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ABSTRACT
Dynamic load histories of vulnerable fatigue sites in structures are
of paramount importance for safety design, and such load–time his-
tories with long duration are usually lumped together to a load
spectrum for safety assessment. In this paper, long-term field tests
involving several operation variables, including track types, opera-
tion speeds, passenger lines, trains and their in-service time, were
carried out to obtain stress–time histories of the bogie frame of
high-speed trains. By comparing the stress spectra from different
operation conditions, we identified the correlation between opera-
tion variables and the characteristics of stress spectra. It was found
that both track type andoperation speedplay a prominent role in the
magnitudes of stress spectra. Combinedwith the segmentedWeibull
model, we quantified the impact of operation variables on damage
and confirmed that the inflection stress in the segmented Weibull
model can be used as a measure of track status. The results revealed
in this report could help obtain a systematic understanding of the
fatigue performance of structures of complex dynamic systems like
high-speed trains.
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1. Introduction

In the past decade, the rapid development of the railway network has made profound
changes for improved passenger and freight transport capacity [1]. Like all complex and
large-scale transportation facilities, the safety and reliability of high-speed trains (HSTs),
with the accumulated operation, become the overwhelming concern and thus promote
related research with different focuses [2,3]. Since bogies are the main load-bearing struc-
ture, their state affects the safety and stability of train operation directly, so it has been
receiving intensive attention [4,5]. It is therefore crucial to explore the fatigue performance
of vulnerable sites of bogies for life cycle assessment (LCA). A traditional yet successful way
is tomonitor the dynamic load histories of those sites in structures from the field test [6–8].
Essentially, a spectrum records the frequency of a particular load magnitude over a wide
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range of loads of interest, such as stress, strain, acceleration, and force. The stress spectra,
combined with fatigue theories, are then used for structural health monitoring and LCA
[9,10].

Standardisation of the stress spectrum has been broadly applied to mechanical systems
like automobiles [11] and aviation [12] for fatigue analysis since the acceptance of Miner’s
damage law [13]. Given the significance of those stress spectra, different techniques have
been developed for the safety of HSTs. Researchers have been zeroing in on stress spectra
of particular structures of an HST in-service to understand the fatigue life of those compo-
nents. The load collection [14] and data processingmethods [15] have been applied to field
tests. At the same time,methods such as obtaining spectra through simulations [16,17] and
spectrum extrapolation [18] are also developed to offset the high cost of field tests. In these
studies, the damages of structures are often calculated by the determined loads without
considering the influence of operation variables.

There are different external factors in the operation process of the HST, which will form
different load boundarieswhen they are transformed into specific structures, thus changing
the characteristics of the stress spectrum. These variables come fromboth the environment
of the railway system [19] and train-operationmodes [20]. Different geographical environ-
ments will directly affect the operation status of an HST, such as tunnels of the line [21,22]
and natural winds [23,24]. At the same time, the track changes the boundary conditions of
an HST in two major aspects: (1) The curve of tracks directly determines the lateral force
borne by the structure [25] and (2) track irregularities transfer completely different loads
upward, which directly determines the vibration state of the wheelsets and bogies [26–28].
The speed of HSTs has a great impact on the load borne by the structure. The change of
speed in actual operation will also affect the fatigue performance of HSTs [29,30]. In addi-
tion to the independent influencing factors, the coupling between them will also alter the
load. For example, the change of speed often interacts with the track irregularity and affects
the vertical vibration of vehicles [31]. There is little work to systematically factor in those
variables and examine their influence on the stress spectra of a train. In this paper, we
compile stress spectra of the bogie frame under various working conditions. By comparing
different operation variables, we examine the influence of each variable on the form and
characteristics of the stress spectrum in detail.

2. Field tests and fittingmethods

2.1. Field tests

Wehave sorted out the field tests data of different passenger dedicated lines for long operat-
ing times. These tests, with accumulated distance exceeding 5 × 106 km, covered the main
operating modes of China’s HSTs and three test trains, as shown in Table 1. The first two
are the same CRH type, and the third is CR. We use 1-CRH, 2-CRH, and 3-CR to indi-
cate them, respectively. Among them, 1-CRH is a long grouping HST with 16 cars, while
2-CRH has 8 cars. To obtain representative data from the large-scale high-speed railway
network, we carried out tests involving five vertical and five horizontal passages, as shown
in Figure 1.

All stress spectra in this paper come from the fatigue key site at the junction of the
transverse beam and the side frame of the motor bogie frame, which is mainly affected
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Table 1. Information on the field tests. Here, we use 1-CRH, 2-CRH and 3-CR to indicate the three high-
speed trains explored in the tests.

Train
number Model

Speed level
(km/h) Track type Passenger dedicated line Operation time

1 CRH 300 Ballastless Beijing–Guangzhou May 2013–July 2015
Beijing–Nanjing

Nanjing–Hangzhou
200 Ballasted Shijiazhuang–Taiyuan

Wuhan–Chengdu
2 CRH 300 Ballastless Beijing–Hengyang November 2014–November 2016

Guangzhou–Shenzhen
Xuzhou–Jinan
Hefei–Xuzhou

Changsha–Shanghai
Xuzhou–Zhengzhou

200 Ballasted Nanning–Guangzhou
Hefei–Wuhan

Nanning–Hengyang
Qinzhou–Nanning
Qinzhou–Beihai

3 CR 300 Ballastless Beijing–Guangzhou Feburary 2017–December 2017
Beijing–Tianjin

300, 350 Ballastless Beijing–Shanghai
200, 250, 300, 350, 385 Ballastless Yangqu–Yuanping November 2015

200 Ballasted Changchun–Jilin August 2016

by the vertical force from the steel spring and the lateral force from the rotary arm. We
acquired the stress–time histories in this site by employing the strain gauge technique [33],
and the installation position of strain gauges follows JIS E 4208 [34]. Details about the
strain gauge technique and data acquisition can be seen in reference [35]. The raw data
are processed by digital filtering and deburring to eliminate the interference signal. With
the rainflow counting method [36], we transform the processed stress-time histories into
stress spectra. Fatigue damageD resulting from a particular stress spectrum is deduced by
using Miner’s linear cumulative damage law [13]:

D =
S∑

i=1

niσm
i

C
(1)

where S is the total number of stress steps, σi and ni stand for the stress amplitude and the
frequency of the ith step, respectively, and m is the slope of the S–N curve of the material
where the strain gauge is placed. Here, it is a welded steel joint with m = 3.5 and C =
5.74 × 1012 [37]. We follow the stipulations of the NASA Technical Memorandum [38]
when it comes to the small stress amplitude below the fatigue limit in the actual stress
evaluation. All the stress spectra in this paper are divided into 1024 steps. By comparing
the damage of the stress spectrum after classification with the original rainflowmatrix, we
obtain the damage errors of all the stress spectra, which are defined as follows:

E = |D − Dref |
Dref

(2)

where D is the damage calculated by the stress spectrum after classification, Dref is the
damage of the original rainflow matrix, and the maximum error is less than 0.02%.
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Figure 1. Illustration showing the lines for field tests of Chinese high-speed trains, including 10 pas-
sages of the ‘eight vertical and eight horizontal’ high-speed railway network [32]. In the following, we
use BJ, SJZ, ZZ, WH, CS, HY, GZ, SZ, TJ, JN, XZ, NJ, HZ, SH, TY, CD, HF, NN, QZ, BH, YQ, YP, CC and JL as the
abbreviations for Beijing, Shijiazhuang, Zhengzhou, Wuhan, Changsha, Hengyang, Guangzhou, Shen-
zhen, Tianjin, Jinan, Xuzhou, Nanjing, Hangzhou, Shanghai, Taiyuan, Chengdu, Hefei, Nanning, Qinzhou,
Beihai, Yangqu, Yuanping, Changchun and Jilin City, respectively.

2.2. SegmentedWeibull distribution

With increasing classifying steps, the stress spectrum of the bogie frame of an HST grad-
ually presents a segmented form: There is an inflection point where the slope of curves
changes abruptly. We proposed a segmentedWeibull distribution [39] to capture the spec-
trum, which uses a piecewise function to describe the two respective parts of the stress
spectrum, as follows:

fs(x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

β1

η1

(
x
η1

)β1−1
exp

[
−

(
x
η1

)β1
]

+ β2

η2

(
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η2
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)β2
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(3)
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where σ0 is the inflection stress and an indicator of the line quality. The cumulative
distribution function can be obtained by integration as follows [39]:

Fs(x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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]

+ exp
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(4)

Note that the two segments of the segmented Weibull model satisfy C0 continuity at the
inflection point.

3. Results

According to the test information and load conditions of the bogie frame, we sort out five
operation variables that may affect the form of the stress spectrum, namely, the operation
time of trains, test trains, operation lines, operation speeds and track types. The first two
factors are caused by the evolution of the frame itself, while the last three are caused by the
different loads from rail or wind. The effects of different factors on the stress spectrum of
bogie frames are explored, respectively.

3.1. Operation time

With operation, the structural health may change and deteriorate. We select two typical
passenger lines, Beijing–Guangzhou andHengyang–Nanning, which cover twomain oper-
ating modes of HSTs with 300 km/h on the ballastless track and 200 km/h on the ballasted
track. According to Figure 2, although the bogie has been used for several months or even
more than a year, there is no perceivable change in the characteristics of stress spectra,
especially in Beijing–Guangzhou. It can be seen from the cumulative cycle diagrams that
the biggest difference lies in the maximum stress amplitude. Compared to those of 20 Jan-
uary 2016 and 19 March 2015, the stress spectrum measured on 30 September 2016 in
Figure 2(c) is severer in terms of higher stress at a given frequency range (alternatively
more cycles at the same high-stress level). Given the discrepant observation within a lim-
ited duration of the field test, it may be fair to conclude that stress spectra evolution is not
only line-dependent but also time-dependent.

3.2. Test train

In the previous investigation, we showed the stress spectra of the same train operating for
different times. Indeed, the train itself is a variable that may bring up changes in stress
spectra. In addition to the previously mentioned two trains, 1-CRH and 2-CRH, we also
consider 3-CR, the Chinese standard electric multiple units (EMUs). We extracted the
field data of Beijing–Wuhan section from Beijing–Guangzhou passenger line, where all
three trains were running at the same speed of 300 km/h. We minimise the difference in
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Figure 2. Stress spectra of the bogie frames under the influence of operation time. Stress spectra are
from (a) 1-CRH and (c) 2-CRH. (b), (d) Cumulative cycle diagrams of stress spectra corresponding to (a)
and (c).

other factors to ensure possible changes of stress spectra originating from the test trains.
As shown in Figure 3(a,b), the stress level of 3-CR is significantly higher than those of 1-
CRH and 2-CRH, especially in the medium stress area of 3–10MPa. In terms of damage
per kilometre of the samemonitoring site, that of 3-CR is about 40% and 130% higher than
those of 1-CRH and 2-CRH, respectively. It is worth noting that the three stress spectra fit
to the segmented Weibull distribution, and the inflection stresses of the three spectra are
nearly the same in Figure 3(a).

3.3. Operation line

Due to the different geographical locations, passenger lines may bear different factors,
including tunnels, bridges, the radian and slope of the line and even temperature and
humidity. In addition, a line between different cities may give rise to distinct passenger
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Figure 3. Stress spectra of the bogie frames under the influence of several factors. (a) Stress spectra of
different trains from the same line. (b) Cumulative cycle diagram of stress spectra corresponding to (a).
(c) Stress spectra from the same 2-CRH serving several passage lines and at a speed level of 300 km/h.
(d) Cumulative cycle diagram of stress spectra corresponding to (c). All tracks of the lines involved here
are ballastless.

volume and frequency of train intersection. Both factors impact the load in the static and
dynamic aspects. Figure 3(c,d) shows the stress spectra of the bogie frames from the same
train serving five distinct lines in several periods. The difference of lines causes a profound
diversity of the stress amplitude and the frequency under the same amplitude of stress spec-
tra. Given both the track type and operation speed are the same for the train serving the
five lines, it is therefore important to consider the specialty of stress spectra when assessing
the fatigue life of a particular structure of a train.

3.4. Operation speed

The speed trajectory, from train acceleration, steady-state operation, to deceleration,
will lead to changes in the stress status in different aspects, such as aerodynamics [23],
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Figure 4. Influenceof speed trajectory on stress spectrum. The segmented characteristics of stress spec-
tra with different speeds are (a) obvious, (b) inapparent and (c) nearly disappeared. The stress spectra of
the bogie frame are all from 1-CRH. The speed trajectory of each operation is shown in the insets. (d)
Cumulative cycle diagram of stress spectra corresponding to (a)–(c).

wheel–rail relationship [29,40], transmission systems [41] and so on. In addition, because
the traction motor and braking devices are directly suspended on the transverse beam of
bogie frames, the difference of inertial force caused by different speeds will also change
the boundary conditions of bogie frames [42,43]. Normally, for a given route and a vehi-
cle in service, the speed trajectories are nearly the same. Therefore, it will give rise to a
stress spectrum associated with the speed level. We now focus on the influence of average
operation speed and the detailed speed trajectory.

Particularly, we examine the stress spectrum of the same train serving two stations,
namely, Nanjing and Hangzhou, both being a stop of the Beijing–Shanghai passage. In
Figure 4, we show these stress spectra of the same train serving the Nanjing–Hangzhou
section at the same speed level of 300 km/h. In order to reveal the influence of speed trajec-
tory, we monitor the stress–time histories of the same train with three operation strategies.
Due to frequent stops, the average speed could be perceivably lower than the speed level
of 300 km/h. The stress spectrum in Figure 4(a) came from an operation with two stops,
which clearly shows the two-segment form. With the increase of acceleration and deceler-
ation process due to frequent stops, as seen from the insets in Figure 4(b,c), the segmented
nature of the stress spectrum characterised by the inflection stress becomes much degrad-
ing. The lower average operation speed could be the primary course of such a substantial
drop in the stress spectrum.

Five speed levels, namely, 385, 350, 300, 250 and 200 km/h, have been tested in the
Yuanping–Yangqu passenger line, while two speed levels of 350 and 300 km/h have been
tested in the Beijing–Shanghai passenger line. The two tests had no passengers, and the
test section remains unchanged. It can be seen from Figure 5 that altering the speed level
of HSTs does not lead to the change of the segmented characteristics of the stress spec-
trum but has a great impact on the stress level. The maximum number of step cycles of the
stress spectrum does not get affected much either. In Figure 5(a), the maximum amplitude
of the stress spectrum at 385 km/h is 17%, 35% and 69% higher than those at the opera-
tion speeds of 350, 300 and 250 km/h, respectively. When adopting the segmentedWeibull
method to fit these stress spectra, we see that the obtained inflection stress increases with
the increase of speed level. In Figure 5(c), we show stress spectra at two speed levels, 300
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Figure 5. Influence of speed level on stress spectrum. The stress spectra came from the bogie frames
of a 3-CR. (a) Stress spectra at different speed levels from the train operating on the Yuanping–Yangqu
passenger line, (c) Stress spectra from the train operating on the Beijing–Shanghai passenger line. (b),
(d) Cumulative cycle diagrams of stress spectra corresponding to (a) and (c).

and 350 km/h, respectively, with the latter owing higher stress amplitude in general. It is
interesting to see that even at the same speed level of 350 km/s, the same train moving for-
ward and backward between two cities (Beijing–Shanghai), there may be slight difference
in the two stress spectra.

From the influence of speed change on the stress spectrum, we can draw the following
conclusions: if only the speed level of the HST is changed, and the train runs in the process
of acceleration–steady-state operation–deceleration between two stations, then the stress
spectrummeasured on the ballastless line is always clearly visible in two segments. We can
fit the stress spectrum accurately with the segmentedWeibullmethod.However, if the train
accelerates and decelerates frequently in the process of operation, or the maximum speed
cannot be consistent with the speed level and ensure long-time operation, the form of the
stress spectrum will change.
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Figure 6. Influence of track type on stress spectrum. (a) Ballasted track. (b) Ballastless track. (c) Stress
spectra of the bogie frames of the same 3-CR train operating at the same speed level of 200 km/h from
the two types of track, ballastless one from the Yangqu–Yuanping section and ballasted one within the
Changchun–Jilin section. (d) Cumulative cycle diagram of stress spectra corresponding to (c).

3.5. Track type

The demand for seamless connection from passengers and for economic considerations
gives rise to a mix of two dominant tracks, ballasted and ballastless. The former is com-
posed of sleepers and the trackbed, and ballasts are placed on the surface of the trackbed;
for a ballastless track, a rail is positioned and supported by continuously reinforced con-
crete pavement [44], as shown in Figure 6(a,b). The structural change often leads to distinct
wheel–rail dynamics [45–47].

We discussed the influence of in-service time, test train, operation line and speed on
the stress spectrum. To hold these variables constant when discussing the influence of track
types, we select two stress spectra from theYuanping–Yangqu section andChangchun–Jilin
section. Both spectra are measured from the tests of the same 3-CR train at an oper-
ation speed level of 200 km/h. Between them, the Yuanping–Yangqu section adopts the
ballastless track, and the Changchun–Jilin section adopts the ballasted track. The respec-
tive stress spectra are shown in Figure 6(c,d). Compared to the ballasted track, the stress
level of the stress spectrum from the ballastless one is much lower. Meanwhile, the damage
per kilometre of the stress spectrum from the Yuanping–Yangqu section is about 65% of
the Changchun–Jilin section. It seems that track type is an important factor affecting the
spectral form.

4. Discussions and conclusions

A faithful stress spectrum is indispensable for the fault diagnosis and life assessment of
engineering structures. We have performed systematic field tests to explore the influence
of operation variables on the stress spectrum characteristics. Now, we demonstrate their
consequential effects on fatigue damage. Figure 7 shows the relationship between the max-
imum amplitude of each stress spectrum and the damage per kilometre of the operation.
The stress spectra here come from all HSTs running at a speed level of 300 km/h if on the
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Figure 7. Correlation between damage per kilometre and themaximum stress amplitude of each stress
spectrum. Stress spectra are from (a) ballastless tracks with a speed level of 300 km/h and (b) ballasted
tracks with a speed level of 200 km/h. The symbols represent the test trains, and the colour represents
different passages, in accordance with line colours in Figure 1.

ballastless track and 200 km/h on the ballasted track. For the same line, while the maxi-
mum stress amplitudes of spectra may scatter within a range, the damage levels are similar.
It is worth noting that the operation time of trains causes the maximum stress amplitudes
to vary, while it has little effect on the damage of the structure. The damages of stress spec-
tra measured on the same line are in the same range. Nevertheless, for a longer operation
time that reaches the vehicle overhaul cycle, its impact on structural damage needs to be
further studied. It can be seen in Figure 7(a) that the impact of test trains on the dam-
age of the Beijing–Shanghai passenger line is the least, while it is relatively greater to the
Beijing–Guangzhou passenger line. This reflects that the influence of different lines on the
stress spectrum is greater than that of vehicles.

From reference [39], we know that the inflection stress can be employed to characterise
the quality of the line. The higher the damage per kilometre of the line, the larger the inflec-
tion stress. We show in Figure 8 the inflection stresses of all stress spectra from trains
operating at the speed level of 300 km/h in the ballastless track. The characterisation of
the inflection stress on the line quality is still reliable and is not affected by the test trains.

To sum up, we start from the long-term field tests to achieve sufficient and com-
prehensive data and compile the stress spectrum with a certain classification step. Our
experimental exploration leads to the following conclusions:

(1) We sorted out five operation variables and discussed the influence of each on the form
and characteristics of the stress spectrum. Among them, the track type and operation
speed are the most significant factors. The first one seems to be an important factor
affecting the spectral form, and the operation speed plays a prominent role in the stress
magnitudes of stress spectra.

(2) The effect of operation variables on the stress spectrum is directly reflected in the
fatigue damage. Compared with the other three factors, operation time and test trains
have less influence on the damage of the stress spectrum according to our existing
tests.
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Figure 8. Correlation between damage per kilometre and inflection stress. The symbols represent the
test trains, and the colour represents different passages, in accordance with line colours in Figure 1.

(3) In ballastless tracks, when the operation speed level is fixed, the higher the damage per
kilometre of the line, the larger the inflection stress in the segmented Weibull model.
This conclusion confirms that the inflection stress can be employed as a parameter to
characterise line quality.

We emphasise that this research provides a reference in the field of fatigue reliability.
Conclusions drawn here are helpful to identify the contribution of distinct external factors
to structural fatigue damage from the perspective of system mechanics. It is also worth
noting that all conclusions of this paper are based on occasionally interrupted field tests due
to regulation and safety concerns. If the full-life load of the structure is to be considered,
further tests or load extrapolation methods are needed.
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