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Abstract:A newmethod for track inspection is developed to complement traditional geometric methods. An inertial measuring system and a
specialized data treatment method is proposed to evaluate railway track safety, observed from the vehicle dynamic performance point of view.
System equations for the inverse vehicle dynamic problem, augmented with the suspension torsion equation, are solved to estimate the wheels
driving forces that are directly correlated with the vehicle safety traveling over an irregular track. Results of a measuring campaign on a
railway wagon are used to evaluate the present system by direct positional comparison with lateral and vertical contact forces (L=V) safety
ratio measured with two instrumented wheelsets (IWS) installed on the leading bogie of the wagon. Also, data collected and treated are
compared with track geometry measurements. The results of quantified track safety present good agreement with those found using traditional
measuring methods. This confirms the ability of the new method to detect the location of the highest potential hazard region, for optimized
track maintenance purposes. The new system proves to be a promising method for track safety evaluation. DOI: 10.1061/(ASCE)TE.1943-
5436.0000855. © 2016 American Society of Civil Engineers.
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Introduction

Railway companies always seek to operate transport systems
with greater confidence and productivity. To meet this expectation,
tracks should be reliable, available for use, and easy to maintain.
Therefore, track quality must satisfy a set of desirable convenient
properties to guarantee availability.

Different track quality indexes (TQI) have been proposed by
several agencies [European Railway Agency 2011; Union Interna-
tionale des Chamins de Fer (UIC) (Nederlof and Dings 2010);
Federal Railway Administration (FRA) (Stuart 2012)], but almost
all are only related to geometric track issues. In fact, no safety
aspect has been objectively considered. According to the Det
Norske veritas (DNV) Report (European Railway Agency 2011),
railway interruptions can be produced from: infrastructure failure,
operational failure, and train/vehicle failure. All problems described
are well quantified and mainly related to component or subsystem
failure. Component failure is an event easily observable, the corre-
lation of which is well posed. Therefore, the mentioned technique is
only corrective, and some mitigation measures can be proposed.

Traditionally, railway track quality is quantified by a specialized
car thatmeasures the track’s basic geometric parameters, shortwave-
length irregularities, and absence of complete track settlement.
Usually, the inspection measures and records the variation of the
track gauge, vertical and lateral alignments, and cross-level (angular
variation on a track section—cant or superelevation). The values
measured are compared to standardized limits. Additionally, the
cross-level variation permeter (track twist) can be calculated depend-
ing on the data sample rate. Others deleterious aspects can be

mentioned: lateral instability, poor wheel load equalization, vehicle
overturning, longitudinal train forces, passengers’ comfort (or ride
quality) tailored by the vertical and lateral acceleration of the vehicle
car-body, mutual vehicle/track aggression, etc. (Suarez et al. 2013).

Nevertheless, poor vehicle dynamic performance frequently oc-
curs at a track location that does not exceed track geometry limits
such as curve entry or exit or lacks track misalignments that pro-
mote vehicle yaw instability or hunting. Conversely, track geometry
locations that exceed track geometry standard limits do not often
cause poor vehicle performance. Poor vehicle performance may
point to an area of track that needs maintenance to prevent further
degradation (Ketchum and Wilson 2012).

A safety diagnosis is the ability to identify the particular region
of the line where vehicle dynamic performance is poor or danger-
ous. To meet a security aspect, the evaluation must also consider the
outcome of a lack of safety: a vehicle that effectively derails. As
the track and the vehicle form a naturally mutual dependent system,
the vehicle’s behavior reflects its own properties and its forced
movements, which are directly affected by the track geometry input,
track stiffness, and train speed. This is the goal of this methodology:
to include the vehicle’s response in the track safety quantification.

State of the Art

Several track inspection systems or methods are still being devel-
oped. The American Federal Railway Administration has a project
(Stuart 2012) to develop a system to carry out autonomous track
inspections. Gullers et al. (2011) proposed a track condition ana-
lyzer (TCA) based on high-frequency vertical wheel load measure-
ments (up to 2 kHz) performed with an instrumented wheelset
(IWS) to detect mainly rail corrugations and stiff rail support. Also,
the vertical wheelset acceleration (Tsunashima et al. 2014) with
proper data treatment is still being researched. The European pro-
ject dynamic of train (DYNOTRAIN) (Haigermoser et al. 2014)
uses a multiple regression model of the vehicle dynamic behavior,
within the wavelength range of 3 and 25 m, to assess track quantity.
New IWS techniques are still being developed (Matsumoto et al.
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2014), and others methods to estimate vehicle properties have been
proposed (Pence et al. 2013). Luber et al. (2010) proposed a
method for track geometry evaluation, based on a representative
vehicle vertical and lateral transfer functions, to predict the vehicle
response due to track geometry input.

As an acceptance process described by Wilson et al. (2011) in
the state-of-the-art assessment method, a new vehicle has to dem-
onstrate safety traveling over the track in the following conditions:
low-speed flange-climbing derailment (wheel unload or body rota-
tion resistance), vehicle dynamic response, and overturning due to
overspeeding in curves. As the track’s safety performance is closely
affected by the track design, maintenance conditions, and effects of
the local environment, it was recommended to improve measure-
ment techniques and analysis methods. Wei et al. (2013) proposed
vehicle-suspension fault detection based on acceleration sensors in
the four corners of the car-body.

Calçada and Vale (2014) presents a vehicle–track dynamic-
interaction one-dimension model for predicting the evolution of
the vertical track profile degradation process and the attained re-
sults reveal the importance of track irregularities, vehicle speed,
and vehicle characteristics on the evolution of the track profile
(Hung et al. 2010). The numerical simulations demonstrate the po-
tential of the proposed methodology to serve as a tool to forecast
track settlement and estimate the dynamic response of the track
along the degradation process.

Safety Fundaments

The concept of safety associated with track quality is not well
described and is usually misunderstood. The track safety is the
ability to promote nondangerous traffic of vehicles and trains.
A vehicle transporting goods obviously depends on the track’s
structural integrity, efficient train operation, and the vehicle’s per-
formance to reach a minimal probability of derailment. The only
way to guarantee effective track quality by focusing on safety is
to objectively contemplate all these aspects including vehicle
behavior.

A track’s properties are mainly described by its geometric
parameters such as curvature, transition curve form and length,
and superelevation. Track deformation also affects the passing ve-
hicle due its stiffness. The track usually has to be shared between
passenger and freight and partial compensated (or speed-ideal)
superelevations are employed. This produces a nonsymmetric
wheel load distribution. Transition curve length and cant value pro-
duce a twisting variation rate, usually limited due to its influence on
the vehicle suspension torsion. Finally, curve radius inhibits speed
and is usually limited due to wheelset and bogie restrictions. The
track irregularities are variations around the nominal geometry and
may be a random or a periodic variation. As can be observed in the
previous description, no safety consideration is perceived regarding
the track geometry properties or roughness issue.

Regardless of the type of irregularity, the fact is that a track
shape with varying geometry imposes a range of load distributions
on the wheels, and their sum imposes a variation on the vehicle’s
kinematics. Therefore, the wheel’s acting forces produce the bogie
directioning and vehicle accelerations to negotiate the curves. The
objective safety of the system is associated with vehicle derail-
ment, traditionally quantified with the lateral and vertical contact
forces (L=V) factor, which is well-known and widely accepted.
This means that the vehicle reacts according to its transfer func-
tion to the track irregularities input. Therefore, the vehicle must be
included in the evaluation process to objectively quantify the track
quality from the point of view of safety.

Unsafe Types

Generally speaking, there are three types of relevant unsafe vehicle
conditions. The first type is the wheel-climb derailment (Barbosa
2009). This may occur at low speed in sharp curves and is particu-
larly related to vehicle suspension stiffness and the wheel’s load-
distribution condition. The second type is mainly related to large
movements of a vehicle’s main body. This condition can be asso-
ciated with the vehicle’s unsprung mass dynamic movements and
directioning bogie/wheelset properties. The latter type is relative to
a syntonized train speed and a particular type of track irregularities.
This last one is associated the evenness of the track’s wavelength,
the vehicle’s natural frequencies, and the specific train speed
(Barbosa 2011). Although there are other types of unsafe condi-
tions, including vehicle instability, accidents, and component fail-
ures the second type here described is mainly related to the vehicle
body’s low-frequency movements and small energy dissipation.

The methodology proposed here to quantify track safety is
based on detecting signs of unsafe railway vehicle performance,
mainly associated with the second and third types unsafe conditions
when considering track evenness when traveling (Barbosa 2015).
These signs are used to identify the exact location along the track
and to prioritize the pertinent track geometry corrections for the
most harmful irregularity to vehicle safety.

The metric adopted to identify the potential harmful location
associated with the vehicle safety is the traditional L=V ratio
between the wheel lateral (L) and vertical (V) contact force. The
wheel forces are quantified from the measurement of the vehicle
attitude and its overall dynamic behavior. This task is performed
with an inverse vehicle dynamic model, fed with data acquired from
the instrumented vehicle during its transit journey. The vehicle in-
strumentation is composed of an inertial measuring device (IMU)
with nine high-resolution transducers and an inertial navigation
algorithm (INS) for attitude recognition and a global positioning
system (GPS) signal.

Track–Vehicle Interaction

The track irregularities are the input to the vehicle dynamics on a
moving train. Track geometry variations are generally described
by their circular radius, cant, and transition length. Some types
of irregularities do affect the modal vehicle behavior (e.g., bounce vi-
bration due to longwave track level or lower sway mode due to track
alignment). Other track irregularities are absorbed by vehicle’s sus-
pension (e.g., short wavelength track twist). In addition, the track
stiffness does affect the geometry during the vehicle passage.

The wheel–rail contact force, due to the vehicle’s dynamic
behavior, is a function of the roughness of the track on which
the vehicle is traveling. To identify the acting contact forces that
produce the vehicle’s directioning movements, it is necessary to
solve an inverse dynamic problem. Vehicle dynamics are described
by a set of differential equations obtained from the Newton-Euler
theorems applied to a model of the vehicle considered as a rigid
body. This equation is valid for a fixed reference frame N (OXYZ)
as presented in Fig. 1. For the translational movements, the follow-
ing differential equations relate accelerations and external forces
in an earth fixed-reference frame:

mN ~aG ¼
X

~Fext ð1Þ

This equation does not consider the drag and Coriolis effects
from the earth rotations due to the irrelevant magnitude faced
by the vehicle accelerations. The external forces are mainly due
to wheel contact forces and gravitational effects as shown in Fig. 1.

© ASCE 04016053-2 J. Transp. Eng.
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mN~aG ¼
X

~Fwheels −mN~g ð2Þ

The equation can also be expressed in the body reference frame
(Gxyz) using a rotational transformation matrix T, composed of the
three Euler angles (roll ϕ, pitch θ, and yaw ψ) as identified in
Fig. 1, from which the accelerations are to be measured and the
forces computed

mTB
NðN ~aG þ N~gÞ ¼ TB

N

X
~Fwheels ð3Þ

When the measuring system is fixed at a particular point P, not
coincident with the vehicle center of gravity G, the measured ac-
celeration must be projected according to the field acceleration
equation, to be used by the Newton equation

~aG ¼ ~aP þ ~̇ω ∧ ðG − PÞ þ ~ω ∧ ½~ω ∧ ðG − PÞ� ð4Þ

where the angular velocity ~Ω ¼ ϕ̇~iþ θ̇ ~j 0 þ ψ̇ ~K, composed of roll
rate ϕ̇, pitch rate θ̇, and yaw rate ψ̇. For the rotational movements
described in a moving reference frame attached to the vehicle, the
following differential equations relate angular accelerations ω̇ and
body angular velocity ωB ¼ ½ωx ωy ωz �T and external moments
with respect to the same pole:

½J�Gfω̇g þ ½ωB� ∧ ½J�GfωBg ¼ fMext
G g ð5Þ

The body external contact forces due to each wheel (Hi, Li,
and Vi) are shown in Fig. 1. The body external moments (MG)
due to the wheel forces are obtained from the car-body dimensions
as shown in Fig. 1. To work out the contact forces by solving the
system equation, it is necessary to know the vehicle body’s accel-
erations, as stated in Eq. (1). Additionally, it is also necessary to
measure the angular velocity and estimate the angular acceleration,
which are needed to solve Eq. (2). Finally, the body’s angular atti-
tude must be identified to solve torsion Eq. (6).

The system has six equations and 12 contact-force unknowns.
Disregarding the longitudinal effects, one equation is removed and
four longitudinal contact forces are ignored (no acceleration or
breaking effects). Due to the system being hyperstatic, the contact
lateral forces in each wheelset are summed. To solve the system
with five equations and six unknowns, an additional suspension
torsion equation is disclosed to access each vertical force relation-
ship, completing the system.

The vehicle longitudinal torsion due to track twist affects mainly
the vertical wheel load distribution. Considering the car structure as
a rigid body, the track twist deflects the suspension unloading the
diagonal wheels. This effect depends on the vehicle suspension
stiffness, length and width of the vehicle, and magnitude and wave-
length of track twist.

Namely, the expression for the vertical load variation as a func-
tion of the track’s angular twist per meter (δ) is related to body
geometry proportion (D=2b) and suspension torsional stiffness
(kϕ) stated as

ΔV ¼ −kϕ D
2b

δ ð6Þ

To estimate the track twist from the overall vehicle inclination, a
special filter is used to recover the local track superelevation (α).
However, the IMU coupled to the body measures the absolute ve-
hicle roll angle in reference to the earth plane (ϕ). The total or earth
referenced body angle, as shown in Fig. 2, is composed by the track
cant angle (α) added to the relative vehicle roll angle (β) due to
suspension movements and inertial mass center height (hG)

ϕ ¼ αþ β ð7Þ

The track cant angle (α) can be measured with an additional
IMU installed on the wheelset. If this value is not available, another
identification method is necessary. Disregarding any small vehicle
suspension roll, the twist variation can be obtained from

Fig. 1. Body attitude and forces distribution on the vehicle
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δ ¼ dα
dS

ð8Þ

To identify the angles and attitude, the inertial navigation algo-
rithm (INS) based on an extended Kalman filter is used as a multi-
variable estimator. With all this information, it is possible to solve
the vehicle inverse dynamic equations to evaluate the driving con-
tact forces and calculate the traditional safety ratio force L=V. Only
for facility, a safety index (SI) for track safety quantification, cal-
culated as the difference between the maximum L=V limit and the
module of the measured L=V value for each wheel (Barbosa 2004),
is used

SI ¼
���� LV

����
Limit

−
���� Li

Vi

����
measured

ð9Þ

To solve the inverse identification problem, the model of the
system has to be known, have a unique existing solution, and con-
tinuously have data on the system available. Therefore, the require-
ments for the solution of the inverse problem are available using a
complete measuring system, continuously monitoring vehicle body
movement, and its attitude’s dynamic behavior.

Measuring System and Data Treatment

The measuring system consists of an inertial measurement unit
fixed on the vehicle, a GPS (uBlox, Switzerland) and a computer
(Dell, Texas) for command actions, data acquisition and storage
media. The inertial measurement unit (Honeywell, Morristown,
New Jersey) is a micro-electro-mechanical system (MEMS) that
measures the body movement. It utilizes a set of triorthogonal ac-
celerometers to measure the vehicle accelerations B~aG and an an-
gular speed device to measure attitude variation B~ω. Additionally, a
triorthogonal magnetometer set and a precision barometer mea-
sures the orientation B ~m based on the earth’s magnetic field and
the relative level. A GPS identifies the vehicle speed and position
expressed in the geographic-referenced latitude and longitude
coordinate system. All this information is antialiasing filtered,

digitalized, and recorded in the on-board control computer to iden-
tify the vehicle’s three-dimensional movements.

To recover the complete vehicle attitude to calculate the SI
index, an algorithm based on attitude heading reference system
(AHRS) is used to treat rough data from the sensor and identify
vehicle attitude. Vehicle accelerations and angular attitude are the
main information to recover from the accelerometers, rate-gyros,
and magnetometers information. To this end, a local-level frame
identification algorithm must be involved for the vehicle’s angular
attitude recognition. An integrated navigation system on terrestrial
movement methodology should combine the measured state data,
with independent redundant data in a Kalman filter algorithm to
provide a long-term stable solution. The strapdown inertial recov-
ery (SIR) system identifies the external loads by solving the
vehicle’s dynamic equations.

The vehicle attitude relative to an inertial reference frame N, is
described by three Euler angles denoting vehicle roll angle ϕ, eleva-
tion angle θ, and heading angle ψ as shown in Fig. 1. The absolute
position of a point in the vehicle is described by the vector N~r
expressed in the inertial reference frame N and its time rate of
change as

N~r ¼ TN
B
B~r and N ~̇r ¼ TN

B
B~̇rþ ṪN

B
B~r ð10Þ

where the superscript N over the vector = the fixed reference frame
and the superscript B = the body fix moving reference frame; TN

B =
direction cosine matrix (DCM) formed with the three Euler rotation
angles, which leads to the transformation matrix in terms of the
three successive sequential body rotations [Sequence 3-2-1, accord-
ing to NASA Standard (Baruh 1999)]

TN
B ¼

2
64

cθ cψ cθ sψ −sθ
−cθ sψþ sϕ sθ cψ cθ cψþ sϕ sθ sψ sϕ cθ

sϕ sψþ cϕ sθ cψ −sϕ cψþ cϕ sθ sψ cϕ cθ

3
75 ð11Þ

where prefixes s and c = for sine and cosine for the respec-
tive angle.

The velocity vector N ~V expressed in the inertial fixed frame N is
defined in terms of position B~r expressed in rotating body fix refer-
ence B, as

N ~V ¼ TN
B

B~̇r and its time derivative as N ~a ¼ ṪN
B

B~̇rþ TN
B

B~̈r

ð12Þ

The relation between the body angular velocities ωB (roll rate,
pitch rate, and yaw rate) and the vehicle attitude rate ΩN (rate in
bank, attitude, and heading) is described by Baruh (1999)8><

>:
ωx

ωy

ωz

9>=
>; ¼

2
64
1 0 −sθ
0 cϕ sϕ cθ

0 −sϕ cϕ cθ

3
75
8>><
>>:

ϕ̇

θ̇

ψ̇

9>>=
>>; ð13Þ

and the time rate of change of the transformation matrix ṪB
N is

ṪN
B ¼ TN

B ωB where ωB ¼
" 0 −ωz ωy

ωz 0 −ωx−ωy ωx 0

#
ð14Þ

where ωi = the three angular speeds components described in the
skew symmetric rotating matrix expressed on the body refer-
ence frame.

The problem of attitude determination involves determining the
transformation matrix that maps the information sensed on-board
with model transformation to the geographic frame magnetic and

Fig. 2. Track and vehicle roll angles
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gravity field components (Kuga and Carrara 2013). For the
body-referenced magnetic sensor to match the local geographic-
referenced magnetic field, and for the body-referenced accelerom-
eter sensor to match the local geographic-referenced acceleration,
then

N ~m ¼ TN
B
B ~m and N ~aG ¼ TN

B
B~aG ð15Þ

Assuming these two vectors are not parallel, a third orthogonal
vector can be produced by the cross product. The matrix formed
using these three vectors as columns (superscript T over the
vector = transposed vector) can be associated with

½ N ~mT N~aT ðN ~m ∧ N ~aÞT � ¼ TN
B ½ B ~mT B~aT ðB ~m ∧ B~aÞT �

ð16Þ

The matrix on the left-hand side is composed by known
geographic-referenced information. The matrix on the right-hand
side is composed of sensed information. Therefore, the unknown
DCM orthogonal matrix can be obtained from

TN
B ¼ ½ B ~mT B~aT ðB ~m ∧ B~aÞT �T ½ N ~mT N ~aT ðN ~m ∧ N ~aÞT �

and TB
N ¼ ðTN

B ÞT ð17Þ

A more-refined estimation for the DCM matrix to identify body
attitude is obtained using a Kalman filter technique (Marins et al.
2001). Typical integration accumulated drift errors, such as heading
vehicle attitude, are to be corrected with multiple cross-sensor
information. With the accelerometers and the magnetometer, a level
frame is to be determined. Based on this error difference, an ex-
tended Kalman filter algorithm corrects and stabilizes the rate-
gyros’ orientation calculations as shown in Fig. 3. Complementary
GPS data allows estimating the vehicle speed, alignment, and
curvature of the trajectory (Anderson and Bevly 2010).

The angular description can be in the Euler angles or Quaternion
form, depending on the need to solve the singular problems due to
angular quantification. With the accelerations, angular rate, and at-
titude angles, the vehicle’s guiding force is calculated with the aid
of a strapdown inertial recovery (SIR) algorithm that allows deter-
mination of the vehicle’s L=V safety index. Data were previously
filtered with a low-pass 15 Hz FIR filter.

Validation Process

The validation process of the proposed system was based on the
comparison of the safety index (SI) calculated with the SIR algo-
rithm, with measured bogie L=V wheel forces ratio acquired with
two IWS.

The L=V wheel force ratio was measured with two Swedish in-
strumented wheel sets (IWS) (Interfleet, Sweden) installed on the
leading bogie of the wagon. For compatible direct comparison with
SIR results, the bogie L=V values were calculated from the sum of
the lateral load of each wheel divided by the sum of the vertical
measured loads. Speed and position of the train along the track
were acquired with a GPS.

The track geometry and irregularities, measured with a special-
ized measuring car, are employed to complement the evaluation.
Track geometry has an indirect correlation with safety but contrib-
utes to it and is also used in the comparison process. The measuring
car (Plasser EM-100, Plasser & Theurer, Austria) was used to mea-
sure the variation of the track gauge, vertical and lateral rail align-
ments (left and right), and track section cant. Additionally, it
identifies track curvature and track twist.

Test Campaign

A special test train was prepared to travel along a selected track
section (Fig. 4). The train was formed with two locomotives
(one at each end), four iron-ore 120-t loaded wagons (Fig. 5),

Fig. 3. Block diagram

Fig. 4. Train formation (image by the author)

Fig. 5. 120-t iron ore wagon (image by the author)

© ASCE 04016053-5 J. Transp. Eng.

 J. Transp. Eng., 2016, 142(11): 04016053 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

R
ob

er
to

 B
ar

bo
sa

 o
n 

11
/0

1/
16

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



and two laboratory cars. The SIR system was installed underneath
the first wagon as can be observed in Fig. 6. The two IWS are in-
stalled in the leading bogie of this wagon. The selected 25-km track
section goes from 35 to 10 km (in the east sense) of the Carajas
railway located in the northern region of Brazil. There are some
curves and a bridge over a sea firth. This railway is 1.6-m gauge
with almost 900 km connecting the Carajas Mine to the Sao Luiz
port. The typical iron-ore wagon is a 120-t gondola GDT, with
0.1778 × 0.2794 m (7 × 11 in:) ride-control bogies.

Several tests were performed in this track section in the east-
bound direction (traveling from mine to port, which is typical
for the loaded wagon) at a constant speed and returning in the west-
bound direction at maximum authorized speed.

General Results

Several tests were conducted at controlled speeds (30, 50, 60, 70,
and 75 km=h) in the eastbound direction (mine to port). The test

at 75 km=h was selected for a closer analysis. The train speed
was expected to be constant but due to restrictions near a bridge,
the real speed varied around programmed values and its time
history is presented in Fig. 7. The track SI values determined in
function of kilometric position are presented in the upper graph
of Fig. 8. The lower graph in this figure shows the heading of
the wagon.

The track geometry of this section, as measured with the
EM-100 measuring car, is presented in Fig. 9. The upper graph
shows the track cant along the kilometric position and the lower
graph the track curvature. The wagon heading (lower graph in
Fig. 8) is compatible and synchronized with the track curvature
(lower graph in Fig. 9) measured with EM-100 car.

The L=V for the leading bogie, calculated from measured values
of the two wheelsets, is presented in Fig. 10.

Particularly three track subsections are analyzed in detail.
Results are presented as follow.

Fig. 6. Instrumented wheelsets and measuring system (image by the
author)

101520253035
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Train Speed (Section: km 35-10)
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Fig. 7. Train speed

Fig. 8. Safety index (35þ 000 until 10þ 000 km)

Fig. 9. Track-measured geometry (EM-100 measuring car)
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Subsection between 13.5 and 12 km

The subsection between kilometers 13þ 500 and 12þ 000

is a tangent segment of track as described by the wagon heading
presented in the lower graph of Fig. 11. A SI of at least 50%
is identified at 12þ 800 km, as shown in the upper graph of
Fig. 11.

The track geometry measurements detect a superelevation point
of 30 mm at 12þ 800 km, as shown in Fig. 12. In this region, the
measured track twist variation is approximately −25 mm (Fig. 13).
The leveling reaches −28 mm maximum, as shown in Fig. 14. The
track alignment deviation of �8 mm can also be verified. The
track gauge-widening reaches 10 mm, as shown in Fig. 13. There-
fore the poor track geometry is correspondently identified with the
SIR system. The safety in this track subsection is confirmed with
the L=V measured with the instrumented wheelsets of �0.06, as
shown in Fig. 15.

Fig. 11. Safety index and heading (13.5–12 km)
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Fig. 12. Track superelevation and curvature (13.5–12 km)
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Subsection between 15 and 14 km

The subsection between 15þ 000 and 14þ 000 km has been also
analyzed in detail. In this section, there is a curve with a 1,150 m
radius that starts at 14þ 900 km, considering the eastbound traffic.
It is observed that the SI had a value of at least 80% just after the
transition curve, as shown in Fig. 16.

Although the track geometry does not present any significant
variations (Figs. 17 and 18) in this region, the L=V measured
with instrumented wheelsets for the leading bogie shows a relevant
peak of 0.2, as shown in Fig. 19, confirming the correct SIR
identification.

Subsection from 31� 500 to 30� 500 km

The subsection between 31þ 500 and 30þ 500 km is a tangent
segment of the track. At 31þ 100 km, an SI of at least 80%
was identified, as shown in Fig. 20. A sudden change is noticed
in the superelevation value, to 23 mm at 31þ 080 km, as shown
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in Fig. 21. At this point, the track twist reached �23 mm (Fig. 22).
There is also a sudden change in the track alignment, shown in
Fig. 23. Therefore, the poor geometry is correspondently identified
using the SIR system. Safety at this point is confirmed with the
L=V measured with the instrumented wheelsets of 0.15, as shown
in Fig. 24.

Discussion

Obviously, the magnitudes of the results are related to the speed
of the train during the journey. The operating speed varied de-
pending on the driver style, train load, weather conditions, and
any speed restrictions existing on the track. However, at different
speeds, the magnitude of forced movements will change, altering
the magnitude of the identified L=V values but keeping the posi-
tion of the harmful location. Even the natural movements, induced
by periodic irregularities, change due to the suspension’s damping
factor, but the position remains. The process is deterministic and
depends on the initial conditions and speed. Therefore, system
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repeatability may be spread due to initial conditions and speed
variability.

Even a wagon with chronic lateral instability will correctly iden-
tify the undesirable type of track irregularity, according to its own
point of view. A spectral analysis can easily identify this wagon
feature due to its periodic characteristic behavior.

This method also takes into account the effects of nonstationary
train longitudinal coupler forces, albeit unnecessarily from the
point of view of track quality. This action does affect the wheel
load distribution and safety as a consequence, particularly in curves
where its projection affects the lateral acceleration and the angular
yaw body acceleration. Therefore, this jerk phenomenon is charac-
terized by the body angular accelerations accordingly recovered.

This quantification method complements other existing geomet-
ric tools. The possibility of evaluating similar vehicles across vari-
ous load conditions or distinct vehicle fleets is easily performed
simply by changing the installation of the measuring device.
The data measured can also be used to evaluate passenger comfort
using the vertical and lateral accelerometers’ signals in accordance
with the comfort standard [ISO 2631 (ISO 2001)] or even the ve-
hicle modal quantification. Differently from other systems that use
only statistical information from a few sensors, the system pre-
sented herein is MISO, which takes into account the vehicle’s com-
plete multisignal input and delivers a single output index directly
correlated to the track’s safety condition.

Conclusion

An inertial measuring system and a specialized data treatment
method to perform the railway track quality and safety quantifica-
tion as observed from the vehicle performance point of view is pre-
sented. Using a strapdown inertial recovery (SIR) method, the
system measures the vehicle’s dynamic movements and attitude
during its transit along an irregular track. The values measured
are used in an attitude heading reference system (AHRS) algorithm
with an extended Kalman filter to identify the full vehicle attitude,
including angular positions and accelerations. The vehicle system
equations for the inverse dynamic problem, augmented by suspen-
sion torsion equation, are solved to directly calculate the wheels’
driving forces. The safety L=V contact force ratio at low frequency
is identified. A safety index (SI), which is directly correlated with
vehicle safety, is determined based on the railway’s L=V safety
limits. Values obtained are used to qualify the most harmful track
locations.

A field test program was conducted in a special train traveling
at controlled speed. The system was installed on a loaded iron ore
wagon and the train ran on a selected track section at various
speeds. The track SI quantification was directly compared with
measures of the IWS. Results show good agreement between both
systems. Additionally, the results are also compared with the mea-
sured geometry of the local track and variations are confirmed with
the new system results. The GPS signal simultaneously captures the
train speed and the exact georeferenced location of the highest po-
tential hazard region for track maintenance purposes.

Due to its simplicity and low cost, the new system can be easily
installed in any vehicle and operate with any load condition and at
variable traveling speeds, without the traditional traffic disturbance.
The system can be applied to any specific vehicle fleet, traveling on
any track section, at the usual operational speed, and detect the
most harmful track location to complement geometric measuring
methods. The analyses can also be focused to compute different
priority criteria (passenger comfort, minimal dynamic vertical load
applied to the track, instantaneous safety indicator, etc.) according

to user interests. Better classification of the most harmful track
locations allows prioritizing the track intervention strategy. The
complementary combination of new and traditional monitoring
track-inspection techniques can help to better understand asset
behavior and produce effective investment efficiency in railway
track maintenance, and is thus a promising technique.
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