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Abstract

Curve squeal is a high level tonal noise that is generated during curving of rail
vehicles as a result of vibrations induced by the low rail (inner wheel) wheel-rail
contact. Due to its large magnitude tonal components typically in the range up to
10 kHz, squeal is regarded to be the most annoying noise generated by the railway
transport system. The mitigation of squeal noise is challenging and urgent as railway
networks are often located in densely populated areas and rail-bound transportation
is expected to become a backbone in the development of the future sustainable
transportation system.

The current study is based on noise data recorded by an onboard monitoring system
during one year of traffic on the green metro line of the Stockholm metro. The in-
fluence of selected variables on the generation of curve squeal are investigated by a
statistical assessment performed in two steps; (1) a screening analysis accounting for
the entire green metro line with focus on variables related to track alignment (e.g.
curve radius and track constructed inside or outside of tunnels) and environmental
conditions (e.g. time of year and precipitation) and (2) a detailed analysis of the
conditions that promote squeal generation at two selected short radius curves ex-
posed to severe curve squeal. For the later a third-order logistic regression model is
developed with air temperature, humidity and vehicle speed as predictor variables.
The results clearly show the generation of curve squeal to become more frequent
with decreasing curve radius. For the two curves studied in the logistic regression
analysis, vehicle speed is found to be unimportant with respect to squeal generation.
In this part of the study only the coefficient related to humidity shows a significant
influence on the origin of curve squeal. The importance of environmental condi-
tions is further emphasised by the observation that the occurrence of curve squeal
decreases during precipitation.
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1

Introduction

Squeal is a high level tonal noise that may be generated while curving as a result
of vibrations induced by the wheel-rail contact at the low rail (usually referred to
as the "curve squeal") or high rail (usually referred to as the "flanging noise"). Due
to its large magnitude tonal components (typically in the frequency range below
10 kHz), it is regarded as the most annoying noise generated by the railway system.
The mitigation of squeal noise is challenging and urgent as railway networks often
are located in densely populated areas and rail transport is expected to play a
significant role in the development of the future sustainable transportation system.
It is therefore of interest to deepen the knowledge about root causes of curve squeal
generation and factors that influences its occurrence.

1.1 The structure of the study

The study consists of three parts, i.e. literature study, screening analysis and logistic
regression analysis.

The necessary background to railway squeal noise is given in the literature study.
It reviews literature on measurements performed in field and experimental test rigs
and considers investigations on squeal noise mechanisms, its origin and features.
In particular, variables that influence the occurrence of curve squeal but are not
accounted for as part of the current work, e.g. friction coefficient, are discussed.

The method chapter describes how the data used in the current study have been
collected and investigated by performing separate statistical screening and logistic
regression analyses. The former considers the influence of operational (e.g. curve
radius) and environmental (e.g. track constructed in or outside a tunnel, season of
the year, temperature, precipitation) conditions on the generation of curve squeal.
While in the later, a logistic regression model is developed for the prediction of curve
squeal probability. The outcome of these studies is presented in the results chapter.
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1.2 Limitations

No measurements were performed as a part of the current project. Therefore, the
content of the work is based on the data collected by the on-board noise monitoring
system used on the Stockholm metro. These data were provided to the project
by Stockholm metro and the consultancy firm Tyréns solutions. The current work
is focused on generation of curve squeal along the Green line at Stockholm metro.
Other types of squeal noise such as flanging noise or brake squeal are not considered.
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Figure 2.1: Spectrogram containing squeal and flanging noise [2]

Squeal is a tonal noise dominated by a single frequency at a sound pressure level
typically more than 20 dB above the rolling noise level, [1], see Figure 2.1. The
dominant squealing frequencies vary between different experiments [3]. As illus-
trated in Figure 2.2, squeal is usually dominated by a peak sound pressure level at
one or two frequencies, that do not necessarily correspond to the lowest modes [4].
According to Thompson [5], tonal components of squeal are generally in the range
between 250 Hz and 5 kHz. Thus, it can be stated, that they are always in a range,
at which human hearing is the most sensitive, see Figure 2.3. This, together with
its strong tonality and high sound pressure levels makes squeal the most annoying
noise emitted during railway traffic.

Another event revealed in the spectrogram in Figure 2.1 is flanging noise, which

usually has a more broadband frequency characteristics and is less intense than
squeal. In [6], flanging noise is identified to cover the frequency range above 5 kHz.
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Figure 2.2: Frequency characteristics of squeal measured at the Transportation
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Figure 2.3: Equal-loudness level contours from ISO 226:2003 [7]

The variability and non-repeatability of squeal makes it difficult to examine. The
occurrence of squeal is dependent on many factors and measured sound pressure
levels may vary from one event to another even though the conditions are nominally
identical. Additionally, squeal is often intermittent [4, 8], meaning that during one
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event it alternately ceases and starts again. Figure 2.4 illustrates this by showing the
difference between measured maximum and energy-averaged sound levels of squeal.
In order to express the squeal noise reduction, the rate of occurrence and duration
should be considered in addition to noise reduction expressed in dB that is a standard
for other noise types [9]. Several methods to identify curve squeal and flanging noise
have been developed. Most of the algorithms are spectrally-based and assume that
the sound pressure level during squealing exceeds that for rolling noise with around
10 - 20 dB and that the most of the energy is contained in tonal components usually
between 1 - 10 kHz. More complex pattern-recognition-based algorithms are also
developed. Although, curve squeal is often successfully detected, there is still a need
to establish an effective algorithm for flanging noise recognition [10].
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Figure 2.4: Results of wheel squeal at Portland TriMet on a 26.5 m radius curve

8]



2. Literature study

2.1 Squealing conditions

Curve squeal might be seen as a result of a “flawed” behaviour during curve negoti-
ation of rail vehicles. A negative friction slope with respect to the lateral creepage
under full sliding is widely recognised as the main principle leading to squeal and
has been used in many studies in literature [12, 5]. However, mode coupling, also
known as flutter, is considered to be another convincing explanation that has earned
a more recent recognition.

2.1.1 Curving behaviour

v s]id.ingj

_ high rail contact
U rolling

Figure 2.5: Illustration of a train bogie negotiating a small radius curve. The
yaw angle of the under-radially steering leading wheelset and the associated sliding
velocities developed in the high-rail contact are outlined. Similar figure as in e.g.
[3, 4]. R is the curve radius and W is the wheelbase.

When two wheels of the same axle steer around a curve, the outer wheel needs to
travel a longer distance than the inner wheel. This is compensated by the rolling
radius difference between the wheels, which is due to its conical geometry. An
unsuspended wheelset can align itself radially when negotiating a curve, this is
referred to as an ability to radially steer. However, for a rail vehicle to have a stable
running behaviour at high speeds, wheelsets need to be resiliently attached to a bogie
frame. Except for large radius curves, this design has the unwanted consequence to
prevent wheelsets to align radially in curves [11]. The definition of large or small
curve radius depends on a specific vehicle’s curving ability, e.g. in [12], radius above
600 m is considered large. In result, wheelsets develop a non-zero yaw angle (also
called angle-of-attack). This corresponds to the angle between the wheel axle and
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the radial direction of the circular curve as shown in Figure 2.5. A relative lateral
sliding velocity between the wheel and the rail is generated as indicated in the same
figure, see Vgging. The relative velocity normalised by the rolling velocity is called
creepage. As a reaction, creep forces are created with a direction opposite to the
creepage [5]. For a leading wheelset in a curve, the angle of attack may be large and
creep forces act mainly in the lateral direction as presented in Figure 2.6. At the
trailing wheelset the situation is different with a small angle of attack that make
forces more aligned with the longitudinal direction.

In [12] Rudd shows that although the rail is excited and vibrates at the squeal-
ing frequency, it is the wheel that is the most efficient radiator due to its lower
impedance. Moreover, it is efficiently excited by the lateral creep forces acting in
the axial direction with respect to the wheel (normal-to-wheel plane).

longitudinal
force

Figure 2.6: Example of creep forces developed during curve negotiation of a rail
vehicle in a small radius curve. Forces outlined on the wheels and rails are in the
wheel—rail contact plane and track plane, respectively [13]. Outlined forces act on
the vehicle.

In the following, a few terms used to describe the track geometry (alignment) that
are relevant for the current study are introduced. In order to reduce the effect
of centrifugal acceleration while a vehicle is negotiating a curve, the outer rail is
typically superelevated. This is also called cant. For canted curves, the inner and
outer rails are also called low and high, respectively. For a given superelevation and
curve radius, an equilibrium speed can be defined, which is the speed for which the
lateral acceleration in the track plane is zero. Curve radius is related to the centre
of the track and on circular curves, the radius is constant, while in case of transition
curves, the radius as well as the cant are changed continuously [14].
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2.1.2 Falling friction

The mechanism of curve squeal that has attracted the largest attention by the
research community was introduced by Rudd as crabbing and is commonly referred
to as “velocity-dependent friction” or “falling friction” [12].

In tight curves, the lateral creepage may reach large magnitudes and sliding of the
entire wheel — rail contact can occur. This is referred to as saturated creep condi-
tions. In the saturated region, unstable dynamic behaviour can be caused by the
falling friction [5]. Vibrations corresponding to a stick-slip motion are then induced
with a positive loss factor corresponding to an energy input per vibration cycle as
described in [12]. As a result, vibrations become amplified leading to squeal [8]. The
friction coefficient as a function of creepage is presented in Figure 2.7. At creepages
that exceed that associated with the peak in friction magnitude (saturation), the
friction coefficient starts to decrease and unstable vibrations might be generated.
Their occurrence depends on the negative gradient of the friction-creepage slope [8].
At creepages below saturation, this gradient is positive and the mechanical system
is stable. In [8] a simplified criterion for conditions that promote squeal is presented.
This uses a simplistic equation to calculate the creepage as 6 = 0.7% and in combi-
nation with Figure 2.7 it suggests that squeal does not occur when the ratio between
the wheelbase W and curve radius R is less than approximately 0.01.

FRICTION COEFFICIENT
(=1
L*]

0.1 =+
0.05 -/
o 0.01 0.02 0.03 0.04
CREEP FUNCTION

i 4
t —{

Figure 2.7: Tllustration of friction-creepage curve [8], given from Rudd’s expression
in [12]
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2.1.3 Mode coupling

It has been discovered that even for cases with a constant wheel-rail friction after
saturation, the wheel-rail system might still be unstable and produce squeal. To this
end, another possible squeal mechanism called “mode coupling” has been demon-
strated. The instability arises at a frequency determined by two coupled eigenmodes
of the vehicle—track system. In the case of large radius curves, the dominant mech-
anism responsible for the generation of curve squeal was found to be longitudinal
creep and modal coupling [15]. In [16] an investigation on curve squeal, that in-
cludes both measurements and simulations accounting for both the falling friction
and mode coupling excitation mechanism is presented. For the case of constant
wheel-rail friction, two typical features of mode coupling are observed: a difference
between natural frequencies of the wheel and the squealing frequency, and a phase
shift between vertical and lateral vibrations. This phase lag becomes smaller when
introducing a negative friction slope in the model and is not observed when the
negative friction slope becomes the dominant excitation mechanism.
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2.2 Measurements

According to the measurement proposal in [17], following variables influence the
generation of curve squeal: the ratio between the wheelbase and the curve radius,
magnitude of wheel-rail creep forces, wheel and rail transverse profiles, cant, track
gauge, flange distance, temperature and humidity of the railhead, and parameters
coupled to the structural flexibility of wheel and rail (e.g. modal stiffness and
damping). In the above, the ratio between the wheelbase and the curve radius is
interpreted as the angle of attack, which is directly related to the wheel-rail creep
force [17]. According to [4], the lateral creepage developed during curving is mainly
determined by the geometry of the curve and the bogie, and can be approximated
to lie between the ratio % and %, where W is the wheelbase and R is the curve
radius.

In the following, studies that contain measurements of railway squeal noise per-
formed in experimental test-rigs or in-field are reviewed. The results for the identi-
fied main significant parameters are presented in separate subsections. Additionally,
a few interesting observations found in the literature are listed below:

e Due to the change in friction characteristics, wheel squeal may be reduced
significantly during wet weather conditions [§]

o In [18], curve squeal generated from freight trains is investigated. The re-
sults indicated that the axle load does not influence the occurrence of squeal.
Moreover it was found that wagons permanently coupled were more prone to
squeal compared to wagons with an automatic coupling. Only a few wagons
of a complete train set squeal, however these were located in the front, middle
and rear of trains [18]

« In [19], curve squeal was not generated when the wheel was in flange contact
with rail.
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2.2.1 Which wheel is squealing?

Although most researchers agree that squeal originates from the inner wheel, results
from field measurements also provide diverging observations. In [20], field measure-
ments on the Paris metro and on the tramway in Grenoble are reported. For a
metro bogie negotiating a 75 m radius curve, the maximum sound pressure levels
were measured for the leading inner wheel. At lower speeds (10 km/h and 20 km/h)
also the inner wheel of the trailing wheelset squealed but at a lower sound pressure
level. For the tramway passing a curve of radius 60 m at low speed, the inner wheel
of the leading wheelsets of both leading and trailing bogie squealed. At higher ve-
hicle speed squeal was generated from the high rail contact of the rear wheelset in
the trailing bogie.

During 9 days of noise monitoring on a 284 m radius curve on the Sydney metro,
squeal was found to originate mostly from the high rail [21]. Another example is
based on data captured during over 2.5 years with a permanent noise detector lo-
cated at Heathfield, UK. It consisted of an array of microphones placed 6 m from
the low rail. A detailed analysis of the large data-set revealed both curve squeal and
flanging noise events generated from the leading wheelset of leading bogies [22].

2.2.2 Wheel-ralil friction

In the in-situ conditions, it is hardly possible to measure lateral forces and conse-
quently, friction. Therefore, most of the conclusions are based on the results from
experimental measurements. In [3], several experiments on a reduced scale rig con-
sidering lateral creep and curve squeal while measuring friction are summarised.
Most of them reported squeal in presence of falling friction. In two cases, squeal
was found in the absence of falling friction.

In the experiment described in [23], a 1/3 scale model of an undamped wheel running
on a second damped wheel representing the rail was used. Figure 2.8 shows friction
coefficient with respect to the angle of attack, considering the occurrence of squeal.
Squeal was generated for angles above 0.4° corresponding to a creepage of 0.7 %. In
this region, friction coefficient decreases with respect to creepage.

11
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Figure 2.8: Occurrence of squeal for two different friction conditions. Results
obtained in a 1/3 scale experimental twin disc rig [23]

An experimental test rig with a 1/4 scale reproduction of a MF77 rolling-stock
wheelset and two rails with profile and gauge equivalent to a 1/4 scale track with
UIC60 rails mounted on the circumference was used in a French research project
concerning curve squeal reduction on urban railways [19], see Figure 2.9. Mean
lateral forces applied to the axle together with the angle of attack and the average
wheel-rail lateral friction coefficient in dry and wet conditions (water sprayed on
the rail) were measured.

Wheel 1 Wheel 2

— | 1

Micro | Micro 2 lasmer

Diirection of the wheelset

Figure 2.9: Illustration of the 1/4 scale wheelset used in the experiment presented
in [19]
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An example result from [19] showing the measured friction versus angle of attack is
presented in Figure 2.10. Both for wet and dry conditions, three separate regions
were identified in these functions; (1) for small angles of attack (referred to by the
authors as the “creep area”), friction is found to be proportional to the angle of
attack, (2) at intermediate angles of attack in the transitional part (referred to by
the authors as the “saturated area”) full sliding occurs, for dry and wet conditions
this regions starts at 8 mrad and 4 mrad, respectively, (3) the friction coefficient
was constant for increasing creep values. Although, in this area no negative slope
was observed, squeal was consistently generated under dry conditions. It should be
highlighted that in contrast to the instantaneous friction law that is applied in the-
oretical models, here the quasi-static friction averaged over several wheel vibrating
cycles was measured [19]. A similar example is reported in [24], where different fric-
tion modifiers were applied to a rolling contact twin-disc experimental rig. Squeal
was present despite the experimentally observed quasi-static positive slope of friction
with respect to creepage. This is proposed to be due to an increase in temperature
for large magnitude lateral velocity, which causes an increase in friction coefficient
and a shift of the instantaneous friction curve, which still may have a negative slope
[24].

Averaged friction factor

i <
-10 0 10 20 30 40 50

Angle of attack {mrad)

Figure 2.10: Average friction coefficient with respect to the angle of attack. Solid
line (bottom) - dry, dashed line (top) — wet conditions [19]

Many field measurements of wheel-rail friction are focused on the effectiveness of
lubrication and friction modifiers as a mitigation action. The latter is a material
that added to the wheel-rail contact surface changes the friction condition relative
to dry steel-steel contact in a way that prevents a negative slope between friction
and creepage. They are also referred to as High Positive Friction (HPF) and are
applied on the wheel tread. There are also products referred to as Low Coefficient of
Friction (LCF) that are applied on the flange of the wheel in order to control flange
and gauge face wear [8]. Friction modifiers are distinct from lubrication products,
that may be any substance intended to reduce the friction coefficient [9]. Squeal noise
generated from a 17.5 m radius curve on the tram in Milan was measured in 2013
[25]. The traffic consisted of modern articulated vehicles with resilient wheels. The
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influence of the friction coefficient on the generation of squeal was investigated by
comparison of sound pressure levels measured for dry and wet track, see Figure 2.11.
For wet contact conditions, a decrease in the global sound pressure level as well as
in the frequency band 1.4 - 1.8 kHz, compared to dry conditions was observed. This
means that squeal was eliminated [25].

I 1 ! ] I I
100F---mmommmbmm e e 100F---- 4-m-m- k=== =] e Global level

e e TR s 1.4-1.8 kHz

—————— e PR |
‘ Global level |---r -
S50=-"------- 1418 -

10 20 30
Time (s)

,,,,,,,,

Pressure, dB re 20x10 ° Pa
-~
o
1
i
Pressure, dB re 20x10 ° Pa

Figure 2.11: Sound pressure level measured during curve negotiation of a tram
vehicle through a 17.5 m radius curve on Milan tramways. Vehicle speed 10 km /h.
Left - dry track, right — wet track [25]

The relative humidity influences creepage. In [26] it was reported that the critical
creepage (creepage point at which friction coefficient starts to fall) decreases with
increasing relative humidity. In [27], in-field measurements performed on a 300 m
radius curve of a suburban railway site in Australia revealed that the probability of
squeal increases with increasing relative humidity. The measurement data as well
as the meteorological data was collected for a period of one year. The results are
presented in Figure 2.12.
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Figure 2.12: Predicted and measured effect of relative humidity on the probability
for squeal. Confidence intervals are outlined [27]
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An interesting observation was made at Barnt Green, where the lubrication system
was recognized as an effective squeal mitigation measure only during short periods
and not during rainfall according to complaints by residents [28].

The performance of a water—based friction modifier on two underground metro sys-
tems is evaluated in [6]. Friction coefficient after the application of the substance
is controlled in a range between 0.35 and 0.4. The results are presented in Figures
2.13 and 2.14. Although the spectra are rather flat, which may indicate a signifi-
cant broad band contribution due to the rolling noise, curve squeal is also present
[6]. The reviewed campaign considered also tests on tram and freight systems. The
results in Figure 2.15 reveal a similar performance of the tested friction modifier for
all different railway systems. Although the equivalent weighted sound pressure level
is reduced, the results do not specify if the occurrence of squeal was also reduced
after the application of friction modifier.
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Figure 2.13: Sound pressure levels measured in-field for the case with and without
low rail friction modification. Curve radius 97 m and vehicle speed of 8 km/h [6]
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Figure 2.14: Sound pressure levels measured in-field for the case with and without
low rail friction modification. Curve radius 90 m and vehicle speed of 32 km/h [6]
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Figure 2.15: Equivalent continuous A-weighted sound levels measured in curves
located on 6 different railway systems before and after the application of low rail
friction modifier [6]

The influence of top-of-rail friction modification applied on the low rail of a 315 m
radius curve in Teralba, Australia, was measured during 3 months [18]. The traffic
consisted of both freight and passenger vehicles with speed limit 75 km/h. The
results show that only freight trains squeal and that the performance of the friction
modifier depends on the operator and type of train (e.g. steel product trains, coal,
container trains). The summary of the results covering four descriptive categories
of squeal (“no squeal”, “mild”, “moderate”, “high”) is presented in Figure 2.16.
The proportion of severe squeals was reduced to around 35 % when the friction
modifier was applied. Despite the measured improvement, friction modification was
not found to be an effective solution to the squeal noise issue at the current site [18].
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Figure 2.16: Squeal noise measured on a 315 m radius curve with mixed freight
and passenger traffic. Comparison between results obtained with and without ap-
plication of top-of-rail friction modification. Vehicle speed 75 km/h [18]
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2.2.3 Wheel damping

Squeal noise reduction can be achieved with an appropriate wheel structural damp-
ing loss factor that guarantees the stability of the system also in conditions with a
falling friction coefficient [3]. In [19] a minimal damping loss factor between 1.3 -
3 % was measured to avoid squeal at the specific wheel eigenmode. However, if mode
coupling is present, the increase in damping does not necessarily provide stability.
This is illustrated in Figure 2.17 with the stability map introduced by Thompson et
al. in [3].
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Figure 2.17: Effect of the damping ratio shown on stability maps for varying
friction coefficient. A system considers two modes: a) damping ratio of the 2nd
eigenmode is changed, stable region at low ratios of damping, b) damping ratio of
both eigenmodes change (keeping their ratio fixed), stable region at damping ratios
larger than 1072 [3]
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2.2.4 Bogie and track geometry. Angle of attack.

For a large enough radius, curve squeal is not likely to occur. However, it is not only
the curve radius that should be considered but also the curving ability of the vehicle.
As described in Section 2.2.2., the ratio between the wheelbase and the curve radius
was approximated as the lateral creepage. However, by the definition, creepage is the
ratio between the sliding and rolling velocity. Based on the measurements in [4] and
calculations in [12], the rule of thumb was developed that squeal should not occur
if the curve radius exceeds a factor 100 of the bogie wheelbase [4]. Experiments
performed on the 1/4 scale test rig illustrated in Figure 2.9, showed squeal noise
to stop for large magnitudes of lateral creepage (angle of attack larger than 20
mrad) due to flange contact [19]. An increase in sound pressure level of squeal with
increasing angle of attack was observed. Additionally, squeal noise sound pressure
levels were lower for positive compared to negative angles of attack due to flange
contact for angles 20 - 25 mrad on this side [19], see Figure 2.18.

125}
120t /

15

110

Sound pressure lavel

a5 1 1 L 1 1 i
40 -30 -20 -10 0 10 20 a0

Angle of attack (mrad)

Figure 2.18: Sound pressure level measured with microphone 1 in the experimen-
tal setup illustrated in Figure 2.9 as a function of angle of attack. Rolling speed
corresponding to 20 km/h. Sound pressure level in the frequency range 1 - 10 kHz
(solid line) and 1.6 - 1.8 kHz (dashed line) [19]
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In-field measurements of squeal noise performed predominantly on freight trains
trafficking on the main north rail line in Sydney are presented in [22]. Results
indicate that high squeal noise levels are generated at large angles of attack, see

Figure 2.19.
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Figure 2.19: Summary of squeal noise measurements performed on the main north
line in Sydney. Predominantly freight traffic [22]

The wheel and rail transverse surface geometry, i.e. the profiles, are essential for
the generation of damage in the wheel-rail contact [29]. Desired wheel-rail contact
conditions typically requires regular rail grinding. Potentially, a rail gauge corner

geometry adopted for the application of lubrication can be implemented [1].

effect of this on generation of curve squeal is illustrated in Figure 2.20.

5

No. of Severe Squeal Events / Day

4
3
5 . B .
1 4
0 - T !

No Lubrication Effective Lubrication - Pre- 4 Weeks After Rail Grinding

Grinding

The

Figure 2.20: The effect of lubrication and rail grinding on curve squeal generation

on a 300 m radius curve [1]
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2.2.5 Sleepers

Upgrading sleepers from timber to concrete appears to be a factor responsible for
the squeal noise issue expansion reported in [1]. The results of measurements con-
ducted before and after retrofitting wooden with concrete sleepers on a 320 m radius
curve located 125 km north of Sydney that carries both freight and passenger traffic
show a considerable increase in squeal noise levels and occurrence rate [18]. The
summary of the results covering four descriptive categories of squeal (“no squeal”,
“mild”, “moderate”, “high”) is presented in Figure 2.21. No information considering
a possible change in track gauge or fastening system was reported in the article.
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Figure 2.21: Summary of the measurement results from before and after
retrofitting timber sleepers 54 kg/m with concrete sleepers 60 kg/m [18§]

2.2.6 Vehicle speed

In-field measurements on a 75 m radius curve at the Paris metro are reported in
[20]. Noise measured at four different vehicle speeds (10, 20, 30 and 40 km/h) as
well as in the experimental test rig presented in Figure 2.9, showed that the sound
pressure level of squeal increased with higher rolling velocity.

Measurements carried out on the 315 m radius curve in Teralba, Australia, do not
show any beneficial effect with respect to the generated squeal noise from a reduc-
tion in vehicle speed from 75 km/h to 40 km/h. Moreover, the duration of squeal
was longer in case of the lower vehicle speed which might increase the annoyance
of residents living close to the track. The summary of results covering four descrip-
tive categories of squeal (“no squeal”, “mild”, “moderate”, “high”) is presented in
Figure 2.22. An interesting observation is that superelevation seemed to influence
the occurrence of curve squeal, as there were differences between results obtained
for tracks in opposite directions [18]. The squeal noise monitoring in Heathfield [7]
has also shown a moderate correlation between vehicle speed and curve squeal and
flanging noise levels, see Section 2.2.1.
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Figure 2.22: Summary of squeal noise measured for two different vehicle speeds
on a 315 m radius curve located in Teralba, Australia [18]
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2.3 Mitigation measures

Mitigation strategies against squeal noise should focus on reducing its occurrence
rather than its radiated sound pressure level with means such as e.g. barriers [5].
Numerous experiments have been performed in order to test the effectiveness of
different mitigation measures. Some of them have already been presented in the
previous section. No measurement standard has been defined which means that
different evaluation methods are used for different tests. An example representation
of results is shown in Figure 2.23. The histogram presents the distribution of squeal
events versus the maximum sound pressure levels [28].

Frequency
of events
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Figure 2.23: Distribution of squeal events verses maximum sound pressure levels.
Test performed on the Berlin Ringbahn [28]

Some potential mitigation actions are only assessed at a specific situation. The lack
of long-term monitoring in various locations makes their performance difficult to
evaluate [9]. In [22], curve squeal is subdivided into three types: friction controlled,
steering controlled and systemic which is featured by relatively high proportion of
axles that squeal. It is noted that the success of the applied mitigation measure
depends on features that are exhibited by a specific squeal type, i.e. friction con-
trolled curve squeal is usually moderate and this noise can be effectively reduced or
eliminated by applying top of rail friction modification, while in case of the steering
controlled severe squeal, this solution hardly provides an improvement. For systemic
squeal, lubrication may be the most appropriate mitigation action.
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Method

The project is conceptually divided into two parts. The first part is a screening
assessment. Its purpose is to analyse data concerning squeal events, detected by the
track condition monitoring system used at the Stockholm metro (SL) and reported
in the associated cloud service provided by Tyréns. In the second part, a logistic
regression model is developed based on the raw measurement data. In this chapter,
the condition monitoring system at SL, procedures used to perform the statistical
screening analysis and the logistic regression are described.

3.1 Track condition monitoring system at Stock-
holm metro

The condition monitoring system used at SL is provided by the consultancy firm
Tyréns under the product name “Quiet Track Monitoring System (QTMS)”. It has
its origin in the European financed project "Quiet track" [30]. The objective of this
project was to develop an efficient and optimised track maintenance by continuous
monitoring of sound pressure level and acceleration [31]. Currently at SL, the condi-
tion of three metro lines is monitored by on-board systems mounted on seven trains
of type C20 manufactured by Bombardier Transportation [32] (three vehicles on the
green line and two on the blue and red line, respectively). The three metro lines are
presented in Figure 3.1.
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Figure 3.1: A schematic map of the metro system at Stockholm

The following information is provided by the condition health monitoring system:

o Track roughness

e Sound pressure

o Track decay rate

« Pad stiffness

o Severe wear

o Wheel slip

o Curve squeal
Quantities that are of particular interest in the current project are sound pressure
and curve squeal. Hence, procedures and measurements used by the monitoring
system to obtain all other results are not described as a part of the current work. The

setup for on-board noise measurements is described in more detail in the following
section.

24



3. Method

3.1.1 Measurement setup

Microphones are mounted behind the leading bogie of the leading car or in front
of the trailing bogie of the trailing car for a C20 trainset travelling in north- or
southbound direction. The instrumented car may be turned at a train terminal,
therefore, the location of microphones with respect to low and high-rail is not known
from the provided data. The microphone setup is presented in Figure 3.2. In case the
instrumented bogie is leading, two microphones are located close to the trailing axle
(Mic 1 and Mic 2) and two microphones are mounted at a distance from this wheelset,
in the middle of the car between two bogies (Mic 3 and Mic 4), see Figure 3.2. Noise
recorded with microphones 1 and 2 is of particular interest in the current project, as
it corresponds to the wheel/rail contact. The microphone sensitivity is 50 mV /Pa.

Mic 1 Mic 2

Mic 3 Mic 4

Figure 3.2: Microphone setup on a car

3.1.2 Squeal detection criterion

The algorithm used by the track condition monitoring system detects squeal when
the following conditions are fulfilled:

o A vehicle is negotiating a curve
« Sound pressure level exceeds 95 dB (a vehicle is running)
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o The noise radiation is dominated by the inner wheel-rail contact: sound pres-
sure level at the inner wheel exceeds that at the outer wheel by at least 3 dBA

Curve squeal is assumed to be generated only by the inner wheel-rail contact. Hence,
the final condition implies that squeal radiated from the outer wheel (flange squeal)
is not counted as an "squeal event' by the system.

3.1.3 Raw measurement data

The raw data provided by the QTMS consists of five-minutes recordings in the
compressed audio format FLAC (Free Lossless Audio Codec). Linked to each such
audio recording a Matlab file is created including time, vehicle speed, curve squeal
classification and location given as the distance from the reference station (Slussen)
in meters and GPS coordinates. In the current work, data collected on selected
curves of the green line during the period from August 25, 2017, to November
30, 2018 was included. In addition, documentation about track alignment, location
inside or outside the tunnels and potential application of lubrication was provided by
SL. Meteorological data includes temperature and humidity measured every hour
at the station Stockholm - Bromma Airport. Missing temperature and humidity
data samples, were replaced by interpolation between the closest data points and
with data available from the website of the Swedish Meteorological and Hydrological
Institute (SMHI) [36], respectively.

3.1.4 Curve selected for detailed analysis

Data recorded on the northbound track of a curve between stations Alvik and Stora
mossen on the green line of SL was used for a detailed statistical analysis. The
radius and length of the curve is 122.6 m and 120.550 m, respectively. It is located
at the track following coordinates between 8475-8650 m from the reference at Slussen
station, see Figure 3.5. The speed limit in the curve is 40 km/h. There is no high-rail
lubrication applied. Additionally, a neighbouring curve with a radius of 318 m and
the length of 175 m was analysed. It is located at the track following coordinates
between 8700-8875 m from the reference at Slussen station, see Figure 3.6. The
speed limit in the curve is 45 km/h. High-rail lubrication is applied at 7738 m
from reference at Slussen station. Both curves are located outside the tunnels, see
Figure 3.3 - 3.4. The traffic consists exclusively of C20 trains manufactured of
Bombardier transportation [32].
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Figure 3.3: Location of chosen curves on the map

Figure 3.4: Location of chosen curves on the map, the green line of SL. marked in
green

Figure 3.5: Curve of radius 122 m marked in black
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Figure 3.6: Curve of radius 318 m marked in black
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3.2 Statistical screening

The screening analysis was performed on the green metro line based on data available
on the associated cloud service, collected by the track monitoring system during
a period of one year from September 23 in 2017 to September 23 in 2018. The
number of squeal events per day detected on each path (the track stretch between
stations) and track section (25 m long track segments) was accounted for. The data
obtained for track paths included squeal events detected on both the northbound
and southbound tracks and provided a general view on the curve squeal situation
on the Stockholm metro. The data sampled per track section only included squeal
generated from the northbound track. It was sorted into six categories of different
curve radii where squeal events had been generated, see Table 3.1.

Table 3.1: Curve radius categories and the number of curves in each category on
the northbound part of the green line at the Stockholm metro

Category ~ Number of curves in category

1 100 - 200 m )
2 200 - 300 m 14
3 300 - 400 m 44
4 400 - 500 m 20
5 500 - 700 m 48
6 700 - 900 m 32

The information required for the screening analysis was collected in a database, see
Appendix A.2. Each curve was associated with the following information: a unique
number, path name, section number, distance from the reference station (Slussen),
curve radius, location inside or outside a tunnel and if high rail lubrication was
applied. The number of squeal events was normalised with respect to the number of
sections. This normalisation enables to compare the occurrence of squeal between
curves of different radii. To investigate the difference in number of squeal events
generated inside and outside tunnels or with and without high rail lubrication, the
number of squeal events is divided by the total number of sections located inside
and outside tunnels or with and without lubrication, respectively.
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3.3 Logistic regression model

Logistic regression is a classification algorithm appropriate for binary dependent
variables. The occurrence of squeal is a problem for which the outcome is indeed
binary: squeal either occurs (positive class, y = 1) or not (negative class, y = 0).
Mathematical description of the model is presented in the following section. The
implementation was carried out in software R [37].

3.3.1 Mathematical description

Binary logistic regression is one of generalised linear models, for which the transfor-
mation that turns the expectation of the response into a linear expression is known
as a link function. Having a binary output variable, y, it is desired to model a
probability p(y = 1|x) as a function of an independent variable z, which is an ex-
planatory variable, or so-called predictor. The relationship between predictor and
output variables is not linear, as y € {0,1}. However, the probability p, that y = 1
is transformed to obtain a linear function:

-Dp
= 90 + 02371

logit(p) = ln(l b ) (3.1)

where 6; are regression coefficients, x; are predictor variables and 6, is an inter-
cept term. This may be done with several possible transformations, e.g. logistic
transformation or probit transformation [38]. In the current study, the logistic
transformation, logit, is used as a link function. The logit of the probability p is
the natural logarithm of an odds ratio, see Equation 3.1. It may take values from
—oo (p(y = 1|z) = 0) to +oo (p(y = 1]x) = 1). Odds are ratios of the probability
of squeal occurrence (y = 1) to the probability of no squeal (y = 0). The notation
used in the chapter is introduced below:

o Data set with m examples: {(z™,yM), (2@, 4yP?), ..., (2™, y(™)}
e A set of n-predictors
T € |:$0,I1,l'2...l'n:|
e For an intercept term: xy =1
« Output variable takes values: y € {0,1}
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The estimated probability of y = 1 is represented by the sigmoid function g, which
is the inverse of the logit [40]:

1

ho(@) = 9(@ibs) = o

(3.2)

where 6; are regression coefficients and z; are predictor variables. Here, hy(x) out-
puts the probability that y = 1, given predictor, z, e.g. temperature parametrised
by fitted coefficient 6, (p(y = 1|x;0)). Prediction whether the label is 0 or 1 using
logistic regression parameters 6; is computed for x; using a threshold of 0.5, i.e.
whenever hy(z) gives a probability of y = 1 that is > 0.5, the prediction is set equal
to 1. It means that predicted label is 1 whenever 6y 4 0;z; is not negative.

Regression coefficients, 6; are chosen using the method of the maximum likelihood
such that the observed outcome, ¥, is the most likely result based on the observed
predictors, x;. The maximum likelihood is computed for a particular choice of regres-
sion coefficients. The number of coefficients, #;, depends on the number of predictors
and the order of the polynomial used in the logistic regression, see Equation 3.1. For
the maximum product presented in Eqation 3.3, the optimal coefficients are found.
This product is the so-called likelihood and may be shown as in Equation 3.4.

ﬁ (y=1x:0) - I(y=1)-p(y = 0z;0) - I(y = 0) (3.3)

where I(a =b) is 1 if a = b is true, otherwise I(a = b) is 0.

ﬁ (y = 1];0)" - (1 — ply = 1]z;6))" ¥ (3.4)

Finding the maximum likelihood corresponds to identifying the minimum cost. A
cost function is introduced to assess the difference between the prediction, hy(x),
and the actual outcome, y. Cost is mathematically explained in equation below.

—In(he(z)), ify=1

—In(1 — hy(x)), ify=0 (3:5)

Cost(hg(z),y) = {

Equation (3.5) implies that the cost increases the larger the difference between the
actual outcome and the predicted value becomes. This is depicted in Figure 3.7.
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Figure 3.7: Cost as a function of predicted values hy(x), when y = 1

For the optimisation of the model parameters, the cost function may be expressed
in the following form [40]:

m

J(0) = 1 Z COSt(hg(ZL’(j)), y(j))

J=1

(3.6)
:_mz< 91 (hy(x ))+(1—y(j))'ln(l—he(-?C(j))))

where m is the number of data samples.

The concept of the cost can be extended to be used for model selection, by adding
a cost that penalises explanatory variables. Logistic regression using a high order
polynomial may be prone to overfitting. It occurs when the error (cost) computed
based on a portion of a dataset decreases, while it simultaneously increases for
another subset of the data, with increasing number of model parameters. In other
words, overfitting occurs when a model fits train data set well, but fails when making
predictions with new data. To avoid this, a regularisation term, that penalises
parameters #; may be added to the cost function. The minimal cost can provide a
good balance between model size and goodness of fit.
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3.3.2 Model evaluation

The current study has accounted for three predictor variables (i.e. speed, humidity
and temperature) and three polynomial orders were examined, i.e. 1th (model.1),
2nd (model.2) and 3rd (model.3) degree polynomial. A possible improvement of
models with increasing order of polynomial was investigated using the likelihood
ratio test. The null hypothesis that is tested, is described as follows: coefficients
fitted for all terms from a higher order polynomial that do not belong to the lower
order polynomial are simultaneously zero. This means that e.g. in case of the
examination if model.2 is better than model.1, the hypothesis under the test claims
that 6; coefficients corresponding to parameters X7, X2, X2 X - Xy, X; - X3, X»- X3
are = ( simultaneously, see Table 3.3. The likelihood ratio test statistics as a function
of two likelihoods, i.e. likelihood under the null hypothesis, Lg, and likelihood under
the alternative hypothesis, L, is presented in Equation 3.7 [39]. All explanatory
variables in Lr must also be in L, as L is an extension of Lg. In the test, it
is calculated how much the goodness of fit is increased with the extension of the
explanatory variables set. The result of % is then quantified with the critical limit
X?ka’y) where « is the risk level and v is the number of degrees of freedom (df),
corresponding to the difference between df of both compared models. The degree
of freedom is equal to the number of coefficients in the model including an intercept
term, e.g. for model.1, df = 4. Results presented in Table 3.2 show that the model
implemented with the 3rd degree polynomial (model.3) is significantly better than
model.2 and model.1.

_ o [Er
A= (L) (3.7)
=2(In L —In Lg)

Table 3.2: Likelihood ratio test results performed in R for model implemented
with 1st, 2nd and 3rd order polynomial

model.1 & model.2 model.2& model.3 model.1& model.3

R 31.68 27.72 59.40
critical limit 12.59 18.31 26.30
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Table 3.3: Model parameters dependent on the polynomial order

Order of polynomial Name of the model Parameters

1st model.1 Xl,XQ,Xg
X17X27X37X127X227X§7X1 : X2a
2nd model.2 XX X, X

X1’X27X3,X12,X22,X§,X?,X§,X§,
X1 - X, X - X3, Xy - X3, X7 - X,
X7 X5, X2 X, X2+ X3,

X2 X1, X3 X, X - Xo - X3

3rd model.3

The influence of the predictor on the outcome variables can be tested with the so-
called probability value or p-value. A p-value is the outcome from a hypothesis
test of the null hypothesis. In case of the current problem, the null hypothesis
would claim, that there is no relationship between predictors (i.e. speed, humidity
or temperature) and the outcome. A small p-value implies that observed data do
not fit the null hypothesis. For a p-value lower than the specified significance level
(usually 5 %) the null hypothesis is rejected and the result is considered statistically
significant [34].

According to p-values presented in Table 3.4 -Table 3.6, results for the vehicle speed
(X1) as well as all terms that contain X; are greater than the significance level of
5 %. The term X3 - X3 from the 3rd order model has the p-value of 0.824, which
is also above the given threshold, see Table 3.6. The likelihood ratio test of the
3rd order model (model.3) and the model with the reduced number of explanatory
variables by the mentioned insignificant predictors, shows, that the goodness of fit
is decreased with the extension of the explanatory variables set, see Table 3.7 and
Table 3.8. In other words, the 3rd order model with the reduced number of predic-
tors is better than the model.3. Hence, the model with the 3rd order polynomial
(model.a), including only humidity and temperature and the set of explanatory
variables reduced by term X7 - X3 was selected for the further logistic regression
analysis.

Table 3.4: Coefficients, p-values and Standard Error calculated for the 1st order
model with 3 predictors (speed, humidity, temperature), based on the train data
set collected on the northbound track at the 122 m radius curve located between
stations Alvik and Stora mossen during the time period 2017-08-25 - 2018-11-30. A
detailed description of the train data set is found in Section 4.3.1

Explanatory variable Estimated coefficient Standard Error p-value

Speed (X7) - 0.0021 0.0348 0.952
Humidity (X3) 1.0168 0.0040 3.18 - 1075 *¥*
Temperature (X3) -0.0027 0.0082 0.744
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Table 3.5: Coefficients, p-values and Standard Error calculated for 2nd order model
with 9 predictors, based on the train data set collected on the northbound track at
the 122 m radius curve located between stations Alvik and Stora mossen during the
time period 2017-08-25 - 2018-11-30. A detailed description of the train data set is
found in Section 4.3.1

Measure Estimated coefficient Standard Error p-value
Speed (X;) 0.9801 0.8319 0.2388
Humidity (X3) 0.0470 0.0856 0.5829
Temperature (X3) 0.1589 0.1719 0.3552

X? -0.0167 0.0117 0.1542

X2 -0.0007 0.0002 0.0010 **

X2 -0.0041 0.0009 1.4-1075 ***
X7 Xo 0.0022 0.0022 0.3380

X1 X3 -0.0003 0.0046 0.9518

X5 X5 -0.0011 0.0006 0.0627 .

Table 3.6: Coefficients, p-values and Standard Error calculated for 3rd order model
with 19 predictors, based on the train data set collected on the northbound track at
the 122 m radius curve located between stations Alvik and Stora mossen during the
time period 2017-08-25 - 2018-11-30. A detailed description of the train data set is
found in Section 4.3.1

Measure Estimated coefficient Standard Error p-value
Speed (X}) -9.0331 11.7370 0.4415
Humidity (X5) -1.5516 1.0357 0.1341
Temperature (X3) 0.5011 2.0398 0.8059
X2 0.1977 0.3236 0.5413
Xz 0.0054 0.0047 0.2540
Xz -0.0481 0.0218 0.0270 *
X3 -0.0014 0.0031 0.6452
X3 -0.0000 0.0000 0.0509 .
X3 0.0003 0.0001 0.0074 **
XX, 0.0735 0.0520 0.1578
X;- X5 0.0197 0.1080 0.8554
X5 X3 -0.0010 0.0131 0.4450
X?. X, -0.0009 0.0007 0.208
X?. X3 -0.0004 0.0016 0.8211
X X2 -0.0001 0.0001 0.6346
X3+ X3 0.0000 0.0000 0.4179
X X2 0.0004 0.0006 0.4422
X, X2 0.0003 0.0001 0.0005 ***
X1 Xy X3 -0.0000 0.0003 0.9215
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Table 3.7: Coefficients, p-values and Standard Error calculated for the reduced 3rd
order model with 8 predictors (model.a), based on the train data set collected on
the northbound track at the 122 m radius curve located between stations Alvik and
Stora mossen during the time period 2017-08-25 - 2018-11-30. A detailed description
of the train data set is found in Section 4.3.1

Measure Estimated coefficient Standard Error p-value
Humidity (X3) -0.2263 0.1139 0.0470 *
Temperature (X3) 0.5661 0.1210 2.9.1076 *x*
Xz 0.0050 0.0018 0.0065 **

Xz -0.0286 0.0065 9.59 - 1070#**
X3 -0.0000 0.0000 0.00212 **

X3 0.0002 0.0001 0.0083 **

X, X2 0.0003 6.41-107° 6.87 - 1075 ***
X9 X3 -0.0064 0.0015 1.4 1075 ***

Table 3.8: Likelihood ratio test results for model implemented with 3rd order
polynomial with 19 predictors, including speed, humidity and temperature (model.3)
and the reduced model with 3rd polynomial with 8 predictors, excluding vehicle
speed (all terms including speed) and term X2 - X3 (model.a)

model.a & model.3

R 7.76
critical limit 19.68

Decision boundary is a separator between classes (squeal, y = 1, or no squeal,
y = 0) calculated by the developed logistic regression model. In a scatter plot the
decision boundary is visualised by e.g. a line, a plane or a surface shape. In the
following the concept is exemplified with a simple one degree polynomial to predict
squeal using vehicle speed and humidity as predictors. A simple boundary plot may
be created with the equation below:

ho(x) = p(y = a1, 22;0) = g(2) (3.8)

Z = 90 + 911’1 + 921’2 (39)

An example sigmoid function is presented in Figure 3.8. It is clear, that g(z) > 0.5
when z > 0.
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g(z)

Figure 3.8: Sigmoid function of an example z

Therefore, to predict when y = 1, Equation 3.9 can be transformed into the following

relationship:
9() + 91331 + 02!132 Z 0 (310)

Having determined the optimal 6; coefficients, a line that separates classes may be
plotted as presented in Figure 3.9. The plot shows, that for conditions that fall
above the separating line, e.g. speed of 40 km/h and humidity of 95 %, the model
predicts that squeal occurs, y = 1. It illustrates the concept of decision boundaries
on a 2D example, with only 2 predictors (x1,x2). The data used in this illustration
is taken from 122 m radius curve between Alvik and Stora mossen on the Stockholm
metro. More detailed results from this curve are found in the Results chapter.
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Figure 3.9: Example decision boundary plot for prediction of squeal occurrence
(y = 1) using 2 predictors i.e. vehicle speed and humidity (x1,x2) and coefficients:
0y = —4.19,60; = 0.064, 05 = 0.022
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In order to assess the accuracy of the logistic regression model and the model fit,
it is essential to divide a dataset into separate subsets to train and test the logistic
regression model. In the current study, 70 % and 30 % of the dataset was used to
train and test the logistic regression model, respectively. Evaluation of the logistic
regression model is enabled by showing train data samples in a decision boundary
plot to estimate how well the model fits the data. Such visualisation performed on
the test dataset enables to discover overfitting which corresponds to when the model
fits the train data set well, but fails to predict future data.

A few metrics to indicate how well the model fits the data may be calculated:

e Accuracy is a ratio between the number of correct predictions and the total
number of predictions.

TP +TN
TP+TN+ FP+ FN

Accuracy =

where TP (True Positive) and TN (True Negative) corresponds to that the
model correctly predicts positive and negative classes, respectively, and FP
(False Positive) and FN (False Negative) corresponds to that the model incor-
rectly predicts positive and negative classes, respectively.

e Precision indicates the proportion of positive identifications that was cor-
rect. In other words, the percentage of the samples where a squeal event was

correctly predicted.
TP

J2 .. _
recitsion TP+ FP

e Recall measures what proportion of actual positives was identified correctly.

TP

Recall = m
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Results

In this chapter, results from the screening and logistic regression analysis of curve
squeal generated on the Stockholm metro are presented and discussed. These investi-
gations only considered squeal generated from the low wheel-rail contact. However,
cases with flange noise radiated from the outer wheel during curve negotiation have
also been identified. In the following, typical characteristics of the squeal noise
recorded at curves selected for the logistic regression analysis are described.

4.1 Squeal noise characteristics

Noise recorded in the Quiet Track Monitoring System (QTMS) during selected pas-
sages on the northbound track in the curve between Alvik and Stora mossen, see
Section 3.1.4, is used to illustrate squeal noise characteristics. A description of the
QTMS is found in Section 3.1. Spectrograms for cases with curve squeal, flanging
noise with less severe squeal and case without squeal or flanging noise recorded with
microphone number 2 are shown in Figure 4.1 and Figure 4.2.

Curve squeal was identified using the criterion described in Section 3.1.2. Flanging
noise was identified using aural perception and description found in the literature,
e.g. [10]. In case with flanging noise, the noise measured with microphone 2 exceeds
that of measured with microphone 1, see Figure 4.3 and Figure 4.4. It is assumed
that microphone number 2 is in this case located near the high wheel. There is
no such difference observed in the sound pressure for the case that squeal is not
generated, see Figure 4.5. Recordings were done on three days in October 2017.
Detailed information about time, vehicle speed and weather conditions are included
in Appendix A.1.

The rolling noise has a broadband frequency content contained in lower and low-mid
frequency range below 1 kHz, with a significant frequency component at approxi-
mately 600 Hz and its harmonics. Figure 4.2 shows the noise level measured for
the case without squeal to be significantly lower compared to passages with squeal,
especially above 3.2 kHz. This difference is equivalent to approximately 6 dBA.
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Passages with squeal are characterised by tonal components and higher harmonics.
The squealing frequency is at 1030 Hz. The maximum noise levels are measured
for curve squeal at 6.2 kHz. For the passage with flanging noise and less severe
curve squeal, as strong maxima in sound pressure level around harmonics frequen-
cies are not observed. Compared to curve squeal, flanging noise is noticed to be
associated with increased levels of noise in the high-frequency range above 6 kHz,
see Figure 4.2. Apart from this, peaks in noise levels measured for both passages
with squeal present coincide in terms of frequency. These results illustrate curve
squeal generated at the same curve and by the same vehicle with similar frequency
characteristic for different passages. The absence of tonal components related to
squeal in the noise recorded for the passage without squeal generation is noticed in
Figure 4.1 and Figure 4.2.
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Figure 4.1: Spectrogram of noise measured during three different passages through
the 122 m radius curve between Alvik and Stora mossen
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Figure 4.5: Spectra of noise measured during 2 different passages through the
122 m radius curve between Alvik and Stora mossen

Additionally, spectra of noise recorded with microphone number 2 at three different
curves: two located between stations Alvik and Stora mossen, with the radius of
122 m and 318 m, and one located between stations Gullmarsplan and Skdrmarbrink
with radius 150 m were compared. Detailed information about time, vehicle speed
and weather conditions are included in Appendix A.1. For all three passages squeal
occurs and noise spectra shows that squealing frequency as well as its harmonics
patterns coincide, see Figure 4.7. These results illustrate curve squeal generated by
the same vehicle with identical frequency characteristic at different curves.

42



4. Results

Curve ALV-SMO,R =122m

N
e S0
E =
5 )
z 00 F
w01 150 3
2 4 [ 8 10 12 14 16 g
Time in s ‘;—G
Curve SKB-GUP, R = 150m s
210 R h g
T ~g e e e 50 =
= [
- 3
3] -100
g
& 01 -150 &
2 4 6 8 10 12 14 16 &
Time in s g
N Curve ALV-SMO,R=318m =
= g it il ) g
E " 50 %
k=] g
s =
%) -100 5
2 2
=1 I=]
g a,
5]
& 01 a‘ . 150

Time ins

Figure 4.6: Spectrogram of noise measured during three different passages through
the three different curves on the green line of SL

= =20 T T

=

g 4of i 1

jan]

=

g 60~

S N

B o80f eSS

L

Z -100

s Curve ALV-SMO, R = 122m

S T Curve GUP-SKB, R = 150m

21200 |---- Curve ALV-SMO, R = 318m

2

D40 b : e : :
10° 10° 10*

Frequency in Hz

Figure 4.7: Spectra of noise measured during three different passages through the
three different curves on the green line of SL

43



4. Results

4.2 Screening analysis

A screening analysis was performed based on data collected on the green metro line
by the QTMS containing number of squeal events per day detected using the crite-
rion described in Section 3.1.2. Results presented in this section were obtained with
data collected during a period of one year from September 23 in 2017 to September
23 in 2018. The data obtained for track paths (the track stretch between stations)
included squeal events detected on both the northbound and southbound tracks.
The data sampled per track section (25 m long track segments) only included squeal
generated from the northbound track. Documentation of track alignment included
information about the location of curves in meters from reference station Slusen,
curve radius, vehicle speed limit, location inside or outside the tunnel and the dis-
tance from the reference station, at which possible lubrication is applied.

Figure 4.8 presents the sum of squeal events for paths on the green metro line
that were most exposed to squeal during the studied period. Paths are ordered
in descending number of squeal events. The path, where the largest number of
squeal events were captured is located between stations Alvik and Stora mossen. It
includes 4 curves with radii 113 m, 122 m, 244 m and 318 m (northbound track).
The whole path is located outside the tunnel. The speed limit on track segments
in curves is typically around 40-45 km/h and on straight parts in the range 60-
70 km/h. The path with the second largest number of squeal events is located
inside the tunnel, between stations Gamla stan and T-Centralen. The speed limit is
55 km/h at segments containing curves with smaller radii (e.g. 198 m and 203 m on
the southbound track) and 60-70 km/h at straight segments and curves with larger
radii (above approximately 600 m). The path located outside the tunnel between
stations Gullmarsplan and Skdrmarbrink is also noticed to be exposed to a large
number of squeal events. The path includes curves with radius between 150 m -
500 m. At the curve with radius 150 m, the vehicle speed is limited to 30 km/h.
The path between stations T-Centralen and Hétorget (HOT-TCT) contains a curve
with radius 213 m and speed limit 55 km/h. The path is located inside the tunnel.
The path exposed to fifth largest number of squeal events during the studied period
is located inside the tunnel between stations Fridhemsplan and S:t Eriksplan in
the northbound direction. On segments that include curves with radii 265 m and
369 m, the speed limit is 55 km/h, on other parts of this path, the speed limit
reaches 70 km/h.

44



4. Results

Number of squeal events

AR A ERARANO DG
S S T P RS SRS
“p &0%% N o@% O S RS nggso
RS I S F TP IS EF IS¢

Figure 4.8: Sum of squeal events for track paths on the green metro line of SL
that were most exposed to squeal during the period 2017-09-23 - 2018-09-23. (N)
northbound track, (S) southbound track

The number of squeal events generated in several curves is summed into curve radius
categories. A more detailed description is found in Section 3.2 and Table 3.1. The
number of squeal events as a function of the curve radius category is presented in
Figure 4.9. The number of squeal events measured during the studied period was
divided by the number of sections. This is referred to as normalised number of
squeal events. The influence of curve radius on curve squeal is obvious; the number
of normalised squeal events is seen to increase with decreasing curve radius.
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Figure 4.9: Normalised number of squeal events on the green metro line measured
during the period 2017-09-23 - 2018-09-23. Squeal events generated in different
curves are summed into curve radius categories, see Table 3.1
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Figure 4.10 presents the normalised number of squeal events for curves that belong
to the different curve radius categories separately. For all curve radius categories
apart from 100-200 m and 200-300 m (containing a number of 5 and 14 curves,
respectively), results are shown for the 15 curves with the maximum number of
squeal events. The numbering of curves are according to the documentation, see
Appendix A.2. The maximum number of squeal events are noticed to occur for
curves 1 and 6 in curve radius category 200-300 m. It needs to be emphasised, that
curves number 1, 2 ,3, 4, 9, 11 and 12 have radii between 200 m-222 m. The curve
number 6, that is the most exposed to squeal, has the radius of 244 m and is located
in vicinity of curve number 1 in curve radius category 1. These curves are located
between stations Alvik and Stora Mossen.
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Figure 4.10: Normalised number of squeal events on the green metro line mea-
sured during the period 2017-09-23 - 2018-09-23. Results are presented for curves
that belong to the different curve radius categories separately, see Table 3.1. For
more information regarding the numbering of the curves see the documentation in
Appendix A.2.

In the literature study of Section 2.2.4 a criterion is described that specifies curve
squeal not to occur when the ratio between the curve radius and the bogie wheelbase
is greater than 100 [4]. The bogie wheelbase for the Bombardier C20 metro train
is 2.3 m, which implies that curve squeal should not occur for curve radius that
exceeds 230 m. From Figure 4.10, the number of squeal events was noticed to
reduce significantly for curves with radii larger than 222 m. Figure 4.11 shows that,
although less frequent, curve squeal still occurs above the estimated threshold. In
fact, it was observed that squeal is consistently not generated on curves with radius
that exceeds 900 m.

46



4. Results

o0
=]
(=]

(=) -~

(= =)

(=4 (=}
T T

h

=)

(=}
T

W

=)

(=}
T

Normalised number of squeal events
2 B
S S
S S
T T

._.

=]

(=]
T

Curve radius/Wheelbase < 100 Curve radius/Wheelbase > 100

Figure 4.11: Normalised number of squeal events on the green metro line measured
during the period 2017-09-23 - 2018-09-23 and categorised according to the criterion
described in [4] that specifies that curve squeal should not occur for cases when the
ratio between curve radius and bogie wheelbase is larger than 100.

The influence of meteorological conditions on the occurrence of curve squeal is in-
vestigated. The meteorological data was obtained from the webpage of Swedish
Meteorological and Hydrological Institute (SMHI) [36]. Data contains mean day
temperature measured at meteorological station Stockholm A and sum of day pre-
cipitation measured at station Stockholm.

Figure 4.12 compares the total number of squeal events captured each day on the
green metro line during the studied time period against the precipitation. The corre-
sponding figure showing the total number of squeal events against the temperature is
found in Appendix A.3, see Figure A.19. The total number of squeal events captured
each day on the green metro line during the studied time period presented for the dif-
ferent curve radius categories separately is found in Appendix A.3, see Figure A.20.
The generation of squeal seems moderate in October, November and August. Squeal
occurrence seems to be reduced during precipitation. The sum of squeal events de-
tected on days with no precipitation was 1224.6/day and 861.5/day for days with
precipitation. This agrees with e.g. results from in-situ test in dry/wet conditions
indicating that curve squeal was eliminated after the rail was water sprayed, see
Figure 2.11 [25].
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Figure 4.12: Comparison between number of squeal events per day on the green
metro line measured during period 2017-09-23 - 2018-09-23 and the sum of day
precipitation

To reduce wear on the gauge face of high rails, lubrication is applied on several
curves at SL. The potential influence of rail lubrication and curve location (inside
or outside of tunnels) on curve squeal is investigated in Figure 4.14 and Figure 4.13,
respectively. Squeal events are normalised with respect to the number of sections
located inside or outside of tunnels and with and without lubrication applied, re-
spectively. It should be noted that the influence of precipitation on the occurrence
of curve squeal generated outside of tunnels might be contained in the results pre-
sented in Figure 4.14. Figure 4.13 does not indicate high rail lubrication to have a
significant influence on generation of curve squeal. It must be emphasised, that lu-
brication is usually applied at curves with smaller radius, that are the most exposed
to wear and also squeal. Therefore, the increased number of squeal events generated
at curves with high—rail lubrication applied may be seen.
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Figure 4.13: Normalised number of squeal events on the green metro line measured
during the period 2017-09-23 - 2018-09-23. Comparison between curves with and
without high rail lubrication
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Figure 4.14: Normalised number of squeal events on the green metro line measured
during the period 2017-09-23 - 2018-09-23. Comparison between curves located
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49



4. Results

4.3 Logistic regression analysis

In this section results obtained by logistic regression analysis are presented. Two
curves of radii 122 m and 318 m located on the northbound track between stations
Alvik and Stora Mossen are considered, see Figure 3.4.

4.3.1 Description of data

The data used in the logistic regression analysis of the 122 m radius curve are
summarised in Table 4.1 and Table 4.2 as well as in Figure 4.15 - Figure 4.16. The
corresponding results obtained for the 318 m radius curve are found in Appendix A.4.
The train and test data sets include 990 (410 positive and 580 negative) and 425
(169 positive and 256 negative) samples, respectively, collected during the period
2017-08-25 - 2018-11-30. Positive samples correspond to passages for which squeal
was detected, in case of negative samples, squeal was not identified. The criterion
used to detect squeal is described in Section 3.1.2. Details about the location of the
curve, traffic conditions and track alignment at the site are found in Section 3.1.4.
From Figure 4.15, a potential relation between curve squeal and humidity is noticed.
The train and test data sets are similar to each other (concurrently, data samples
that are in the train data set are not included in the test data set). The train data
set as dependent on the 2 predictors, humidity and temperature, is presented as
scatter plot in Figure 4.17.

The logistic regression model was created with threshold 0.5, see Section 3.3.1.

Table 4.1: Summary of predictors. Train data set collected on the northbound
track at the 122 m radius curve located between stations Alvik and Stora mossen
during the period 2017-08-25 - 2018-11-30

Parameter Humidity Temperature
Unit % °C
Min 21 -13.5
Max 100 30.6
Median 76 8.4
Mean 71.48 9.22
Standard deviation 20.29 9.81
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Table 4.2: Summary of predictors. Test data set collected on the northbound track
at the 122 m radius curve located between stations Alvik and Stora mossen during
the period 2017-08-25 - 2018-11-30

Parameter Humidity Temperature
Unit % °C
Min 23 -10
Max 100 30.6
Median 74 10
Mean 71.25 9.80
Standard deviation 21.02 9.34
Train data set Test data set
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Figure 4.15: Percentage squealing passages as a function of relative humidity.
Train and test data sets collected on the northbound track at the 122 m radius

curve located between stations Alvik and Stora mossen during the period 2017-08-
25 - 2018-11-30
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Figure 4.16: Percentage squealing passages as a function of temperature. Train
and test data sets collected on the northbound track at the 122 m radius curve
located between stations Alvik and Stora mossen during the period 2017-08-25 -
2018-11-30
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4.3.2 Evaluation of the model

In the logistic regression, probability of squeal is modelled using 8 parameters, i.e.
humidity (Xs), temperature (X3), etc., as described in Section 3.3.1. For the im-
plementation of the logistic regression model, software R was used. Exponents
of logistic regression coefficients, 6; are odds ratios. The list of all 9 logistic re-
gression coefficients and their exponents including intercept term, 6, is presented
in Appendix A.5. According to Table A.7, an increase of humidity (X3) by 1 %
contributes to drop of the probability of squeal by a factor of 1.077 while other ex-
planatory variables are constant and an increase of temperature by 1°C contributes
to growth of the probability of squeal by a factor of 1.36 while other explanatory
variables are constant. The list of all 9 exponents of coefficients estimated for 318
m radius curve, including the intercept term, 6 is presented in Appendix A.5.

In Table 4.3, the accuracy, precision and recall of the models for the 122 m and
318 m radius curves are summarised. The train and test accuracy are evaluated
on the train and test data sets, respectively. The test accuracy of approximately
60 % indicates that the prediction of curve squeal based on the chosen predictors
performs slightly better than a chance that would correspond to the accuracy of
50 %. According to the precision for the 122 m and 318 m radius curves, the models
are approximately 47 % and 62 %, respectively, correct when predicting that squeal
occurs (y = 1), see Table 4.3. The recall implies what proportion of actual positives
was identified correctly. According to Table 4.3, for the 122 m and 318 m radius
curves 38 % and 67 % of the squeal events were correctly identified, respectively.
This distinction may be due to the difference in proportion of squealing passages
between studied curves, see Section 4.3.1 and Appendix A .4.

Table 4.3: Evaluation of the model fit of the two models for the 122 m and 318 m
radius curves located between stations Alvik and Stora mossen. Based on data
measured during the time period 2017-08-25 - 2018-11-30

Measure Curve 122m Curve 318m
Train accuracy 61.31 % 62.75%
Test accuracy  58.12 % 58.94%
Precision 46.72% 62.07%
Recall 0.38 0.67

Figure 4.18 represents the decision boundary plot, created for the 122 m radius
curve. The boundary is indicated by the contour at probability of squeal 0.5, that
separates areas of predictions, e.g. for conditions with humidity 76 % and temper-
ature 10°C, a point on the scatter plot is "inside" the contour and predicted label
would be 1 (squeal). The decision boundary plot for the 318 m radius curve is
presented in Figure 4.20. It is noticeable, that data points of positive as well as
negative labels are spread over both separated areas for both models, but with a
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larger number of negative labels outside the boundary. Figure 4.19 and Figure 4.21
are another representation of the logistic regression analysis results for curves with
radius 122 m and 318 m, respectively. The grid depicted with green circles of differ-
ent size indicates the probability of squeal, i.e. the larger the circle size, the greater
estimated probability is for the given humidity and temperature conditions.
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Figure 4.18: Decision boundary plot obtained with the logistic regression model
developed for the train data set collected on the northbound track at the 122 m
radius curve located between stations Alvik and Stora mossen during the time period
2017-08-25 - 2018-11-30. Train data samples presented
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Figure 4.20: Decision boundary plot obtained with the logistic regression model
developed for the train data set collected on the northbound track at the 318 m
radius curve located between stations Alvik and Stora mossen during the time period
2017-08-25 - 2018-11-30. Train data samples presented

55



4. Results

30 9002 90g0 o o8
: 0++°§§ 5 o 2802820066
RN T2y <,
Agne Rn 82 0 $°I$; 0 i & 6 O @ O
S 20r o 0390 #0 58 @ cp® & lt++$+-|- P, Tt GEud Oogt
o ) (O F Ogio %0"‘ +* $ < +O$+Q*¢+ ¥ § @00 ¥ Fogeo +
= o 1 o Ogha $I+$+ a0 g &0 30 goe
g O $+ + % B0 gerEe i & L H00 Py 38
210 o) 0 QI B Cy + ANl Sy §810 % w8 2338
r + KX K
g + 5 + X5 . . go o OQ%‘_ * * O+$§++Q ©
& Fleer Sekic St et eel ANk *i g +*§§§§@ Sont?
5 o o X A Y 3 taiad 35700 § §§
B 0F £ + 0 @ **;‘g §+$§+¢+ +§$$ *_,_51-; ++§ ¥
O 1 * *
Squeal probability] -* o0 B 9 I+ o ;Oéi.s o 0 & +i¥+
+ Squeal 000 *o + <><><> o 0= 5 ¥
-10 - ¢ No squeal QO o8 & a8
OO 5]
L L | | 1 i I L I
20 30 40 50 60 70 80 90 100

Humidity in %

Figure 4.21: Scatter plot with a grid that indicates probability of squeal (green
circles) obtained with the logistic regression model developed for the train data set
collected on the northbound track at the 318 m radius curve located between stations
Alvik and Stora mossen during the time period 2017-08-25 - 2018-11-30. Train data
samples presented

According to Figure 4.19, humidity seems to have an influence on squeal generation.
The modelled relation between humidity and squeal occurrence is presented for three
different air temperatures in Figure 4.22. This trend, although as seen in Figure 4.22
dependent on temperature, is similar to that found in the results obtained on the
test rig and by field test presented in [26], at humidity values of the range between
40 % - 80 %, see Figure 4.23. The corresponding results obtained with the full data
set collected on the northbound track at the 122 m radius curve located between
stations Alvik and Stora mossen during the time period 2017-08-25 - 2018-11-30 is
presented in Figure 4.24. Similar relation between humidity and squeal occurrence
or estimated squeal probability is not observed for the data measured on the 318 m
radius curve, see Figure A.25-Figure A.26 in Appendix A.6.
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Figure 4.22: The modelled influence of relative humidity on curve squeal probabil-
ity for three air temperatures. Results obtained with the logistic regression model
developed for the train data set collected on the northbound track at the 122 m ra-
dius curve located between stations Alvik and Stora mossen during the time period
2017-08-25 - 2018-11-30
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Figure 4.23: Probability of squeal in varying relative humidity [26]
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Figure 4.24: The influence of relative humidity for three different speed ranges.
Full data set measured on the northbound track at the 122 m radius curve located
between stations Alvik and Stora mossen during the time period 2017-08-25 - 2018-
11-30
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4.3.3 Further discussion

The results of the logistic regression analysis with the selected model reveal, that the
model does not necessarily give predictions that are consistent with the measurement
data and that the function used in the model might cause unexpected behaviour for
some humidity and temperature conditions. This is for example seen in Figure 4.22,
Figure 4.18 and Figure 4.19. From Figure 4.19, a few relevant observations may be
emphasised:

o Few observations and very low estimated squeal probability in the left low
corner, for temperature values below 16°C and relative humidity below 50 %.
The estimated probability of squeal drops to practically 0 for temperatures
below -10°C and relative humidity below 50 %

e Almost no observations and very high estimated squeal probability at top
right corner. Estimated probability of squeal reaches around 0.97 for humidity
around 100 % and temperature above 30°C.

 Significant number of observations in the left upper corner. Here, it is observed
that for humidity between 30 %-50 % and temperature in the range 17°C-28°C
most passages did not squeal. The estimated probability of squeal in this region
is between approximately 0.2 and 0.4.

e Significant number of observations in the right mid-lower corner, for temper-
atures below 18°C and humidity above 70 %. For these conditions, it seems
that most of the observations are positive, which means that most of pas-
sages squealed. Here, the estimated probability of curve squeal is between
approximately 0.4 and 0.56.

The function used in the logistic regression for the current study may perform well,
but only for conditions for which there were many observations. However, the func-
tion is not penalised for an uncontrolled behaviour in regions, where there are no or
few observations. It may be seen as overfitting. Hence, the results from the logistic
regression are only reliable in regions where there are many observations and are
not recommended to be used outside these regions.

The behaviour of the model can be controlled by using a different function. Hence,
the model with 5 explanatory variables, i.e. Xy, X3, X3, X2, X»- X3 was implemented.
The list of coefficients and odds ratios calculated for this model is presented in
Table A.8 in Appendix A.5. The comparison of the train and test accuracy of
both models, i.e. the initially selected (model.a) and the reduced one (model.b) is
presented in Table 4.4. Here, the possible improvement of the model fit by reducing
the number of predictors is not seen or may be interpreted as ambiguous. The
likelihood ratio test result indicates that the model with fewer predictors has a
worse fit than the initially selected model, see Table 4.5. However, according to the
estimated coefficients for humidity and the representation in Figure 4.25, the results
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obtained with model.b have a physical meaning that is closer to what is expected
from the measurement data, see Figure 4.24. In case of model.b, the odds ratio for
humidity is 1.13, which means that an increase of humidity (X5) by 1 % contributes
to an increase of the probability of squeal by a factor of 1.13 while other explanatory
variables are constant. The relation between the temperature and curve squeal is
presented in Figure 4.26. This shows an increase percentage of squealing passages
and squeal probability at moderate temperatures, especially between 4°C to 16°C
both for the measured and modelled data (model.b). A similar relation is shown for
the 318 m radius curve, see Figure A.27 in Appendix A.6. The decision boundary
plot and the plot with the grid indicating squeal probability for the 122 m radius
curve, model.b are presented in Figures 4.27-Figure 4.28. Corresponding results for
the 318 m radius curve are presented in Appendix A.6, see Figure A.23-Figure A.24.

Table 4.4: Evaluation of the model fit for the two logistic regression models rep-
resenting the 122 m radius curve located between stations Alvik and Stora mossen.
Data measured during the time period 2017-08-25 - 2018-11-30

Measure model.a model.b

Train accuracy 61.31 % 60.2%
Test accuracy  58.12 %  59.29%

Table 4.5: Likelihood ratio test results for the logistic regression model imple-
mented with the reduced 3rd order polynomial, including 8 explanatory variables
(model.a) respective 5 explanatory variables (model.b)

model.b& model.a

R 20.38
critical limit 7.81
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Figure 4.25: The modelled influence of relative humidity on curve squeal probabil-
ity for three different air temperatures, obtained with the logistic regression model
developed for the train data set collected on the northbound track at the 122 m ra-
dius curve located between stations Alvik and Stora mossen during the time period
2017-08-25 - 2018-11-30 (model.b)
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Figure 4.26: The measured relation between the air temperature and squeal occur-
rence based on the full data set and modelled relation between the air temperature
and squeal probability for three different relative humidity values obtained with the
logistic regression model developed for the train data set collected on the north-
bound track at the 122 m radius curve located between stations Alvik and Stora
mossen during the time period 2017-08-25 - 2018-11-30
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Figure 4.27: Decision boundary plot obtained with the logistic regression model
developed for the train data set collected on the northbound track at the 122 m
radius curve located between stations Alvik and Stora mossen during the time period
2017-08-25 - 2018-11-30. Train data samples presented (model.b)
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Figure 4.28: Scatter plot with a grid that indicates probability of squeal (green
circles) obtained with the logistic regression model developed for the train data set
collected on the northbound track at the 122 m radius curve located between stations
Alvik and Stora mossen during the time period 2017-08-25 - 2018-11-30. Train data

samples presented (model.b)
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Conclusion

In this work the influence of selected variables on the generation of curve squeal has
been investigated by the statistical analysis performed in two steps; (1) a screening
analysis accounting for an entire metro line and (2) a detailed analysis of the con-
ditions that promote squeal generation at two selected short radius curves exposed
to severe curve squeal. The study has used data recorded by an on-board noise
monitoring system during one year of traffic at the Stockholm metro.

The screening analysis showed that the occurrence of curve squeal increased with
decreasing curve radius. In addition, the results showed the occurrence of curve
squeal to be:

reduced during precipitation,

« unrelated to the location of the curve inside or outside of tunnels, apart from
the relation mentioned above,

» unrelated to the application of high rail lubrication,

» not significantly influenced by vehicle speed for the measured variation range
(around 10km/h),

 increased for moderate temperatures between 4°C and 16 °C,

 increased with increased relative humidity for the 122 m radius curve. A sim-
ilar relation for the investigated 318 m radius curve was not found.

The observations regarding the influence of humidity and precipitation on the oc-
currence of curve squeal indicate the importance of the wheel-rail friction coefficient
for its generation.

The model selected for the logistic regression analysis is a compromise between
that providing the best fit and the model that imitates a behaviour closest to what
is expected and that is consistent with the measurement data. For the current
study, the model that showed the best physical behaviour for curve squeal with
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respect to the predictor variables was considered to be the most appropriate choice.
In particular, the significantly better behaviour of the chosen model for predictor
variable combinations corresponding to few measured observations was considered
an advantage over the slightly better accuracy of the model that had the best overall
fit. Results predicted with the logistic regression model should be used with caution
outside the areas with plenty of observations.

5.1 Future work

The current work has shown that the influence of the predictor variables on the
generation of curve squeal varied between the two investigated curves of different
radii. Based on this observation, it is suggested to expand the methodology proposed
in the current work for the logistic regression analysis to account for more curves
capturing a larger range of curve radii. This could provide valuable knowledge and a
comprehensive basis for future strategic work on methods to mitigate the generation
of curve squeal on the Stockholm metro.

The project has a potential to deepen the knowledge about curve squeal and flanging
noise generation. The latter could be captured from the data collected by the on-
board noise monitoring system by applying an appropriate criterion. Potentially a
criterion to identify and differentiate brake squeal as a separate noise source could
be developed. In addition, the generation of impact noise and how it is influenced
by operative conditions could be included in the investigation.
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Appendix

A.1 Detailed time and weather conditions

Table A.1: Detailed information about time and weather conditions during 3 pas-
sages through the 122 m radius curve between Alvik and Stora mossen, presented
in Figure 4.1 and Figure 4.2

Condition Curve Squeal Flanging noise with less severe squeal Without squeal
Speed 35.5km/h 33.7km/h 29.3km/h
Humidity 83% 70% 93%
Temperature 7.4°C 7.8°C 8.3°C
Precipitation 3.6mm Omm 16.5mm

Date 2017-10-11, 22:29 2017-10-10, 17:11 2017-10-08, 21:57

Table A.2: Detailed information about time and weather conditions during 3 pas-
sages through 3 different curves, presented in Figure 4.6 and Figure 4.7

Condition R=122 m, ALV-SMO R = 150 m, SKB-GUP R = 318 m, ALV-SMO

Speed 34.7km/h 28.5km/h 36.5km/h
Humidity 90% 83% 98%
Temperature 15.1°C —7.8°C —5.5°C
Precipitation 0.2 mm 0 mm 0 mm

Date 2017-09-23, 13:15 2018-03-04, 21:28 2018-01-22, 18:44
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A.2 Documentation of the studied part of green

line
Distance from . T_ul:-:i:ation at
Category Part Section | Curve reference Cun.'e Radius X m from Tunnel
S inm reference
station
336 8375 -115
337 1 8400 -115
338 8475 -115
339 B450 -115
340 175, 122
SLITSEN - 341 SECIIEI 122
HASSELBY STRAND e 555 —
343 8550 122
344 2 8575 122
345 8500 122
3o B625 122
347 B&50 122 8668
345 B675 122 8668
1598 -2425 -150
1 1599 -2450) -150
1600 -2475 -150 -2599
SLUSEN - 1601 . -2500 -150 -2599
SKARMARBRINE 1602 . -2525 -150 -2599
1603 -2550) -150 -2599
1604 -2575) -150 -2599
1605 -2600 -150
2782 -2400) 160
2783 -2425 160
2784 -2450) 160 -2561
GULMARSPLAN- 2785 4 -2475 160 -2561
HAGSATRA 2786 -2500) 160 -2561
2787 -2525 160 -2561
2788 -2550 160 -2561
2802 5 -2000 190

Figure A.1: Documentation of the northbound part of the green line at SL. Cate-

gory 1.

70




A. Appendix

Lubrication at
Distance from
Curve Radius X m from
Category Part Section | Curve | reference stationin . Tunmnel
m in m reference
station
51 1250 213 1
52 1275 213 1
53 1300 213 1
54 1325 213 1
55 1 1350 213 1
56 1375 213 1
57 1400 213 1
58 1425 213 1
54 1450 213 1
68 1675 -213 lebb 1
69 1700 -213 1666 1
70 1725 -213 leobb 1
71 1750 -213 1666 1
72 1775 =213 leib6 1
73 5 1800 -213 1666 1
74 1825 -213 1
SLUSEN - 75 18?(_} -213 1
2 HASSELBY STRAND 7 157 2 !
77 1900 -213 1
78 1925 -213 1
79 1950 -213 1
125 3100 -221 1
126 3 3125 =221 1
127 3150 -221 1
153 3800 -200 1
154 3825 -200 1
155 3850 =200 1
156 3875 -200 1
157 3900 -200 1
158 4 3925 -200 1
159 3950 -200 1
160 3975 -200 1
lel 4000 -200 1
162 4025 -200 1
163 4050 -200 1

Figure A.2: Documentation of the northbound part of the green line at SL. Cate-
gory 2
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198 4925 265 4938 1
199 . 4950 265 1938 1
e | T
" , . o 265 493
HASSELBY SIRAND 333 8300 244 8272
3 6 8325 244 8272
335 8350 244 8272
SLUSEN - jL515 ] -3?? zf@ :1
SK ARMARBRINK J.51§ 7 -375 270 1
1517 -400 270 1
2353 -3175 261
2354 -3200 261
2355 -3225 261
SKARMARBRINK- 2356 -3250 261
2 SKARPNACK 57| O -3275 261
2358 -3300 261
2359 -3325 261
2360 -3350 261
1627 -3150 222
1628 -3175 222
SKARMARBRINK- 162 3200 =
FARSTA STRAND 15_30 9 -3225 222 -3365
1631 -3250 222 -3365
1632 -3275 222 -3365
1633 -3300 222 -3365
2790] 10 2600 -203
2797 -2775 200
2798 -2800 200
2790 11 2825 200
2800 -2850 200
2801 -2875 200
2803, -2925 208 -3120
GULLMARSPLAN- 2804 -2950 208 -3120
HAGSATRA 83| . -3750 -266 -3890
2837 - -3775 -266 -3890
2847 -4025 230
2848 -4050 230
2849 -4075 230
2850 -4100 230
2851 -4125 230
2852 14 -4150 230
2853 -4175 230
2854 -4200 230 -4332
2855 -4225 230 -4332
2856 -4250 230 -4332
2857 4275 230 -4332

Figure A.3: Documentation of the northbound part of the green line at SL. Cate-
gory 2
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Distance from

Lubrication at

Curve Radius Xm from )
Category Part Section | Curve |reference stationin . Tunmnel
m inm reference
station
1 [1] 390 1
2 1 25 390 1
3 50 390 1
4 75 390 1
15 475 394 1
19 - 450 394 1
20 B 475 394 1
i 500 394 1
115 2850 -350 2721 1
SLIISEN - 116 2875 -320 1
HASSELBY STRAND i 2200 350 1
115 2935 -350 1
119 2950 -350 1
120 2975 -350 1
121 3000 -358 1
122 \ 3025 -358 1
13 ° 3050 -358 1
124 3075 -358 1
193 4800 =37 1
3 184 c 4825 -37 1
185 - 4850 -37 1
194 4875 -37 1
202 5025 308 4938 1
203 6 5050 308 4938 1
204 5075 308 1
205 5100 398 1
206 5125 398 1
207 5150 398 1
208 5175 398 1
209 - 5200 398 1
] 5235 358 1
11 525 398 1
132 5275 398 1
213 5300 398 1
214 5325 398 1

Figure A.4: Documentation of the northbound part of the green line at SL. Cate-

gory 3
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Figure A.5: Documentation of the northbound part of the green line at SL. Cate-

gory 3
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1s02]  15 35 354 1
1509 ~200 373 293 1
1510 16 295 373 293 1
1511 750 373 293 1
1524 575 398 680 1
155 17 ~600 398 680 1
1526 625 308 680 1
1587 2150 300
SLUSEN - = = EEE
SKARMARBRINK — — —
1591 19 275 365
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GE . 2800 340
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FARSTA STRAND 1718 5475 300
1504 7575 399
1805| 28 7600 399
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1599 9950 354 1
1000] 0975 354 1

Figure A.6: Documentation of the northbound part of the green line at SL. Cate-

gory 3
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Figure A.7: Documentation of the northbound part of the green line at SL. Cate-
gory 3
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Figure A.8: Documentation of the northbound part of the green line at SL. Cate-

gory 3
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Distance from . Lubrication at X
Curve Radius )
Category Part Section | Cvurve (reference station in ) m from Tunnel
m e reference station

16 1 375 421 1

17 400 421 1
250 6225 433
251 6250 433
252 2 6275 433
253 6300 433
254 6325 433
255 6350 433
403 . 10050 -419
404 B 10075 -419
405 10100 -404
406 10125 -404
s [ o
HASSELBY STRAND 0w 10200 204
4 456 11375 -465
457 . 11400 465
458 N 11425 -465
459 11450 465
475 6 11850 -453
476 11875 453
525 13100 -4£9
524 13125 449
527 - 13150 -4:9
] 13175 449
520 13200 -4£9
530 13225 -4:9

SLUSEN - 1503 g -50) 400 1

SKARMARBRINK 1504 75 400 1
somoane |21 = —
SKARPNACK 2453 -5675 -450
1662 10 -4025 476
1663 -4050 476
1692 -4775 424
1693 -4300 424
SKARMARBRINE- 1554 -48725 424
FARSTA STREAND 1695 11 -4850 424
1656 -4875 424
1697 -4500 424
16598 -45725 424
1807 12 -7650 -40s

Figure A.9: Documentation of the northbound part of the green line at SL. Cate-
gory 4
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1808 7675 201
1809 7700 a0
T 775 201
s [0 B E——
[ A O
FARSTA SIRAND 1513 7300 401 7861
1827 5150 164
1828 8175 164
9| _8200 164
1830 8275 164
1831 8250 164
1832 8275 164
1890 o725 197 1
4 1891 9750 497 1
1892 o775 197 1
1893| 15 9800 497 1
1801 9835 197 1
18% 9850 497 1
189 9875 497 1
2838 ~3800 TR ~3890
3830 3825 TR ~3890
7869 4575 475
3870 4600 105
71| 17 1625 125
1872 4650 475
7873 4675 475
7871 4700 475
3031 8625 103
3032 _B650 103
GULLMARSPLAN. | 303 5675 sl
HAGSATRA 5034 -5700 2
3035 5735 103
ETET [ 8750 103
3037 8775 103
3038 _8300 103
3039 8825 103
3040 _8850 103
3041 8875 103
3042 _8900 103
3043 19 8975 447
3044 _8950 417
3045 8975 417
3046 ~9000 417
07| 9025 417
ETee] ~9050 417
3049 9075 417
3050 9100 417
3051 9175 117

Figure A.10: Documentation of the northbound part of the green line at SL.
Category 4
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] Lubrication at
Distance from Curve Fadiusin| X m from )
Category Part Section | Curve | reference station Tunmnel
- m reference
station
g 1 175 &50)
9 200 650
23 550 583 1
24 575 583 1
25 2 00 583 1
26 625 283 1
27 650 583 1
28 675 &0e) 1
29 700 &g 1
30 . 725 &0e) 1
51 750 £06 1
32 e &0e) 1
33 800 &0g) 1
b 43 1050 583 1
44 1075 583 1075 1
SLUSEN - 45 1100 583 1075 1
HASSELBY 46 , 1125 583 1075 1
STRAND 47 = 1150 583 1075 1
43 1175 583 1
45 1200 283 1
50 1275 583 1
6l 1475 567 1
61 1500 567 1
62 1525 567 1
63 5 1550 567 1
b4 1575 567 1
65 1600 567 1
b6 1625 567 1629 1
92 1275 -670) 1
93 6 2300 -6710) 1
94 2325 -670) 1
111 2750 -388 2721 1
112 - 2775 -585) 2721 1
113 ‘ 2800 -388 2721 1
114 2825 -598) 2721 1
131 3250 -6h5) 1
132 8 3275 -6h5) 1
133 3300 -0 1
Figure A.11: Documentation of the northbound part of the green line at SL.

Category 5
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Figure A.12: Documentation of the northbound part of the

Category 5

SLUSEM -
HASSELBY
STRAND

134 3 3325 47 1
135 3350 47 1
217 5400 599 1
218 10 5425 599 1
219 5450 599 1
416 10375 625
417 1 10400 625
418 10425 625
419 10450 625
42 12 10650 [
434 10825 -539
435 13 10850 -539
436 10875 -539
437 10500 -339
454 11325 -509
455 1 11350 -394
506 12625 663
507 15 12650 663
503 12675 663
509 12700 603
553 13800 502 1
554 13825 502 1
555 13850 502 1
556, la 13875 502 1
557 13500 502 1
558 13925 502 1
559 13850 502 1
5a0) 13875 502 1
576 14375 582
577 17 14400 582

14425

582

15375 -650
617 15400 -650
618 15425 -650
619 18 15450 -650
620 15475 -650
627 15650 -650
628 15675 -650
260 16475 -315
661 16500 -315
662 16525 -315
663 16550 -315
64 19 16575 -515
645 16600 -315
346, 16625 -315
667 16650 -315
663 16675 -515
669 16700 -515

green line at SL.
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733 627
SLUSEN - 734 627
HASSELBY 735 20 627
STRAND 736 -627)
737 -627
738 -627
743 a1 _&50
74d -650)
1514 22 527 1
1544] 23 500 1
1547] 24 667 1
1554] 25 619 1
; 1560 -669) 1
7 SLUSEN - = _660 1
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-500)
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33 5575 540
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SKARPNACK e il
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2475 6225 570
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3 6275 570

6300 570

2479 6325 570

2480 6350 570

2451 6375 570

2482 6400 570

2483 6425 570

23 . 6625 500

2492 -6650) 600
2493 -6675 600

Figure A.13: Documentation of the northbound part of the green line at SL.
Category 5
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SKARMARBRINE-
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2517 7275 570 1
I518) 7300 570 1
2519 " -7325 570 1
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2529 7400 570 1
2523 7425 570 1
3524 7450 570 1
2525 -7475 570 1
I528) 7500 570 1

SKARMARBRINE-
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1645 -3700) -624
1650 37 -3725 -624
1651 -3750) -624
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1751 38 -6250) -314
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Figure A.14: Documentation of the northbound part of the green line at SL.

Category 5
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2805 2975 579 3120
2808] ~3000 579 3120
2807 3025 579 3120
2808 .. 3050 595 3120
2800 € 3075 695 3120
7824 3450 500
2825 43 3475 600
7826 3500 500
2903 5405 650
zo0d 5450 650
2005 * 5475 650
7906 5500 650
2957 6775 620

5 2958 _6800 629
7059 6825 620

GULLMARSPLAN- 2960 -6850 629
HAGSATRA 2661 . -6875) 629
2962 -65800 629
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3055 -9225 635
3056 -9250 635
3057 -9275 635
3055 -2300) 635
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Figure A.15: Documentation of the northbound part of the green line at SL.
Category 5
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Lubrication at

Distance from . i
Curve Radius X m from
Category Part Section | Curve |reference stationin ) Tunnel
= inm reference
station
38 925 795 1
39 1 950 795 1
et 975 795 1
146 - 3625 808 1
147 B 808 1
151 . 835 1
T 835 1
215 706 1
216 : 706 1
237 577
23 5 877
239 577
246 870
7| ° 870
300 - -800
ENI 500
306 750 7615
307 8 750 7615
308 750 7615
395 9 870
410 -836
411 10 -536
6 SLUSEN - a2 -836
HASSELBY STRAND 452 1 -562
453 -Ba2
513 12 -786
514 -786
837 13 -900 1
538 - -900 1
587 -787
588 14 -787
589 - -787
590 -787
602 700
603 700
604 700
605 700
606 700
607 15 700
608 700
609 700
610 700
611 700
612 700
658 -777
659 16 -777

Figure A.16: Documentation

Category 6

of the northbound part of the green line at SL.
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716 17875 521
717 179 2
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1867 5150 799
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Figure A.17: Documentation of the northbound part of the green line at SL.
Category 6
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GULLMARSPLAN-
HAGSATRA
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2804 T -5200 873
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3017 -B275 785 8345
3018 -8300 785 8345
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3023 30 -B425 782
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ETirrd 5775 771
3078 -5800 771
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3080 32 5850 825
3081 8875 825

Figure A.18: Documentation of the northbound part of the

Category 6

green line at SL.
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A.3 Detailed screening analysis results
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Figure A.20: Normalised number of squeal events per day on the green metro
line measured during period 2017-09-23 - 2018-09-23 and divided into curve radius

categories
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A.4 Summary of data collected on the 318 m ra-
dius curve.

Data used in logistic regression for 318 m radius curve is summarised in Table A.3,
A.4 and Table A.5, A.6 as well as in Figures A.21- A.22.

Table A.3: Summary of the classification data. Train data set collected on the
northbound track at the 318 m radius curve located between stations Alvik and
Stora mossen during the period 2017-08-25 - 2018-11-30

Curve Squeal

Positive 406
Negative 386
Train data set size 792

Table A.4: Summary of the classification data. Test data set collected on the
northbound track at the 318 m radius curve located between stations Alvik and
Stora mossen during the period 2017-08-25 - 2018-11-30

Curve Squeal

Positive 189
Negative 152
Test data set size 341

Table A.5: Summary of predictors. Train data set collected on the northbound
track at the 318 m radius curve located between stations Alvik and Stora mossen
during the period 2017-08-25 - 2018-11-30

Parameter Humidity Temperature
Unit % Celsius degrees
Min 23 -13.5
Max 100 31.1
Median 75 9.2
Mean 71.58 9.04
Standard deviation 19.71 9.59
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Table A.6: Summary of predictors. Test data set collected on the northbound
track at the 318 m radius curve located between stations Alvik and Stora mossen
during the period 2017-08-25 - 2018-11-30

Parameter Humidity Temperature
Unit Celsius degrees
Min -10.4
Max 29.4
Median 9.6
Mean 9.88
Standard deviation 19.98 9.33

Traim data set

~1
=

[ ) += Ln =]
S o o o =

Squealing vehicle passages in %
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] [ = Ln (= ~1
(=1 = = = = (=1

,_.
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=

20-40  40-60 60-80  80-100
Humidity in %

Figure A.21: Percentage squealing passages as a function of relative humidity.
Train and test data sets collected on the northbound track at the 318 m radius
curve located between stations Alvik and Stora mossen during the period 2017-08-

25 - 2018-11-30
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Traim data set Test data set
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Figure A.22: Percentage squealing passages as a function of temperature. Train
and test data sets collected on the northbound track at the 318 m radius curve
located between stations Alvik and Stora mossen during the period 2017-08-25 -
2018-11-30
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A.5 Logistic regression coefficients and odds ra-
tios

Table A.7: Model coefficients of the logistic regression analysis of the 122 m radius
curve located between stations Alvik and Stora mossen. The analysis performed on
the train data set measured during the period 2017-08-25 - 2018-11-30 (model.a)

Coefficient | Parameter | Coefficient (6;) | Odds ratio (exp(6;))
7 X, =1 | 09638 2.6216
0, X5 -0.2263 0.7975
05 X3 0.5661 1.7614
05 Xz 0.0050 1.0050
04 Xz -0.0286 0.9719
05 X3 -0.0000 1.0000
B X3 0.0002 1.0002
07 Xy X3 -0.0064 0.9937
Os X, - X3 0.0003 1.0003

Table A.8: Model coefficients of the logistic regression analysis of the 122 m radius
curve located between stations Alvik and Stora mossen. The analysis performed on
the train data set measured during the period 2017-08-25 - 2018-11-30 (model.b)

Coefficient | Parameter | Coefficient (6;) | Odds ratio (exp(6;))
o Xo=1 -5.1354 0.0059
0, Xy 0.1221 1.1298
0y X3 0.1503 1.1622
05 Xz -0.0007 0.9993
04 X2 -0.0004 0.9960
05 Xo- X3 -0.0012 0.9989

Table A.9: Model coefficients of the logistic regression analysis of the 318 m radius
curve located between stations Alvik and Stora mossen. The analysis performed on
the train data set measured during the period 2017-08-25 - 2018-11-30 (model.a)

Coefficient | Parameter | Coefficient (6;) | Odds ratio (exp(6;))
o Xo=1 3.863 47.6012

0, X5 -0.2781 0.7573

05 X3 0.5756 1.7783

05 X3 0.0055 1.0055

0 X2 20.0277 0.0727

05 X3 -0.0000 1.0000

Os X3 0.0002 1.0002

07 Xo- X3 -0.0067 0.9934

Os X, - X2 0.0003 1.0003
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Table A.10: Model coefficients of the logistic regression analysis of the 318 m radius
curve located between stations Alvik and Stora mossen. The analysis performed on

the train data set measured during the period 2017-08-25 - 2018-11-30 (model.b)

Coefficient | Parameter | Coefficient (6;) | Odds ratio (exp(6;))
o Xo=1 -2.7732 0.0625
0, X5 0.1030 1.1085
0 X, 01777 1.1945
05 X3 -0.0008 0.9992
04 X3 -0.0006 0.9948
05 X9+ X3 -0.0010 0.9985
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A.6 Logistic regression analysis results for 318 m
radius curve
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Figure A.23: Decision boundary plot obtained with the logistic regression model
developed for the train data set collected on the northbound track at the 318 m
radius curve located between stations Alvik and Stora mossen during the time period
2017-08-25 - 2018-11-30. Train data samples presented (model.b)
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Figure A.24: Scatter plot with grid that indicates probability of squeal (green
circles) obtained with the logistic regression model developed for the train data set
collected on the northbound track at the 318 m radius curve located between stations
Alvik and Stora mossen during the time period 2017-08-25 - 2018-11-30. Train data
samples presented (model.b)
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Figure A.25: The modelled influence of relative humidity for three different tem-
perature values, obtained with the logistic regression model developed for the train
data set collected on the northbound track at the 318 m radius curve located between
stations Alvik and Stora mossen during the time period 2017-08-25 - 2018-11-30
(model.a)
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Figure A.26: The measured relation between the relative humidity and squeal
occurrence based on the full data set and modelled relation between the relative hu-
midity and squeal probability for three different temperature values obtained with
the logistic regression model developed for the train data set collected on the north-
bound track at the 318 m radius curve located between stations Alvik and Stora
mossen during the time period 2017-08-25 - 2018-11-30
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Figure A.27: The measured relation between the air temperature and squeal occur-
rence based on the full data set and modelled relation between the air temperature
and squeal probability for three different humidity values obtained with the logistic
regression model developed for the train data set collected on the northbound track
at the 318 m radius curve located between stations Alvik and Stora mossen during

the time period 2017-08-25 - 2018-11-30
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