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are achieved at the gauge corner. The 60N profile demon-
strates the lowest fatigue index compared to the 60 profile 
and measured profile, while maintaining stable wear charac-
teristics and improving vehicle lateral stability with reduced 
bogie acceleration peaks. Based on comprehensive analysis, 
the 60N profile is recommended as the optimal solution for 
both original rail profile selection and grinding target profile.

Keywords  Urban metro · Wheel-rail fatigue defect · Rail 
profile · Wheel-rail contact stress

1  Introduction

Urban rail transit systems have become essential infrastruc-
ture for metropolitan transportation, with metro systems 
serving as the primary mode of daily commute for millions 
of passengers worldwide. Due to spatial constraints in under-
ground construction and the necessity to navigate around 
existing structures and geological features, metro lines inevi-
tably incorporate numerous sharp radius curves, particularly 
in densely developed urban areas.

These sharp curves present significant challenges to vehi-
cle-track interaction dynamics. When trains negotiate sharp 
radius curves, the wheel-rail contact conditions become 
considerably more complex compared to tangent tracks. 
The contact stress distribution experiences dramatic varia-
tions, leading to accelerated rail degradation including side 
wear, rolling contact fatigue, corrugation, and other defects 
[1–5]. Without timely intervention, these defects progres-
sively deteriorate rail performance, reduce service life, and 
potentially develop into critical failures such as rail breaks, 
posing serious safety risks to system operation.

Rail grinding remains one of the most effective mainte-
nance strategies [6–8]: it both removes surface defects and 

Abstract  Urban rail transit systems contain numerous 
sharp radius curves where rail fatigue defect occurs fre-
quently. In severe cases, this leads to extensive rail scaling, 
rail surface fatigue cracks, and intensified wheel-rail vibra-
tion and noise. Appropriate rail profiles can effectively opti-
mise wheel-rail contact status and mitigate the deterioration 
development of wear and wheel/rail fatigue defect. Address-
ing this issue, this paper combines field testing evaluation 
and simulation analysis methods to establish a metro vehi-
cle-track coupled dynamics model validated by measured 
data. Three profile schemes and three simulation scenarios 
were considered to comprehensively study and analyze the 
matching performance between sharp radius curve rail pro-
files and actual wheel profiles from perspectives of wheel-
rail contact stress distribution, fatigue and wear indices, and 
vehicle dynamic performance.

Results indicate that the 60N profile consistently exhib-
its optimal stress control effectiveness under all operating 
conditions. Compared to the traditional 60 profile condi-
tion, normal and tangential contact stress are reduced by 
up to 64% and 61%, respectively. Relative to the measured 
profile condition, stress reductions of up to 64% and 45% 
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reshapes the rail profile to improve ride quality and opti-
mize wheel–rail contact status. Its effectiveness, however, 
hinges on an accurate understanding of defect mechanisms 
and the judicious selection of the target profile. It is therefore 
essential to quantify how profile selection affects wheel–rail 
contact in sharp curves and to identify the most appropriate 
grinding target—work that underpins science-based main-
tenance strategies and extends the service life of metro rails.

A growing amount of work has carried on wheel–rail 
profile matching and profile optimization for sharp-radius 
curves in urban metros. In terms of wheel-rail profile match-
ing, Zhang et al. analyzed the influence of different wheel-
rail profile matching on the operational quality of metro 
vehicles, concluding that rational control of the equivalent 
conicity in wheel-rail profile matching is critical for improv-
ing vehicle operational performance [9]. Zhou et al. found 
through simulation analysis that new rail profiles are prone 
to wheel-rail contact stress concentration and rapid wear. As 
rail gauge wear increases, the wheel-rail contact state tran-
sitions to two-point contact, with high contact stress likely 
to occur at the gauge corner, accelerating wear and fatigue 
defect initiation [10]. Tao et al. investigated the matching 
performance of LM, S1002, and DIN5573 wheel profiles 
with the 60 rail profile under different rail cant conditions, 
demonstrating that the commonly used LM profile is insen-
sitive to rail cant and exhibits best curve negotiation per-
formance at the rail cant of 1/40 [11]. Chen et al. studied 
the matching performance of LM wheel profile with the 60 
profile at different track gauges, showing that appropriate 
gauge widening can reduce wear and fatigue defect [12].

Regarding rail profile optimization, Yang et al. proposed 
asymmetric grinding profiles using multi-objective optimi-
zation algorithms, which effectively reduce rail wear [13]. 
Wang et al. proposed measures to extend the service life of 
high rail profiles by repairing low rail profiles and imple-
menting wayside lubrication in metro curve sections [1]. Qi 
et al. developed optimized profiles for metro sharp radius 
curves based on the KSM-PSO optimization algorithm, with 
simulation results showing that these profiles can effectively 
reduce the wear rate of high rails in curves [6]. Cui et al. pro-
posed a rail grinding profile design scheme and conducted 
field applications, reducing wheel-rail wear and improving 
vehicle operational performance [14].

Whether through wheel-rail profile assessment or profile 
optimization, the objective is to provide reference for rail grind-
ing target profiles to reduce excessive wear and rail surface 
fatigue defects in sharp-radius curve sections, thereby extending 
rail service life. Urban rail transit systems have complex oper-
ating conditions and alignments, with varying problems and 
requirements across different sections. Therefore, rail profile 
selection or optimization must be based on field requirements 
to develop highly applicable and targeted selection schemes. 
However, existing research on metro rail profile selection and 

optimization has limited integration of actual service condi-
tions for both wheel and rail parts. Many proposed optimization 
schemes are designed primarily for grinding applications and 
face practical challenges when used as original profiles for new 
rails or major rail replacement projects.

Currently, China’s high-speed railway and general speed 
railway have fully adopted the 60N profile as the target pro-
file for rail grinding. This profile features a lower gauge 
corner compared to the conventional 60 profile, reducing 
contact stress at the gauge corner [15–17] and decreasing 
the development of wear and fatigue defect. Some urban 
rail transit systems still use aging rail equipment with 60 rail 
profiles, and the short maintenance windows make timely 
grinding and repair difficult [18]. Therefore, determining 
reasonable and effective original rail profiles and grinding 
target profiles is crucial for improving rail grinding effi-
ciency, rail major replacement efficiency, and service per-
formance and life.

Based on this background, this paper takes Metro Line 
2 in City N as the research case study. Starting from field 
investigation and testing, a metro vehicle-track coupled 
dynamics model is established to evaluate and compare the 
matching performance of the 60 rail profile, 60N rail profile, 
and measured profiles with measured wheel profiles from the 
perspectives of wheel-rail contact status, stress, and vehicle 
dynamic performance. The optimal profile scheme is iden-
tified to provide theoretical support for rail selection and 
grinding target profile determination.

The structure of this paper is organized as follows: Sec. 2 
presents field investigation and testing of rail service condi-
tions, including rail surface defect states, rail profile con-
ditions, and track alignment parameters. Sec. 3 establishes 
and validates the simulation model, using measured wheel 
profiles and in-service vehicle parameters to develop a metro 
vehicle-track coupled dynamics model, with model relia-
bility validated through track inspection vehicle test data 
and field wayside dynamics test data. Sec. 4 analyzes and 
evaluates rail profile service performance, considering three 
simulation scenarios to identify the optimal profile from the 
perspectives of wheel-rail contact status, stress, and vehi-
cle dynamic performance. Sec. 5 provides conclusions and 
prospects, summarizing the main research achievements and 
proposing directions for future research.

2 � Investigation of Rail Service Status

An investigation of the rail service conditions on Metro Line 
2 in City N was conducted, primarily covering rail surface 
conditions, rail profiles, rail irregularity, and simulation 
conditions were established based on actual track alignment 
parameters in the sharp radius curve sections.
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2.1 � Status of Rail Surface

The working side of the high rail in curve sections shows 
nearly full contact band with severe side wear. Field obser-
vation reveals that the brightest region within the contact 
band is located at the gauge corner, where dense contact 
fatigue cracks and continuous scaling are present, signifi-
cantly affecting rail surface smoothness. Rail surface irregu-
larity testing equipment was used to measure the irregularity 
at scaling locations. Fig. 1b shows the measured rail surface 
irregularity at three selected measurement points and a nor-
mal section (without scaling). It can be observed that the 
maximum irregularity amplitude at all three measurement 
points exceeds 0.2 mm, with some locations reaching depths 
above 0.4 mm which intensifies wheel-rail vibration, affects 
the service life of wheel-rail components, and also causes 
crack initiation, reducing rail service life.

2.2 � Status of Rail Profile

Due to the need to analyze rail profile conditions, rail pro-
files in curve sections of this line were tested. Rail side wear 
was found on the high rail, with some measured profiles 
showing side wear exceeding 12 mm. When analyzing pro-
file conditions, the profiles were aligned with the standard 60 
profile (their initial profile) using the method shown in the 
upper right of Fig. 2, with calculations performed accord-
ing to the normal angle. The specific alignment method is 
shown in [15].

Statistical results of all profile deviations for the high 
rail are presented in Fig. 2. It can be observed that almost 

all profiles exhibit negative deviations, with the average 
profile deviation reaching nearly 1 mm beyond 15°. This 
indicates that the actual rail gauge corner curvature in 
the field is larger than initial profile, which concentrates 
wheel-rail contact area more toward the rail running sur-
face center. Beyond 15°, the mean deviation reaches 1 mm, 
with a maximum value approaching − 1.2 mm and a mini-
mum value of − 0.6 mm. This indicates that the actual rail 
gauge curvature is small, which tends to cause wheel-rail 
two-point contact, with the wheel-rail contact point on 
the running surface positioned closer to the center, and 
the contact point at the gauge corner positioned closer to 
the rail fillet. The high dispersion indicates that sections 

Fig. 1   Rail scaling and the irregularity

Fig. 2   Deviation of measured rail profiles
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with large negative deviations will experience wheel-rail 
stress concentration.

2.3 � Track Alignment Parameter

The field curve begins at K15+197, with a transition curve 
length of 60 m, curve radius of 320 m, and actual superel-
evation of 120 mm. In the simulation model, the straight 
section length was set to 197 m and the circular curve sec-
tion to 550 m, as shown in Fig. 3. Additionally, field test 
results indicate that vehicles pass through this curve sec-
tion at approximately 40 km/h, with about 60 mm excess 
superelevation, which is unfavorable for curve negotiation 
and increases wheel-rail tangential stress, promoting more 
rapid initiation of contact fatigue defect.

3 � Simulation Model Establishment and Validation

This section introduces the simulation analysis model estab-
lished based on the metro operating vehicles, as well as the 
wheel profiles adopted. The model accuracy was validated 
based on test results.

3.1 � Simulation Model Establishment

The vehicles used in this city are Metro Type B vehicles. 
Based on vehicle parameters [19], this paper employs multi-
body dynamics methods to establish a metro vehicle-track cou-
pled dynamics model. The model includes car body, bogie, 
wheelset, and track. Vehicle structural components are con-
nected through primary and secondary suspensions as shown 
in Fig. 4. Non-Hertzian contact [20, 21] is adopted to calculate 
the wheel-rail contact states and stresses.

The algorithm is based on the strip-division method imple-
mented in our multi-body dynamics simulation platform. The 
core calculation procedure is as follows. The contact patch is 
divided into strips along the longitudinal direction. To obtain 
the correct contact ellipse shape, the relative curvature A in the 
rolling direction is corrected:

where � = a∕b is the curvature ratio, and m , n are Hertzian 
parameters calculated for each strip.

where ai is the half-length of the i-th strip, hi is the local 
penetration depth, and h0 is the penetration at the reference 
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Fig. 3   Alignment parameters of the sharp radius curve

Fig. 4   Metro vehicle-track 
dynamic model
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strip. The normal contact stress on each strip follows the 
elliptical distribution:

where E is the elastic modulus, � is Poisson’s ratio, and � is 
the friction coefficient. The longitudinal tangential stress is 
calculated as:

where G is the shear modulus, c11 is the longitudinal creep 
coefficient, and �xi is the local longitudinal creepage.

The measured wheel profiles adopted are shown in 
Fig. 5. The approach involves fitting the profiles of specific 
wheel positions for each car in a train (for example, fitting 
the first axle left wheel profile of each vehicle to obtain the 
first axle left wheel profile in the simulation model). The 
overall equations of the model are shown as:

The mass matrix of the model can be expressed as:

The damping and stiffness matrices of the model can 
be expressed as:
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(5)MVü + DVu̇ + KVu = F

(6)MV =

⎛⎜⎜⎝

MVc 0 0

0 MBg 0

0 0 MWh

⎞⎟⎟⎠

where the subscripts C , B and W  represent the car body, the 
bogie and the wheelset, respectively. ss and ps represent the 
secondary suspension and the primary suspension.

The main mass and suspension parameters used in the 
vehicle model are shown in Table 1.

3.2 � Validation of Simulation Model

The model was validated from two aspects. First, valida-
tion was conducted based on detection data from the metro 
track inspection vehicle. By inputting measured metro track 
irregularities, the car body acceleration obtained through 
simulation calculation was compared with the acceleration 
from the inspection vehicle, with results shown in Fig. 6.

According to Fig. 6, the simulation calculation results 
are close to the inspection vehicle results in terms of both 
the numerical range and waveform of car body accelera-
tion, with numerical ranges all within − 0.2 to +0.2 m/s2. A 
comparison of frequencies corresponding to three peaks in 
the amplitude-frequency curves of both is shown in Table 2. 
The frequency deviations for the first peak, second peak, and 
main peak are all 0.2%, indicating that the vehicle model 
construction is accurate and reliable.

The wheel-rail forces were measured using the full-
bridge shear stress method when the train passed through the 
ground measurement points. Strain gauges were adhesively 
bonded to the upper surface of the rail foot at symmetri-
cal cross-sections on both sides of the centerline between 
two adjacent fasteners, positioned 20 mm from the edge of 
the rail foot. The spacing between strain gauges was set at 
160–240 mm, with the strain gauge orientation at a 45° angle 
to the longitudinal direction of the rail. After calibrating 
the strain measurements using a wheel-rail force calibration 
frame, the lateral wheel-rail forces were calculated.

(7)DV =

⎛
⎜⎜⎝

DCC Dss 0

Dss DBB Dps

0 Dps DWW

⎞
⎟⎟⎠
, KV =

⎛
⎜⎜⎝

KCC Kss 0

Kss KBB Kps

0 Kps KWW

⎞
⎟⎟⎠

Fig. 5   Measured wheel profile

Table 1   Vehicle model parameters

Item Value

Mass of the vehicle 33.9 t
Mass of the bogie 3.73 t
Mass of the wheelset 1.73 t
Longitudinal stiffness of the primary suspension 17.2 MN/m
Lateral stiffness of the primary suspension 9.2 MN/m
Vertical stiffness of the primary suspension 347 kN/m
Longitudinal stiffness of the secondary suspension 162 kN/m
Lateral stiffness of the secondary suspension 162 kN/m
Vertical stiffness of the secondary suspension 349 kN/m
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The comparison of wheelset lateral forces in curve 
sections is shown in Fig. 7. The simulation calculation 
result has a mean value of 9.19 kN, slightly higher than the 
measured result of 7.96 kN, with a difference of approxi-
mately 15%. This is because wheelset lateral force is the 
lateral component of wheel-rail contact normal force, 
directly affected by axle load, and the vehicle axle load 
used in simulation calculations may be greater than that of 
actual operating vehicles. The wayside measurement data 
collected represents wheel-rail forces from all vehicles 
passing throughout the day. During working hours, vehicle 
loads are lighter with correspondingly smaller wheel-rail 
forces, while during busy times, loads are heavier with 
larger wheel-rail forces. In the simulation model, the vehi-
cle mass was set to maximum load capacity; therefore, the 

mean value of measured wheel-rail forces is necessarily 
lower than the simulation calculation mean value.

The calculated derailment coefficients for left and right 
wheels in curve sections were compared with measured 
results, as shown in Fig. 8. It can be observed that the distri-
bution of derailment coefficients obtained from simulation 
calculations is close to measured results. The mean values 
for the high rail are 0.32 and 0.33 respectively, with a 3% 
difference, while the mean derailment coefficients for the 
low rail are 0.31 and 0.33 respectively, with a 6% difference. 
Since the derailment coefficient is the ratio of lateral force 

Fig. 6   Comparison of simulation vehicle acceleration with test results

Table 2   Validation in frequency domain

Parameter Frequency (Hz) Devia-
tion rate 
(%)Measured Simulation

The first peak 0.513 0.514 0.2
The second peak 0.570 0.571 0.2
The highest peak 1.911 1.914 0.2

Fig. 7   Comparison of measured wheelset lateral force with simula-
tion results
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to vertical force, the close agreement between simulation 
calculation results and measured results also indicates that 
the proportion of wheel-rail lateral force to vertical force in 
simulation calculations is close to measured results, validat-
ing the reliability of model calculation results.

4 � Rail Profile Service Performance Analysis 
and Evaluation

This section compares and analyzes the service performance 
of three rail profiles based on the track alignment conditions 
established in Sec. 2.3: (1) 60 profile; (2) 60N profile; (3) 
measured profile. To comprehensively evaluate profile per-
formance, three simulation scenarios were established: (1) 
vehicle passing through ideal curve sections (without track 
excitation); (2) vehicle passing through sections with irregu-
larities caused by rail surface scaling; (3) vehicle passing 
through sections with measured track irregularities.

The analysis indicators in this section mainly include 
wheel-rail contact stress and vehicle dynamic performance. 
Among them, wheel-rail contact stress is an important indi-
cator reflecting wheel-rail matching in curve sections. High 
wheel-rail normal contact stress causes plastic deformation 
on the rail surface that continuously accumulates to form the 
plastic deformation layer. Under the high wheel-rail tangen-
tial contact stress, the plastic deformation layer undergoes 
shear failure, forming cracks. Therefore, wheel-rail contact 
stress is the main factor affecting rolling contact fatigue. 
Vehicle dynamic performance directly relates to train stabil-
ity and passenger comfort.

4.1 � Ideal Condition

Since both the 60N profile and measured profile exhibit 
two-point contact conditions, the comparative analysis 
considers both running surface contact and gauge corner 
contact states separately. The normal contact stress shown 

in Fig. 9a represents the ratio of wheel-rail normal force 
to contact patch area, reflecting the overall level of contact 
stress.

Analysis results indicate that when the vehicle passes 
through transition curve sections, normal contact stress 
exhibits significant peaks. The 60 profile condition shows 
the largest stress peak, approaching 2500 MPa, while the 
peaks for both 60N profile condition and measured profile 
condition are similar, around 1490 MPa. Within curve sec-
tions, the normal contact stress for the 60 profile is 1411 
MPa. The measured profile condition shows uneven contact 
stress distribution due to continuous profile variations, aver-
aging around 1100 MPa. The 60 N profile condition contact 
stress is 942 MPa, representing a 33% reduction compared to 
the 60 rail profile condition and a 14% reduction compared 
to the measured profile condition.

Wheel-rail contact patch and stress distribution compari-
son shows: under the 60 rail profile condition, the contact 
patch is located approximately 30 mm from the running 
surface center, with maximum contact stress reaching 2050 
MPa, where long-term high stress conditions easily cause 
plastic deformation and fatigue crack initiation. Under 60 N 
profile condition, the maximum stress on running surface is 
1460 MPa and the maximum gauge corner contact stress is 
2360 MPa. Under measured profile condition, the maximum 
stress on running surface is 1540 MPa and the maximum 
gauge corner contact stress reaches 3280 MPa. For gauge 
corner contact, the 60N profile shows an average contact 
stress of approximately 1775 MPa, while the measured pro-
file reaches 2190 MPa. Adopting the 60N profile can reduce 
gauge corner contact stress by 19%.

Tangential contact stress comparative analysis (Fig. 10) 
shows that when vehicles pass through transition curve sec-
tions, tangential stress reaches peak values: 948 MPa for the 
60 rail profile, 648 MPa for the measured profile, and 550 
MPa for the 60N profile. After entering curve sections, the 
distribution pattern remains: the 60 profile condition shows 
the highest tangential stress (508 MPa), followed by the 
measured profile (440 MPa), and the 60 N profile shows the 
lowest (360 MPa). Compared to the 60 profile and measured 
profile condition, the 60N profile condition reduces wheel-
rail tangential stress by 29% and 18%, respectively. Maxi-
mum tangential stress within contact patches shows: 962 
MPa for the 60 profile, 721 MPa for the measured profile, 
and 692 MPa for the 60 N profile, representing reductions 
of 28% and 4% compared to the 60 profile and measured 
profile, respectively.

At the gauge corner, the measured profile condition shows 
wheel-rail tangential stress of approximately 810 MPa, while 
the 60N profile condition shows 670 MPa, a reduction of 
17%. The maximum tangential stress under measured profile 
conditions is 1552 MPa, while the 60N profile shows 1097 
MPa, a reduction of 29%.

Fig. 8   Comparison of measured derailment coefficient with simula-
tion results
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Analysis of tangential stress distribution and direction 
characteristics (shown in Fig. 11) within contact patches 
reveals: under the 60 profile condition, high tangential 
stress points are mainly concentrated at 27~28 mm from 
the running surface center, forming a 13° angle with the 
lateral direction. Under the 60N profile condition, high 
tangential stress points are more dispersed, distributed 
over a range of 17~21 mm, with angles varying from − 2° 
to 8°. Under measured profile condition, high tangential 
stress points range from 12~14 mm, with angles mainly 
at 10°, essentially perpendicular to the fatigue checking 
direction.

This comparative result indicates that when using 
the 60N profile, with its wider contact area, lower tan-
gential stress, and more dispersed stress directions, it is 
less likely to produce concentrated stress within small 
areas, thus more effectively mitigating fatigue checking 
initiation.

4.2 � Including Rail Irregularity Condition

When rail surface irregularity is considered, wheel-rail 
forces and contact stress will inevitably increase sig-
nificantly. This section mainly analyzes the differences in 
wheel-rail contact stress under different profile conditions. 
Therefore, one measured irregularity can be used as excita-
tion input for model calculation. The rail irregularities are 
shown in Fig. 12, with a maximum amplitude of − 0.27 mm. 
When wheels pass through the defect, wheel-rail contact 
states change rapidly, resulting in significant peaks in normal 
and tangential stresses.

When wheels pass through scaling defects, significant 
differences exist in normal contact stress peak among the 
three profiles. The maximum stress within the contact patch 
for the 60 profile reaches 4480 MPa, far exceeding the other 
two profiles. In comparison, the 60N profile and measured 
profile show considerably lower stress values of 1600 MPa 

Fig. 9   Comparison of Normal contact stress
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Fig. 10   Comparison of wheel-rail contact tangential stress

Fig. 11   Direction of the tan-
gential stress
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and 1690 MPa, respectively, representing reductions of 64% 
and 62%.

Similar to Sect. 4.1, both the 60N profile and measured 
profile exhibit two-point contact phenomena. At the gauge 
corner, the normal stress peak for the measured profile is 
2247 MPa, while the 60N profile shows 1672 MPa, a reduc-
tion of 26%. For maximum normal stress within contact 
patches, the measured profile shows 3130 MPa while the 
60N profile shows 1112 MPa, a reduction of up to 64%.

Analysis results indicate that the 60 profile generates 
the highest contact stress under rail irregularity excitation, 
significantly accelerating plastic strain accumulation and 
fatigue defect deterioration. Although the measured pro-
file and 60N profile show similar contact stresses at the rail 
running surface, the 60N profile exhibits significantly lower 
contact stress at the gauge corner.

Tangential stress comparative analysis (Fig. 13) shows 
that the 60N profile performs optimally across all indica-
tors. In the running surface contact area, the maximum 

tangential stress for the 60 profile condition is 2114 MPa, 
the measured profile is 840 MPa, and the 60N profile is 
832 MPa. The 60N profile shows reductions of 61% and 
1%, respectively. In the gauge corner contact area, the 
maximum tangential stress for the measured profile is 1505 
MPa, while the 60N profile shows 832 MPa, a reduction 
of 45%.

4.3 � Including Track Excitation Condition

Changes in rail profiles not only affect wheel-rail contact 
stress distribution but also significantly impact wheel-rail 
fatigue, wear, and vehicle performance. To comprehen-
sively evaluate the overall performance of the three pro-
files, wheel-rail surface fatigue index I , wear number W 
, and vehicle lateral vibration responses were calculated 
and analyzed using measured metro track irregularities as 
input excitation.

Fig. 12   Normal contact stress
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where, Tx represents the longitudinal creep force, Ty repre-
sents the lateral creep force, Fz represents the normal force, 
A represents the contact patch area, k represents the yield 
strength, �x represents the longitudinal creepage, �y repre-
sents the lateral creepage.

According to the reference [22], when the wheel-rail 
surface fatigue index exceeds 0, wheel-rail material defor-
mation will experience ratcheting effects with continuous 
plastic deformation accumulation. A higher wear number 
indicates a faster wear rate. The calculation results are 
shown in Fig. 14.

Simulation results indicate that after the vehicle enters 
curve sections, both fatigue and wear indices increase 

(8)

⎧⎪⎨⎪⎩
I =

�
T2
x
+ T2

y

Fz

−
Ak

3Fz

W = Tx�x + Ty�y

rapidly. The fatigue indices for the 60 profile and measured 
profile stabilize around 0.25 and 0.2, respectively, while the 
60N profile shows a fatigue index of approximately 0.1, indi-
cating significantly slower plastic deformation accumulation.

Wear number comparison shows minimal differences 
between the 60N profile and measured profile when first 
entering curve sections. However, after a running distance 
of 500 m, the wear index under measured profile condition 
begins to increase sharply, exceeding baseline values by 
more than 5 times, while the 60N profile condition main-
tains stable. These results demonstrate that the 60N profile 
can effectively reduce wheel-rail fatigue development rates 
and wear rates.

Bogie and car body lateral acceleration comparison 
results are shown in Fig. 15. When using the 60N profile, 
bogie lateral acceleration consistently maintains the mini-
mum value, with peak values reduced by 24% and 7% com-
pared to the 60 profile and measured profile, respectively. 

Fig. 13   Comparison of wheel-rail contact tangential stress
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For car body acceleration, although the 60N profile condi-
tion is slightly higher than the 60 profile in the first 500 m 
section, the peaks occurring after 500 m are significantly 
lower than those of the 60 profile. Dynamic simulation 
results indicate that adopting the 60N profile can improve 
vehicle lateral stability to some extent.

Comprehensive analysis of wheel-rail contact stress, 
fatigue and wear indices, and vehicle dynamic responses 
under three operating conditions demonstrates that the 60N 
profile exhibits minimum normal and tangential stresses at 
the rail running surface. Additionally, it demonstrates the 
lowest fatigue index and wear number, effectively delaying 
wheel/rail material fatigue defect accumulation and wear 

development while exhibiting better vehicle lateral stability. 
Therefore, the 60N profile is more suitable for the operating 
conditions of this line.

5 � Conclusion and Prospects

Addressing the severe rail fatigue defect problem in sharp 
radius curves of urban rail transit, this paper combines 
field investigation and testing with simulation analysis 
methods, taking Metro Line 2 in City N as the research 
object. A metro vehicle-track coupled dynamics model 
was established to systematically compare and analyze 

Fig. 14   Wheel-rail contact fatigue index and wear number

Fig. 15   Vehicle lateral acceleration
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the matching performance of the 60 profile, 60N profile, 
and measured profile, identifying the 60N profile as the 
optimal rail profile solution for this line.

(1)	 Field investigation revealed that severe rail scaling 
occurs on the high rail of sharp-radius curves, forming 
continuous multi-short-wave irregularities that inten-
sify wheel-rail vibration and fatigue deterioration. The 
measured rail profiles exhibited negative deviations 
with small gauge corner curvature, and vehicles oper-
ated with approximately 60 mm excess superelevation, 
collectively contributing to fatigue defect development.

(2)	 A validated metro vehicle-track coupled dynamics 
model based on measured wheel profiles was estab-
lished. Model reliability was validated through com-
parison with track inspection vehicle data and wayside 
dynamics test data, demonstrating high consistency in 
key parameters including car body acceleration, wheel-
set lateral forces, and derailment coefficients, confirm-
ing the model’s effectiveness for wheel-rail matching 
analysis.

(3)	 Profile evaluation through comprehensive analysis of 
contact stress, fatigue, wear, and vehicle dynamics 
demonstrated that the 60N profile consistently exhibits 
superior performance. Compared to the 60 profile and 
measured profile, the 60N profile significantly reduces 
contact stresses and the values of fatigue index, main-
tains stable wear characteristics during operation, and 
improves vehicle lateral stability. Based on these find-
ings, the 60N profile is recommended as both the origi-
nal rail profile selection and grinding target profile for 
the metro line.

The methodology developed in this study—encompass-
ing field investigation, validated modeling, and profile 
evaluation—provides a systematic framework that can 
be generalized to other metro systems. This integrated 
approach establishes a complete closed-loop from field 
problems to theoretical research and practical application. 
For other metro lines experiencing similar rail fatigue 
issues, the same methodology can be applied: (1) con-
ducting field measurements of wheel-rail profiles, rail 
irregularities, and rail defect conditions; (2) establishing 
a validated vehicle-track coupled dynamics model based 
on measured data; (3) performing comparative analysis 
of different rail profile options to identify optimal solu-
tions. Furthermore, the validated model developed in this 
study can also be directly adapted to other metro lines or 
sections with similar operating conditions by updating the 
measured profile and rail/track irregularity inputs. This 
transferable methodology provides a practical and efficient 

approach for rail profile selection and maintenance strat-
egy optimization across various urban rail transit systems, 
contributing to more comprehensive support for full life-
cycle management of metro rails.

Given the difficulty in controlling rail profile grind-
ing quality in curve sections, future work will continue 
to investigate and monitor the rail grinding profile qual-
ity of this line, comprehensively considering the impact 
of profile deviations caused by grinding operations, and 
researching and optimizing rail grinding schemes; Further-
more, after rail grinding or major replacement, continuous 
tracking and observation of rail surface service conditions 
and profile evolution characteristics will be conducted to 
deeply analyze wheel-rail interaction mechanisms at dif-
ferent service stages and develop scientific and effective 
maintenance strategies, providing more comprehensive 
theoretical support and practical guidance for full lifecycle 
management of urban rail transit rails.
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