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Abstract The effects of bogie primary and secondary suspension stiffness and damping
components on the dynamics behavior of a high speed train are scrutinized based on the
multiplicative dimensional reduction method (M-DRM). A one-car railway vehicle model
is chosen for the analysis at two levels of the bogie suspension system: symmetric and asym-
metric configurations. Several operational scenarios including straight and circular curved
tracks are considered, and measurement data are used as the track irregularities in different
directions. Ride comfort, safety, and wear objective functions are specified to evaluate the
vehicle’s dynamics performance on the prescribed operational scenarios. In order to have an
appropriate cut center for the sensitivity analysis, the genetic algorithm optimization routine
is employed to optimize the primary and secondary suspension components in terms of wear
and comfort, respectively. The global sensitivity indices are introduced and the Gaussian
quadrature integrals are employed to evaluate the simplified sensitivity indices correlated
to the objective functions. In each scenario, the most influential suspension components on
bogie dynamics are recognized and a thorough analysis of the results is given. The out-
comes of the current research provide informative data that can be beneficial in design and
optimization of passive and active suspension components for high speed train bogies.

Keywords Multiplicative dimension reduction method · Global sensitivity analysis · Bogie
suspension · Safety · Wear · Ride comfort

1 Introduction

Railways are known as one of the most prominent means of passenger and goods trans-
portation. High speed, safety, and low pollution are some of the main advantages of rail
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transport. An improvement in vehicle bogie dynamics can amend the overall cost efficiency
in railway operations. In general, the dynamic performance of high speed train bogies can be
investigated from different points of view such as speed, passenger ride comfort, wheel-rail
contact wear, and safety factors like maximum track shift force, running stability, and risk of
derailment, see, e.g., [1–6]. Various bogie design parameters can directly influence the ve-
hicle performance, and among them primary and secondary suspension components play an
important role. In this regard, passive and active suspension systems are developed to fulfill
various design requirements. However, different suspension designs might have conflicting
effects on the bogie dynamics, and an improvement in one of the objective functions might
deteriorate the rest. For example, an increase in speed might reduce safety and comfort lev-
els. Therefore, to achieve higher efficiency from either passive or active suspensions, it is
inevitable to formulate and solve several multiobjective optimization problems [7–12].

When it comes to the optimization of complex nonlinear systems, like high speed trains,
computation time is a critical issue. To speed up the process, usually a few design parame-
ters and objective functions are introduced to the optimization algorithm. Sensitivity analysis
makes it possible to recognize those design parameters that have the most significant influ-
ence on the vehicle dynamics. As a result, one can narrow down the number of input design
variables for optimization by means of an appropriate sensitivity analysis. Consequently, in
order to design new or improve current bogie suspension systems, special attention should
be paid to the sensitivity analysis of vehicle’s dynamics behavior with respect to different
design parameters.

Several studies are done on the sensitivity analysis of rigid and flexible multibody sys-
tems with respect to structural parameters such as mass, moment of inertia, also stiffness
and damping values, see, e.g., [13–16]. Bestle and Seybold [17] used the adjoint variable
method to solve the sensitivity analysis problem of the constrained multibody systems. Son-
neville and Brüls developed sensitivity analysis algorithms for multibody systems based on
the direct differentiation method and adjoint variable concepts that required the complete
linearization of the dynamics equations of motion and/or the time integration process [18].

Despite the fact that sensitivity analysis is a vital step in bogie suspension design, only
a few researches accomplished that so far. Park et al. [19] performed the local sensitivity
analysis of a high speed train response with respect to some of the primary and secondary
suspension components. Dablin et al. [20] studied the influence of different suspension pa-
rameters and equivalent conicity on critical hunting speed of a Chinese high speed passenger
train and showed how stability criteria can be improved by using suitable values for design
variables. Eom and Lee [21] explored the effects of different parameters on the derailment
coefficient and wheel unload ratios of a train model developed in ADAMS/Rail. Suarez et
al. [22] examined the safety, ride comfort and track fatigue variations for a railway vehicle
by shifting a few suspension stiffness and damping values. However, in the majority of the
abovementioned studies, only the local sensitivity analysis has been considered. In other
words, the sensitivity has been measured as the partial derivative of the dynamics response
with respect to a single variable at a time. Therefore, the domain of input variables was not
fully covered using this procedure. Furthermore, for a complex nonlinear system like a high
speed train with highly interconnected components and suspension properties that can vary
on a wide range, using local sensitivity analysis approaches might be inappropriate [23].
Therefore, it is important to formulate the problem of global sensitivity analysis for this
particular purpose.

The Monte Carlo simulation is one of the most common methods for global sensitivity
analysis. Mazzola and Bruni [24] used this approach to investigate the effects of the sus-
pension system uncertainty on the critical hunting speed of a railway vehicle. The main
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drawback associated with the Monte Carlo simulation is heavy computational effort which
makes it unfeasible to be applied to complex systems. Therefore, for sensitivity analysis and
optimization of a mechanical system like a high speed train with a large number of degrees
of freedom (DOFs) a more computationally efficient algorithm should be utilized.

Analysis of Variance (ANOVA) decomposition or high dimensional model represen-
tation (HDMR) decomposes the response function of a high dimensional system into a
combination of a set of low dimensional functions and dramatically reduces the computa-
tional and sampling efforts [25–28]. This is particularly useful in evaluating the integrals
required to determine the global sensitivity indices corresponding to a complex multivari-
able function. There are several approximations for HDMR expansions, one of the most
popular ones is known as cut-HDMR. The component functions in cut-HDMR are evalu-
ated along lines, planes or volumes (i.e., cuts) with respect to a reference point in the sample
space. Based on this concept, Zhang and Pandey [29] proposed a multiplicative form of the
dimensional reduction method (M-DRM) for global sensitivity analysis. The main advan-
tages of using such approximations are simplicity, high accuracy, computational efficiency,
and closed-form representation for the global sensitivity indices. Zhang and Pandey [30]
applied this methodology to some mechanical examples and showed that the global sensi-
tivity coefficients obtained are as accurate as those from Monte Carlo simulation, but with
a dramatically less computational effort. The same approach is followed here to accomplish
the global sensitivity analysis of a one-car railway vehicle dynamics behavior with respect
to the suspension components.

In the subsequent sections, the suspension characteristics of the vehicle model developed
in multibody dynamics software SIMPACK [31], different operational scenarios as well
as the mathematical formulation of safety, ride comfort, and wear objective functions are
introduced. Two levels of suspension system configurations are considered: symmetric and
asymmetric. In the case of asymmetric vehicle model, the primary (or secondary) stiffness
(or damping) values might be different for the right and left hand sides of the vehicle or front
and rear wheelsets of the bogies, which makes it possible to investigate the effects of every
single suspension element on the bogie dynamics separately. Finally, the M-DRM is applied
to achieve the global sensitivity indices for each case. The outcomes of the current study
yield useful information regarding the effects of various suspension components on bogie
dynamics behavior for different operational scenarios. Such an analysis not only makes it
possible to attenuate the number of input parameters for optimization and speed up the
process, but also gives insight into design active suspension components in a smarter way.

2 Model specification

The one-car vehicle model chosen for the analysis is developed in the multibody dynam-
ics software SIMPACK. The model is composed of a carbody, two bogie frames, and four
wheelsets (see Fig. 1). All the aforementioned components are rigid and have a total of six
DOFs in space. In addition, eight single DOF journal boxes connect the wheelsets to the
bogie frame via a set of primary springs and dampers.

The rail and wheels are created based on the nominal UIC60 and S1002 profiles [31],
respectively. The Hertzian theory [32, 33] is applied to evaluate the normal contact force.
SIMPACK uses an equivalent-elastic contact search approach that takes the intersection
of the wheel and rail profiles and approximates each continuous intersection area by an
equivalent contact ellipse. This means that the contact patch’s shape is converted into an
equivalent ellipse that attains the force values relatively close to those obtained by the actual
contact patch. The wheel/rail contact penetration that is required to evaluate the stiffness
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Fig. 1 One-car vehicle model and bogie suspension components

Table 1 Suspension system components

Suspension Springs Dampers Anti-Roll bar Traction-Rod Bump-Stop

Primary k
p
lmn c

p
lmn – – –

Secondary ks
hmn cs

hmn kAR
h kTR

h kBS
h

and damping associated with the normal contact force is then approximated based on the
distance between the equivalent contact ellipses [31]. Finally, FASTSIM algorithm [34] is
employed to provide the tangential contact forces needed to evaluate the wheelset dynamics.
It should be noted that a contact search approach using the nonlinear algebraic equations [35]
is also considered in a postprocessor stage to calculate wear in this paper, see Sect. 3.3.

The algorithm developed to perform the optimization and sensitivity analysis is imple-
mented in MATLAB. The structural parameters required to specify the vehicle model are
stored on the respective input files. These input data files are updated on each iteration. To
evaluate the dynamics response and the objective functions of the prescribed railway vehi-
cle model, the SIMPACK time integration solver is executed using the SIMAT module [31]
through a MATLAB–SIMPACK co-simulation interface.

2.1 Suspension system configuration

Based on the design requirements, different configurations for the bogie suspension can be
proposed. Furthermore, passive and active elements can also be integrated to improve the
cost efficiency in railway operations. In the current study, the target is to assess the influ-
ence of the primary and secondary suspension components on the bogie dynamics behavior.
Although all the suspension components are passive here, the sensitivity analysis results
can provide beneficial information regarding the design criterion of the active suspensions
as well. The bogie primary and secondary suspension components and the corresponding
notations are listed in Table 1.

The superscripts p and s denote primary and secondary, respectively. The subscript
l = 1,2,3,4 is the wheelset number, m = x,y, z indicates the longitudinal, lateral and verti-



Global sensitivity analysis of bogie dynamics 149

Fig. 2 Top view of the carbody

cal directions, respectively. The subscript n = R,L represents the right or left hand side sus-
pension component and h = L,T shows leading or trailing bogie, respectively. For instance,
parameter cs

LxL represents the left hand side yaw damper (longitudinal secondary damper) of
the leading bogie as shown in Fig. 2. Components kAR

h , kTR
h , and kBS

h , are modeled as linear
springs, torsional springs, and nonlinear spring–damper sets, respectively.

In practice, dampers are usually equipped with elastic bushings at both ends. To take into
account the respective effects, all the dampers are modeled as a spring and a damper in series.

2.2 Operational scenarios

Speed is a critical issue in evaluating the railway vehicle performance. Higher speeds shorten
the journey time and make it possible to reduce the track access charges. Therefore, it is
often desired to run the vehicle as fast as possible. Higher speed has some advantages but it
might diminish the safety and comfort levels and increase wear. The track radius is another
important parameter that can affect the overall performance of the vehicle. A decrease in the
path radius of curvature might cause similar problems. Consequently, the ultimate goal of
the current research is to perform the sensitivity analysis of the vehicle dynamics response
to the suspension components on different operational scenarios.

In this regard, simulations are performed on a wide set of operational scenarios including
tracks with different radii ranging from very small radius curve up to straight track. The
details of the considered operational scenarios are summarized in Table 2. Rail cant (Dt ) is
defined as the distance between the nominal wheel and rail contact points on the left and
right side rails of a track [36]. The vehicle’s maximum admissible speed on each case is
calculated based on the maximum allowed track plane acceleration, which according to the
Swedish Transport Administration (Trafikverket) is ay,lim = 0.98 m/s2 for vehicles with no
tilting mechanism [36].

It is assumed that the vehicle runs on a straight line and then on a clothoid transition
curved track, before entering the prescribed circular curved scenarios. The lengths corre-
sponding to the tangent and transition curves are 300 and 200 m, respectively. The total
simulation time for each scenario and the integration time step are set to be 60 and 0.001 s,
respectively.

The measurement data from the Swedish Transport Administration are used as the lateral,
vertical, roll, and gauge track irregularities for each particular scenario. The standard devia-
tion of the irregularities are then scaled to provide the worst track condition (QN3) according
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Table 2 Operational scenarios

Scenario Track type Radius (m) Speed (km/h) Cant Dt (mm)

OS1 very small radius 300 88 150

OS2 small radius 600 125 150

OS3 medium radius 1000 161 150

OS4 large radius 3200 263 100

OS5 tangent ∞ 300 –

to the CEN standard EN 14363 [37]. Therefore, extreme conditions for speed and track ir-
regularities are considered for the analysis. In other words, the speeds below the maximum
admissible speed and track conditions smoother than QN3 are not studied in this paper.

3 Objective functions

The performance of the underlying railway vehicle is measured based on safety, ride com-
fort, and wear criteria. As an initial step in formulating the sensitivity analysis problem, it
is necessary to express different objective functions in mathematical terms. In most of the
cases, this could be done using the available railway standards.

3.1 Safety

A vital criterion that must always be within the permissible design range is safety. This
objective function can be investigated from different perspectives. Track shift force, running
stability and risk of derailment are the most important safety parameters that are considered
here.

3.1.1 Track shift force

Track shift force (
∑

Y ) is measured as the difference between the lateral forces (Y ) acting
on the left and right wheels of a wheelset. High track shift force might deteriorate the track
irregularity condition and as a result increase the maintenance cost. According to the CEN
standard EN 14363 [37], the limit value for the track shift force is expressed (in kN) as
follows:

∑
Y20 Hz, 2 m, mean, 99.85 % ≤ K1(10 + 2Q0/3), (1)

where K1 is a constant (K1 = 1, for passenger trains) and 2Q0 is the mean static axle load
of the vehicle defined as

2Q0 = mvehg

na
, (2)

where mveh is the total mass and na is the number of axles of the vehicle. The final track
shift force is equal to the 99.85 % of the value obtained from the forces with a sliding mean
over 2 m window in 0.5 m increments and subject to a 20 Hz low-pass filter. The track shift
force objective function (ΓTS) is then defined as:

ΓTS = max
(∑

Y20 Hz, 2 m, mean, 99.85 %

)

l
, (3)
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where l = 1,2,3,4 is the axle number (see Fig. 2). Indeed, ΓTS is a scalar which denotes
the maximum filtered track shift force among the axles.

3.1.2 Running stability

Another important safety criterion is running stability that is particularly important at veloc-
ities near the critical hunting speed. The lateral guiding force (

∑
Y ), defined in the previous

subsection, can also be used as a measure of the running stability in railway applications.
According to the CEN standard EN 14363 [37], the limit condition for a vehicle to run

stably is expressed as:

∑
YRMS, 100 m, lim =

∑
Ymax,lim

2
= K1(10 + 2Q0/3)

2
. (4)

A sliding rootmean-square (RMS) of the band-pass filtered guiding force in combination
with a 100 m window is applied to attain the final value. The running stability objective
function (ΓSt) is then defined as:

ΓSt = max
(∑

YRMS, 100 m

)

l
, l = 1,2,3,4. (5)

3.1.3 Risk of derailment

Based on the CEN standard EN 14363 [37], the derailment coefficient is defined as the ratio
of the lateral (Y ) to vertical (Q) forces acting on each wheel of the vehicle. The safety
condition to avoid derailment is defined as:

(Y/Q)20 Hz, 2 m, mean, 99.85 % ≤ 0.8. (6)

The derailment coefficient is calculated as 99.85 % of the sliding mean over a 2 m window
of a low-pass filtered signal (with cut-off frequency 20 Hz). The risk of derailment objective
function (ΓRD) is then defined as:

ΓRD = max(Yt/Qt)20 Hz, 2 m, mean, 99.85 %, (7)

in which t = 1,2, . . . ,8 is the wheel number.

3.2 Ride comfort

One of the most important parameters that can influence the overall performance of a railway
vehicle is passenger ride comfort. This criterion is often measured based on the carbody
accelerations in different directions. Some specific weighting functions are usually applied
to the carbody time domain accelerations in order to make the result a better representative
of the human body response to external excitations. According to the CEN standard ENV
12299 [38], the ride comfort index (NMV) is evaluated in terms of the carbody frequency
weighted accelerations in the longitudinal, lateral, and vertical directions as follows:

NMV = 6
√

(
a

Wad
XP95

)2 + (
a

Wad
YP95

)2 + (
a

Wab
ZP95

)2
, (8)

where Wad and Wab are the weighting functions, see [38] for more details. Variables a
Wad
XP95,

a
Wad
YP95, and a

Wab
ZP95 represent the 95 % of the RMS value of the frequency weighted accelera-

tions measured at the floor of the carbody in the longitudinal, lateral, and vertical directions,
respectively. The ride comfort should be evaluated leastwise at three points, in particular at
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Table 3 Ride comfort
classification NMV < 1 Very comfortable

1 ≤ NMV < 2 Comfortable

2 ≤ NMV < 4 Medium

4 ≤ NMV < 5 Uncomfortable

NMV ≥ 5 Very uncomfortable

the center of the carbody and above each bogie. Table 3 gives the ride comfort classification
based on the CEN standard ENV 12299.

The ride comfort objective function (ΓC) is then defined as the norm of the ride index at
different points of the carbody:

ΓC =
√

(
NF

MV

)2 + (
NM

MV

)2 + (
NR

MV

)2
, (9)

in which the superscripts F, M, and R represent front, middle, and rear of the carbody,
respectively.

3.3 Wear

High speed and poor track quality significantly increase the wheel–rail contact wear and
maintenance cost. On the other hand, suspension components can affect the wheelset dy-
namics behavior and wear. It is interesting to explore the effects of suspension components
on wear to recognize the most influential elements.

Wear is usually measured as the energy dissipation at the contact patch [39, 40] which is
defined as follows:

Ē = Fξυξ + Fηυη + Mξηφξη, (10)

where υξ , υη , and φξη are the longitudinal, lateral, and spin creepages, and Fξ , Fη , and Mξη

are the corresponding contact forces and torque. The creepages are defined as follows [41]:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

υξ = (ṙw − ṙr)Ttr
1

V
,

υη = (ṙw − ṙr)Ttr
2

V
,

φξη = (ωw − ωr)Tnr

V
.

(11)

The superscripts w and r denote wheel and rail, respectively. Vectors ṙ and ω are the velocity
vector of the contact point in the global coordinate system and the angular velocity vector,
respectively. Variable V is the reference velocity. Vectors tr

1, tr
2 are the longitudinal and

lateral unit vectors, and nr is the normal unit vector on the rail profile at the contact point.
It is clear that the creepages are functions of the contact point position on the wheel and

rail. Therefore, as an initial step in wear calculation, it is necessary to identify the contact
point location on the wheel and rail surfaces. Most of the multibody dynamics softwares
utilize look-up tables for this purpose. However, a theoretical approach known as the elas-
tic contact formulation using algebraic equations is employed here. In this technique, after
parameterization of the wheel and rail surfaces, the contact point coordinates are found by
solving a set of four nonlinear algebraic equations, see, e.g., [35, 41–43] for more details.
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Once the creepages are attained, one can compute the respective contact forces through a
proper contact theory. One of most efficient procedures in this field is FASTSIM algorithm
[34]. In this study, the contact search and FASTSIM algorithms are implemented in a post-
processing stage to yield the creepages and contact forces, respectively. Finally, the wear
objective function (ΓW) is defined as:

ΓW =
√

1

tf − t0

∫ tf

t0

(|Fξυξ | + |Fηυη| + |Mξηφξη|
)2

dt. (12)

Here t0 and tf indicate the initial and final simulation time, respectively.

4 Sensitivity analysis

The variance-based sensitivity analysis approach applied in this study is discussed in this
section. After a brief introduction about the method, the simplified sensitivity indices are
given. Finally, optimization problems formulated to supply an acceptable reference model
for the sensitivity analysis are introduced.

4.1 Basic concepts

In general, different objective functions specified in the previous section (Γr, r = TS,

RD, St, C, W) can be expressed as functions of a set of nd independent random design
variables X = [x1, x2, . . . , xnd

]T, through the respective functional relationship Γr = Fr(X).
Here X is a vector of bogie suspension parameters, i.e., stiffness and damping values in this
study.

Based on the ANOVA decomposition concept [27, 44], the function Fr(X) can be repre-
sented as:

Fr(X) = F0
r +

∑

i

F i
r (xi) +

∑

i<j

F ij
r (xi, xj ) + · · · +F12...nd

r (x1, x2, . . . , xnd
), (13)

if the function components in (13) are orthogonal and can be expressed as integrals of Fr(X).
The following relations can be defined by squaring (13) and integrating over the domain of
the input variables [45]:

VFr =
∫

(Fr)
2dX − (

F0
r

)2
, (14)

Vi1...is =
∫

(
F i1...is

r

)2
dxi1 . . .dxis , (15)

where 1 ≤ i1 < · · · < is ≤ nd . The constants VFr and Vi1...is are called variances of Fr and
F i1...is

r , respectively. The global sensitivity indices are defined as follows:

Si1...is = Vi1...is

VFr

. (16)

The integer s is usually referred as the order or dimension of the sensitivity index. It should
be noted that

VFr =
nd∑

s=1

nd∑

i1<···<is

Vi1...is . (17)
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In a similar manner, the variance and global sensitivity index corresponding to a subset
X′ = [xj1 , xj2 , . . . , xjz ]T ⊆ X, 1 ≤ j1 < · · · < jz ≤ nd are defined by Eqs. (18) and (19),
respectively:

VX′ =
z∑

s=1

∑

(i1<···<is )∈J

Vi1...is , (18)

SX′ = VX′

VFr

. (19)

Here J = [j1, . . . , jz]. Assuming that X′′ is an absolute complement of X′, the total variance
and sensitivity index associated with the subset X′ are respectively defined as follows [45]:

V T
X′ = VFr − VX′′ , (20)

ST
X′ = V T

X′
VFr

, (21)

where 0 ≤ SX′ ≤ ST
X′ ≤ 1. The total sensitivity index reflects the total influence of a spe-

cific parameter on the system output, including all the possible interactions between that
parameter and all the others [46].

4.2 Simplified sensitivity indices

The sensitivity indices expressed based on the HDMR method (ANOVA decomposition)
require evaluation of high-dimensional integrals. This could be a tough task, especially for
complex systems. Therefore, an appropriate approximation is often used to improve the
computational efficiency. One of the most effective approaches is cut-HDMR in which
the function Γr = Fr(X) is expressed as a superposition of its values on lines, planes
and hyperplanes passing through a fixed reference point (cut center) with coordinates
c = [c1, . . . , cnd

]T, see, e.g., [44]. Based on this concept, Zhang and Pandey proposed a
multiplicative dimensional reduction method (M-DRM) in which a deterministic function
Γr = Fr(X) is approximated as follows [29, 30]:

Fr(X) ≈ [
Fr(c)

]1−nd
.

nd∏

i=1

Fr(xi, c−i ), (22)

where Fr(c) is a constant and Fr(xi, c−i ) denotes the function value for the case that all the
inputs except xi are fixed at their respective cut point coordinates. The M-DRM (Eq. (22)) is
capable of approximating the function Γr = Fr(X) with a satisfactory level of accuracy [29,
30] and is particularly useful for approximating the integrals required for evaluation of the
sensitivity indices described in the previous section. Using the M-DRM and following the
procedure described in [30], the primary and higher order sensitivity indices (Eqs. (19) and
(16), respectively) can be approximated as follows:

Si ≈ βi/α
2
i − 1

(
∏nd

k=1 βk/α
2
k ) − 1

, (23)

Si1...is ≈
∏s

k=1(βik /α
2
ik

− 1)

(
∏nd

k=1 βk/α
2
k ) − 1

, (24)
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where αk and βk are defined as the mean and mean square of the kth univariate function,
respectively, and represented as [30]

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

αk ≈
N∑

l=1

wklFr(xkl, c−kl)

βk ≈
N∑

l=1

wkl[Fr(xkl, c−kl)]2

, (25)

where N is the total number of the integration points, variables xkl and wkl are the lth
Gaussian integration abscissas and the corresponding weight, respectively.

Finally, the total sensitivity index (given by Eq. (21)) corresponding to the ith parameter
(xi ) can be expressed as

ST
i ≈ 1 − α2

i /βi

1 − (
∏nd

k=1 α2
k/βk)

. (26)

The accuracy of the sensitivity indices introduced earlier depends on the number of the
integration points used that can be determined via a convergence study [29, 30]. It should
be noted that the total number of function evaluations required for calculating the sensitivity
indices using this method is only nd × N , where nd is the number of design parameters.

Consequently, in order to accomplish the sensitivity analysis of a system output with re-
spect to an input parameter Xi , a suitable cut point, together with a probability distribution,
has to be chosen. Closed form expressions given by Eqs. (23), (24), and (26) are then uti-
lized to attain the sensitivity indices. The efficiency and applicability of this methodology is
already proven through some mathematical and mechanical examples [30]. The target here
is to apply this method for sensitivity analysis of a high speed train bogie dynamics with
respect to suspension components.

4.3 Choosing the cut center

An interesting aspect of the cut-HDMR is that in most applications with well-defined phys-
ical systems, if the cut-HDMR yields a satisfactory level of convergence, the results are
independent of the choice of the cut center c [44]. However, two optimization problems are
formulated and solved here to assure that the cut center is in a proper condition.

4.3.1 Optimization

The cut center c includes the vectors of the bogie primary and secondary stiffness and damp-
ing values. For each of the prescribed operational scenarios, two levels of optimization are
considered. The details are summarized in Table 4, where vectors kp and ks, respectively,
include the primary and secondary stiffnesses, while dp and ds consist of the primary and
secondary damping values.

Indeed, the primary and secondary suspension components are optimized with respect to
wear and ride comfort, respectively. In both optimization levels, safety criteria are taken as
thresholds.

The reason behind formulating such optimization problems is that wear can significantly
influence the maintenance cost and track condition. On the other hand, ride quality can
directly affect the passengers’ feeling. As a result, from industrial and economical perspec-
tives, ride comfort and wear are usually treated as the most important parameters in railway
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Table 4 Details of the optimization problems

Optimization level Objective function Design parameters Thresholds

L1 ΓW kp, dp ΓTS, ΓSt, ΓRD

L2 ΓC ks, ds ΓTS, ΓSt, ΓRD

operations. However, safety objective functions must be always within the admissible limit
to assure that the vehicle runs securely.

A genetic algorithm (GA) optimization routine is employed to attain the optimized values
of the design parameters at each optimization level, see, e.g., [10, 47, 48] for more infor-
mation. Since an appropriate initial guess has to be selected for optimization, the in-service
values provided by the Bombardier Transportation, Västerås, Sweden are chosen for the first
level (L1). It should be noted that the optimized values of the design parameters achieved
from the case L1 are applied as the input primary components to the vehicle model for the
second level (L2) inasmuch as those values are already optimized and help GA to find a
better solution.

The optimization outcomes yield the primary and secondary suspension properties that
can result in wear reduction, suitable ride comfort as well as acceptable safety levels on each
operational scenario. The cut center is then chosen as c = [k∗

p,d∗
p,k∗

s ,d∗
s ]T which includes

the vectors of the optimized primary and secondary stiffness and damping characteristics.
In the subsequent parts of this paper, the superscript (∗) denotes the optimized value of the
design parameters.

5 Results

In this section, first the optimization results necessary for choosing the cut center are pre-
sented. A convergence study is then performed to determine the number of the Gaussian
integration abscissas required for the sensitivity analysis to provide acceptable results. Fi-
nally, the global sensitivity indices associated with the bogie dynamics behavior with respect
to different suspension components are thoroughly rendered and analyzed for two different
levels of suspension configurations.

5.1 Cut center

As aforementioned in Sect. 4, two levels of optimization (L1, L2) are formulated to yield
the primary and secondary suspension components that minimize wear and ride comfort,
respectively.

A vehicle with symmetric suspension configuration is considered for the optimization.
This means that every single suspension component has the same value as the corresponding
element on the right or left hand side and/or front or rear wheelsets of each bogie. As an
example, all the primary longitudinal springs have the same stiffness values in the symmetric
vehicle model.

Wear and ride comfort objective functions correlated to in-service (c0 = [k0
p,d0

p,k0
s ,d0

s ]T)
and optimized input parameters (c∗ = [k∗

p,d∗
p,k∗

s ,d∗
s ]T) are compared in Fig. 3.

Since the optimization has been carried out with respect to wear and ride comfort with
thresholds on safety (see Sect. 4.3.1), it is clear that at the cut center (c∗ = [k∗

p,d∗
p,k∗

s ,d∗
s ]T),
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Fig. 3 Objective function values on different operational scenarios based on the in-service and optimized
design parameters: (a) wear (ΓW); (b) comfort (ΓC)

wear and ride comfort are optimized and all the safety objective functions lie within the per-
missible limit. Therefore, the reference model for the sensitivity analysis is developed based
on the optimized values of the suspension parameters obtained from the two optimization
levels.

5.2 Convergence study

In order to achieve an acceptable approximation of the sensitivity indices using the M-DRM
method, it is vital to assess the convergence of the results by increasing the number of
Gaussian quadrature integration abscissas.

The first case study is the vehicle with symmetric suspension component configuration.
The mean (μ) and coefficient of variation (COV) of the 14 suspension parameters are listed
in Table 5. The mean (μ) is chosen equal to the respective cut center value (c∗) and the COV
is selected in a way that all the objective functions remain within the admissible range for
a lognormal distribution of the input variables. It should be noted that for the symmetric
vehicle model, for each design parameter the corresponding mean value is equal for all l, n
and h, n combinations. For example, ks∗

LxR = ks∗
LxL = ks∗

TxR = ks∗
TxL.

All the sensitivity indices in this paper are evaluated based on the Gauss–Hermite quadra-
ture integrals with a lognormal distribution of the input variables; see, e.g., [29, 30, 49] for
more details on the numerical procedure.

The convergence analysis of the sensitivity indices corresponding to OS1 is shown in
Fig. 4. It is obvious that for the track shift force (ΓTS) and risk of derailment (ΓRD) objec-
tive functions, N = 5 integration abscissas are not sufficient (see Fig. 4 (c, e)). However,
a satisfactory level of convergence can be achieved by choosing N = 9 or more in all cases.

In Fig. 4, the values SΓW , SΓC , SΓTS , SΓSt , and SΓRD are the primary sensitivity indices
for wear, ride comfort, track shift force, running stability and risk of derailment objective
functions, respectively.

The number of function evaluations using M-DRM method is merely nd × N . Note that
for a specific set of input variables and in each operational scenario, all the objective func-
tions are simultaneously evaluated by a single time integration of the model. The conver-
gence study showed that for a complex system like a high speed train in question (with input
suspension parameters given in Table 5), a satisfactory level of sensitivity analysis can be
attained with just 14 × 9 = 126 (nd = 14 design parameters and N = 9 integration abscis-
sas) function evaluations. This is the most prominent aspect of the global sensitivity analysis
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Fig. 4 Primary sensitivity indices for different objective functions (running on OS1 scenario): (a) SΓW ;
(b) SΓC ; (c) SΓTS ; (d) SΓSt ; (e) SΓRD

using this approach, which can dramatically reduce the computational efforts compared to
other methods.

In the subsequent sections, the sensitivity analysis is performed for two levels of sus-
pension configurations. At the first step a vehicle with symmetric suspension components
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Table 5 Mean and COV of the
symmetric vehicle suspension
components

Parameter
number

Suspension
component

Mean (μ) COV

1 k
p
lxn k

p∗
lxn 0.5

2 c
p
lxn c

p∗
lxn 0.5

3 k
p
lyn k

p∗
lyn 0.3

4 c
p
lyn c

p∗
lyn 0.5

5 k
p
lzn k

p∗
lzn 0.5

6 c
p
lzn c

p∗
lzn 0.5

7 ks
hxn ks∗

hxn 0.5

8 cs
hxn cs∗

hxn 0.5

9 ks
hyn ks∗

hyn 0.5

10 cs
hyn cs∗

hyn 0.5

11 ks
hzn ks∗

hzn 0.5

12 cs
hzn cs∗

hzn 0.5

13 kAR
h kAR∗

h 0.08

14 kTR
h kTR∗

h 0.05

(nd = 14 parameters introduced in Table 5) is studied. This type of vehicle is called a sym-
metric vehicle model in this paper. Finally, a vehicle model with another suspension con-
figuration is analyzed in which all the primary and secondary suspension components on
different sides of the vehicle can take dissimilar values. This type of vehicle is referred as
an asymmetric vehicle model and makes it possible to scrutinize the sensitivity of bogie dy-
namics behavior with respect to every single element of the suspension system components.
More details on the asymmetric vehicle model are given in Sect. 5.4.

5.3 Symmetric vehicle model

The total sensitivity indices for a vehicle model with symmetric suspension components (and
design variables listed in Table 5) are shown in Fig. 5 for different operational scenarios.
Since Gaussian integration using N = 9 or more points showed satisfactory results (see
Fig. 4), N = 12 is chosen for the analysis in this section. Therefore, the number of function
evaluations are 14 × 12 = 168 (with nd = 14 design parameters and N = 12 integration
abscissas), for each operational scenario (OS1–OS5).

5.3.1 Wear

From Fig. 5 it can be deduced that the primary longitudinal and lateral springs (kp
lxn, k

p
lyn,

i.e., parameters no. 1, 3 in Table 5) as well as longitudinal secondary springs ks
hxn (parameter

no. 7) have the most important influence on wear. This means that the wear total sensitivity
index (ST

ΓW
) reflects higher values with respect to those parameters, see Fig. 5(a) for a sym-

metric vehicle running on very small radius curves (OS1). However, as the vehicle’s speed
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Fig. 5 Total sensitivity indices associated with different objective functions: (a) OS1; (b) OS2; (c) OS3;
(d) OS4; (e) OS5

and the track curve radii increase, the effects of yaw dampers cs
hxn (parameter no. 8) and

secondary vertical springs ks
hzn (parameter no. 11) become dominant, see Figs. 5 (b)–(e).

This could be interpreted as follows: on very small radius curves (OS1), choosing suit-
able values of the longitudinal and lateral primary springs (kp

lxn, kp
lyn) might make it easier for

the wheelset to take a radial position in the track and as a result reduce wear. Furthermore,
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in such operational scenarios, the longitudinal secondary springs ks
hxn control the carbody

vibrations. Therefore, proper values for those parameters might reduce the corresponding
unpleasant effects on the bogie dynamics and wear. However, as the speed and radius of
curvature increase, the vertical carbody motion become dominant, and a suitable set of ver-
tical secondary springs ks

hzn is required to reduce the effects of the carbody motions on the
bogie dynamics.

Another interesting outcome is that for a large radius of curvatures and tangent track (OS4

and OS5) the impressions of the longitudinal secondary springs ks
hxn become less important

while, the yaw dampers’ effects on wear become conquering (Figs. 5 (d)–(e)). This shows
that for operational scenarios with a large radius of curvature, the bogie dynamics is mostly
affected by the yaw dampers cs

hxn.

5.3.2 Ride comfort

From Fig. 5 it is clear that in almost all the prescribed operational scenarios (OS1–OS5),
yaw dampers cs

hxn and vertical secondary springs ks
hzn (parameters no. 8, 11 in Table 5,

respectively) are the most influential parameters on the passenger ride comfort inasmuch
as the ride comfort total sensitivity index (ST

ΓC
) showed higher values with respect to those

particular elements. This is a proper evidence for developing advanced types of suspension
such as vertical air springs in modern bogie designs for high speed trains.

In addition, the sensitivity analysis showed that yaw dampers cs
hxn can significantly affect

the carbody vibrations, and higher qualities of ride comfort can be obtained by choosing
convenient values of the yaw dampers. It can also be deduced that other suspension pa-
rameters cannot substantially affect ride comfort. Such a conclusion could be really useful
in narrowing down the number of input parameters and reducing the computational efforts
once dealing with optimization problems with respect to ride comfort.

5.3.3 Safety

In this paper, the difference between the lateral forces acting on the left and right wheels of
a wheelset is the basis of evaluation of the safety objective functions (ΓTS, ΓSt, and ΓRD).
Therefore, the sensitivity analyses of all the safety criteria are simultaneously investigated.

For those operational scenarios that the vehicle runs on curves (OS1 to OS4), the safety
objective functions are mostly sensitive to the primary longitudinal and lateral springs (kp

lxn,
k

p
lyn, i.e., parameters. no. 1, 3 in Table 5) which is understandable inasmuch as those param-

eters can affect the lateral motion of the wheelsets on curves, see Fig. 5(a)–(d). Furthermore,
it should be noted that for some operational scenarios (OS2 and OS4, for example), the risk
of derailment is also sensitive to the vertical primary springs k

p
lzn and dampers c

p
lzn (param-

eters no. 5, 6 in Table 5, respectively). Such a conclusion is reasonable, since the vertical
force acting on each wheel can affect the risk of derailment evaluation, see Eq. (7).

When it comes to the secondary suspension components and the respective effects on
safety criteria, it is unfeasible to draw a general conclusion whereof the system is highly
nonlinear, and it is uneasy to relate the secondary suspension components to the total lateral
forces acting on each of the wheelsets. Although, in most of the scenarios, the longitudinal
secondary springs ks

hxn as well as yaw dampers cs
hxn can have noticeable effects on safety

issues (see, e.g., Fig. 5(a), (b), and (d)). This is in agreement with the previous conclusions
concerning wear objective function (which is evaluated based on the wheelset movements
and contact forces).
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Fig. 6 Track shift force total sensitivity index (ST
ΓTS

) with respect to the suspension components for the

leading axle of the symmetric vehicle running on: (a) OS1; (b) OS2; (c) OS3; (d) OS4; (e) OS5

In the case of a straight line (OS5), since the track is symmetric and the speed is below
the critical hunting speed, the lateral forces acting on the wheelsets are smaller than those
corresponding to a vehicle running on curves. The lateral primary and secondary dampers
(cp

lyn, cs
hyn, i.e., parameters no. 4, 10 in Table 5) as well as yaw dampers cs

hxn are the most
important elements that can influence the safety criteria for a vehicle running on tangent
track (OS5) since the respective safety total sensitivity indices (ST

ΓTS
, ST

ΓSt
, ST

ΓRD
) exhibit

higher values with respect to those components, see Fig. 5(e). This could be due to the fact
that the lateral primary and secondary dampers (cp

lyn, cs
hyn) can suppress the lateral motion

of the bogie while running on a tangent track.
Based on Eqs. (3), (5), and (7), the track shift force (ΓTS), running stability (ΓSt), and risk

of derailment (ΓRD) are defined as the maximum respective value among all the wheelsets
(wheels, in the case of risk of derailment). This maximum value can occur on any of the
wheelsets during the operation which makes it difficult to interpret the sensitivity of the
safety objective functions to the suspension components. Therefore, to investigate those
effects more specifically, the influence of the suspension components on the safety criteria
of the leading axle is considered.

The total sensitivity indices of the track shift force (ST
ΓTS

), running stability (ST
ΓSt

), and
risk of derailment (ST

ΓRD
) associated with the leading axle with respect to the 14 suspension

components listed in Table 5 are shown in Figs. 6, 7, and 8, respectively. Here each sector
area represents the respective sensitivity index value.

For a vehicle running on curved tracks (OS1–OS4), the longitudinal and lateral primary
springs (kp

lxn, k
p
lyn), i.e., parameters no. 1, 3 in Table 5, have a relatively uniform constant

influence on the track shift force, see Fig. 6(a)–(d). On the other hand, the vertical primary
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Fig. 7 Stability total sensitivity index (ST
ΓSt

) with respect to the suspension components for the leading axle

of the symmetric vehicle running on: (a) OS1; (b) OS2; (c) OS3; (d) OS4; (e) OS5

Fig. 8 Risk of derailment total sensitivity index (ST
ΓRD

) with respect to the suspension components for the
leading axle of the symmetric vehicle running on: (a) OS1; (b) OS2; (c) OS3; (d) OS4; (e) OS5
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springs k
p
lzn (parameter no. 5 in Table 5) can mostly affect ΓTS on tracks with small and

medium radius of curvatures (OS1–OS3).
In some particular scenarios, the lateral and vertical primary dampers (cp

lyn, c
p
lzn, i.e.,

parameters no. 4, 6) have remarkable effects on ΓTS. This could be due to the nature of the
track irregularities associated with those scenarios and the ability of the abovementioned
dampers in wheelset vibration control in those cases. In the case of secondary suspension,
yaw dampers cs

hxn (parameter no. 8 in Table 5) have the most significant effects on the track
shift force, especially for the large radius and straight tracks (Fig. 6).

Similar to the previous case, the longitudinal and lateral primary springs (kp
lxn, k

p
lyn) can

remarkably affect ΓSt on curved scenarios (Fig. 7(a)–(d)). Furthermore, the longitudinal sec-
ondary springs ks

hxn (parameter no. 7 in Table 5) have also significant effects on the running
stability of the leading axle while running on the tracks with relatively small and medium
radius of curvatures (Fig. 7(a)–(c)). However, for a large radius and straight tracks (OS4,
OS5), the total sensitivity index of stability (ST

ΓSt
) shows that running stability is less sen-

sitive to the longitudinal secondary springs ks
hxn, and the effects of the yaw dampers cs

hxn
become dominant instead (see Fig. 7(d)–(e)).

To some extent the primary springs (kp
lxn, k

p
lyn, k

p
lzn) and secondary suspension compo-

nents have remarkable effects on the risk of derailment for the leading axle of a vehicle
running on curves, see Fig. 8(a)–(d). However, in the case of OS2, the primary longitudinal
springs k

p
lxn have the most significant influence on ΓRD. This could be due to the track irreg-

ularities and the corresponding effects on the wheelset dynamics while varying the primary
longitudinal spring values. Similar to the previous cases, the yaw dampers cs

hxn are the most
influential parameters on ΓRD while running on straight tracks, see Fig. 8(e).

It is clear that for the symmetric vehicle model, the primary longitudinal and lateral
springs (kp

lxn, kp
lyn) as well as the yaw dampers cs

hxn (i.e., parameters no. 1, 3, and 8 in Table 5)
play a prominent role in dynamics behavior of the vehicle. Therefore, several multiobjective
optimization problems can be formulated and solved with respect to those parameters to
improve the vehicle performance from different points of view (wear/comfort, for example).
More importantly, integrating active control techniques and active dampers like magnetorhe-
ological (MR) dampers can also be an interesting idea to get higher efficiency especially on
large radius and straight tracks.

5.4 Asymmetric vehicle model

In addition to the symmetric vehicle model introduced earlier, an asymmetric vehicle model
with the suspension components listed in Table 6 is also studied in this paper.

The difference with the symmetric case is that here the suspension elements are not
necessarily the same on the right and left hand sides, as well as front and rear wheelsets of
each bogie, and they might take different values. As an example, one could have k

p
1xR 
= k

p
1xL

for the asymmetric model which means that the longitudinal primary springs are not the
same on the right and left hand sides of the leading axle.

From Table 6, it is clear that there are 24 primary springs, 24 primary dampers and 28
secondary suspension elements. Therefore, the model includes 76 suspension parameters
in total (nd = 76), potentially different from one another. Such a vehicle model makes it
possible to separately investigate the effects of every single suspension element on the bogie
dynamics.

The total sensitivity indices for the asymmetric vehicle model with input variables listed
in Table 6 are depicted in Figs. 9–13 for different operational scenarios.

The mean and COV of the input variables are chosen the same as for the correspond-
ing suspension element associated with the symmetric vehicle model (listed in Table 5).
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Table 6 Suspension components
of the asymmetric vehicle model Parameter

No.
Primary
spring

Primary
damper

Secondary
suspension

1 k
p
1xR c

p
1xR ks

LxR

2 k
p
1yR c

p
1yR cs

LxR

3 k
p
1zR c

p
1zR ks

LyR

4 k
p
1xL c

p
1xL cs

LyR

5 k
p
1yL c

p
1yL ks

LzR

6 k
p
1zL c

p
1zL cs

LzR

7 k
p
2xR c

p
2xR ks

LxL

8 k
p
2yR c

p
2yR cs

LxL

9 k
p
2zR c

p
2zR ks

LyL

10 k
p
2xL c

p
2xL cs

LyL

11 k
p
2yL c

p
2yL ks

LzL

12 k
p
2zL c

p
2zL cs

LzL

13 k
p
3xR c

p
3xR ks

TxR

14 k
p
3yR c

p
3yR cs

TxR

15 k
p
3zR c

p
3zR ks

TyR

16 k
p
3xL c

p
3xL cs

TyR

17 k
p
3yL c

p
3yL ks

TzR

18 k
p
3zL c

p
3zL cs

TzR

19 k
p
4xR c

p
4xR ks

TxL

20 k
p
4yR c

p
4yR cs

TxL

21 k
p
4zR c

p
4zR ks

TyL

22 k
p
4xL c

p
4xL cs

TyL

23 k
p
4yL c

p
4yL ks

TzL

24 k
p
4zL c

p
4zL cs

TzL

25 – – kAR
L

26 – – kTR
L

27 – – kAR
T

28 – – kTR
T

For instance, μ(c
p
1xR) = μ(c

p
1xL) = · · · = μ(c

p
4xL) = μ(c

p∗
lxn). Therefore, the cut center for the

sensitivity analysis of the asymmetric vehicle model is chosen the same as the one corre-
sponding to the symmetric model. The sensitivity analysis is accomplished using N = 9
Gaussian quadrature integration abscissas. Consequently, the number of function evalua-
tions is 76 × 9 = 684 for each of the scenarios shown in Figs. 9–13.

5.4.1 Wear

From Figs. 9–13, the wear total sensitivity indices (ST
ΓW

) show that the wheel–rail contact
wear is mostly sensitive to the primary longitudinal and lateral springs (kp

lxn, k
p
lyn). This is in
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Fig. 9 Total sensitivity indices for the vehicle running on a curved track with very small radius of curvature
(OS1)

Fig. 10 Total sensitivity indices for the vehicle running on a curved track with a small radius of curvature
(OS2)

agreement with the previous conclusion drawn for the symmetric vehicle model. However,
unlike the symmetric case, variation of the longitudinal secondary springs ks

hxn (i.e., param-
eters no. 1, 7, 13, and 19 of the secondary suspension in Table 6) in the asymmetric model
cannot significantly affect the wear objective function.

Such results could be interpreted as follows: in the case of an asymmetric vehicle, vari-
ation in one of the four longitudinal secondary springs has smaller influence on wear in
contrast to the simultaneous variation of the four respective elements in the symmetric ve-
hicle model. The wear results at the nine integration points for the symmetric and asym-
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Fig. 11 Total sensitivity indices for the vehicle running on a curved track with a medium radius of curvature
(OS3)

Fig. 12 Total sensitivity indices for the vehicle running on a curved track with a large radius of curvature
(OS4)

metric cases are compared in Fig. 14 on a range of the longitudinal secondary springs
([min(ks

hxn) max(ks
hxn)]). Note that the horizontal axis is on the logarithmic scale.

It is clear that the simultaneous altering of the four longitudinal secondary springs ks
hxn in

the symmetric vehicle model can vary wear on a wider range than in the asymmetric vehicle
case in which just one of the longitudinal secondary springs ks

hxn is changing. Therefore,
special attention should be put on design and optimization of the longitudinal secondary
springs ks

hxn, especially in symmetric vehicle models to achieve higher performance.
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Fig. 13 Total sensitivity indices for the vehicle running on a tangent track (OS5)

Fig. 14 Wear variation with
respect to longitudinal secondary
spring

Another interesting result obtained here is that the corresponding suspension components
on the right and left hand sides of the vehicle, also front and rear wheelsets of each bogie,
might have a totally different effect on wear. For example, for a vehicle operating on a right
hand curved track, wear variations with respect to the right and left hand side longitudinal,
lateral and vertical primary springs are plotted in Fig. 15(a)–(c).

It is obvious that an increment in the right hand side primary longitudinal and lat-
eral springs (kp

lxR, k
p
lyR) can reduce wear while the same variation for the left hand side

springs (kp
lxL, k

p
lyL) leads to an opposite result. Note that the wear objective function is mea-

sured at the outer wheel of the leading axle (left wheel while running on a right curved
track). Therefore, such a combination, i.e., stiffer springs on the right and softer springs
on the left, might facilitate the wheelset operation on a curved track and as a result reduce
wear.

It is also clear that the vertical primary springs k
p
lzn cannot significantly affect wear, which

is in agreement with the result obtained from the sensitivity analysis of the symmetric ve-
hicle model. Therefore, better efficiency (from the wear point of view) can be achieved by
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Fig. 15 Wear variation for OS1 vs. (a) longitudinal; (b) lateral; (c) vertical primary springs of the leading
axle

choosing suitable unequal values for the primary springs of a vehicle when operating in a
curved scenario.

5.4.2 Ride comfort

From Figs. 9–13, it can be seen that the ride comfort total sensitivity indices (ST
ΓC

) took
higher values with respect to the yaw dampers cs

hxn (parameters no. 2, 8, 14, and 20 of the
secondary suspension in Table 6) and vertical secondary springs ks

hzn (parameters no. 5, 11,
17, and 23 of the secondary suspension in Table 6) which proves the fact that those design
parameters are the most influential elements on ride comfort in railway applications.

Such an outcome is in total agreement with the results obtained for sensitivity analysis
of the symmetric vehicle model. It should be noted that to some extent the longitudinal
primary springs k

p
lxn have also shown some effects on ride quality. However, according to

the sensitivity analysis results, the rest of the primary and secondary suspension components
do not have a significant effect on ride comfort.

Such information could be particularly useful in attenuating the number of design param-
eters for the optimization of passive or designing active suspension components to enhance
the passenger ride comfort in high speed trains. Therefore, a combination of the optimized
passive and/or active vertical secondary springs ks

hzn as well as yaw dampers cs
hxn integrated

with other passive suspension components might provide a reasonably cheap and efficient
passenger ride comfort for railway vehicles. It is also noticeable that although the vehicle is
running on a right hand curve on OS1–OS4, the suspension components attached to the right
and left hand sides, also leading and trailing bogies, have more or less the same effects on
ride comfort.
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5.4.3 Safety

All the safety objective functions for the asymmetric model are simultaneously investigated
in this section. Similar to the symmetric vehicle model, the primary longitudinal and lateral
springs (kp

lxn, k
p
lyn), as well as the longitudinal secondary springs ks

hxn and yaw dampers cs
hxn,

play an important role in stability, track shift force, and risk of derailment criteria.
Unlike the symmetric vehicle model, the risk of derailment is not that sensitive to the

vertical primary springs k
p
lzn and dampers c

p
lzn inasmuch as at each stage just one vertical

primary component is varying in the asymmetric vehicle model at a time.
It is also clear that the safety objective functions cannot be affected by the primary

dampers (cp
lxn, c

p
lyn, c

p
lzn) for most of the operational scenarios inasmuch as the respective

safety total sensitivity indices (ST
ΓTS

, ST
ΓSt

, ST
ΓRD

) took small values with respect to those el-
ements (Figs. 9–13). However, there are some changes in the track shift force and risk of
derailment sensitivity indices due to the variation of the primary dampers in the case of OS3

and OS4 (see Figs. 11, 12). The same result can also be concluded from Fig. 5(c)–(d). This
could be due to the track irregularity effects associated with those scenarios and the effi-
ciency of the primary dampers to reduce those unpleasant effects. Consequently, one possi-
ble extension of the current research could be to study the sensitivity of different objective
functions to the input track irregularities.

Similar to the symmetric vehicle model, it is unfeasible to have a general conclusion
regarding the effects of the secondary suspension components on the safety objective func-
tions. However, again the longitudinal secondary springs ks

hxn (parameters no. 1, 7, 13, and
19 in Table 6) and yaw dampers cs

hxn (parameters no. 2, 8, 14, and 20 in Table 6) seem to
have more considerable effects on safety criteria in comparison with other secondary sus-
pension components. Recall from Eqs. (3), (5), and (7) that safety is measured based on the
maximum corresponding safety objective function among all 8 wheels of the vehicle. Since,
the maximum value could take place in any of the 4 wheelsets, it is difficult to compare the
effects of different suspension components on the vehicle’s safety.

The total sensitivity indices associated with the asymmetric vehicle running on a straight
track (OS5) is shown in Fig. 13. It is clear that the right and left hand side primary and
secondary suspension components have the same effects on different objective functions. For
example, the wear total sensitivity index (ST

ΓW
) has the same values for the design parameters

number 1 and 4 from Table 6, i.e., for the right and left hand side longitudinal primary
springs (kp

1xR and k
p
1xL, respectively) that connect the leading axle to the leading bogie frame.

This predictable result is due to the symmetry of the track in the case of a straight line (OS5).
In order to investigate the effects of different suspension components on bogie safety cri-

teria in a more specific manner, the sensitivity analysis of the leading axle safety with respect
to the front bogie suspension components is considered. For different operational scenarios,
the total sensitivity indices associated with the track shift force (ST

ΓTS
), running stability

(ST
ΓSt

), and risk of derailment (ST
ΓRD

) are compared in Figs. 16, 17 and 18, respectively. It
should be noted that the numbers assigned to the suspension elements are in agreement with
Table 6.

From the safety total sensitivity indices (ST
ΓTS

, ST
ΓSt

, ST
ΓRD

) given in Figs. 16–18, it can
be seen that the primary longitudinal and lateral springs (kp

lxn, k
p
lyn, i.e., primary springs

corresponding to the parameters no. 1, 2, 4, 5, 7, 8, 10, and 11 in Table 6) can significantly
affect the safety objectives.

In the case of the large radius and straight tracks (OS4, OS5), the yaw dampers cs
hxn

(parameters no. 2, 8 of the secondary suspension in Table 6) can also remarkably affect
the track shift values (see Fig. 16). Since the track shift force and running stability total
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Fig. 16 The track shift force total sensitivity index (ST
ΓTS

) with respect to the suspension components for the
leading axle of the asymmetric vehicle

Fig. 17 The running stability total sensitivity index (ST
ΓSt

) with respect to the suspension components for the
leading axle of the asymmetric vehicle

Fig. 18 The risk of derailment total sensitivity index (ST
ΓRD

) with respect to the suspension components for
the leading axle of the asymmetric vehicle

sensitivity indices (ST
ΓTS

, ST
ΓSt

) with respect to the rest of the design parameters are quite
small, it can be deduced that those elements have a negligible influence on the track shift
force and running stability of the leading axle, see Figs. 16, 17.

Similar conclusions can be drawn for the risk of derailment, see Fig. 18. However, the
effects of some of the primary dampers and secondary suspension elements on ΓRD of the
leading axle are noticeable on certain operational scenarios.

The sensitivity analysis of the leading axle safety objectives with respect to the suspen-
sion components of the asymmetric vehicle model showed that the elements attached to the
right and left hand sides, also front and rear wheelsets do not have the same effects on the
leading axle safety criteria while operating on curved tracks. This reflects the importance of
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using active suspension systems for bogie wheelsets to get the optimum control force and
improve the safety performance which can lead to higher speeds, especially on curves.

6 Conclusions

The global sensitivity analysis of wear, safety, and ride comfort of a one-car railway vehicle
with respect to the bogie suspension components has been scrutinized using the M-DRM.
Symmetric and asymmetric configurations of the bogie suspension have been considered.
The simulations have been carried out and analyzed for a vehicle running at maximum
admissible speed in different operational scenarios.

The current study showed the feasibility and efficiency of the M-DRM for global sensi-
tivity analysis of a multidimensional nonlinear dynamical system (a one-car railway vehicle
model with 50 DOFs), which provided the results in a computationally efficient framework.
The M-DRM used here revealed practically significant results which can reduce the number
of input design parameters for optimization of a bogie suspension system.

Based on the present analysis, the following results have been found to be important:

• Wear is mostly sensitive to the longitudinal and lateral primary springs (kp
lxn, k

p
lyn). How-

ever, for the symmetric vehicle model, as the radius of curvature of the track increases, the
effects of the longitudinal and vertical secondary springs (ks

hxn, ks
hzn) become dominant. In

the case of large radius curves and straight tracks, yaw dampers cs
hxn can also significantly

affect wear.
• Ride comfort is mainly affected by the vertical secondary springs ks

hzn and yaw dampers
cs

hxn. However, the longitudinal primary springs k
p
lxn have also some influence on ride

quality.
• Safety criteria are mostly under the influence of the longitudinal and lateral primary

springs (kp
lxn, k

p
lyn) as well as the longitudinal secondary springs ks

hxn and yaw dampers
cs

hxn. To some extent, the vertical primary springs k
p
lzn and dampers c

p
lzn can affect the risk

of derailment in the case of the symmetric vehicle model.
• Bogies with asymmetric suspension configuration design can potentially reduce wear on

curved operational scenarios and as a result attenuate the maintenance cost.
• The sensitivity analysis results obtained in this paper can narrow down the number of the

input design parameters for optimization problems of bogie suspension components and
improve the computational efficiency.

Finally, active suspension and several multiobjective optimization design problems can
be formulated based on the results obtained. Global sensitivity analysis of bogie dynamics
with respect to the track irregularities, speed, and wheel conicity could also be a possibility
for the future of this work.
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