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Rolf Dollevoet a, Zili Li a,*

a Delft University of Technology, Stevinweg 1, 2628CN Delft, The Netherlands
b Infrabel, Place Marcel Broodthaers 2, 1060 Brussels, Belgium
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A B S T R A C T

Rail grinding has been widely applied in railway networks worldwide to remove or prevent rolling contact fa
tigue (RCF) cracks. However, some concerns have arisen regarding grinding, that it may introduce initial damage 
to the rail and largely shorten the RCF life. This work aims to better understand the effect of grinding on the long- 
term degradation of in-service rails, particularly concerning White Etching Layer (WEL) and RCF cracks. Seven 
rail samples were selected and taken from the Belgian and Swedish railway networks, with different grinding 
histories, accumulated loads, and steel grades. The mechanical and microstructural properties of these samples 
were examined through the hardness test and optical microscopy. WEL and microcracks were observed in both 
ground and non-ground rails, suggesting that rail grinding does not create additional defects nor negatively 
impact the rail surface after long-term service. Macrocracks were observed only in rail samples that had un
dergone zero or a single grinding cycle, confirming the beneficial role of rail grinding in mitigating RCF cracks. 
Ratcheting is the dominant crack initiation mechanism under the examined conditions, while WEL may also 
contribute to crack formation, given that macrocracks predominantly occur at the transition between the WEL 
and the pearlite.

1. Introduction

Rolling contact fatigue (RCF) has been a significant and growing 
problem in rail networks worldwide [1], especially since the early 2000 
s, largely driven by advancements in modern rolling stock. RCF is 
induced by repeated high-stress wheel–rail contact, leading to the pro
gressive loss of ductility in rail materials and the initiation of surface or 
subsurface cracks [2–4]. These cracks may propagate under consecutive 
cyclic loading, sometimes with fluid entrapment [5,6], extend deeper 
into the rail, resulting in catastrophic rail breakage [7,8]. With 
increasing axle loads, train speeds and traffic density, the risk posed by 
RCF continues to rise, becoming a serious threat to rail safety. Therefore, 
timely and effective measures for RCF mitigation and prevention are 
essential to ensure safe and reliable railway operations.

Rail grinding has been widely implemented in the railway industry to 
restore the railhead profile and remove surface defects such as corru
gation [9,10] and RCF cracks [11]. Today, it is globally employed as a 
standard preventive maintenance practice aimed at mitigating RCF by 

removing a thin surface layer of material that typically contains plasti
cally deformed microstructures and early-stage cracks [1]. Despite 
variations in grinding depth and interval across different rail networks, 
the positive impact of rail grinding on extending rail service life and 
reducing maintenance costs has been well documented [12–14]. How
ever, concerns have also been raised regarding potential adverse effects 
on the surface integrity of rails [15], particularly when grinding pa
rameters are not properly controlled [16].

One of the primary concerns regarding rail grinding is its potential to 
induce initial damage to the rail surface due to the high friction and 
temperature rise (e.g., above 800 ◦C [17,18]). A study of RCF in a head- 
hardened rail [19] reported that a White Etching Layer (WEL) with a 
depth up to 8  µm was identified in the low rail after just 1 million gross 
tonnes (MGT) of service, likely resulting from grinding operations. WEL 
is a typical microstructural phenomenon in rail steels, characterised by a 
distinct, hard, and brittle layer [20]. It appears as a white band under 
optical microscopy due to its resistance to chemical etching. WEL for
mation in rails is typically attributed to severe plastic deformation and/ 
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or thermal phase transformation resulting from cyclic wheel–rail friction 
rolling contact [21,22]. WEL has been considered as a potential initiator 
of RCF cracks due to its brittle nature [22–25]. Sometimes WEL is pre
sent together with a Brown Etching Layer (BEL). The BEL is a more 
recently identified surface layer [26], which appears brown after 
etching and is characterised by lower hardness compared to the WEL. 
The formation mechanism of BEL is not fully clear; it could be consid
ered a tempered pre-existing WEL [22,27] or a precursor of the WEL 
[27,28].

The study in [29] reported that abusive grinding generated WEL on 
the heat-treated pearlitic rails and causes microcrack initiation under 
tangential wheel–rail contact stress, which may reduce the normal RCF 
life. A similar observation was made in [24], where a high density of 
cracks was found to originate at the interface between the softer pearlite 
matrix and the harder WEL, which is believed to be a direct consequence 
of the grinding. In [30], microstructural evolution and damage pro
gression were investigated on a single-track railway line following 
preventive grinding. The findings indicated that the local damage 
mechanism is closely associated with the altered surface condition 
resulting from the grinding process. The work in [31,32] assessed the 
impact of grinding on surface quality and crack propagation in both 
twin-disc and field rail samples. It is found that grinding produced WEL 
across various rail grades, and harder grades retained larger quantities 
of WEL due to the smaller hardness gradient between the WEL and bulk 
material, which could promote the formation of cracks. However, the 
same study [31] also noted that the number of cracks does not have any 
significant differences between rail samples with and without WEL/ 
grinding. In [33], the effect of rail grinding on RCF in conventional rail 
was examined, where it was concluded that grinding not only removes 
surface fatigue damage caused by repeated wheel–rail interaction but 
may also reduce subsurface stress concentrations, thereby potentially 
improving fatigue resistance.

Overall, there seems to be no clear consensus on the impact of 
grinding on mitigating or accelerating rail RCF. Moreover, most existing 
studies analyse the transient or short-term effect [29,34] and provide 
limited insight into the long-term consequences of grinding on rail 
degradation in field conditions. Some researchers explored the long- 
term evolution of rail surface damage after grinding under laboratory 
conditions [35–37]; they may not fully replicate the complexities of real- 
world rail operations.

To bridge this gap, the present study investigates the long-term 
impact of rail grinding on rail material evolution, particularly con
cerning WEL and RCF. Seven field rail samples with different grinding 
histories, accumulated tonnages, and steel grades were analysed. The 
samples were taken from the Belgian and Swedish railway networks; five 
of them underwent grinding passes according to the EN13231-3 stan
dard series for the acceptance of reprofiling rails in track, while the 
remaining two were used as reference samples. The analysis includes 
microstructural characterisation and mechanical properties to assess the 
evolution of rail damage over time. Compared to the previous research 
[29–34], this work mainly focuses on the long-term post-grinding effect 
on in-service rail up to 31 MGT. The structure of this paper is as follows. 
Section 2 introduces the rail samples and microstructural investigation 
methods. Section 3 presents the results for six ground and unground 
samples from the Belgian railway network. Section 4 describes the 
microstructural findings from a Swedish rail sample after corrective 
grinding. Section 5 provides a discussion on the influence of grinding on 
rail damage evolution. Section 6 summarises the main conclusions of the 
study.

2. Methodology

This section provides an overview of the field conditions associated 
with six rail samples from the Belgian railway network and one sample 
from the Swedish network. Additionally, the sample preparation pro
cedures and microstructural analysis methods are briefly described.

2.1. Rail samples on the Belgian railway network

Six rail samples were collected from two lines of straight tracks, 
L130B and L40 (see Fig. 1a and 1b), on the Belgian railway network, as 
listed in Table 1 and shown in Fig. 1c. The first four samples (R1–R4) 
were taken from Line L130B, with a traffic speed of 100 km/h and 
annual tonnage of 4 MGT. The remaining two samples (R5 and R6) were 
taken from Line L40, which has the same train speed but a higher annual 
load of 8 MGT. Samples R1 and R2 were manufactured from R260 steel 
grade, while R3 through R6 were made from R350. All rails followed the 
60 E1 profile and conformed to CEN standard EN 13674–1.

These six rail samples experienced different loading and grinding 
histories, as detailed in Table 1. R1 was installed in March 2012, ground 
once in November 2018, and removed from service in December 2020. 
R2 and R3 were also installed in March 2012 but were never ground 
before being removed in December 2019. R4, installed in March 2012, 
underwent one grinding cycle in November 2018 and was removed in 
December 2019. R5 and R6 were both installed in May 2012. R5 was 
ground once in June 2015, while R6 was ground once in June 2015 and 
twice more in November 2018; both were removed from service in 
December 2019. In Belgium, each grinding cycle consisted of two 
grinding passes, with a total material removal of approximately 0.25 
mm in accordance with EN 13231–3. The resulting longitudinal rail 
profile satisfied Class 2 requirements (EN 13231–3), while the trans
verse profile met Class R, Group B criteria with a deviation interval of 
0.6 mm. The rail surface was continuously finished without visible 
bluing marks, and the maximum surface roughness was limited to 10 µm 
Ra, all acceptance criteria were met in accordance with EN 13231–3. 
The grinding train was equipped with 48 grinding stones (22–24 Ampère 
per stone), with the following chemical components of 36% Al2O3, 23% 
Zr, 4.8% Fe2O3, 4% F, 3.6% S, 1.6 K2O, 1.5% SiO2.

These rail samples were extracted from the field and transferred to 
Infrabel’s laboratory for analysis. For five of the six samples (R2–R6), 
both longitudinal and transverse cross-sections were prepared and 
examined using etched optical microscopy (OM). Due to its limited 
longitudinal thickness, only the transverse section was analysed for 
Sample R1. All cross-sections were observed around the centre of the 
running band, corresponding to the primary wheel–rail contact zone. 
Additionally, surface hardness was measured to support the micro
structural evaluation using the Vickers hardness method with a test load 
of 1 kg, in accordance with NBN EN ISO 6507–1. Five hardness mea
surements were performed at the middle of the running band along the 
rolling direction, see an example on R6 in Fig. 1c. Overall, this dataset 
provides a basis for evaluating the long-term impact of rail grinding on 
material degradation and damage mechanisms. Besides, it allows for the 
investigation of other relevant influencing factors such as steel grade 
and traffic load.

2.2. Rail sample on the Swedish railway network

One rail sample was collected from Line 414 of the Swedish railway 
network with a traffic speed of 180 km/h, as shown in Fig. 2a. The rail, 
made of R260 with a 50 E3 profile, was installed in a curve with a radius 
of 1000 m in 1974 and has been subjected to an annual traffic load of 13 
MGT. In Sweden, standard preventive rail grinding typically involves 
4–5 passes, removing 0.3–0.5  mm of material from the rail head. 
However, in 2020, an extended grinding operation was carried out on 
Line 414 to reprofile the rail and fully remove head checks. This pro
cedure involved 30–35 grinding passes, resulting in a total material 
removal of approximately 5–6  mm. This rail sample from the high rail 
was removed from service in 2021, around one year after the grinding. 
Taking into account both artificial wear from grinding and natural wear 
from service, the total vertical wear of the sampled rail reached 
approximately 11  mm.

A transverse cross-section of the rail was prepared by wet cutting, 
polishing, and etching for detailed microstructural analysis, as shown in 

T. Vernaillen et al.                                                                                                                                                                                                                              International Journal of Fatigue 209 (2026) 109620 

2 



Fig. 2b. Based on observations and surface features, the rail head was 
divided into four distinct zones: 1) the wheel tread–rail head contact 
zone (Positions A, B), 2) the wheel flange–rail gauge contact zone (Po
sition D), (3) a slight contact region on the rail shoulder (Position C) 
with residual grinding marks (see Fig. 2a), and (4) a non-contact area 
(Positions E, F). The examination was conducted using OM and scanning 
electron microscopy (SEM) at these zones across the rail head. Micro
hardness tests were performed using Vickers indentation from the rail 
surface to a depth of 10  mm. The prepared rail sample was used to 

examine the microstructure at various positions around the rail head 
and the presence of surface defects, such as WEL or cracks.

3. Results of Belgian rail samples

3.1. Sample R1-R260 with one grinding cycle on Line 130B

Fig. 3 shows the OM images of the R260 rail microstructure at sample 
R1 on Line 130B, around 8 MGT after one grinding cycle, which are 

Fig. 1. Six rail samples taken from two straight lines in Belgium. (a) Track segment on Line 130B after one grinding cycle; (b) track segment on Line 40 after one 
grinding cycle; (c) six rail samples R1 to R6 in the laboratory. The five red points on R6 indicate the surface hardness measurement locations.

Table 1 
Six field rail samples from the Belgian railway network.

Rail sample Line Radius Speed 
(km/h)

Rail profile Steel grade Annual load Installation Grinding Out of track

R1 L130B ∞ 100 UIC60E1 R260 4 MGT 2012–03 2018–11 2020–12
R2 L130B ∞ 100 UIC60E1 R260 4 MGT 2012–03 none 2019–12
R3 L130B ∞ 100 UIC60E1 R350 4 MGT 2012–03 none 2019–12
R4 L130B ∞ 100 UIC60E1 R350 4 MGT 2012–03 2018–11 2019–12
R5 L40 ∞ 100 UIC60E1 R350 8 MGT 2012–05 2016–05 2019–12
R6 L40 ∞ 100 UIC60E1 R350 8 MGT 2012–05 2016–05& 2018–11 2019–12

Fig. 2. The rail samples collected from the Swedish railway network. (a) The rail sample; (b) the prepared cross-section for microstructural analysis.
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located approximately in the centre of the running band within the 
wheel–rail contact zone. The unetched image in Fig. 3a reveals that the 
rail running surface contains many fine, predominantly vertical cracks. 
After etching, a distinct layer comprising a mixture of WEL/BEL is 
observed in the proximity of the rail surface; it has a thickness of about 
30 µm, as shown in Fig. 3b. Several microcracks are found to originate 
within this layer, and some are seen to penetrate through it and reach 
the boundary between the BEL and pearlitic microstructure, see the 
close-up in Fig. 3b. These could be attributed to the brittle nature of the 
WEL, which makes it prone to cracking under cyclic contact loading. 
These microcracks are similar to the observations in [25], which show 
multiple cracks propagating at an angle of ~ 90◦ to the surface within 
the WEL region.

The hardness values on the rail surface range from 307 to 389 HV, 
significantly exceeding the nominal hardness of R260 pearlitic steel, 
which is approximately 275 HV [38]. This increase is mainly caused by 

the work hardening and plastic deformation resulting from repetitive 
wheel–rail contact as well as rail grinding. They are lower than the 
typical hardness range reported for WEL/BEL, and likely represent a 
combined response of the near-surface material, including the rail 
pearlitic matrix and any thin WEL/BEL present. No pronounced plastic 
deformation is observed in the subsurface, which may be related to the 
observation location on a straight track where lateral wheel–rail inter
action is limited.

3.2. Sample R2-R260 without grinding on Line 130B

Fig. 4 shows OM images of the R260 rail microstructure at Sample 
R2, which had not undergone any grinding. The unetched image (Fig. 4a 
and 4c) reveals an irregular rail head surface characterized by small 
flaking and surface microcracks. After etching, a WEL layer is observed 
in the rail materials in Fig. 4b and 4d, with a thickness ranging from 5 to 

Fig. 3. The transverse cross-sections of Sample R1, R260 rail on Line 130B after one grinding cycle, (a) before etching, (b) after etching.

Fig. 4. The OM images of Sample R2, R260 rail on Line 130B without grinding, (a) Longitudinal cross-section before and (b) after etching; (c) transverse cross- 
section before and (d) after etching.
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77 µm. Additionally, severe plastic deformation is observed in the near- 
surface region of Fig. 4b with depths of approximately 200–300 µm. 
Given the substantially higher accumulated tonnage (~31 MGT) and the 
absence of grinding, the WEL is more likely associated with severe 
plastic deformation–induced microstructural transformation (mechani
cal WEL) rather than a thermal WEL [22,39]. The rail surface hardness 
of R2 ranges from 343 to 394 HV, comparable to and slightly higher than 
those of Sample R1.

A comparison of Figs. 3 and 4 indicates that the ground (R1) and 
unground (R2) samples both have a WEL/BEL layer with thicknesses up 
to several tens of micrometres, accompanied by microcracks and 
increased surface hardness. This result suggests that the single grinding 
cycle performed on R1 did not introduce macrocracks and therefore did 
not adversely affect the surface integrity during long-term service. In 
addition, R1 displays a smoother surface than R2, likely as a result of the 
grinding process. The similar hardness values between R1 and R2 imply 
that the surface hardening of R260 rail steel may reach a saturation 
point after approximately two years of service (R1, ~8 MGT). Notably, 
no macrocracks were observed in the R260 rail (R2) after 7 years and 9 
months of service (~31 MGT), indicating good resistance of R260 steel 
to RCF under the examined conditions. In this work, macrocracks refer 
to the relatively large cracks that typically propagate into the bulk 
materials and deeper than 0.1 mm [19].

3.3. Sample R3-R350 without grinding on Line 130B

Fig. 5 shows OM images of the R350 rail microstructure at Sample 
R3, which had not been subjected to grinding. The unetched images 
(Fig. 5a and 5c) reveal a highly irregular rail surface with many flakes. 
Notably, both microcracks and macrocracks are present in this sample. 
For instance, the crack shown in Fig. 5a extends to a depth of 68  µm and 
a length of 280  µm, oriented at an angle of 11◦ relative to the rail surface 
in the longitudinal cross-section. In Fig. 5c, four cracks are visible, with 
depths reaching up to 133  µm and an orientation angle of approximately 
30◦ in the transverse cross-section.

Post-etching images (Fig. 5b and 5d) show the presence of a WEL 
near the rail surface, with thicknesses ranging from 5 to 45  µm. Unlike 
Samples R1 and R2, where microcracks are confined to the brittle WEL/ 
BEL layer, Sample R3 has macrocracks that propagate deeply into the 
underlying pearlitic microstructure. Besides, these cracks are observed 
to initiate at discontinuities in the WEL, either at layer breakages or at 
the interface between the WEL and the pearlitic material, as highlighted 
by the red dashed ovals. The surface hardness ranges from 528 to 988 
HV, indicating significant surface hardening and confirming the pres
ence of the WEL.

In comparison to Sample R2 (R260 rail), the R350 rail appears to 
exhibit lower resistance to RCF under the examined conditions (~31 
MGT), as evidenced by the presence of deeper and more severe cracks. 
Similar observations have been reported in [29,32].

3.4. Sample R4-R350 with one grinding cycle on Line 130B

Fig. 6 shows OM images of the R350 rail microstructure at the centre 
of the running band of Sample R4, where one grinding cycle had been 
performed. The unetched image in Fig. 6a shows a relatively smooth 
surface with few microcracks. After etching (Fig. 6b), the WEL layer 
becomes visible, with a thickness ranging from 5 to 35  µm. The un
derlying pearlitic grains show slight plastic deformation, and no mac
rocracks are observed. The surface hardness is between 449 and 697 HV, 
much smaller than that of R3.

In comparison to Sample R3 (unground R350), Sample R4, after one 
year of service following a grinding cycle (~4 MGT), has significantly 
fewer microcracks, the absence of macrocracks, a smoother surface, and 
lower surface hardness. These observations suggest that rail grinding has 
a beneficial effect on the resistance of R350 rails to RCF by removing the 
pre-existing plastic deformation layer and initial cracks.

3.5. Sample R5-R350 with one grinding cycle on Line 40

Fig. 7 presents OM images of the R350 rail microstructure at Sample 

Fig. 5. The OMs of Sample R3, R350 rail on Line 130B without grinding. (a) Longitudinal cross-section before etching; (b) longitudinal cross-section after etching; (c) 
transverse cross-section before etching; (d) transverse cross-section after etching.
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R5, taken from the other track, Line 40, after one grinding cycle. The 
unetched images (Fig. 7a and 7c) show numerous microcracks as well as 
some macrocracks on the running surface. In particular, Fig. 7c shows a 
prominent crack reaching a depth of approximately 200  µm, with an 
orientation angle of 28◦ relative to the surface, similar to the angle 
observed in Sample R3. The grey material observed inside the crack is 
likely oxide debris formed during repeated crack opening and closing 
under rolling contact [6], which allows oxygen and moisture to ingress, 
particularly in an open-track environment.

After etching (Fig. 7b and 7d), a mixture of WEL/BEL is observed, 
with a thickness ranging from 20 to 80  µm. The microcracks are seen to 
initiate within this layer and propagate into the interface of the under
lying pearlitic structure. The macrocracks are predominantly located at 
the transition between the WEL and the pearlite. Surface hardness 
ranges from 470 to 948 HV, which is similar to the values recorded for 
Sample R3.

Despite differences in railway lines and total accumulated loads 
(around 61 MGT for R5 and 31 MGT for R3), both the ground Sample R5 
and the unground Sample R3 exhibit macroscopic cracks with compa
rable orientations and similar ranges of surface hardness. A closer 
analysis reveals that both samples experienced a similar post-grinding 
load: approximately 29 MGT for R5 and 31 MGT for R3 (without 
grinding), suggesting that accumulated tonnage after grinding is a more 
relevant parameter than total service tonnage when assessing RCF 
development.

3.6. Sample R6-R350 with two grinding cycles on Line 40

Fig. 8 shows OM images of the R350 rail microstructure at Sample 
R6, which had undergone two grinding cycles. The unetched image 
(Fig. 8a) shows the presence of corrosion products near the surface, 
along with minor surface flakes and microcracks. After etching (Fig. 8b), 

Fig. 6. The longitudinal cross-sections of Sample R4, R350 rail on Line 130B after one grinding cycle, (a) before etching, (b) after etching.

Fig. 7. The OMs of Sample R5, R350 rail on Line L40 with one grinding. (a) Longitudinal cross-section before etching; (b) longitudinal cross-section after etching; (c) 
transverse cross-section before etching; (d) transverse cross-section after etching.
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a BEL is observed in the rail material, with a thickness ranging from 10 
to 40  µm. Relatively long cracks are seen to initiate within this layer, 
either parallel to the surface or propagate with a shallow angle and stop 
at the interface of the underlying pearlitic microstructure. The surface 
hardness values range from 564 to 734 HV.

Compared to Sample R5, Sample R6 has no macrocracks penetrating 
into the pearlite, but some microcracks confined within the BEL layer. 
The lower surface hardness may result from a combination of reduced 
accumulated plastic deformation and the absence of a hard WEL, with 
the near-surface region being dominated by BEL.These observations 
indicate that the second grinding cycle performed on R6 had a beneficial 
effect in removing pre-existing damage layers and enhancing resistance 
to RCF cracks. Additionally, the surface hardness of R6 is comparable to 
and slightly higher than that of Sample R4, which may be attributed to 
their relatively low post-grinding loads, approximately 9 MGT for R6 
and 4 MGT for R4, significantly less than the loads for Samples R3 and 
R5. This further supports the hypothesis that post-grinding load is more 
relevant in determining surface condition and RCF development.

3.7. Summary of samples R1-R6

Table 2 provides a summary of the microstructural observations for 
all the six rail samples from the Belgian railway network. Regardless of 
grinding history, all samples show the presence of WEL and/or BEL, 
accompanied by microcracks and surface flaking. The thickness of these 
surface layers ranged from 5 to 80  µm, and grinding does not introduce 
macrocracks and therefore did not adversely affect the surface integrity 
during long-term service.

A comparison of rail samples (R3–R6) subjected to increasing post- 
grinding tonnage (4, 9, 29, and 31 MGT) reveals a trend of progres
sively accelerated damage evolution with increasing service loads. 
Macrocracks were identified only in Samples R3 and R5, while Samples 
R4 and R6, which had the same materials and loads but underwent more 
frequent grinding cycles, present no macrocracks. This suggests that rail 
grinding enhances the resistance of R350 to RCF by effectively removing 
the damaged layers. High surface hardness values were recorded in both 
R260 and R350 rail steels, especially in regions containing WEL, con
firming the brittle nature. Samples with more grinding cycles generally 

exhibited lower surface hardness, implying that grinding helps remove 
the accumulated plastic deformation layers. In addition, ground samples 
show smoother surfaces in OM images and fewer surface irregularities 
than unground ones.

In addition to microstructural analysis, statistical data from the 
Belgian rail network further demonstrate the effectiveness of preventive 
grinding. In 2015, approximately 2,500 ultrasonic defects were detected 
annually, a number that had declined to around 1,000 by 2023 following 
the implementation of preventive grinding programs. Similarly, the total 
length of track sections with small RCF defects (<5 mm), as detected via 
Eddy Current Testing, decreased from 400  km in 2015 to roughly 100 
km in 2024 [11]. Across all six samples, the maximum depth of WEL/ 
BEL layers and associated cracks was less than 0.2  mm. In Belgium, each 
grinding cycle removes approximately 0.25  mm of material from the 
rail surface. These routine grinding operations appear to be effective in 
fully removing early-stage RCF damage and maintaining rail surface 
integrity.

4. Results of the Swedish rail sample

This section presents the microstructural cross-section results of the 
Swedish rail sample. This sample has undergone a corrective rail 
grinding with a material removal of 5–6 mm, and was taken from the 
track after 1 year of service (~11 MGT).

4.1. Microstructural features within the wheel-rail contact zone

Fig. 9 shows the OM images of the R260 rail microstructure in the 
wheel tread-rail head contact zone at two positions, A and B (see Fig. 2). 
It can be seen that a continuous WEL/BEL layer was present at Position A 
with a thickness of about 20–60 μm, while at Position B the WEL is 
discontinuous and appears as small patches together with an underlying 
BEL. Cracks and voids oriented nearly parallel to the rail surface are also 
visible, although they do not appear to propagate into the underlying 
pearlitic structure. The micro-hardness at both locations was about 
280–290 HV near the rail surface, and reduced to 235–245 HV at a depth 
of 10 mm. Within the WEL, localised hardness values reach as high as 
830 HV. It is observed that position B contains a thicker BEL and a much 

Fig. 8. The OMs of Sample R6, R350 rail on Line 40 with two grinding cycles. (a) Longitudinal cross-sections before etching; (b) longitudinal cross-sections 
after etching.

Table 2 
Microstructural observations of six field rail samples from the Belgian railway network.

Sample Grinding 
cycles

Total load(MGT) Post-grinding 
load(MGT)

WEL/ 
BEL (µm)

Hardness 
(HV)

Micro 
cracks

Macro 
cracks

Surface

R1 1 35 8 20–40 305–379 Yes No Smooth
R2 0 31 31 5–77 343–394 Yes No Irregular
R3 0 31 31 5–45 528–988 Yes Yes Irregular
R4 1 31 4 5–35 449–697 Yes No Smooth
R5 1 61 29 20–80 470–948 Yes Yes Smooth
R6 2 61 9 10–40 564–734 Yes No Smooth
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thinner WEL compared to position A. Moreover, the cracks at position B 
are longer and penetrate more deeply, suggesting a larger local wheel- 
rail contact stress. It is also noted that the boundary between the BEL 
and the underlying plastic deformation layer cannot be clearly distin
guished due to their similar contrast in the current optical micrographs; 
further analysis using higher magnification or SEM would be required to 
observe this boundary more clearly.

Fig. 10 presents the SEM images of this rail sample at position B for a 
more detailed examination. It can be seen from Fig. 10a that the rail 
surface shows signs of degradation after around 11 MGT of service, 
including peeling, spalling and small cracks. These cracks have a depth 
of dozens of micrometres, are nearly parallel to the surface, and stay 
within the surface WEL/BEL, as shown in Fig. 10b. Notably, no head 
checks or other defects were observed in this region of the sample, as 
shown in Fig. 2.

Fig. 11 shows OM images of the R260 rail microstructure at two 
locations: the slight contact region on the rail shoulder (Position C) and 
the wheel flange–rail gauge contact zone (Position D). As shown in 
Fig. 11a, the rail surface at Position C contains a thin and discontinuous 
WEL, with a thickness ranging from 5 to 15  μm. This region also exhibits 
signs of slight plastic deformation and an irregular surface profile, 
probably resulting from the grinding. In contrast, the microstructure at 
Position D (Fig. 11b) reveals a much smoother surface, which should be 
caused by more intense and consistent wheel–rail sliding contact. This 
area shows pronounced plastic deformation, a relatively thick BEL, and 
only limited WEL presence, similar to the characteristics observed in 
Fig. 9b. A small surface crack is observed in this region, approximately 
43  μm in length. The micro-hardness at both locations was about 285 
HV near the rail surface.

4.2. Microstructural features of the non-contact zone

Fig. 12 shows the OM images of the R260 rail microstructure in the 
non-contact zone at two positions, E and F. A discontinuous WEL is 
observed near the rail surface, with a maximum thickness of approxi
mately 20  μm. In some areas, the WEL is absent, as shown in Fig. 12b. 
The rail surface has some irregularities, similar to those in Fig. 11a, 
probably introduced by the grinding. Microhardness measurements near 
the surface at both positions range from 280 to 290 HV, about 15% 
higher than the hardness measured at a depth of 10  mm, indicating that 
grinding has induced a certain degree of plastic deformation and surface 
hardening.

Compared to the contact zones shown in Fig. 9, the WEL in the non- 
contact zone (Fig. 12) is thinner, less continuous, and associated with 
fewer microcracks and with a more irregular surface. The overall 
hardness values are comparable in both cases. Additionally, the micro
structural characteristics observed in the slight-contact region (Fig. 11a) 
closely resemble those in Fig. 12a, confirming minimal contact in that 
area.

5. Discussions

Two primary mechanisms have been proposed for RCF crack initia
tion in the rail surface: the ratcheting (I) [40–42] and WEL (II) mecha
nisms [29,43]. Crack initiation may occur due to high stress cyclic 
contact between the wheel and rail, which leads to progressive accu
mulation of plastic strain or ratcheting (Mechanism I) of rail materials 
and eventually exhaustion of ductility. Cracks typically initiate at the 
surface and grow in the direction of maximum shear stress. In this 
process, the presence of WEL is not necessary [4,44]. An alternative 
hypothesis suggests WEL can act as an initiator for rail cracks due to its 

Fig. 9. The OM images of the Swedish rail sample in wheel tread-rail head contact zone. (a) Position A; (b) Position B.

Fig. 10. The SEM images of the Swedish rail sample at position B. (a) on the rail surface; (b) a combination of the rail surface and cross section.
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hard and brittle nature (Mechanism II). WEL is prone to fracturing under 
wheel–rail contact stresses, and the resulting cracks can then propagate 
from the WEL into the soft underlying bulk material [43]. Moreover, the 
significant hardness gradient may promote localised stress concentra
tions at the interface, which promotes crack initiation [32].

Rail grinding removes the accumulated plastic deformation in the 
rail materials (see Fig. 4b), which may also eliminate early-stage cracks, 
thereby significantly reducing the likelihood of crack initiation via 
Mechanism I (ratcheting). However, the grinding process itself can 
generate the WEL and induce localised plastic deformation due to the 
high friction and temperature rise, as shown in Fig. 12 and reported in 
[24,29,32], which may, in turn, promote crack initiation via Mechanism 
II.

The comparison among the six rail samples from the Belgian rail 
network shows that both ground and nonground rail samples exhibit 
microcracks and WEL/BEL with depths of several tens of micrometres, as 
listed in Table 2. However, macrocracks were observed only in samples 
that had not been ground (R3) or had undergone fewer grinding cycles 
(R5). In addition, statistical data from the Belgian network show a sig
nificant reduction in the occurrence of RCF cracks following the 
implementation of preventive grinding. These findings highlight the 
beneficial role of rail grinding in mitigating RCF crack formation, and 
support that ratcheting is the dominant crack initiation mechanism 
under the examined conditions. The presence of WEL may also 
contribute to crack formation since macrocracks predominantly occur at 
the transition between the WEL and the pearlite.

In both the ground and nonground samples, many microcracks were 
observed within the WEL/BEL layers (see Table 2), a feature also iden
tified in newly ground rails, as shown in Fig. 12 and [29]. Statistical data 
presented in [19] indicate that most microcracks do not evolve into 

macrocracks, likely due to the protective compressive stresses and their 
subsequent removal by wear. Therefore, grinding-induced microcracks 
may also be worn away before sufficient plastic deformation accumu
lates from wheel passages to drive further crack propagation. This could 
also explain why the R350 exhibits lower RCF resistance than R260 
under identical loading conditions in this work. R350 material is harder 
and more wear-resistant than R260, which inhibits the removal of 
surface-initiated cracks. Similar findings have been reported in [32], 
where harder rails may be more susceptible to RCF damage.

In this work, all seven rail samples exhibit either WEL, BEL, or a 
combination of both (often referred to as a stratified layer in the liter
ature). The formation mechanisms of WEL have been extensively studied 
and are generally attributed to mechanical or thermo-mechanical 
loading [21,25,45]. Recently, increasing attention has also been given 
to the formation mechanism of BEL. For example, the BEL in a pearlitic 
R350HT rail from service has been investigated in [28], which suggested 
a correlation between cementite decomposition and BEL formation. 
Detailed characterisation of the WEL and the BEL in a pearlitic rail steel 
has been carried out from micrometer to atomic scale in [27], and it is 
reported that BEL could be considered a tempered pre-existing WEL or a 
precursor of the WEL, depending on the time and peak temperature. 
Under well-controlled laboratory conditions, WEL/BEL have also been 
reproduced using defined mechanical loading combined with successive 
two thermal inputs [25,46], and it is found that the initial deformation 
state plays a critical role in determining the resulting microstructural 
characteristics of thermally induced WELs. While the present work is not 
intended to identify the formation mechanisms of WEL or BEL, some 
insights can be drawn from the field observations. In the investigated 
samples, predominantly WEL was observed in rails without grinding 
(Samples R2 and R3) or in non-contact zones subjected only to grinding 

Fig. 11. The OM images of the Swedish rail sample in the wheel flange-rail gauge zone. (a) A slight contact region on the rail shoulder, Position C; (b) the wheel 
flange–rail gauge contact zone, Position D.

Fig. 12. The OM images of the Swedish rail sample in the non-contact zone. (a) Position E; (b) Position F.
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(Swedish sample), whereas BEL was mainly observed in regions exposed 
to the combined effect of subsequent wheel–rail contact loading and 
grinding. Further studies could be performed to fully clarify these 
observations.

Rail grinding introduces initial surface roughness by residual 
grinding marks, which are gradually smoothed out through wheel–rail 
interaction over time [34,47]. This explains the smoother surface 
observed in the OM images of the ground rail samples than in the un
ground ones in Section 3. However, if pre-existing cracks are too deep to 
be fully removed by grinding, the resulting surface roughness and local 
high contact stresses may accelerate crack growth, as reported in [11]. 
Therefore, it is essential to optimise grinding operations, such as 
selecting appropriate grinding stone materials and minimising friction 
during grinding, to reduce initial surface roughness and limit the for
mation of WEL/BEL and plastic deformation. It is worth noting that the 
results obtained in this study are achieved by grinding in certain 
methods and the influence of grinding parameters needs to be further 
investigated.

6. Conclusions

This study evaluates the long-term effects of grinding on rail material 
degradation through microstructural analysis of seven in-service rail 
samples. Six of them were selected from straight track sections of the 
Belgian rail networks, and the other from the high rail in a 1000  m 
radius curve in the Swedish railway network. These samples have 
different grinding operations, steel grades and load histories, and their 
mechanical and microstructural properties were examined via the 
hardness test, OM, and SEM. The main findings have been summarised 
as follows. 

(1) WEL and microcracks were observed in both ground and non- 
ground rails among the seven investigated samples, suggesting 
that rail grinding may not introduce additional defects or 
adversely affect the rail surface after long-term service.

(2) With identical materials and loads, macrocracks were observed 
only in rail samples that had undergone zero or a single grinding 
cycle in accordance with EN 13231 standard series. Besides, the 
statistical data show a considerable reduction in cracks of the 
Belgian railway network after the implementation of preventive 
grinding. These results confirm the beneficial role of rail grinding 
in mitigating RCF crack formation by removing the accumulated 
plastic deformation.

(3) Ratcheting is the dominant crack initiation mechanism under the 
examined conditions, while WEL may also contribute to crack 
formation, given that macrocracks predominantly occur at the 
transition between the WEL and the pearlite.

(4) Despite the initial WEL and local deformation, rail samples with 
more grinding cycles generally exhibited lower surface hardness 
after long-term service.

(5) Rail grinding introduces initial surface roughness, which is 
gradually smoothed out through wheel–rail dynamic interaction 
over time [34,47], causing a smoother surface than in unground 
ones.

(6) Post-grinding load is more relevant than the total accumulated 
load in determining the rail surface condition and RCF 
development.

(7) Under the examined service conditions, R260 steel demonstrated 
better resistance to RCF than R350, likely due to its higher wear 
rate, which facilitates the removal of early-stage surface cracks 
before they further grow.

Overall, this research provides valuable insights into the formation 
mechanism and prevention of RCF cracks in rails. It should be noted that 
the conclusions are based on a limited number of rail samples and 
certain grinding methods, and a broader dataset would help to validate 

and strengthen these findings. Besides, it is observed that BEL only oc
curs in some samples and not others, which could be further investigated 
in future studies. Moreover, further research could be performed to 
optimise grinding operations to avoid aggressive grinding and minimise 
initial surface damage and roughness.
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