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ABSTRACT: As the key load-bearing structure of railway vehicles, the bogie frame plays a critical role in operation.
The identification of operating loads for the bogie frame constitutes an essential part of structural design and safety
assessment. An improved method based on standard Tikhonov regularization is proposed by combining intelligent
algorithms and physical models, to address the issue that weakly correlated loads associated with small singular values
are considerably susceptible to noise interference in bogie frame load identification. A systematic procedure for bogie
frames, integrating load identification, finite element simulation and fatigue assessment, is established. This method
introduces a non-identity matrix constructed from the singular values of the transfer coefficient matrix, and adopts
a genetic algorithm to achieve adaptive parameter selection. Minor corrections are applied to large singular values
associated with strongly correlated loads, while the correction magnitude for small singular values of weakly correlated
loads that are sensitive to noise is increased. Subsequently, load identification verification is performed on the bogie
frame, and the average relative error is significantly reduced. Furthermore, the accuracy of the proposed method is
validated using field measurement data of a new-type bogie frame with inner axle-boxes. Finally, the integrated “load
identification—finite element simulation-fatigue assessment” procedure in this study is implemented as visualization
software and applied to the aforementioned new-type bogie frame. This study provides a numerical solution for
load identification and offers conservative load inputs for finite element modeling and fatigue strength analysis of
bogie frames.

KEYWORDS: Tikhonov regularization; load identification; bogie frame; ill-conditioned matrix; fatigue life

1 Introduction

The bogie frame is a key load-bearing and operational component in the running gear of railway
vehicles, and the reliability of its structural strength is directly linked to the operational safety of the vehicle.
At present, China has established an independent research and development capacity for railway vehicles
and mastered relevant core technologies, whereas the design loads of bogie frames are still formulated
in accordance with international standards [1,2]. Design standards are inconsistent with actual operating
conditions, and considerable deviations are found between in-service operating loads and standard design
loads, which leads to inaccurate strength design of vehicle bogie frames [3-5]. Therefore, the reliability of
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strength evaluation in the structural design phase of railway vehicles can be effectively improved through
research on load identification methods for bogie frames.

In the field of railway vehicle load research, Zhu et al. [6] propose an analytical method for wheel-rail
force identification based on structural dynamics theory, by applying the Duhamel integral and incorpo-
rating the characteristics of railway vehicle systems. Subsequently, vertical wheel-rail force identification is
investigated by Zhu et al. [7] on the basis of the time-domain method, combined with a machine learning-
based correction strategy. A radial load identification model is constructed by Ren et al. [8] using a serial
deep neural network composed of a one-dimensional convolutional neural network and a bidirectional
gated recurrent unit, and hyperparameter optimization of the model is achieved by adopting the Hyperband
algorithm. To address the insufficient accuracy of the traditional quasi-static method when the excitation
frequency approaches the natural frequency of the frame, Lu et al. [9] introduce a correction strategy based
on reference point stresses and propose a load identification method suitable for metro vehicle bogie frames.
In the engineering domain of railway vehicles, data-driven methods including machine learning [10] and
neural networks [11] are widely regarded as major current research hotspots. However, such methods have
inherent limitations, such as high reliance on high-quality training data and constrained generalization
performance. Therefore, in the engineering practice of bogie frame load identification, traditional regular-
ization methods still retain significant value due to their merits of concise theoretical framework and clear
engineering interpretability.

Regularization methods are effective approaches to handle ill-posed problems. The basic idea is that
a set of regularized solutions can be obtained by imposing appropriate additional conditions or boundary
constraints, and the solution that best matches the governing equation can be selected from the set [12,13].
To solve the ill-posed problems in the inversion process of structural dynamic loads, the optimal parameters
are obtained by Xi et al. [14] using a micro-population genetic algorithm, and ill-conditioned problems such
as matrix inversion are avoided. The Tikhonov regularization method is extended by Pacheco et al. [15]
through generalized singular value decomposition, so that it can be applied to regularization problems
of arbitrary order. A regularization parameter selection strategy based on the A-optimal design method
is proposed by Wang and Gu [16] and applied to the inversion of seismic slip distribution. These studies
provide theoretical, numerical and practical guidance for load identification in multiple fields. However,
in the current load identification of railway vehicles, the theoretical system of establishing differentiated
regularization parameter selection strategies based on load correlation remains incomplete. Considering that
singular values of different magnitudes in the frequency response function matrix have different effects on
the stability of identification results, an improved regularization method is proposed by Jing et al. [17] on the
basis of the inverse virtual excitation method. The effectiveness of this method is verified through multi-point
stationary random load tests on simply supported beams.

Structural strength assessment based on identified dynamic loads is of great importance for ensuring
the safe operation of bogie frames. Xiu et al. [18] find that the loads specified in international standards are
conservative, and the application of field-measured loads to the structural design phase involves lengthy
simulation computations. Wang et al. [19] develop a high-precision force-measuring frame for long-term on-
track tests to obtain the actual loading conditions and damage states at fatigue-critical locations. Different
from the design loads specified in international standards, Yin et al. [20] determine the optimal calibration
coefficient for each load amplitude using a calibration method based on the damage consistency criterion,
and establish a damage-consistent test load spectrum to realize fatigue damage prediction under actual
service conditions. Li et al. [21] reconstruct the load phase information lost during rainflow counting
through bench loading tests, build a load-prediction stress model with a phase matrix, and evaluate the
structural damage state via equivalent stress. Most of the above studies rely on field measurement data, yet the
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acquisition of field-measured response data involves a complex process. Therefore, load reconstruction based
on measured signals in existing studies is inevitably affected by measurement noise [22,23]. Meanwhile, tradi-
tional fatigue assessment procedures suffer from cumbersome operations and redundant steps. Massive data
computations tend to cause deviations between load identification results and fatigue assessment outcomes.

Weakly correlated loads corresponding to small singular values are highly susceptible to noise inter-
ference during the load identification process of bogie frames. An improved method based on standard
Tikhonov regularization is proposed by combining intelligent algorithms with physical models, and a
systematic procedure from load identification to fatigue assessment is established for bogie frames. This
method introduces a non-identity matrix constructed from the singular values of the transfer coefficient
matrix and adopts a genetic algorithm for adaptive parameter selection. Minor corrections are applied to
large singular values associated with strongly correlated loads, while the correction magnitude for small
singular values corresponding to weakly correlated loads that are sensitive to noise is increased. Through
such differentiated processing of response data, the accuracy of bogie frame load identification is improved.
Subsequently, load identification verification is conducted on bogie frames, and the average relative error
is significantly reduced. Furthermore, the accuracy of the proposed method is further validated with
field measurement data of a new-type bogie frame with inner axle-boxes. Finally, the integrated “load
identification-fatigue assessment” procedure developed in this study is implemented as visualization software
and applied to the aforementioned new-type bogie frame. This study provides a solution for bogie frame load
identification and is of great value to the structural strength design and safety assessment of railway vehicles.

In summary, the contributions of this paper are:
(1) An improved Tikhonov regularization method with differentiated processing of measured response
data;
(2) Field measurement of the new-type bogie frame with inner axle-boxes;

(3) 'The integrated “load identification-fatigue assessment” procedure and visualization software based on
measured data.

2 Method

2.1 Singular Value Decomposition

The key to solving ill-posed problems with regularization methods lies in constructing a proper
regularization operator, and all common methods for constructing regularization operators are established
on the basis of singular value decomposition (SVD) theory [24].

For a linear time-invariant system, its dynamic load identification system model is expressed as:
b=Ax 1)

where b is the m x 1 measurement response matrix, x is the n x 1load matrix, and A is the m x n load transfer
coefficient matrix, where m is the number of measurement responses and 7 is the number of unknown loads.

In engineering applications, the transfer coefficient matrix A is usually ill-conditioned. By performing
SVD on matrix A, the matrix is rewritten as:

n
A=UzV'= Z uia,-v;f (2)
i=1

where U = (uy,...,uy)and V = (vy,...,v,) denote the m x m and n x n orthogonal matrices, respectively.
u; and v; are the eigenvectors obtained from AA™ and A" A, respectively. £ = diag (o, ...,0,) denotes the
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diagonal matrix constructed from the singular values, where o; is the singular values of matrix A, and let
012> --+20,20.
Combined with the singular value decomposition method, Eq. (1) is solved and the result xgy p is given
as:
- " ulb
Xsyp = VX 1UTb:zl—Vi (3)

iz1 Oi

In load identification, the condition number is commonly used as the criterion to evaluate the
ill-conditioning of a matrix. For matrix A, its condition number is defined as:

cond (A) = |A|| |47 = = (4)

01
Op

The larger the condition number of a matrix, the more severe its ill-conditioning, and the lower the
accuracy of xgyp obtained by the singular value decomposition method [25]. To improve the accuracy of
Xsvp, the Tikhonov regularization method is widely adopted to mitigate the ill-conditioning of the transfer
coefficient matrix.

2.2 Standard Tikhonov Method

The basic idea of the Tikhonov method is to introduce a regularization term into the objective function
of the least squares method, so as to transform the linear problem into an optimization problem. The objective
function optimized by the Tikhonov regularization method is expressed as:

. 2 2
min |Ax - b|; + A || Lx|; (5)
where A is the regularization parameter and used to balance the residual norm and the solution norm, L is

the regularization matrix, |-| denotes the squared two-norm of the parameter.

The least squares solution of the optimization problem satisfies:
x=(ATA+AL"L)" ATb (6)

SVD is performed on the coefficient matrix A and the regularization matrix L. After rearrangement, the
Tikhonov regularized solution can be obtained as:

n 2 T n T

o u;b u;b

X = _— ;= f—v- (7)

Doty o ; o
wherey, > --- >y, > 0represent the singular values obtained from the singular value decomposition of the
regularization matrix L. f denotes the filter function, which is expressed as f = o7/ (aiz + /\y%).

In standard Tikhonov regularization, the regularization matrix L is usually set as the identity matrix I,
where L = I. In this case, the expressiony, =y, = --- =y, =1

Therefore, the standard Tikhonov regularized solution is written as:

"o o} ulb
X = ——

" ulb
Vi = ijvi (8)
i-1 O

2
jor+L o

The filter function corresponding to the standard Tikhonov regularization method is given by f =
o?/ (oiz + )L). An analysis of the characteristics of the filter function f shows that f approaches 1 for large
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singular values, while f <1 for small singular values. Thus, the differentiated correction of singular values
can be realized by modifying the filter function f.

2.3 Improved Tikhonov Method

Although the Tikhonov regularization achieves a certain improvement in accuracy compared with
the SVD, it gives rise to the problem of over-smoothing approximation in the objective function. This is
attributed to the fact that the regularization matrix L in the standard Tikhonov regularization is an identity
matrix. When processing the singular values of matrix A, corrections of the same magnitude are applied
to all singular values, and this strategy has obvious shortcomings. On one hand, it overcorrects the signals
corresponding to large singular values. As the major components of the matrix, these signals have good
noise immunity and their original information ought to be retained. On the other hand, it under corrects the
signals associated with small singular values. Such signals are sensitive to noise and should be emphatically
corrected during the regularization process. The standard Tikhonov method fails to effectively handle the
differences in noise sensitivity among singular values.

Therefore, a non-identity matrix is introduced to impose minor corrections on large singular values and
strengthen the correction magnitude for small singular values, so that the influence of noise is effectively
suppressed. The proposed method improves the standard Tikhonov regularization and realizes differentiated
corrections for different eigenvalues of the matrix by constructing a new diagonal regularization matrix.

For the selection of the regularization matrix, Jing et al. [17] improved the standard Tikhonov regular-
ization by constructing a regularization matrix with diagonal elements of \/01/0;. It can be concluded that
proper selection of diagonal elements helps balance the sensitivity of different singular values to ill-posed
problems. However, the matrix used is essentially an empirical parameter matrix. Its values lack support
from physical principles, and its optimality has not been verified. Thus, in current engineering applications,
this matrix can only be treated as a suboptimal approximate solution rather than an optimal engineering
solution. Therefore, an improved Tikhonov regularization matrix based on the above matrix is proposed,
with its diagonal elements denoted as y..

24 al

Y= 9)

0;

where « is defined as both a power adjustment parameter and a non-negative variable, which is employed to
regulate the intensity of the differentiated constraint.

The expression of the improved Tikhonov regularization matrix is given as:

01
«[ 2 e 0 ||
01
01
0 P T |
LIZ 02 (10)
01
0 0 «f— 0 0
L Om dmxn
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The improved regularized solution x, of the improved Tikhonov regularization matrix can be
expressed as:
"2 ulb " o} ulb
K=Y T vi= ) Vi D
i1 0; +Ayi g i=1 o1\* i
2 o 1
or+ A (—)

1 O.i

A large volume of on-track measurement data is required to be processed for a single evaluation
of the objective function in this study. Accordingly, the selection of optimization algorithms shall satisty
the requirements for both computational cost and the stability of global optimality. Among conventional
approaches, grid search is a uniform traversal method. While it is deemed straightforward in single-
parameter scenarios, its computational efficiency is extremely low when large-scale datasets are involved.
As a typical swarm intelligence algorithm, particle swarm optimization can achieve fast convergence when
applied to low-dimensional unimodal functions. However, measurement noise and random fluctuations
are present in on-track test data, by which the performance of particle swarm optimization is considerably
affected [26]. The genetic algorithm is an optimization algorithm that searches for the optimal solution by
simulating the process of natural evolution, and possesses strong global optimization capability. An adaptive
genetic algorithm is adopted for the solution of &, and the specific steps of the algorithm are as follows [27]:
In the initialization phase, parameter setting, chromosome encoding and random population generation are
completed. During each iteration, the algorithm calculates the individual fitness and the average fitness of
the whole population. The population is divided into groups according to the iteration count, and an elitist
preservation strategy is applied to retain the optimal individuals for the next generation. Crossover and
mutation operations are controlled based on the formula of adaptive crossover and mutation probability, with
differentiated strategies implemented for population groups at different fitness levels. The algorithm adopts
single-point crossover and swap mutation for high-fitness populations, while multi-point crossover and
inversion mutation are used for low-fitness populations. After each iteration, the optimized sub-populations
are reintegrated. The algorithm determines whether to continue the evolution process by checking if the
maximum number of iterations is reached.

In load identification, identification accuracy serves as the most important evaluation criterion; there-
fore, the adaptive genetic algorithm is adopted to solve for the parameter a. The genetic algorithm selects o
by minimizing the mean relative error (MRE).

11’1
MRE=-3%"
n

i=1

x,-—fci

(12)

Xi

where x; is the true load and %; is the predicted value obtained from load identification.

The genetic algorithm is applied to the load identification of bogie frames, and the global optimal
solution of « is obtained by taking the minimization of relative identification error as the objective function.
When the ill-conditioning degree of the matrix is relatively high, analysis on the regularization matrix L;
shows that the singular values y; of Lj are significantly correlated with the singular values ¢;. When o; is
large, the value of y; approaches 1, which results in a small correction magnitude for the principal component
signals and thus avoids over-correction. As o; decreases, y; shows an increasing trend, which strengthens
the correction magnitude for noise-sensitive signals and suppresses the influence of noise.

The selection of the regularization parameter A is also critical, as it controls the balance between data
fitting and the smoothness of the solution. In this paper, the generalized cross-validation (GCV) criterion
is adopted to determine the optimal regularization parameter. The GCV criterion automatically selects the
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optimal regularization parameter A by minimizing an approximation of the prediction error, and its objective
function is expressed as:

|Ax, - B];
[Trace (I- A (ATA+AL"L))]’

GCV (1) = (13)

where x) represents the regularized solution, and Trace in the denominator denotes the trace of the matrix.

The load identification procedure of the improved Tikhonov regularization method is illustrated

in Fig. 1.
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Figure 1: Procedure of the improved Tikhonov regularization method.

2.4 Fatigue Assessment Procedure Based on Load Identification Results

The loads acting on railway vehicles during service are complex and variable under environmental
influences, and multiple load directions must be considered in structural stress calculation. In actual service,
the bogie frame is subjected to complex multiaxial loads induced by wheel-rail coupling excitations and
remains in a triaxial stress state. Therefore, a scientific conversion mechanism from multiaxial stress to
uniaxial stress is required [28]. Existing studies that equate multiaxial problems to a uniaxial state based
on static strength theory and then perform analysis via uniaxial fatigue theory are only applicable to
multiaxial fatigue scenarios under proportional loading. However, the bogie frame is mostly subjected to
non-proportional loads during train operation, especially non-proportional variable-amplitude loads. Under
such conditions, uniaxial fatigue theory cannot deliver accurate assessment results, and relevant research
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must be carried out based on multiaxial fatigue theory. Currently, the main approaches for converting
multiaxial stress to uniaxial stress include the direct method and the projection method. The direct method
compares stress magnitudes directly without considering stress directions. It identifies the maximum and
minimum values among all principal stresses at a node to calculate stress amplitude and mean stress. This
method features simple calculation, but it introduces errors by ignoring the vector nature of stress. The
projection method, proposed by the European Rail Research Institute, is the most widely applied method in
engineering practice [29,30]. This method follows the structural characteristic that fatigue crack initiation
direction is perpendicular to the direction of maximum principal stress. It projects stresses in all directions
onto the direction of maximum principal stress, realizing the conversion from a triaxial stress state to a
uniaxial stress state.

Converting the multiaxial stress state to uniaxial stress via the projection method can more accurately
reveal the mechanical factors leading to structural fatigue failure, which conforms to the fatigue failure
mechanism under complex stress states. The Goodman criterion establishes a safety boundary in the stress
amplitude-mean stress coordinate system, enabling intuitive judgment of the fatigue safety of a given
stress state. Therefore, based on the measurement data, conducting load identification and performing
fatigue assessment is of great significance for the structural design of the bogie frame. The integrated “load
identification-fatigue assessment” procedure is illustrated in Fig. 2.

p
Field measurement ] Load identification Fatigue assessment

Experimental system Strain results Stress results Load results FEA results Fatigue results

e e W &

Strain response and Data acquisition
operation information  system and computer

& -

bisitsoninge g

Figure 2: Procedure of the fatigue assessment.

3 Experimental Procedure
3.1 Field Measurement

Field measurements are conducted on the bogies of a certain type of electric multiple unit (EMU)
equipped with inner axle-boxes. According to the load specifications given in the EN 13749 standard [31] and
current research [32], the loads acting on the frame are divided into seven load systems, as shown in Fig. 3.
Measuring points that are sensitive to individual loads and produce sufficiently large stress responses are
selected as load identification points. After comprehensive consideration, seven stress measuring points are
determined, and the load-stress transfer coefficients are calibrated on the test bench. The layout of these
measuring points on the frame is presented in Fig. 4.

The total length of the experiment line is approximately 106.884 km, with the experimental speed
incrementally increased from 180 to 250 km/h. This field measurement employs the digital signal acquisition
system from IMC GmbH of Germany. This system features high data acquisition accuracy and strong anti-
interference capabilities, enabling unattended, long-term continuous data collection, making it well-suited
for field measurement. The sampling frequency for all measurement points in the experiment is set to
1000 Hz, achieving a balance between data acquisition accuracy and the volume of collected data [33]. The
experimental system configuration is shown in Fig. 5.
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Torsion load (ToL)
Secondary transverse load (STL)
Anti-yaw damper load (ADL)
Vertical load (VL)
Rolling load (RL)
Transverse load (TrL)
Lozenging load (LL)

Figure 4: Layout of measuring points.

3-axis gyroscope  Positioning system Bogie frame with inner axle-box

Operation information of high-speed trains /=== Strain response

Data acquisition system
e
Computer

Figure 5: Experimental system.

Zero drift caused by temperature changes must be eliminated. Power line interference caused by periodic
electromagnetic signals must be eliminated [34]. A section of data, which is 1900 s long and represents the
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response signal at a running speed of 250 km/h, is selected for processing. After data processing including
glitch elimination, zero drift removal and filtering, the field measured results are obtained as shown in Fig. 6.
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Figure 6: Experimental results.

3.2 Material Performance Test

The bogie frame is fabricated from S355]2W+N steel. To accurately establish the correlation between
strain data and stress data, samples are taken from the in-service bogie frame. Tensile specimens are prepared
in accordance with GB/T 228.1-2021 [35], and the material properties of the in-service bogie frame are tested
using a universal testing machine. During the test, the control system of the testing machine acquires force
values and corresponding specimen elongation data in real time. These data are transmitted to the supporting
computer software for recording and processing. As the tensile force increases continuously, the specimen
deforms progressively until fracture occurs, at which point the test is concluded. The test device and results
are presented in Figs. 7 and 8, respectively.

Test results show that the material exhibits no obvious yield plateau and features continuous yielding
behavior. Similar to conventional metallic materials, it is a strain-rate hardening material, whose yield
strength increases with rising strain rate. However, this study focuses on the conversion relationship between
strain and stress data, so the slope value of the elastic stage needs to be explicitly determined. The elastic
modulus is determined as 206,000 MPa by averaging the test results of different specimens.
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Figure 8: Stress-strain test results.

4 Validation
4.1 Method Validation

The correlation between applied loads and structural responses is determined by the transfer coef-
ficient matrix. The improved method is developed on the basis of the singular values derived from the
transfer coefficient matrix. Different levels of Gaussian noise are artificially introduced to examine the anti-
interference capability of the proposed algorithm under varying noise levels. A feasibility study on load
identification based on regularization methods is conducted for the bogie frame of the aforementioned
EMU. The load data are normalized, with all loads set to a value of 1. The measured response under ideal
conditions is calculated according to Eq. (1). Gaussian noise of 5%, 10% and 20% is separately added to the
measured response to simulate the actual measurement environment. The load identification performance
of the standard Tikhonov regularization method and the improved Tikhonov method is then analyzed under
different noise levels. To quantify the error between the calculated loads and the true loads, MRE, relative
error (RE) and standard deviation (SD) of each estimated value are compared, so as to evaluate the stability
of the improved method.
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(14)

(15)

where X; represents the mean of the predicted values from load identification.

In the improved Tikhonov method, the optimal value obtained by the genetic algorithm with population
grouping strategy and adaptive population proportion variation is 2.97.

The relative identification errors of the two regularization methods under different noise levels are
shown in Fig. 9. The standard Tikhonov regularization method yields relatively accurate results for most load
identifications, but shows poor accuracy for some loads, such as the load of the secondary transverse damper.
Analysis indicates that the load-stress transfer coefficients of these loads are small, and their corresponding
singular values are also small. This means the load-stress correlation is weak and more sensitive to noise,
which leads to deviations in the load identification results. When identifying dynamic loads using the time-
domain method based on physical models, weak correlation between partial loads and measuring points
is unavoidable due to various factors, including incomplete response observation and limited strain gauge
placement caused by structural constraints. Therefore, it is necessary to improve the load identification for
weakly correlated measuring points.
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Figure 9: Comparative analysis of relative errors.

On the basis of ensuring the identification accuracy of the first six loads, the improved method focuses
on optimizing the correction of loads corresponding to small singular values. The results demonstrate that
this method significantly improves the identification accuracy of the transverse load of the motor mount and
the longitudinal traction load, and greatly reduces the identification errors. In particular, the improvement
effect on the load identification of the secondary transverse damper is more prominent.

Table 1 presents the SD and MRE of the two regularization methods under different noise levels,
respectively. Compared with the standard Tikhonov method, both the standard deviation and the mean
relative error of the improved algorithm are significantly reduced. At the 5% noise level, the improved method
shows only a minor improvement over the standard Tikhonov method. As the noise level increases, the
improvement effect of the proposed method becomes increasingly significant.

The results show that, for the bogie frame of this type of EMU, the improved Tikhonov regularization
method achieves high identification accuracy when is used as the regularization matrix, and can yield
solutions with smaller errors and better stability.
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Table 1: Comparative analysis of standard deviations and mean relative errors.

Noise Level Method SD MRE
2y Standard Tikhonov method 0.0247 0.54%

0
Improved Tikhonov method 0.0073 0.52%
10% Standard Tikhonov method 0.0383 2.43%

0
Improved Tikhonov method 0.0241 1.72%
Standard Tikhonov method 0.0407 2.22%

20%
Improved Tikhonov method 0.0288 1.95%

In practical on-track measurements, load identification results can be affected by zero drift, power line
interference, spike glitches and other uncertainties. Accordingly, preprocessing steps including de-spiking,
drift removal and band-stop filtering are commonly implemented on strain signals in the signal processing
procedure. To demonstrate the impact of practical engineering noise and enable comparative analysis, a
segment of test data is selected for analysis. For this dataset, only zero drift correction is performed on the raw
signal, with all other noise components retained without filtering. The improved Tikhonov regularization
method is adopted for calculation. Taking the vertical load as an example, the load identification results
obtained from the raw data and the denoised data are compared, as illustrated in Fig. 10.
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Figure 10: Comparison with the results of the original strain data.

As can be seen from the comparison of results, a large number of impact peaks exist in the load
identification results of un-denoised data. Meanwhile, the impact peaks are randomly higher or lower
than the true values, and the rising and falling edges are not smooth, accompanied by obvious sawtooth
fluctuations. This is attributed to the presence of glitches and power line interference in the raw strain signals,
coupled with the amplitude amplification characteristic of the inverse problem, which turns strain glitches
with originally small amplitudes into obvious load impacts after inversion. The smoothing capability of
Tikhonov regularization is inherently designed to address the ill-posed nature of the inverse problem, serving
as a noise suppression measure during the inversion process. Accordingly, procedures such as filtering
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and de-spiking act as noise preprocessing methods for response data. Load identification performed on
noise-processed response data can minimize noise interference while retaining valid load characteristics.

The improved Tikhonov method is compared with the truncated singular value decomposition
(TSVD) method to demonstrate the accuracy of the proposed improved method. The comparison of load
identification results is presented in Fig. 11.

150
100 oo
2
= 50+ X
3
‘2 120
Fi
E 0r i i i " I
o
>
250 F 50 385 90 595 900
Time (s)
Improved Tikhonov
TSVD
_]00 1 1 1 1 1 1
0 300 600 900 1200 1500 1800

Time (s)
Figure 11: Comparison with the results of the TSVD method.

Both the TSVD method and the Tikhonov method are classical approaches for solving load identifica-
tion problems. As shown in Fig. 11, the trend of the load results obtained by the improved Tikhonov method
is highly consistent with that of the TSVD method. For this segment of test data, the mean relative error
(MRE) between the two sets of results is 1.2%, which effectively verifies the accuracy of the load results
derived from the improved Tikhonov method. Owing to the large number of data points, a relatively small
MRE value is obtained after averaging calculation. When the local data in the time range of 880 s to 900 s are
compared, systematic differences in multiple aspects are exhibited in the load identification results due to the
discrepancies between the two methods. Such differences originate from the distinct filtering mechanisms
applied to singular value components.

In the TSVD method, the first k largest singular value components are retained, while singular
components below the truncation threshold are completely discarded, resulting in the total loss of weak
load components. As a result, obvious oscillatory waveforms appear at positions of abrupt load changes.
Meanwhile, the performance of TSVD is greatly influenced by the truncation order. Under high noise levels,
an excessively large truncation order will lead to severe high-frequency noise oscillation in the solution,
whereas an excessively small truncation order will cause excessive loss of valid signals. Therefore, the
truncation order has to be determined through multiple trials in practical applications of the TSVD method.

In contrast, Tikhonov regularization attenuates all singular components in proportion to the magnitude
of their singular values. Small singular value components are not completely eliminated; instead, they are
progressively attenuated as the singular values decrease, so that weak load information can be partially
preserved. Accordingly, the noise suppression of the Tikhonov regularization method is progressive: the
smaller the singular value, the stronger the suppression of noise amplification, leading to a smoother overall
noise distribution without abrupt noise surges. Under high-noise environments, the stability of the solution
is generally significantly superior to that of the TSVD method.
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4.2 Verification of Time-Domain Load Spectra

Based on field measured data from the line, response signals from the section at an operating speed
of 250 km/h are selected, and load identification is carried out using the improved Tikhonov regularization
method mentioned above. After accounting for the response components of the measuring points under
static loading of the bogie frame, the time-domain histories of the seven load components are obtained, as
shown in Fig. 12.
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Figure 12: Load identification results.

It can be seen from the load results that vertical load and transverse load have relatively large
magnitudes, while the remaining load components exhibit much smaller values. This is because vertical and
transverse loads act as the core load-bearing paths of the bogie. They transmit car body weight and wheel-rail
forces, and guarantee the structural strength and load-bearing capacity of the frame. In contrast, lozenging
load, rolling load and various damper loads are additional loads induced by vibration damping or structural
deformation. Owing to their limited action displacement, their amplitudes are far smaller than those of the
main load components.

The data obtained from load identification is dynamic, random, and voluminous, so it cannot be used
directly. By extracting the maximum values of the loads, the identified load results are compared and verified
with the ultimate loads specified in the EN 13749 standard, so as to further clarify the differences between
the measured loads and the standard loads. The comparison results are listed in Table 2.

The loads specified in EN 13749 are ultimate design loads with sufficient safety margin, calculated under
severe conditions such as full passenger load, extreme acceleration and deceleration, and extreme impact
loads. The loads identified in this paper correspond to the actual daily operating loads of the vehicle rather
than extreme working conditions, so the overall load level is lower. The measured maximum values of all load
components do not exceed the limit values specified in EN 13749, and the load utilization rates fall within
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the safe range, indicating that the structure has sufficient strength margin. Among them, the limit utilization
rates of rolling loads and anti-yaw damper loads are relatively low, while those of vertical and transverse
loads are relatively high, yet still far below the safety limits. Thus, the structure of the bogie frame meets the
requirements of ultimate strength verification.

Table 2: Comparative analysis of maximum load values.

Frame Load Systems Maximum Loads of Ultimate Design Loads Utilization Rate
Measurement (kN) of Standard (kN)

Vertical load 129.5 196.4 66%
Transverse load 69.8 131.2 53%
Lozenging load 159 44.6 36%

Rolling load 77 75.4 10%

Torsion load 3.5 9.2 38%

Secondary transverse load 7.6 19.0 40%
Anti-yaw damper load 9.1 46.0 20%

The load signal is processed via rainflow counting to obtain the amplitude and mean value of each load
cycle over the entire time domain, and the equivalent load is further calculated accordingly. Based on the
principle of damage consistency, the equivalent load reflects the comprehensive effect of load cycles with
different amplitudes and occurrence frequencies [36]. The calculation formula of the equivalent load is as
follows:

1

L & m
F,,=|—— n;F" 16
eq [L]Niz_; 11:| ( )

where, L is the total operational mileage of the bogie under measurement within its specified service life, L,
is the operational mileage during the bogie field measurement, #; is the number of cycles corresponding to
the load level i obtained using the rainflow counting method, P stands for the series of rainflow counts, m is
the S-N curve index, N is the number of cycles corresponding to the fatigue allowable stress.

Comparison of equivalent loads can reflect the actual fatigue load characteristics of the bogie frame
during service. The line operation loads obtained from load identification results are compared with standard
loads, and the results are presented in Table 3.

The EN 13749 standard is formulated based on European railway line conditions, which feature
numerous small-radius curves, a high proportion of curved sections and moderate track smoothness. In
contrast, China’s high-speed railways are dominated by long straight sections and large-radius curves with
high-precision track smoothness. Wheel-rail transverse impact and vertical vibration excitation are thus
significantly reduced, resulting in obviously lower transverse and vertical loads than the standard levels. The
torsional load and secondary transverse damper load are close to the standard values, which is consistent
with the designed unloading characteristics of dampers. The anti-yaw damper load and roll load are relatively
low, indicating small amplitudes of vehicle roll and yaw motions in actual operation and a well-performing
suspension system.
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Table 3: Comparative analysis of equivalent load values.

Equivalent Loads of Ultimate Design Loads e s

Frame Load Systems l\zeasurement (kN) of Stan. darc(tlg (kN) Utilization Rate
Vertical load 74.4 140.3 53%
Transverse load 62.9 834 75%
Lozenging load 12.7 16.7 76%
Rolling load 6.9 24.8 28%
Torsion load 33 5.5 60%
Secondary transverse load 6.0 11.4 53%
Anti-yaw damper load 75 276 27%

Based on the load characteristics analyzed above, the maximum measured value and equivalent value
of each load component do not exceed the limits specified in the EN 13749 standard. The structure has
sufficient strength margin, and the calculation results can provide load input for fatigue strength analysis.
It is worth noting that the validity of the comparison against the EN 13749 standard in this study is only
applicable to conservative estimation in engineering applications. Although the absolute accuracy of the load
identification results has not been verified against true reference values, the identified loads are suitable for
use in structural strength assessment. Since the actual in-service loads of the bogie frame have not been
independently measured, this issue should be given high priority in subsequent research.

5 Engineering Application

In the engineering practice of bogie frame fatigue assessment, traditional assessment workflows suffer
from cumbersome operations and redundant procedures, and are prone to result deviations due to the
large volume of calculations involved. Moreover, accurate load boundary conditions are helpful to carry
out accurate structural fatigue assessment. Therefore, it is necessary to implement the “load identification-
fatigue assessment” integrated procedure in the form of a visual software. A visualization software is
developed to meet the practical engineering requirements of multiaxial fatigue assessment for vehicle bogie
frames, which covers the entire workflow from finite element result reading, multiaxial stress calculation,
and material parameter configuration to result visualization. The software adopts a modular three-layer
architecture, namely the presentation layer, logic layer and computing layer.

(1) Presentation layer

The presentation layer provides a human-computer interaction interface. The interactive interface is
designed based on the PyQt5 graphical interface framework [37], which offers users concise and intuitive
operation entries and converts the professional fatigue assessment workflow into visual operations. It
mainly includes interfaces for loading file reading, multiaxial stress calculation, Goodman curve parameter
configuration and plotting, as well as multi-set result display. All interface modules are rationally arranged
and connect the entire fatigue assessment workflow.

(2) Logic layer

The logic layer encapsulates the multiaxial stress algorithm and the Goodman criterion. It receives
operation instructions from the user interaction layer, dispatches underlying computing layer modules
to execute tasks, and simultaneously completes data circulation, processing and management. Its main
functions are as follows: instruction parsing and workflow scheduling to ensure the orderly operation of each
module following the standard fatigue assessment procedure; data parsing, filtering and format conversion
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to realize data adaptation between different modules; caching and management of parameters and results to
improve platform operation efficiency and provide data support for subsequent result display and export.
(3) Computing layer
The computing layer is responsible for the parsing and storage of finite element results and implements
algorithms related to fatigue assessment. Its main functions include extracting the original stress data
required for fatigue calculation, solving the multiaxial stress at evaluation points, ensuring the stable opera-
tion of the platform, and providing timely feedback on abnormal conditions during the calculation process.

The calculation result interface of the software is shown in Fig. 13.
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Figure 13: Visualization of fatigue evaluation.

The finite element model of the bogie frame is established through structural discretization using
Solid185 solid elements and Shell181 shell elements. The material parameters are determined based on the
data obtained from tensile tests. Considering the actual structure, computational workload and calculation
accuracy of the bogie frame, a mesh element size of 10 mm is selected. The final model comprises a total of
207,936 elements and 77,967 nodes. The steel springs at the bogie axle ends are simulated with COMBINI14
elements, while motors and other suspended components are modeled using MASS21 elements.

All seven identified load results mentioned above are incorporated into the finite element calculation.
The obtained load identification results are adopted as external excitations. In accordance with their actual
action positions and loading directions, these excitations are applied to corresponding positions on the finite
element model, including mounting seats and connection points, to calculate the stress state of the bogie
frame. The finite element model and the principal stress distribution results under three load cases with
different loading directions are shown in Fig. 14. Other load cases are not presented here, as most of them
are local loads. The fatigue assessment software developed in this study generates visual assessment results,
which intuitively present the distribution of fatigue safety margin across the bogie frame. The relevant results
are illustrated in Fig. 15.

It can be seen from the Fig. 13 that all calculated stress points at key assessment nodes under combined
load cases are distributed within the envelope of the Goodman curve. No stress point exceeds the curve
boundary, and the results meet the design requirements. This analysis verifies the fatigue reliability of the
bogie frame under identified loads and confirms the applicability of the visualization system in practical
engineering, establishing a methodological system for the service safety assessment of bogie structures.
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Figure 15: Results of fatigue evaluation.

An improved method based on standard Tikhonov regularization is proposed by combining intelligent
algorithms and physical models, to address the issue that weakly correlated loads associated with small
singular values are considerably susceptible to noise interference in bogie frame load identification. A
systematic procedure for load identification and fatigue assessment of the bogie frame is established.
Furthermore, the accuracy of the proposed method is further validated using field measurement data
of a new-type bogie frame with inner axle-boxes. This study provides a solution for bogie frame load
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identification, and is of great value to the structural strength design and safety assessment of railway vehicles.
The conclusions are summarized as follows:

(1) This method introduces a non-identity matrix constructed from the singular values of the transfer
coefficient matrix and adopts a genetic algorithm for adaptive parameter selection. Minor corrections
are applied to large singular values associated with strongly correlated loads, while the correction
magnitude for small singular values corresponding to weakly correlated loads that are sensitive to noise
is increased. Through such differentiated processing of response data, the accuracy of bogie frame load
identification is improved. Compared with the standard Tikhonov method, both the standard deviation
and the mean relative error of the improved algorithm are significantly reduced.

(2) The comparison with the EN 13749 standard indicates that the load results of this study are suitable
for conservative estimates in engineering applications. In accordance with the requirements of the EN
13749 standard for bogie load analysis, comparisons are conducted from two perspectives: ultimate
load and equivalent load. The maximum measured values and equivalent loads of each load component
do not exceed the ultimate limits and simulated service loads specified in the standard, and all load
utilization ratios are below 1. The new bogie frame structure has sufficient strength margin, and the
calculation results can provide load input for fatigue strength analysis.

(3) The method proposed in this study is developed into visualization software and applied to the fatigue
assessment of the new-type bogie frame with inner axle-boxes. The extreme values of the obtained
load identification results are taken as external excitations and applied to the finite element model
of the bogie frame according to the actual action positions and loading directions. The fatigue
calculation is performed using the fatigue assessment software developed in this paper, and visual
assessment results are generated. All calculated stress points at key assessment nodes under combined
load cases are distributed within the envelope of the Goodman curve. No stress point exceeds the
curve boundary, which satisfies the design requirements. This analysis verifies the fatigue reliability
of the bogie frame under identified loads and confirms the applicability of the visualization system in
practical engineering.

Owing to the diverse loads acting on the bogie and the constraints of field measurement conditions,
future research focuses on decoupling analysis for other loads and comparative validation against load values
measured by high-precision sensors.
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