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1. Introduction

There are two generic choices of track structure type: ballasted
and slab track [1]. As two common types of railroad track, ballasted
track and slab track both have their merits. When it comes to
application, the ballasted track is used on both normal and high-
speed railways, while slab track is primarily adopted on high-
speed railways. Both track types can meet the fast, safe, and com-
fortable operation conditions of high-speed railway, but slab track
technology offers proven higher performance in service and longer
life than traditional ballasted track, so slab track is increasingly
becoming the norm for high-speed rail (HSR) [2,3]. Japan, Ger-
many, and China are the most representative of slab track use
[4-6]. However, because of the low price and easy maintenance
of ballasted track, it is still used in many countries; for example,
in France, Spain, Italy [7]. In particular, almost all French high-
speed railways adopt the ballasted track type, which operation
speed is over 320 km/h, and the maximum test speed of the east-
ern line is 574.8 km/h [8].

The disadvantage of ballasted track on high-speed railways is
the potential for ballast flight, which is an important reason for
restricting the development of ballasted track. At present, there
is still a lack of in-depth research on ballast flight. This phe-
nomenon occurs when a combination of both mechanical and

aerodynamic forces, generated mostly by the passage of the train,
cause one or more ballast particles to overcome gravity [9-15].
Ballast flight can cause damage to the railhead, train body, and
adjacent structures, as well as injuries to maintenance workers
and/or waiting passengers at through stations, which results in
major maintenance costs and safety concerns for HSR systems with
ballasted track [16,17]. The phenomenon of ballast flight is one of
the major problems caused by the increase in railway speed over
300 km/h in terms of safety and the deterioration of both rolling
stock and railway, and with high-speed train beginning to operate
above 350 km/h, the aerodynamic load on the track induced by the
passing of trains has caused ballast flight more frequently [18-20].
It should be noted that the ballast flight phenomenon can also be
observed at low speeds, due to ice or snow in cold seasons, or other
materials on the line [21].

Investigations have shown that both mechanical and aerody-
namic forces are responsible for ballast flight and are related to
both train operating conditions and track layouts [22]. On the other
hand, the problem becomes extremely evident with increasing
speed, when the ballast stones are lifted up due to the pressure
and velocity field generated in the upper layer of ballast by the
train. Ballast flight has been considered a problem in train aerody-
namics since the 1980s, with reported damage like the well-known
issues with the ICE 3 (inter-city express, German high-speed train)
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and another incident that occurred during 300 km/h test runs of
the ETR 500 (Italian high-speed train) between Rome and Naples
[23]. Furthermore, ballast flight is an important factor for high-
speed ballasted track design as well, which correlates with ballast
bed profile, ballast standard, track structure, etc. [24].

However, the issue of ballast flight is not regulated or defined
by any international standard, and it is currently under investiga-
tion by the most important research groups, and it is currently
under investigation by the most important research groups
(University of Birmingham, University of Southampton, Polytech-
nic University of Milan, University of Madrid, Beijing Jiao tong uni-
versity, University of Illinois Urbana-Champaign, SNCF, and DB)
[14,25,21,26,27]. The research methods include wind tunnel tests
and aerodynamic analysis, track dynamics, reliability risk assess-
ment, and innovative tools and equipment. Yet the mechanism of
ballast flight remains unclear, and the counteractive measures for
ballast flight are still insufficient to handle the increasing speed
of trains and complex operating conditions. Nowadays, newly
operation or design ballasted track speed increased to 320-
360 km/h, and some other even as high as 400 km/h, for example,
the British High-Speed 2 (HS2) line design speed is 360 km/h and
Russia’s super high-speed maximum design value is 400 km/h
[28]. The train speed increase is not only increasing Life-Cycle
Costing (LCC), but also ballast flight risk and worsened track oper-
ation. Furthermore, HSR still confronts unsolved winter problems
such as difficulties with switches, brakes, ballast pick-up, etc. [29].

This paper provides a review of research and practice regarding
ballast flight risk management within the context of recent devel-
opments and experience initiatives. The main research content and
the general framework of the paper are shown in Fig. 1. The first
section briefly describes the mechanism and influencing factors
of ballast flight. The following section studies recent developments
on ballast flight, such as experiments and dynamic analysis, relia-
bility risk assessment, and engineering measures. Finally it ana-
lyzes the mitigation management in technical solutions and risk
management aspects.

2. Ballast flight
2.1. Ballast flight problem

2.1.1. Ballast flight phenomenon

Ballast flight is a phenomenon that is experienced across HSR
systems throughout the world, and damage or problems are
reported from railway and train companies [17,30]. This phe-
nomenon is instigated due to train-induced mechanical and aero-
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dynamic forces, where ballast particles detach from the railway
ballast bed and cause damage to the railhead, train body, and adja-
cent structures, as well as causing injuries to maintenance workers
and/or waiting passengers at through stations, which results in
major maintenance costs and safety concerns [16,18,21], as shown
in Fig. 2 and 3. The phenomenon of ballast flight is one of the major
problems caused by the increase in railway speed over 300 km/h in
terms of safety and deterioration of both rolling stock and railways.
The phenomenon is quite recent and escalating due to the increas-
ing velocities of high-speed trains on new high-speed lines and
cross-border operations. Substantial knowledge gains have been
made on this issue. The Aerodynamics in Open Air (AOA) project
evaluated the problem in depth within a bilateral Franco-German
scientific and technical research program (DEUFRAKO) and Aero-
TRAIN project [21,31-33]. The Federal Railroad Administration
(FRA) report [18] contains known occurrences of ballast flight
which can be used for research and analysis. However, current bal-
last flight research and risk mitigation methods are not sufficient in
the face of the increasing speed and complexity of operating
conditions.

2.1.2. Ballast flight in extreme cold zone

Ballast flight is prone to happen in winter, when the conse-
quences are also more serious. Former studies suggest that ballast
impacts as a consequence of trains dropping ice and snow are one
of the largest winter problems in Japan, the Nordic region, and
northern China [34-36]. The occurrences of dry snow and temper-
ature changes are two steps causing ballast flight due to collision
with snow and ice fragments [29]. The dry and light snow can
whirl around and cling to the train while running. This phe-
nomenon causes snow packing, as shown in Fig. 4. The trains car-
rying snow then enter a warmer region and the heat and vibration
cause the snow to melt. The frozen ice/snow then drops at high
speed from the train, causing the ballast to fly up and seriously
damage the car body and the environment along the track [37,38].

2.2. Ballast flight mechanism

Ballast flight is understood to be a combination of mechanical
and aerodynamic effects [24], as illustrated by Fig. 5. Under high-
speed train dynamics and aerodynamics, the ballast particles
vibrate into loose contact or free of interlock, become detached
from the ballast bed, and relocate to some extent. If the train speed,
increased aerodynamic wind, and ballast vibration loads reach a
critical state, it will result in sufficient momentum to lead to
ballast flight. However, the individual contributions of particular
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Fig. 1. Outline frame map.
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Fig. 2. Ballast flight caused by aerodynamics and/or melting ice.

Fig. 3. The consequences of ballast flight [23].

factors are hard to determine because there are so many interact-
ing factors. For example, the risk of ballast flight is also affected by
atmospheric conditions and ballast material effects.

Jing et al. [24] used a simplied equilibrium to detect the key
parameters of ballast aerodynamic and dynamic effects. The rela-
tionship between particle acceleration ar and gravity acceleration
g, vertical vibration acceleration a, and wind loads U(A) can be
described by:

o fy UA)A
_ &) VA

-&-9 (1)

where A is the effective area of wind loads on the ballast and « is the
wind pressure coefficient. The state of ballast particles can be
judged by the value of ar. There are also several models that can
be used to analyze the mechanism of ballast flight, which are sum-
marized below in Table 1.

2.3. Influencing factors of ballast flight

The probabilistic occurrence of a ballast flight event can be
modeled as a combination of two sub-events: the displacement

(€ CRH 50

Train Winds

Ballast

Fig. 5. Ballast flight mechanism.

of ballast particles from their rest positions, and the displaced bal-
last particles acquiring enough momentum to experience ballast
flight. Fig. 6 shows an influence diagram that outlines the four
major risk-frequency factors that can contribute to overall ballast
flight risk. The chance that a ballast displacement will occur is
affected by the atmospheric conditions, train aerodynamics, track
responses, and ground effects. If ballast displacement occurs, the
possibility of ballast flight is influenced by the train aerodynamics
and track responses. Furthermore, some important relevant influ-
encing factors are described in the below sections.

2.3.1. Train speed

The key aerodynamic factor is speed since the aerodynamic
force is proportional to the square of the speed of the train [42].
It is commonly held that ballast flight occurs beginning at speeds
around 300 km/h [16,27,43]. However, there is a ballast flight
was reported by the Federal Railroad Administration (FRA) with a
speed of less than 160 km/h [14,18].

The effect of train speed was also evaluated by filed tests; for
example, the wind pressure distribution of the CRH2-15C of China
under different speed conditions. The results were similar to exist-
ing research: wind pressure which causes ballast particles moved
increases with train speed [44]. Researchers at the Korea Rail-
Road Research Institute developed a Kiel-probe array system and
used it to investigate the actual wind characteristics [11]. The field
measurement results showed that when the train runs at 300 km/
h, a wind gust of about 25 m/s is induced just above the tie. If the

Fig. 4. Snow flies up and sticks to the under floor equipment [29]: (a) The snow whirls around the train; (b) Resulting in snow packing.



G. Jing et al./ Construction and Building Materials 223 (2019) 629-642 633

Table 1
Summary of the ballast flight mechanism [24]

References Theoretical basis Formula

Comments Results

Jing [24] Newton’s Second Law j“ A)

U(A)dA
ap =2 0% (g —q)

Navarro [39]

G. Saussine Stress-strength interface
[40] analysis

Y(X) =0.00239X-8.917
X=gle X [ IVlPde

BJ. Lazaro Conservation of momentum (l)pﬂdé % - 7p3d,33g 4+ Fq+F¢
[41] (I

Particles Rotation Dynamic 9:% BPAFRRUZ(I)Cm(G) _ Mpgdcmcosﬂm]

ar: particle acceleration A: wind loads contact area
U(A): wind loads

o : wind pressure coefficient

g: gravity acceleration

a: vertical acceleration

0: angular acceleration

I: the moment of inertia

p: air density

Agg: plan form area

R: stone dimension

cm: coefficient of aerodynamic

dema: distance between centre of mass and
pivoting point A

Y(X): displaced grains number Y(x) < 0 stable
X: total signal power Y(x) > 0 ballast
V(t): air velocity flight

Eq(I): linear momentum —

Eq(II):: angular momentum

ar < 0 stable
ar > 0 move

6 < 0 stable
0 > 0 rotate

ppdals 42 — ppdp(ly x wp)wp = Mo + Mc

Train
Aerodynamics

Atmospheric
Conditions

Track
Responses

Fig. 6. Ballast flight risk influence diagram [18].

train runs at 350 km/h, the wind gust just above the tie increases to
30 m/s.

2.3.2. Train-track interface

Ballast flight can cause very serious damage to the train under-
frame due to the impacts of the ballast lifted by the under-hood
flow generated by the train itself. Numerical and experimental
approaches have been used to study the problem, giving special
attention to the analysis of the under-body flow [16,21,31,45-
48]. For example, the DB and Bombardier carried out experiments
to measure the slipstreams at trackside behind a variety of high-
speed trains (approximate speeds of 300 km/h) on the Madrid-
Barcelona line using arrays of ultrasonic anemometers, together
with measurements of ambient conditions. [31]. The research
focuses not only on the streamline of the train, but on the under-
flow or underside of the brain’s structure and its aerodynamics,

 —

T
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N e

especially the interaction with the ballasted track’s shallow ballast
particles. Further development and research interest could be
developed by the Discrete Element Method (DEM) and Computa-
tional Fluid Dynamics (CFD) method to investigate the ballast par-
ticle aerodynamic effects under the underframe.

2.3.3. Ballast profile, size, shape, density

The aerodynamics of ballast profile should be considered for
HSR ballasted track design. In recent research [49], the ballast
bed cross-section aerodynamic effects were investigated by wind
tunnel tests and CFD simulations, as shown in Fig. 7. The results
show that the shoulder height and shape are correlated to aerody-
namic effects, such that the smaller the shoulder height, the smal-
ler the wind pressure. It should be noted that the shoulder height
provides an important portion of the resistance force of the sleeper,
up to 40% [50]. The above issue and findings result in a balance of
ballast flight risk and Continuous Welded Rail (CWR) stability.

Ballast size and shape is also an influencing factor of ballast
flight. Ballast particle size and shape not only influence the shear
resistance and CWR stability, but also the ballast flight characteris-
tics. Kwon et al. [11] performed an analysis of ballast particles
being displaced in a wind tunnel setting. They found that the size
of the particle had a direct relationship with its likelihood of being
picked up by wind. Specifically, the less the ballast particle
weighed, the higher the likelihood of the particle being picked up
by aerodynamic forces.

Ballast material density has also proven to be a factor related to
ballast flight. The theoretical calculation by Jing et al. [24] demon-
strated that the higher the density of ballast particles, the less
potential there is for ballast flight. Similar results were found by
Qie et al. and Navarro et al. [44,51]. A similar research project of
the ADIF [52] was carried out to analyze the on ballast flight on

Fig. 7. Relationship between ballast aerodynamic and profile [49]. Ballast shoulder height: (a) 0 mm; (b) 100 mm; (c) 150 mm.
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Fig. 8. HSR site test of ballast flight [52].

high-speed lines, as shown in Fig. 8. The movement of ballast par-
ticles were measured by high speed cameras and the optimal den-
sity and shape of the particles were studied by the research.

2.3.4. Sleeper shape and configuration

There is some research, like sleeper type and design, that are
also related to ballast flight, for example, the risk of ballast flight
for a bi-block sleeper is lower because there is no ballast on the
mid of sleeper. ADIF has developed a new aerodynamic sleeper
[53], as shown in Fig. 9a, which claims a 50% reduction in ballast
flight risk. It should be noted that the aerodynamic sleeper not only
reduces the wind vortex but also the possibility of ballast resting
on the sleeper surface after the tamping work. Furthermore, there
is also a popular method for ballast flight reduction. Lowering the
ballast profile by 20 to 30 mm below the sleeper top, as shown in
Fig. 9b, is a risk mitigation strategy adopted by several countries.
As discussed previously, ballast particles are less prone to be
picked up when there is a distance between the ballast and the
sleeper top surface, where there is a high risk of ballast flight. There
are also non-economical ballast flight measures based on changing
sleeper configuration, like increasing sleeper numbers or the use of
broad sleepers.

3. Recent development on ballast flight
3.1. Test and dynamic analysis

3.1.1. Wind tunnel tests

Kwon et al. [11,54] conducted wind tunnel experiments that
analyzed ballast flight as caused by strong winds from the passage
of high-speed trains, as shown in Fig. 10. About 1000 ballast parti-
cles were collected from the high-speed line between Seoul and
Busan, and 330 of them were classified according to their mass
and shape. The particles were then placed in a wind tunnel, where
the researchers analyzed the relationship between their mass and
shape properties and the aerodynamic effect. During the tests, the
researchers increased the wind speed and observed when particles
started to move as a function of their ballast mass. Similar research
was carried out by Jing et al. [15]. Their studies results indicated
that non-cubic and small ballast particles are easily lifted by the
wind. The larger the wind effect area, the higher the possibility
of ballast flight for ballast particles of the same mass. This signifies
that the flat ballast particles are more easily projected by wind,
which requires further investigation into the shape index of ballast
material specifications.

Saussine et al. [55] performed a full-scale laboratory test to
reproduce a ballasted track, the geometry of the train underfloor,
and the gust effect. To simulate the gust effect, a special shutter
system was installed on the track model. The underbody design
of the train is a significant parameter. Two aerodynamic effects
that are important are the pressures generated by the train on

the ballast and the induced airspeed under the train. The existence
of cavities, such as those that occur near the bogies, and general-
ized underbody roughness with low clearances between the train
and the track ballast exacerbate the ballast flight problem. Smooth-
ing the train underbody profile permits lower clearances to the bal-
last level and reduces the likelihood of ballast flight, as well as
beneficially reducing aerodynamic drag. Similar wind tunnel tests
has also been carried out by Premoli et al. [21] and Kaltenbach
et al. [56].

3.1.2. On-site tests

The railway aerodynamics project mainly addressed are open
air pressure pulses, aerodynamic loads on track (ballast pick-up),
crosswinds, train-tunnel interaction (loads on conventional trains
and micro-pressure wave phenomena), and slipstream effects. A
measurement campaign was carried out on the Spanish high-
speed line between Madrid and Barcelona [31], as shown in Fig. 11.

Agretti et al. [23] was certifying the newly constructed high-
speed line between Rome and Naples. Tests were conducted using
a standard ETR 500 train set in its typical composition of 11 cars
and two locomotives. At 270 km/h, damage occurred to the lateral
car body and the rail. Sudden impacts to the train were felt at
approximately the fourth or fifth car of the train set. Stones were
found embedded in the nose of the locomotive. However, no dam-
age was reported at speeds below 260 km/h.

Quinn et al. [14] measured air velocity and pressure at the
underbody of a 20-car Eurostar Class 373 high-speed train in an
inertial reference frame with sensors mounted to the tracks. The
experiments also find the damage to the railhead when the trains
running in excess of 160 km/h, as shown in Fig. 12.

In another study, Quinn et al. [57] observed an increase in pres-
sure when the leading end of the train passes the location of the
sensors followed by a decrease in pressure shortly after passing.
They found no discernible variation in mean air speed lateral to
the tracks. The mean measured airspeed was 5% of the train speed
when the leading end of the train passed, and increased to stay
between 30% and 40% of the train’s speed after five car lengths.
After the 20th car passed, the measured velocity decayed towards
zero.

Kwon et al. [11] conducted a separate field investigation based
on the track to measure the flows generated by the passage of
Korea Train Express (KTX) trains at a speed of 300 km/h. The study
concluded that geotechnical effects (ground accelerations) alone
are insufficient to cause ballast flight: the cause is probably a com-
bination of aerodynamic and ballast acceleration effects. Video
recording showed a pulse of air, which is quite turbulent, traveling
in front of the train, which may give rise to downward force into
the ballast. Meanwhile, the pressure on the ballast particles and
the displacement of ballast particles can be obtained by the wind
pressure transducer and the displacement transducer respectively.

Ido et al. [58] measured air velocity in an inertial reference
frame at the center of the underbody, i.e. halfway between the
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Fig. 9. (a) A new aerodynamic sleeper [53] and (b) a ballast flight preventive measure [18].

(2) (b)

Fig. 10. Ballast in wind tunnel [11]: (a) Before test; (b) After test.

Fig. 11. Site test on the Spanish high line [31].
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Fig. 12. Ballast pitting damage observed on UK'’s HS1 railhead [14].

wheels, of a 16-car Shinkansen high-speed train at different eleva-
tions relative to the undercarriage. They found that the velocity in
the gap between the undercarriage and the ground has the charac-
teristic S shape of a turbulent Couette flow, with a mean airspeed
of about 50% of the train speed at a location halfway between the
ground and the underbody. They also found that altering the
underbody geometry can significantly alter the underbody air
speeds.

3.1.3. Train aerodynamic analysis

Various researchers [9,42,59,60] used theoretical and CFD anal-
ysis to tackle unsteady flow phenomena related to high-speed
trains, comparing with the experiments results, to achieve a better
understanding of the physics behind ballast flight. C. Baker et al.
[10,61] presents a wide-ranging review of train aerodynamics. In
the study, they presented a detailed description of the flow field
around the train and identified a number of flow regions. The effect
of crosswinds and flow confinement was also discussed, and these
include aerodynamic resistance and energy consumption, aerody-
namic loads on trackside structures, the safety of passengers and
trackside workers in train slipstreams, the flight of ballast beneath
trains, the overturning of trains in high winds, and the issues asso-
ciated with trains passing through tunnels. Brief conclusions are
drawn regarding the need to establish a consistent risk-based
framework for aerodynamic effects.

3.2. Reliability risk assessment

3.2.1. Ballasted track dynamic effects

It is clear that ballast flight is a sporadic phenomenon which is
difficult to predict or to characterize under real conditions [58,62].
The relevance and accuracy of these results obtained under ideal-
ized conditions for the situation on the real track bed is not clear.
However, characteristics of individual ballast particles vibration-
tested in the ballast bed have proven to be a significant, direct,
and simple index. Andres Lpez-Pita et al. [63-65] found that the
increase in ballast acceleration is the aspect of most concern, and
measures developed to reduce ballast acceleration could be used
to reduce ballast flight, such as high elastic fastener and pad, slee-
per optimization, asphalt sub-ballast layer, etc.

3.2.2. Reliability and risk evaluation

This sporadic and random ballast flight phenomenon is difficult
to characterize by in-lab or in situ tests, however, the statistic or
reliability methods are required to propose solutions to limit the
phenomenon [14,24]. Some risk assessment analysis models have
been developed, and these are summarized in Table 2.

Kwon et al. [11] developed a risk model based on the behavior
of the ballast under high wind conditions. In this model, the Ballast
Flight Probability Factor (BFPF) serves as a quantitative measure of
the likelihood of ballast flight. The results showed the calculated
probabilities for trains traveling at 300 and 350 km/h, and the mass
of the ballast particle was also considered. Saussine et al. [27] fur-
ther developed a risk assessment model that takes into account
flow field measurements on commercial speeds, numerical devel-
opment of ballast motion under an aerodynamic load using a dis-
crete element approach, and the Stress Strength Interference
Analysis approach, as shown in Fig. 13. The model was calibrated
using different train types, leading to different experiences of fly-
ing ballast at operational speed. The method relies on pass-by line
measurements of the aerodynamic field created by the train under-
neath the car-body and is calculated using a discrete element
model of the probability of ejection of ballast grains.

Deng et al. [66] developed a Probabilistic Risk Analysis (PRA)
model based on the information available from the field and the lit-
erature. The model enables a quantitative assessment of the prob-
ability of ballast particle displacement at a particular position on
the track, as well as the probabilistic distribution of the total num-
ber of ballast particles that are expected to move. The model also
accounts for various risk factors, such as train speed, ballast grada-
tion, and track position. Shao et al. [67] conducted a probabilistic
assessment of the ballast flight formation process using the
Monte-Carlo approach. Similar probabilistic assessment of ballast
flight has been developed by Rueter et al. [68] and Jing et al. [69].

3.3. Engineering measures

This section discusses engineering measures to reduce the bal-
last flight risk. It should be noted that different methods and mate-
rials result in different Reliability, Availability, Maintainability, and
Safety (RAMS) results; therefore, the best choice depends on a
comprehensive evaluation of speed, weather, and economic
factors.

3.3.1. Ballast profile

Track engineering measures could be developed to reduce the
risk of ballast flight. Some measures are often used in engineering:
compacting and stabilizing the top layer of ballast; ensuring that
ballast aggregates are washed and free of dust; reducing shoulder
ballast height while maintaining CWR stability; and decreasing the
ballast airflow interaction to diminish the aerodynamic effects. The
crib ballast top should be 2-4 cm lower than the sleeper top level
and larger ballast aggregates are preferred on top of the ballast bed
surface (as this affects ballast tamping); moreover, ballast should
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Table 2
Summary of the ballast flight risk assessment methods.
Reference Models Contents Results
(1)Vitrack < Vmin,BFPF = 0,no ballast flight; Table 3.1. BFPF related to train speed and ballast mass
Ballast Flight Ballast mass (g)
Kwon et al. (2)Vtrack > Vmaxz BFPF = 1, ballast flight; Train
Probability Factor d 0-50 50-100 100-150 150-200 Total
[11] (3)Vmin < Virack < Vmaz zpee
(BFPF) . 300 39.80% 19.70% 11.50% 14.70% 24.20%
BFPF = [ Ytrack=Vmin _1__ g, 350 64.30%  43.30% 32.80% 33.60% 46.10%

my Vmaz—Vmin ms—m;
R: strength and C: stress
P;=P(R<C)=PR-C<0)
Pu= [ fu(a) Fr(a)da

where Py is the failure probability.

G.Saussine et al. Stress-Strength

[27] Interference Analysis

Deng et all. Probabilistic Risk Analysis

[66] (PRA) model

Shao et all.
(67]

Monte Carlo Method

Fig.3.1 PRA model

Py = fg(X)(O fx(z)dz b
fx is the probability distribution of z, ié

it means the random variable.

Table 3.2. The risk levels based on Stress-Strength Interference

300 km/h 320 km/h . .
Stress 22067 1 772 1 26000/ 1041 Strength | Ejected grains
Risk 5,46E-05 1,44E-02 | 30544 / 1800 5
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Fig. 13. Generic Stress Strength Interface Analysis [27].

be swept off the sleeper top surface, where the ballast can easily be
picked up due to the higher vibration of the sleeper [24].

Lowering the ballast profile by 2-4 cm below the sleeper top is
a risk mitigation strategy adopted by several countries, such as
Japan, China, France, and Spain [7,70,26,71]. As discussed previ-
ously, ballast particles are more prone to be picked up if on the sur-
face of the sleeper. This solution has appeared to have good results,
but in France, this solution caused an increase in the tamping fre-
quency. This could be explained by the fact that a lower ballast
profile also implies a lower lateral resistance. It should be noted
that the ballast shoulder height reduction leads to a tamping main-
tenance frequency increase, and results in a potential lack of lateral
resistance for the Continuous Welded Rail, as well as the crib bal-
last reduction. All the potential ballast profile engineering methods
should be tested with reference to Le et al. [50], which investigates
ballast-sleeper interactions.

3.3.2. Polyurethane or bagging

The polyurethane system is a conventional method applied for
HSR, especially for the transition zone. The ballast polyurethane
is currently used in China, which is proving to be effective but lacks
longtime application data, such as tamping maintenance. D. Ding.
[49] demonstrated ballast settlement using polyurethane bonding.
A half-structure 1:1 mode is tested in a wind tunnel. Results show,
after bonding, ballast displacement did not occur when wind speed
were increased to 30 m/s, corresponding to a 350 km/h train pass-
ing. The China Academy of Railway Sciences (CARS) conducted the
first site test of the 350 km/h speed class polyurethane track bed
on the Ji-Qing high-speed railway line, as shown in Fig. 14. The
highest test speed reached 385 km/h, yet without ballast flight
[72].

Furthermore, Jing et al. [73] used full-section surface bonding in
order to prevent ballast flight, considering maintenance availabil-
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ity, spraying at the surface to a depth of 60 mm, as shown in Fig. 15.
This method aims to solve the ballast flight problem by bonding
the ballast particles to the surface so that they cannot move. At
the same time, the method can increase the lateral resistance by
17%, which is enough to maintain track stability. The test showed
that full-section surface bonding does not influence tamping main-
tenance because of the lower bonding depth.

Ballast bagging is another risk mitigation strategy tested in
Japan on those sections of the Shinkansen with ballasted track
[71,74]. If this solution is employed, the ballast particles are con-
tained within the bag and no ballast flight can occur. However,
the bags need to be removed and replaced for track maintenance.

3.3.3. Train body streamline design

The structure of the bottom of the train directly affects the
safety and performance of the high-speed train. The bottom of
the train, especially the raised parts such as the bogie, squeezes
the air, causing high-speed turbulence, which can easily cause bal-
last flight [31,33]. Current developments in train design for ballast
protection and reduction of ballast flight include: reducing the
gaps between cars; minimizing the cavities in the bodies and the
underfloor antenna region; designing underfloor components with
integrated armor; and installing intercar deflectors and additional
deflectors at the bogie cavities to reduce air turbulence.

3.3.4. De-icing operations at snow zone

Snow dropping from high-speed trains can have negative
effects: the dispersion of ballast by the impact of falling ice lumps,
damage to places along railway tracks, glass breakage in vehicles,
and damage to ground equipment [29,37,38].

Speed reduction is the most effective measure to reduce ballast
flight in winter. For example, on the HA-DA railway across north-
ern China, the minimum temperature is —40°C, so the rail main-
tains a winter maximum speed of 200 km/h and a summer speed
of 300 km/h. By combining vehicle side measures and ground side
measures, the amount of snow adhesion can also be minimized.
Such measures include [29]:

o Expansion of ballast screen installations.

e Protection of ground equipment.

e Snow removals by hand and by hot water jet device.

e On-train measures, such as electric heaters and air conditioners.

3.3.5. In practice
In France, the turbulent zones occurring between the power car
and end trailer were reduced (this was achieved on the V150 train),

and the front and rear shapes of the interface between two trains
coupled in multiple was also researched to alleviate this highly tur-
bulent zone. The ballast’s behavior at this level on a line or section
of the line given the following two modifications and upgrades
[27,75]:

e Lowering of the ballast level between sleepers by 50 mm.
e Blowing or bushing off of ballast from the sleepers.

After employing these methods, Claus (2008) [30,76]|reports that
SNCF did not record any ballast flight incidents over the past
20 years, and no ballast flight was observed or recorded during
2007 test runs performed by the TGV V-150, when it successfully
achieved the world speed record 574.8 km/h.

In order to prevent ballast flight, further measures were taken
on China’s Hefu HSR with a maximum speed of 330 km/h, as fol-
lows [77]:

o Ballast washed, cleaned, and meeting gradation requirements;

o A ballast shoulder width of not less than 0.5 m, with the ballast
shoulder flush with the top surface of the sleeper;

e Lowering of the ballast level based on position: In the middle of
the sleeper: a ballast level 20 mm below the top surface of the
sleeper; at the bottom of the rail: a level 40-50 mm below
the rail bearing surface; and in the turnout area: a level
40-50 mm below the top surface of the sleeper.

4. Mitigation management
4.1. Technical solutions

4.1.1. Ballast bed profile

Ballasted track with ballast above sleeper levels contributes to
the ballast flight problem. It is acknowledged that reducing clear-
ances between the ballast and train, and increasing air speeds
under the train make ballast stones more vulnerable to aerody-
namic effects [11,14,21]. There is thus a trend to reduce the ballast
shoulder and crib level with speed increase; for example, the China
HSR ballasted track standard presented in Table 3. However, this
solution comes with a tradeoff for CWR and lateral resistance
stability.

4.1.2. Ballast shape and density

Based on former research [11,15,78,79], both the wind tunnel
tests and ballast flight mechanism indicate heavy ballast or high-
density ballast aggregates mitigate the problem of ballast flight

Fig. 14. Polyurethane ballasted track in the Ji-Qing line [72].
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Fig. 15. Full-section surface bonding [73].

on high-speed lines. The results of these studies illustrate that bal-
last density could be an additional parameter for HSR ballast selec-
tion, standardization, etc., eliminating the lower density but harder
ballast currently employed. The optimal shape of ballast should
also be investigated further and calibrated according to aerody-
namic effects in addition to the common rules of CWR stability.
On the other hand, new materials for HSR ballast resources are
now available; for example, slag ballast: coarse aggregate sizes of
air-cooled blast furnace slag and steel slag that are used on HSR
tracks, which cause no problems for electrical resistance, durabil-
ity, and stability, while having a higher unit density than common
ballast aggregates [80,81].

4.1.3. Sleeper design

The shape and type of sleeper used may affect the ballast flight
phenomenon. The risk of ballast flight may be lower with the bi-
block sleeper because the connecting steel is embedded within
the ballast. For example, the ADIF has developed a new type of
sleeper as part of a project named Aurigidas [53]. According to
early results of tests conducted at speeds up to 320 km/h, the
rounded shape of the sleeper appears to mitigate the turbulent
flow generated by the train. Furthermore, the ballast stones do
not easily settle on the sleeper’s rounded surface during tamping
work, leaving less loose ballast on the sleepers.

The frame sleepers are supposed to be effective methods to
reduce ballast flight for speeds above 400 km/h, with CWR stability
maintained as well [82]. The frame sleeper designs were based on
the addition of prominent wings around the sleeper in order to bol-
ster some of the contributing components of lateral resistance.
These frame sleepers are illustrated in Fig. 16. The frame sleeper’s
interaction with the ballast bed is of signal importance in shape
optimization and application to super high ballasted track, and

Table 3
China HSR ballasted track standard of ballast bed profile.

Speed Shoulder height Required Lateral resistance
200-250 km/h 150 mm >10 kN/sleeper
250-300 km/h 100 mm >12 kN/sleeper

most importantly, the ballast profile, like shoulder and crib ballast,
could be lowered to —50 mm or more.

4.1.4. Polyurethane application

Innovative technical solutions have also been developed by
using polymers for the same objective of improving ballast lateral
stability and preventing ballast from displacement [83-85]. Rein-
forcement using polyurethane has several advantages, such as sta-
bilization of the ballast bed, protection of the ballast bed from
loosening to prevent ballast flight, increased resistance of the bal-
last bed, maintenance of the structure of the ballast bed, and stiff-
ness variation of the ballast bed [73,86,87]. Polyurethane
reinforcement and adjustment of ballast bed stiffness has success-
fully been used in China’s HSR transition zone, mitigating ballast
flight problems. However, the existing polyurethane reinforcement
application to ballast beds results in maintenance problems, such
as tamping and replacement, when the polyurethane was injected
widely and extensively throughout the ballast bed, especially to
the entire surface, becoming quasi-solid and costly. The optimal
application of polyurethane to ballast beds could be an appropriate
solution, since it allows tamping at the same time as a flexible
increase in lateral resistance due to specific injection both in posi-
tion and depth; for example, polyurethane partially sprayed on
shoulder and crib, as illustrated in Fig. 17.

Another proposed method of polyurethane application against
ballast flight is surface application, which is similar to the above
method but relatively soft and capable of tamping. In studies, the
soft polyurethane was injected into the ballast bed top surface,
and lateral resistance, tamping, and wind tunnel tests were per-
formed to observe the low-strength polyurethane effects. The
results show that it is an effective ballast flight prevention method
which does not affect the tamping.

4.2. Operational management

4.2.1. Speed reduction
The simplest mitigation strategy would be to reduce the speed
of the trains [18]. This solution, however, may defeat the main
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Fig. 16. The frame sleepers.

purpose behind high-speed lines. In France and other countries
where snow affects the performance of the high-speed lines, there
are provisions that mandate temporary speed reductions during
bad weather conditions [29,89]. However, for lines that do not
have extreme weather, speed reduction is usually not employed
as a mitigation strategy.

4.2.2. Inspection

Inspection is an important and necessary method of reducing
ballast flight during HSR operation. Ballast flight is a process of bal-
last relocation and displacement and could be caused by ballast
profile geometry variation, hanging sleeper, and dynamic index
as well [14]. The International Union of Railways (UIC) [90] recom-
mended the verification and inspection of the ballast’s profile to be
taken every two weeks by senior technicians.

4.2.3. Tamping

Tamping could potentially affect the likelihood of ballast flight
due to ballast stones settling on the sleeper surface. The presence
of ballast particles on the top of the sleeper is believed to be an
important factor in causing ballast flight. Poor and infrequent
maintenance of the track increases the risk of finding ballast parti-
cles on the top of the sleeper, and SNCF believes that ballast flight
is most likely to occur at the top of the sleeper, recommending that

injection area Tamping area Rail

Ballast

Rail | b
reinforcement
I N
Sleeper
Slope | | Lo
Shoulder Shoulder
reinforcement
S | _

(b)

Fig. 17. Specific section bonding [88]: (a) Injection and tamping area of ballast
track; (b) Specific section bonding.

sleepers should be free of ballast stones on their surface. As a
result, tamping plays a direct role in ballast flight, and sweeping
should be regularly performed after stabilization or tamping. Inci-
dences of ballast flight were reported when the first high-speed
train passed on a recently maintained track [89], while subsequent
passes did not result in any observed ballast flight, since the ballast
particles that were present on top of the sleepers had been swept
away. Thus, there is a need to carefully clean ballast particles from
sleepers.

4.2.4. Risk assessment and management

Ballast flight risk for specific operation speeds and lines should
be developed for safety and cost [15,66]. It is important to develop
quantitative tools to estimate the probability of ballast flight on
specific lines given certain operating conditions, accounting for risk
factors such as train aerodynamics, track responses, and weather
conditions. Based on a reliability assessment, HSR operators will
be able to make related operation decisions according to a reliabil-
ity index that quantitatively describes ballast flight risk, and this
index should also account for the consequences of ballast flight
as well. This methodology and tool would enable a cost-effective
and safety-enhancing relative risk assessment for properly manag-
ing HSR operations [27].

5. Conclusions

The high-speed railway can exhibit the phenomenon of ballast
flight, which is an important reason for restricting the develop-
ment of ballasted track. This review is focused on the ballast flight
mechanism, influencing factors, analytical and engineering meth-
ods, as well as risk management. Through the systematic analysis
of the ballast flight problem, many technical and risk management
solutions can be applied.

e Technical solutions. Sleepers are an important factor correlated
with ballast flight, and innovative sleepers like frame sleepers,
frictional sleepers, and aerodynamic sleepers could be devel-
oped for ballast flight risk reduction. The ballast profile should
be optimized, including shoulder and crib ballast, while main-
taining the balance between ballast flight risk and CWR stabil-
ity. Ballast aggregates’ physical characteristics like size, shape,
and density should be further considered for ballast material
selection; in particular, the flakiness index and density could
be employed as additional standard parameters for HSR ballast.
Polyurethane material could be used to reduce ballast flight risk
either by partial or surface injection.

Operational management. For lines that have extreme weather,
speed reduction is usually employed as a mitigation strategy.
Ballast bed inspection could be a useful prevention method to
reduce ballast flight. In particular, the development of quantita-
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tive tools to evaluate the probability of ballast flight on specific
lines given certain operating conditions is a crucial method of
enhancing HSR operators’ decision-making.
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