro-metric scale leading to a macro-modification of hardness across the weld. In the 60 
region of the weld centre, it changes due to the variation of the microstructure grain sizes. This region is known as 61 
the Heat-Affected Zone (HAZ), where differential wear often develops.  62 

 63 
Recently, Sichani. et al. [8] attempted to numerically model the differential wear. They considered that the 64 

wear is induced by the mutual interaction between the geometrical and the metallurgical irregularities. They found 65 
that the long-term performance depends on the length and amplitude of the hardness variation through the HAZ. In 66 
other words, the reduction of the HAZ width to a comparable size to the wheel-rail patch avoids the rapid 67 
degradation of the rail. In line with Sichani et al. [8] works, the European Project WRIST [9]; Innovative Welding 68 
Processes for New Rail InfraSTures, promoted the development of a new process of thermite welding.  69 
 70 

Using a prototype, welding steps were automated during the alignment, forging and shearing stages, while 71 
the process of the actual aluminothermic weld pour followed the conventional manual procedure. The name of this 72 
technology is ALFONS coming from its uses, ALigning, FOrging and Shearing. Welds manufactured by this 73 
process were exanimated metallurgically [10], [11]. The microstructural analysis showed that all welds had fully 74 
pearlitic structure, no martensite or bainite phases were observed[11]. However, the width of the HAZ were in the 75 
same order to the conventional ones and comply to the standard limit values. Regarding the satisfactory results from 76 
material viewpoint, the behaviour of ‘ALFONS’ welds in full scale testing was interesting particularly to evaluate 77 
the wear. The ALFONS technology which featured in this paper was a prototype welding machine and process 78 
developed in the EU H2020 project WRIST to investigate the potential for increased automation in aluminothermic 79 
weld production on track. The authors understand that the technology is not currently being pursued by its creator 80 
Goldschmidt Thermit Group (GTG), and therefore the performance of the ALFONS welds reported in this paper is 81 
not representative of welds being made for operational service in track. 82 
 83 

This paper presents the performances of ‘ALFONS’ welds, which were installed on an operational railway 84 
and subjected to real conditions. It compares their degradation to control welds manufactured by the conventional 85 
process. The study focus is to further the understanding of the correlation between the material inhomogeneity and 86 
the geometrical irregularity. The originality of the study is to propose experimental results of surface hardness 87 
evolution in relation to the traffic loading, which is not available in any previous study.  88 

 89 
The structure of this work is as follows. Section 2 presents the field-testing configuration of thermite welds, 90 

the longitudinal profiles, and the initial surface hardness. Furthermore, it highlights the inputs of the numerical 91 
model to evaluate the impact loads generated by the real weld profiles. Section 3 presents the results of numerical 92 
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simulation and field outcomes, namely: the evolution of the surface hardness; the variation of weld geometry; the 93 
induced wear, and; rolling contact fatigue. Section 4 discusses these results in relation to ratcheting susceptibilities 94 
of welds made from both tested processes. Section 5 closes with conclusions.  95 
 96 

2. Experimental details: field-testing description & numerical simulation inputs 97 
 98 
2.1. Field-testing configuration 99 
 100 

Field-testing was carried out to evaluate the degradation susceptibilities of thermite welds manufactured 101 
by the conventional process and the automatized ‘ALFONS’ technology. The test location was chosen on a 102 
dedicated freight line in the Dutch network. It contained two traveling directions giving the possibility to test four 103 
‘ALFONS’ welds. These welds had been manufactured separately, and made from unused R260 grade rail. 104 
Afterward, they were installed and joined to the existing R260Mn rails leading to eight ‘reference’ welds (WR). A 105 
conventional process produced the eight welds on the same date, with similar welding materials, and by specialized 106 
railway suppliers. Fig.1 presents the schema of the testing configuration. It details the number and nomenclature of 107 
each weld; (WA) referred to welds that had been manufactured by the innovative process ‘ALFONS’, with (WR) 108 
for the Reference cases.  109 
 110 
 111 
 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 

Fig. 1. Schema explaining the testing configuration of thermite welds in the double lines track. 121 

 Fig.2a presents an overview of the real testing location. ‘ALFONS’ welds were marked by visible red 122 
paint in the rail web. The welds connecting ALFONS rails to the existing rails were marked by blue paint. The 123 
double freight lines differ by the daily tonnage carried in each direction. Therefore, lines in direction from left to 124 
right were subjected to freight traffic day tonnage that does not exceed the 0.36 MT. The opposite direction is the 125 
laden line within an average of 0.66 MT per day. Welds were subjected to loading for a period of 6 months, from 126 
June to November 2018.  127 
 128 
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   129 
 130 

Fig. 2. a- Overview of the testing location, b- Example of the parallel position of welds in the field- line. 131 

 132 
2.2. Field measurements 133 

 134 
Measurements including the vertical geometry profile and the surface hardness along the weld running-135 

band had been performed immediately after the installation of the welds in the track. All welds have been ultrasonic 136 
examined by a certified organization, and showed an acceptable result[12]. During the testing period, welds were 137 
checked visually every week. The evaluation of the geometry and the weld running-band hardness were recorded 138 
monthly. After 10 weeks in the track, the transversal profile of welds has been measured in a number of locations 139 
along the weld to evaluate the wear rate. In the following paragraphs, further details are presented about the 140 
measurement details and the initial conditions of all welds.  141 
 142 
2.2.1. Vertical geometrical profiles  143 
 144 

Fig.3 presents the RAILPROF device used to measure the vertical variation of the weld. Further details 145 
concerning the device are available in Van Loonstaat [13]. The RAILPROF is a digital straightedge that allows 146 
evaluation of the quality of the finished weld, by relating the measured geometry to the induced dynamic wheel-rail 147 

force expected at a given line-speed. In this study, the permissible tolerance level is set to 0.5mm[14].  148 

 149 

Fig. 3. RAILPROF device used to measure the vertical geometry of welds. 150 
 151 
Fig.4 describes the initial vertical geometry of welds. The total longitudinal length measured is 1 m where 152 

‘0’ states the weld centre.  Fig.4a summarizes the profiles of conventional welds. It can be seen that most proceeding 153 
joints had peaked shapes except welds WR5 and WR6 that showed comparable dipped profiles within acceptable 154 
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depth. Meanwhile, welds WR4 and WR2 had un-acceptable1 highest peak as the top level was exceeding 0.5 mm 155 
(according to [14]). 156 

   157 
Fig. 4. Comparison of the initial vertical geometric profile of welds. a-Left: (WR) Conventional welds, b-Right: (WA) ALFONS 158 

welds.  159 
 160 
Fig.4b gathers ‘ALFONS’ welds showing slightly dipped profiles within low vertical variation. The 161 

acceptable profiles had been obtained after several manual grinding steps [12]. Messaadi et al. [12] reported the 162 
details of the geometrical assessment indicating an un-acceptable level of irregularities. 163 

 164 
2.2.2. Weld hardness profile measured along the running band 165 
 166 

The hardness measurement of the running-band along the weld aims to compare the ratchetting behaviour 167 
between the welds made by the two distinct processes. Fig.5a presents the device used to evaluate the hardness; it 168 
is Krautkramer GE MIC-10 Portable Hardness Tester. The instrument evaluates the hardness based on the rebound 169 
method. It consists of a ball impelled against the test surface by spring force. The penetration resistance, hardness, 170 
is calculated from the ratio of the ball speed before and after rebounding from the test piece. Fig.5b shows the 171 
defined schema to measure hardness along weld running band. Measurements have been carried out in the running 172 
direction starting from point 0 to 250 mm, the weld centre is at 120 mm. At each point, a minimum of three 173 
measurements have been performed. 174 

 175 

  176 

                                                 
1 WR4 and WR2 were welded in-situ; in the testing location. Their geometrical profiles were ground however not 

enough to correct it because of the regain of the traffic. Welds were kept for the purpose of testing.     
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 177 
Fig. 5. a- Mobile hardness device, b- schema of the hardness measurements during in-service period. 178 

  179 
It is well known that the hardness along the rail weld changes due to the generation of the HAZ. It increases 180 

near to the weld centre leading to a high hardness zone (HH) followed by a low hardness area (LH). This is due to 181 
microstructural gradient induced by welding. Fig.6a compares the running-band hardness of WA1 and WR2 to the 182 
subsurface hardness of ‘ALFONS’ [3] and a measurement from literature [8]. Overall, it seems that subsurface 183 
hardness; evaluated between 3 and 5 mm from the top surface according to requirements [3], is relatively lower. 184 
This is could be explained by:  185 

 the difference of the cooling rates between the upper and lower surfaces of the railhead, 186 

 the measurement technique as in the subsurface case hardness was evaluated using laboratory indentation 187 
equipment, 188 

 the absence of the stress induced by weld grinding.  189 

 190 
  191 

  192 

  193 
 194 

Fig. 6. a- Comparison of hardness profile measured along rail surface, in the subsurface and available measurements in 195 
literature, b- WR located in front of WA according to the running direction, c-WA welds, d- WR subjected to loading after WA 196 

welds.  197 
 198 

Fig.6a shows also that the weld profile from literature is comparable to these measured in WA1 and WR2. 199 
Additionally, Fig.6b, c and d highlight further profiles before the passage of trains. For the sake of simplicity, the 200 
same symbol and colour are used for welds located at the same rail. Profiles are plotted by considering the running 201 
direction. Thus, it appears that the hardness average of existing rail is 380±20Hv which is higher regarding the un-202 
used ‘ALFONS’ rail presenting an average of 345±22Hv. This comparison allowed identifying welds involving low 203 
hardness such as of welds WR2, WA4 and WR3.  204 
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 205 
2.3. Numerical simulation inputs 206 

 207 
The numerical simulation is performed by the Institute of Railway Research at Huddersfield University in 208 

the aim to understand the dynamic loading based on the measured geometrical profiles. The vehicle/track interaction 209 
(VTI) model used hereafter to assess the dynamic behaviour is described in detail in Grossoni [15], [16]. Briefly, 210 
the model simulates the dynamic vertical forces induced by the passage of vehicle wheels over a geometrical 211 
irregularity located in rail running band, welds in this study. Fig.7 presents the schema of the vertical VTI model. 212 
The interaction is carried out by two parts of the model:  213 

 A half of car body composed by one bogie and two wheelsets. They are connected with linear primary and 214 
secondary suspensions.  215 

 The track consists of two-layer discretely supported ballasted track, accounting for the rails shear and bending 216 
modes, the sleeper's vertical movement and the rail-pads and ballast linear resiliencies. Eight Timoshenko 217 
beam elements are used in a sleeper spacing to correctly capture the high frequencies generated at the wheel-218 
rail contact locations. 219 
 220 
 221 

 222 
Fig. 7. Vertical VTI model used for the numerical simulations (see Grossoni [15] for details). 223 

The contact between the wheel and rail is assumed to be a single point per each wheel involving a non-224 
Hertzian contact law. Thus, the vertical wheel-rail contact forces is written as[17]: 225 

 226 

𝑃𝑧 = {
𝐺−2/3(𝛿𝑤𝑟)3/2                             if  𝛿𝑤𝑟 ≥ 0
0                                                 if  𝛿𝑤𝑟 < 0 

 227 

 228 
Where Pz is vertical wheel/rail contact force, δwr the vertical wheel/rail penetration (wheel lift if negative) and G 229 
Hertzian contact parameter, calculated as [18]: 230 

 𝐺 = 3.86 ∙ 10−8 ∙ 𝑅0.115 

 
 

where R is the wheel rolling radius, considered constant as no lateral movement of wheel relative rail is 231 
permitted.The simulation reproduces the same test configuration. Fig.1 presents the configuration and highlights 232 
the number and nomenclature of each weld. Further assumptions to perform the vehicle/track interaction modelling 233 
are as follow: 234 

 the track is assumed straight,  235 
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 each weld geometry is assessed separately, as the distance between two consecutive welds complies with 236 
the standards minimum distance, x > 3 m. 237 

 the dynamic effects from one weld on the adjacent weld may be considered negligible. 238 
 239 
Furthermore, three variants of track stiffness are considered: soft, medium, and stiff support. In addition, 240 

the influence of the running direction, and the role of cut frequency in the dynamic load are studied [19][20]. In this 241 
document, only dynamic forces resulting from the medium support are presented. It is important to indicate that 242 
stiffness values are calculated as 30% of the reference values for soft (i.e. 30 kN/mm), medium (i.e. 100 kN/mm), 243 
stiff (i.e. 200 kN/mm) support. Table 1 summarizes input parameters for the simulation: 244 

 245 
Table. 1 . Main input parameters. 246 

Parameter Value Unit 

Rail type 60E1 - 

Sleeper type G44 concrete sleeper - 

Sleeper spacing 0.60 m 

Railpad vertical stiffness 270 kN/mm 

Support vertical stiffness 9, 30, 60 kN/mm 

Line speed 80  km/h 

Empty wagon axle load 13 t/axle 

Laden wagon axle load 22 t/axle 

 247 
 248 
3. Results  249 
 250 
3.1. Induced dynamic load by the weld geometry 251 
 252 

The numerical simulation aimed to evaluate the dynamic forces named “P1” and “P2”. The concept of 253 
“P1” and “P2” impact forces was first introduced by Jenkins [21] in relation to wheel-rail forces at dipped joints. 254 
Main difference between the two forces is: 255 

 “P1” is defined as the high frequency impact (500-1000 Hz) that is associated with the clattering of the 256 
unsprung mass on the rail-end and is the main driver of the rail surface damage.  257 

 “P2” is defined as the lower frequency content (30-200 Hz), and is the force component that is transmitted 258 
to the track super-structure driving its degradation.  259 

 260 
In the literature, there is no common definition on the cut-off frequencies that should be used to determine 261 

these two events, especially in the case of P2 force. That is why a brief sensitivity analysis was performed to 262 
understand the influence of the cut-off frequency on the P2 force levels. The results show that a frequency of 400 263 
Hz seems to be the lowest frequency at which a convergence of the results is achieved. These considerations are 264 
especially relevant in the case of dipped welds, and welds subjected to laden freight traffic. In the present study, the 265 
low-pass cut-off frequency has been set to 200 Hz in line with literature [7]. 266 

 267 
From the graphic summary in Fig.8, it is possible to conclude that the maximum loading and unloading of 268 

all cases occurs for weld WR5, which is a passed weld, while the failed welds (i.e. WR4 and WR8) do not seem to 269 
perform badly in terms of P1 and P2 forces in comparison with all the others. In addition to that, important unloading 270 
happens at weld WR3, which is characterised by a dipped shape, even if originally a peaked weld. Finally, all the 271 
ALFONS welds considered might be characterised by a very low absolute gradient values and low dynamic forces. 272 

 273 
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 274 
 275 

Fig.8. Dynamic component of P1 and P2 forces per each weld analysed. 276 

 277 
3.2. Dynamic load distribution along the weld 278 
 279 

Fig.9 presents the spatial variation of dynamic contact forces induced by weld irregularities. The weld 280 
centre is located at 0.5 m in all graphs. Fig.9a and b present forces generated in the empty line. The simulation 281 
shows that the relatively high impact loads occur in welds, WA1 and WR3 reaching 20 KN. When, in case of weld 282 
WR4 that presents un-acceptable longitudinal profile, impact forces seem lower than 10 KN and the load variation 283 
is smooth. 284 

 285 
Fig. 9. Distribution of dynamic contact forces induced by weld irregularities. 286 

 287 
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The numerical analysis highlights that higher impact forces were generated in the laden line, particularly 288 
in the first rail: WR7-WA4-WR5. Even if all welds have passed geometrical criterion, forces induced in WR5 are 289 
the highest, the depression could reach -45 KN. The load distribution of the rest of welds is smooth, and it is varying 290 
at comparable load magnitude as the empty line. 291 
 292 
3.3. Variation of surface hardness  293 
 294 
3.3.1. Comparison of initial and final hardness  295 
 296 

Fig.10 presents the initial and the final surface hardness distributions after six months in-service. It shows 297 
a clear increase in the case of ‘ALFONS’ welds. This means that the rail surface undergoes a hardening in the 298 
running -band that leads to the modification of surface layers properties. In the case of ALFONS welds,Fig.10c and 299 
d,  hardness increases along all weld subzones, in other words, the surface hardening occurs in both the fusion metal 300 
and the HAZ (and also in the parent material). The strengthening process seems to occurs along the weld showing 301 
the remain of the low hardness area, when the high hardness looks to be reduced or even disappeared.  302 

 303 
Reference welds also experienced superficial hardness variations. However, the increase of hardness is 304 

heavily distinguishable and non-homogenate over the weld surface. For instance, weld WR3 in Fig.10b, presents 305 
similar initial and final hardness those changes slightly in the HAZ. Moreover, welds generally undergo a 306 
progressive increase but it is almost overlapping the initial values. A clear increase of the hardness occurred in the 307 
fusion metal of weld WR2. The assessment of the surface hardness variation explains relatively reasons that some 308 
welds presented comparable hardness as that initially measured.  309 

 310 

 311 
 312 

Fig. 10. Comparison of initial and final surface hardness after 21 weeks in-service, a,b- Reference welds WR2 and WR3,c,d- 313 
ALFONS weld WA1 and WA2.  314 
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 315 
3.3.2. kinetic of surface hardness variation 316 

 317 
Even the comparison of the initial and final hardness profile along the weld seems to not undergo surface 318 

layers workability, the periodic checking of the hardness reveals cycles of increasing and decreasing of the running 319 
band hardness. This cyclic change is also observed in all welds regardless the welding process. It is important to 320 
keep in mind that during the testing period no maintenance grinding was scheduled 321 

 322 
Fig. 11 illustrates the hardness progression of WR3 as a function of in-service period. In Fig.11a, the 323 

surface hardness increases considerably after three weeks and measurements are remarkable scattered. After 10 324 
weeks, the hardness distribution shows a comparable profile to the initial. Fig.10b compares the hardness profiles 325 
of 10 weeks to these of 14 and 18 weeks in-service. It shows again an increase of the hardness after 4 weeks, with 326 
considerable scattered values and after 8 weeks within a smoother profile. Fig.11c indicates that the surface hardness 327 
drops to comparable values after 21 weeks in-service. 328 

 329 

   330 
 331 

Fig. 11. Surface hardness progression as a function of in-service period for welds WR3. 332 

   333 
 334 

Fig. 12. Surface hardness Progression as a function of in-service period for welds WA4. 335 
 336 
In Fig.12, the surface hardness of WA2 increases after 3 weeks of loading than falls to slightly higher values to 337 
the initial profile. Fig.11e and f present the changes of the surface hardness after 14, 18 and 21 weeks, again the 338 
surface seems to harden then soften within the temporal interval of 4 weeks.  339 
 340 
3.4. Variation of geometrical profile of welds 341 

 342 
During the testing-period, the geometrical profile is measured after 10 weeks in the field. Fig.13 presents 343 

the profile changes. In the empty track, the peaked irregularity is increasing having the convex shape for all welds. 344 
For example, the initial peak irregularity of WR1 increased from 3 to 5 mm. Similarly, WA2 evolves from a dipped 345 
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to a peaked shape. The laden line showed a contrary behaviour. The comparison of the initial geometrical profile to 346 
those developed after 10 weeks in the track indicates a progressive decrease of the vertical variation.  347 

 348 

  349 

   350 
 351 
Fig. 13. Comparison of geometrical changes of weld longitudinal profiles afters 10 weeks in-service, a- rail 1 in empty line, b- 352 

rail 2 in empty line, c- rail1 in laden line, d-rail2 in laden line. 353 

 354 
3.5. Variation of transversal rail profile: wear loss 355 

 356 
In addition to the surface hardness variation due to wheel passages, progressive wear could take place and 357 

lead to the change of the railhead profile. As welds are known to develop differential wear, the transversal profile 358 
of railhead is measured in the fusion zone. Fig.14a presents an image of the railhead indicating the measurement 359 
positions. It is important to indicate that no final profiles were measured because the rails were ground during routine 360 
maintenance before those measurements could be taken. 361 

 362 
Fig.14b indicates the difference between the measured profiles in the gauge corner of ALFONS welds. It 363 

shows that WA4 presents the lowest profile. The loss reaches 12 µm in the same position comparing to the other 364 
welds. Fig.14c states the transversal profiles of Reference welds subjected to the loading in the empty line. The 365 
most worn weld is WR3. Fig.14d details the transversal profiles measured in Reference welds of the laden line. It 366 
appears from these results that the rail 1 of the laden traffic line exhibits higher progressive wear detectable in welds 367 
WR7, WA4 and WR5. This is could explained by the relative high dynamic forces generated in this traffic line. In 368 

a b 

c d 
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addition to the relatively high wear, WA4 has undergone a fatigue cracking failure detailed in the following 369 
paragraph.  370 
 371 

  372 
 373 

  374 
  375 

 376 
Fig. 14. Comparison of transversal railhead profiles in fusion zone of welds after 10 weeks in-service, a- Image explaining the 377 
measurement position, b- comparison of ALFONS welds, c-comparison Reference welds empty line d- comparison Reference 378 

welds laden line. 379 
3.6. Crack fatigue damage 380 
 381 

  382 
 383 

Fig. 15. Illustration by photos of the crack appeared in ALFONS weld WA4 in the gauge corner,  384 
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During field-testing, the periodic examination of welds revealed the development of large and deep cracks 385 
in the gauge corner of ‘ALFONS’ weld, WA4. Fig.15a presents the aspects and the location of the crack in the 386 
railhead. As reported previously, ‘ALFONS’ welds are initially ground to optimize the longitudinal profile 387 
irregularity. It appears that the crack initiates in these residual grinding marks and propagates downwards. At this 388 
stage, reparation-welding operations have been realised to avoid a catastrophic failure of the weld, see Fig.15b. 389 

 390 

4. Discussion 391 
 392 
Results of field testing reveal interesting details about the behaviour of thermite welds. The combination 393 

of the numerical simulation and field measurements lends a hand to explain the degradation in welds. This paragraph 394 
discusses respectively the induced impact loads generated by weld irregularities that affect the cyclic variation of 395 
the weld surface hardness. Furthermore, the cyclic hardening between ‘ALFONS’ and conventional welds aims to 396 
understand the role of the welding process. 397 

 398 

 399 
 400 

Fig. 16. Example of plot gathering the vertical variation of the weld irregularity, the induced impact force and the hardness 401 
comparing the initial and his progress after 3 weeks in-service of WA4 weld. 402 

The numerical simulation shows that the highest dynamic load at the wheel/rail contact happens at the 403 
location of the maximum absolute gradient. Fig.16 draws conjointly the vertical geometry variation, the force 404 
distribution, and the hardness of WA4 welds respectively. It shows the location of the maximum absolute gradient 405 
coincides with the highest force. This is following previous research [7], [15], [22]. Moreover, the simulation 406 
highlighted also that dipped welds induce high dynamic forces compared to the peaked. Indeed, even though the 407 
test configuration contains peaked welds that are showing unacceptable geometry, such as WR4 and WR8, the 408 
generated impact forces are lower than the acceptable dipped welds. This result seems to agree with Mutton et al. 409 
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field instrumentation how studied the relationship between dynamic impact and train speed for dipped and peaked 410 
welds [23]. 411 

Impact forces induced by weld irregularities generate stresses along with the rail profile. Various studies 412 
investigated the structural fatigue in rail welds [24], [25]; generally interested in the rail foot defects. This study 413 
characterizes the weld surface by measuring periodically the surface hardness that does not exist before. Results 414 
showed that the hardness is increasing and decreasing at a comparable time interval of 4 weeks (see paragraph 415 
3.3.2.). This indicates that the railhead top surface is experiencing periodic hardening and softening. Usually, the 416 
increase of the hardness is attributed to the work hardening. 417 

 418 
Recently, Athukorala et al.[26] studied the ratchetting behaviour of head-hardened rail steel, they 419 

illustrated that the plastic strain changes with hardness, which varied with depth. Concerning rail welds, Su et al. 420 
investigated the ratchetting response of flush butt welds under uniaxial and biaxial cycling. They indicated that 421 
parent rail material and the fusion metal have a tendency to cyclic softening, and then progressively reach a 422 
stabilized strain rate after a few cycles. Meanwhile, the low hardness shows hardening initially and stabilises with 423 
the increasing number of cycles. Therefore, in our field observation, it seems that different weld zones material 424 
accumulates plastic strain via an open strain cycling, which is most likely the case in track, and stabilise after 4 425 
weeks when the strain rate specific for each zone is reached. Fig.17a presents the variation of the surface hardness 426 
of the fusion zone as a function of loaded tonnage. The re-increase of the hardness (or decrease) indicates that a 427 
new fresh surface layer is being subjected to impact cyclic lamination. This is in agreement with Kapoor theory 428 
concerning the wear by plastic ratchetting [27]. Kapoor proposed that the plastic ratchetting could be the origin of 429 
two wear mechanisms; the extrusion of the material and the fracture of the thin layer by delamination. It would be 430 
interesting to evaluate the subsurface hardness of weld subzones to further understanding the cyclic variation of the 431 
surface. In future work, the metallurgical examination of the railhead top surface could be useful to evaluate the 432 
plastic ratchetting progress through the weld. 433 

 434 
In the same breath, Kapoor considered that the failure in a ductile material is competitive between the 435 

plastic ratcheting wear and the failure by low cyclic fatigue (LCF) [27],[28]. The field-testing showed that WA4 436 
exhibits both high mass loss and the development of crack in the loaded area of the railhead. The repetitive impact 437 
loading induces a cyclic plastic deformation that may be predicted by the low cyclic fatigue theory proposed by 438 
Coffin-Masson Law:   439 

(
∆휀𝑓

2
) . 𝑁𝑓

𝑛 = 𝐶 440 

 441 

where f, is the alternating plastic strain, Nf  is the number of cycles to failure, the exponent n is approximately 442 
0.5 and C is a strain related to the failure strain in static loading.  443 
 444 

Based on this law, the development of the crack in ALFONS welds earlier than the standard welds can be 445 
explained. Indeed, ‘ALFONS’ welding technology is an automated thermite welding process applying an additional 446 
forging load at the end of the process in a forging step. Josefson et al. studied numerically this process [31]. The 447 
FE-simulations showed that the addition of forging load induces an increase in plastic strains within the welded 448 
area. Even the metallographic examination showed a comparable pearlitic gradient to the standard welds [11], 449 
macro-indentation tests revealed the presence of higher plastic energy. Fig.17.b presents macro-indentation curves 450 
realized during laboratory characterization of rail welds. The indentation is performed in the subsurface between 3-451 
5 mm from the running-band in the fusion zone within comparable hardness. 452 
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   453 
 454 

Fig. 17. a-Evolution of the surface hardness of the weld centre as a function of the loaded tonnage in the laden track. b. 455 
comparison of macro-indentation curves of fusion zone between conventional and ‘ALFONS’ welding processes. 456 

For each process, the elastoplastic response is plotted in Fig.17.b. It shows higher plastic energy in the case 457 
of the ‘ALFONS’ weld. It is measured by the area under the charge and discharge curves; ALFONS »5800N.mm 458 
where conventional weld »5600 N.mm. This suggests that for the same load, ALFONS material deforms easier than 459 
the standard weld material. Even no monotone testing had been performed in the fusion zone of each process; it 460 
seems that the ALFONS presents a reduced strain to failure which explains the lower lifetime in the track.   461 
 462 

Finally, the evaluation of the longitudinal geometry after 10 weeks in-service showed a different tendency 463 
between the laden and the empty lines. The vertical variation of the empty line increases in all welds, contrary to 464 
the welds on the laden line. It is then expected that the dynamic forces are higher during the whole testing-period. 465 
Our result is in agreement with Zhang et al. who inferred that evolution of the rail weld irregularity depends on the 466 
dynamic behaviour of the vehicle- track interfaces and the rail wear processes [29],[30]. 467 

 468 

 469 
5. Conclusion 470 

 471 
This work studies the damaging behaviour of thermite welds in real traffic condition. It attempts to establish 472 

a relationship between the geometrical irregularity and the welded area inhomogeneity. These non-uniformities 473 
result from the welding process: the vertical geometry can induce high dynamic forces acting on welded area where 474 
the mechanical properties differ in the parent material, the heat affected zone within two sub-regions high and low 475 
hardness, and the fusion metal.  476 

 477 
The field-testing is performed also to evaluate performances of the innovative ALFONS process. Four 478 

ALFONS welds were compared to eight joints welded in situ according to EU regulations. To optimise ALFONS 479 
welds working, high quality finish grinding was applied to ensure low vertical irregularities. Further, a numerical 480 
simulation reproducing the testing configuration provides the possible dynamic forces generated by each weld. The 481 
damage is studied through a periodic measurement of weld surface hardness along the weld, and the measure of the 482 
transversal railhead profile and the vertical longitudinal profile after 10 week in-service. Relevant results of the 483 
study are summarised as follows:  484 
 485 

a 

b 
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 The simulations show that for the highest dynamic load at the wheel/rail contact happens at the location of 486 
the maximum absolute gradient in all welds. Dipped welds, rather than unacceptable peaked welds, 487 
generate the highest impact loads.  488 

 The periodic measurements of surface hardness of welds reveal a clear increase of ALFONS welded area 489 
after 21 weeks in-service. This increase is observed overall weld sub-regions: the heat-affected zone 490 
marked by the presence of the low hardness, or softened sub-region and also in the fusion metal.  491 

 The running band hardness showed a cyclic increase –decrease over the testing-period. The increase of the 492 
hardness indicates the plastic hardening process. While the decrease can be attributed to softening by 493 
plastic ratcheting and/or wear which exposes ‘new’ material to the running band. Further investigations 494 
are required to elucidate the ratcheting behaviour of thermite welds. 495 

 This observation is contrary to the common assumption that the mechanical properties of the running 496 
surface monotonically stabilise through a period in-service. That is not to say that the observations conflict 497 
with the well-established theories of (for example) shakedown, but they imply that the macro-scale 498 
evolution is a complex result of competing phenomenon, whose interaction should be accounted for to 499 
completely understand the evolution of the running surface through aluminothermic welds and analogous 500 
conditions. 501 

 The longitudinal geometric profiles of welds change due to the impact-rolling loading. The vertical 502 
variation in the empty line is progressively increasing when the laden line showed the opposite tendency. 503 

 The difference in ratcheting susceptibilities between the ALFONS and Reference welds is attributed to the 504 
welding process. ALFONS technology exercises an additional forging load leading to the increase of the 505 
plastic strain, and then less ductility of the material.  506 

 507 
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