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Abstract

Train is one of the most popular modes of land transportation. With the increasing number of train
enthusiasts in Indonesia, it must be supported by adequate facilities and quality. Therefore, it takes the value
of the Track Quality Index which consists of geometric parameters such as alignment, longitudinal level,
cross level, and track gauge. A review of the calculation of the TQI value can be used as a basis for repair
and maintenance of railroads. The study was carried out using several methodologies to obtain the geometric
quality values of the presented lines and compared them with each other, namely calculations using the
railway method in Indonesia (KAI) as well as European standards (EN). Then compared with the simulation,
the results show that the KAI TQI standard is less comprehensive, so it needs to be equipped with an
assessment based on the maximum deviation of each rail geometry parameter. This research is expected to
be an input in the calculation of comprehensive rail quality standards in Indonesia.

1 Introduction

The train is one of the most popular modes of land transportation and is quite popular with all levels of
society. Generally, a train consists of a locomotive (vehicle with self-propelled power) and several series of
trains or carriages that move on rails. As a means of mass transportation, trains are very efficient for a high
number of passengers. In addition, the comfort and safety of passengers are important factors that must be
considered in maintaining the quality of the train. With the increasing number of train enthusiasts in
Indonesia, it should be supported by adequate facilities, improving the quality of good trains is of course
one of the efforts that can be done.

Maintaining the quality of the train, it can be done by paying attention to two factors, namely the suspension
of the train and the train tracks used. Railroad serves as a footing for rolling train wheels. In maintaining the
quality of the track, it is necessary to have a requirement on the railroad that must be met from several
parameters to create an ideal condition for the railroad. Several parameters affect the calculation of the
quality of the railroad, including alignment, longitudinal level, cross level, and track gauge. In this case, the
indicator is obtained from the assessment of the quality of the track based on the sum of the standard
deviations of the four parameters. Thus, the result of the overall segment quality is called the Track Quality
Index (TQI).

Track Quality Index (TQI) is a statistical summary of the track geometry parameters measured over a
defined track length and effectively summarizes a large number of measurements of each parameter for a
given track segment. The use of TQI provides the possibility to be able to assess the performance indicators
of a railway line. In addition, TQI can also summarize and display the condition of most railroad tracks
which can be used to monitor track quality degradation. Therefore, it is necessary to review the calculation
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of the TQI value to predict standard recommendations that can be used as a basis for repair and maintenance
to maintain the quality of railway tracks.

Technological advances are very influential on the development of maintenance in the field of
transportation, especially trains. Assistive applications, of course, have sprung up to make work easier.
Bryansk State Technical University initiated a software system in the form of modeling the dynamics of
railroad vehicles by representing the vehicle with a rigid and/or elastic object system (multi-body system,
MBS).

The development of railway technology in Indonesia will continue to increase along with the development
of the railway industry in the world. This is interesting to study as a recommendation to railway stakeholders
in Indonesia to be able to compete by improving the quality of rail tracks. Currently, Indonesia uses the
calculation standard by PT Kereta Api Indonesia (Persero). With the development of the times, further
research and studies are needed on the application of TQI in Indonesia. Evaluation of rail quality is
calculated using two methods, namely the Indonesian TQI standard used by PT. Kereta Api Indonesia
(Persero) and the European Standards (EN 13848). The European Standards (EN) was created and used by
most European countries which considers the geometric aspect as the main criterion. From the TQI
calculation with the two methods above, the track quality criteria and speed recommendations will be
compared with the vehicle respons from the multi-body dynamic simulation. With the data obtained, the
correlation between the results of the TQI method and the results of the simulation obtained will be
compared. Comparative analysis using quantitative & descriptive methods. This research is expected to
determine the appropriate standard for calculating the quality of the track and can reduce the problem of
decreasing the quality of the rail road.

2 Research methods

2.1 Parameter analysis

The analysis of the train measurement data refers to the measurements made by PT. Kereta Api Indonesia
(Persero). The measuring train used by PT. Kereta Api Indonesia is the EM-120 type. The data obtained is
in the form of raw data which will then be sorted based on the parameters needed for the calculation of the
track quality index. In the TQI calculation, it takes five parameters for measuring the geometry of the rail
road that must be reviewed, namely alignment, longitudinal level, cross level, track gauge, and twist. From
some of the data taken by the measuring train, the five parameters of the railroad will be taken for
calculations.

2.2 TQI calculation based on Indonesian method

The calculation of the railroad quality index refers to the standard guidelines of PT. Kereta Api Indonesia
The value of the track quality index is obtained by adding up 4 (four) parameters from the geometry of the
railroad, namely alignment, longitudinal level, cross level, and track gauge. The track quality index has no
units, it has a unit sum with different vectors. Measurement data collection is carried out continuously along
200 m segment. for alignment, longitudinal level, and cross level segment represents a length of 40 meters.
In addition, for the width of the track, one segment represents a length of 20 meters. From each segment,
the standard deviation is added up or calculated. The calculation segmentation is shown in the following
figure:
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Track Quality Index by kilometer (200 m' an)

Figure 1: Segmentation of the calculation of the value of the Track Quality Index every 200 m

The calculation of the track quality index in this method uses the standard deviation of each parameter, with
the following calculation formula:

Xl‘Z_X_iZ

SD = n (1)

n-1

An explanation of the notation is as follows:
SD = Standard deviation value

Xi = Current value of data

n = Number of values in the data

The value of the track quality index is obtained by using the summation formula of the standard deviation
value of each rail geometry parameter. (Widyastuti, 2019)

TQI = SD1 + SD2 + SD3 + SD4 )

Where SD1,2,3,4 are the standard deviation values of the four geometric parameters, namely alignment,
longitudinal level, cross level, and track gauge.

Determination of train speed limits on railroads refers to standard guidelines from PT. Kereta Api Indonesia
(Persero). In determining the value of the track quality index of railroads there is a grouping of conditions,
which are divided into four categories, namely:

« TQI<20

« 20<TQI<35
« 35<TQI50

« TQI>50

Based on the TQI value categorization above, PT. Kereta Api Indonesia determines the limits or
recommendations for train speed based on the quality of the track. The data on Speed limits are listed in the
following table.

Table 1: Standard Track Quality Index (TQI) values

No TQl Range Velocity (km/h) Categories
1 <20 100-120 Very Good
2 20-35 80-100 Good
3 35-50 60-80 Sufficient
4 >50 <60 Bad

Source: (PT. Kereta Api Indonesia (Persero), 2012)
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2.3 TQI calculation based on European standard (EN)

The calculation of the quality of the rail geometry in certain segments has also been evaluated by European
Standards. In calculating the quality of railroads, three parameters of track geometry are required to be
considered, namely the longitudinal level, alignment, and gauge. Longitudinal level and Alignment
measurements were carried out based on the standard deviation of the irregularities on the 200 m long
segment, while the irregularity on the Gauge was measured based on the average value of the 100 m long
segment. In addition, the specification of geometric irregularities with a wavelength domain in the range of
3 m < 25 m is another parameter that needs to be taken into account in the standard deviation.

The European standards have a way of assessing the quality of railroads, namely by calculating isolated
defects. Isolated defects are the difference between the average value and the peak value or referred to as
the mean to peak value. But in practice, the average value is close to zero. The following is an illustration
of calculating the zero value to the peak value.
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Figure 2 Graph of Zero to Peak. Value

In determining the speed limit, several categorizations between each parameter are needed. European
standards specify several speed categorizations based on the quality of the rails taken into account. The
assessment is carried out separately for each parameter, namely alignment, longitudinal level, twist, and
track gauge every 3 meters. The assessment of the parameters of force and light between the right and left
rails is carried out separately. The results of the assessment will be grouped according to the following three
levels:

1. Alert Limit (AL): If the limit value of the AL level is exceeded, the railroad needs to be analyzed
and considered to be scheduled into regular track maintenance operations.

2. Intervention Limit (AL): If the limit value of the AL level is exceeded, it is necessary to take
corrective measures to prevent the railroad from entering a more severe or worse level.

3. Immediate Action Limit (IAL): If the limit value of the IAL level is exceeded, it is necessary to take
action to reduce the risk of the train leaving the rail line. the actions taken can be in the form of
closing the lane, reducing the speed of operation on the lane, or making the geometry correction of
the railroad as quickly as possible.

Tables of grouping limits based on treatment were divided on each parameter. In the Force geometry
parameters, light and twist have absolute values, while the gauge width parameters have minimum and
maximum limits. Some of the limitations of the railroad geometry parameters from the European standards
are as follows:
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Table 2: Longitudinal Level - AL and IL Isolated Defect — Zero To Peak

Zero to peak value [mm]

Zero to peak value [mm]

Zero to peak value [mm]

Speed (in AL IL IAL

km/h) Wavelength range Wavelength range Wavelength range
D1 D2 D1 D2 D1 D2

V <80 1210 18 N/A 17t0 21 N/A 28 N/A
80<V<120 10to 16 N/A 13to 19 N/A 26 N/A
120<V <160 8to15 N/A 10to 17 N/A 23 N/A
160 <V <230 7to12 12t0 16 9to 14 1410 20 20 24
230 <V <300 61010 8to12 8to 12 10to 14 16 18
300 <V <360 6to8 81010 71010 81012 14 16

Source: (European Stadard, 2017)

Table 3: Alignment - AL and IL Isolated Defect — Zero To Peak

Zero to peak value [mm]

AL
Wavelength range

Speed (in km/h)

Zero to peak value [mm]

IL

Wavelength range

Zero to peak value [mm]

IAL

Wavelength range

D1 D2 D1 D2 D1 D2

V<280 12t0 15 N/A 15to0 17 N/A 22 N/A

80<V<I120 8to 1l N/A 11t0 13 N/A 17 N/A

120 <V <160 6t09 N/A 81010 N/A 14 N/A
160 <V <230 5to8 10to 14 7t09 12t0 16 12 18
230 <V <300 4t07 81010 6to8 10to 12 10 14
300 <V <360 3to6 6to8 5to7 81010 8 12

Source: (European Stadard, 2017)

Table 4: Twist - Al And Il — Isolated Defect — Zero To Peak

Zero to peak value

Zero to peak value

Zero to peak value

Speed (in km/h) [mm] [mm] [mm]

AL IL IAL
V<80 4 5 7
80<V<120 4 5 7
120 <V <160 4 5 7
160 < V <230 4 5 -
230 <V <300 3 4 5
300 <V <360 3 4 5

Source: (European Stadard, 2017)



RAILWAY DYNAMICS AND GROUND VIBRATIONS 3346

Table 5: Track Gauge - AL and IL - Isolated Defect — Nominal Track Gauge TO PEAK Value

Nominal track gauge to Nominal track gauge to Nominal track gauge to
peak value peak value peak value
Speed (in mm mm mm
km/h) [mm] [mm] [mm]
AL IL 1AL
Min Max Min Max Min Max
V<380 -7 25 -9 30 -11 35
80<V<I120 =7 25 -9 30 -11 35
120 <V <160 -6 25 -8 30 -10 35
160 <V <230 -4 20 -5 23 -7 28
230 <V <300 -3 20 -4 23 -5 28
300 <V <360 -3 20 -4 23 -5 28

Source: (European Stadard, 2017)

2.4 Universal mechanism train simulation

Modeling on the software is a train carriage operating in Indonesia. The specifications and dimensions of
the simulated train using data obtained from PT. Industri Kereta Api (Persero). The bogie modeling of the
train is following the original train made by PT. Industri Kereta Api (Persero). Here are some pictures of
the train modeling on multibody dynamic software, namely Universal Mechanism.

Source : (Universal Mechanism, 2020)
Figure 3: Model of Bogie and Locomotive
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Source: (Nugraha, 2017)

Figure 4: Modeling of Multiple Objects Trains

Dynamic testing is carried out to analyze 2 aspects, hamely driving safety and the load on the railroad.
Dynamic testing is carried out at several speeds following the provisions of the Universal Mechanism
standard. Dynamic test simulations were also carried out on 15 straight rail segments with a track length per
segment of 1 km. Each rail segment will have a different KAl and EN standards TQI value.

2.4.1 Driving safety

Driving safety is obtained from the large value of the lateral force on the railroad wheel device. The
simulation variable taken is the sum of the lateral forces of the right wheel which is added to the left wheel
to obtain the lateral force of each wheelset. All simulation results analyzed are the lateral forces of the
wheels on each bogie. The simulation results are compared to the driving safety limit.

The driving safety limit is obtained from the calculation of the weight of the lateral load given by the train
wheels to the rail with the following formula:

Driving Safety Limit = K2 x (10 kN + %) 3

2.4.2 Track loading

Assessment of the load on the railroad can be done by using the maximum vertical force that occurs on the
wheels. The variable taken from the simulation is the vertical force on each wheel. In the vertical style, the
trained model has 8 wheels on each set. The results of the simulation of the vertical force obtained are
compared with the maximum and minimum limits of the vertical force.

The driving safety limit is obtained from the calculation of the weight of the lateral load given by the train
wheels to the rail with the following formula:

Wtrain x SF
number of train wheels

Track Loading Limit = 90.000 +

(4)

Comparative analysis of the calculation of the track quality index was carried out between the calculation
method of railways in Indonesia and the European Standards method. Comparative analysis is carried out
by correlating the speed limits obtained from the calculation of the limits of the multibody dynamic
simulation results. Theoretical comparisons are made in the form of tables and graphs in the discussion
subsection.
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3 Results and analysis discussion

3.1 TQI calculation results based on Indonesian method

In the Indonesian calculation, the first step is to calculate the standard deviation of each parameter based on
data obtained by the Directorate General of Railways in the form of data distribution every 0.25 m. Standard
deviation is a statistical value that is used to determine the distribution of data in a sample. Then do the
manual calculations as in the following table.

Table 6: Example of Manual Calculation of Standard Deviation

KM M/4 XLEVEL Total Xi Xi?
41 0 -8,96 -8,96 80,28
41 1 -7,35 -7,35 54,02
41 798 -6,85 -6,85 46,92
41 799 -7,44 -7,44 55,35
41 800 -8,06 -8,06 64,96
Total -4905,09 37234,68
Total Xi? 24059907,91
inz_@
SD = |F——= )
37234,6825_24059907,91
sp= | - ©
800—1
SD Longitudinal Level = 2,999 @)

From the calculation above, the track quality index value on the elevation parameter in DAOP VIII 41 +
200 is 13.5. in the same way, it is also obtained that the SD Alignment = 3.787752, SD Cross Level =
3.757491, SD Track Gauge = 2.837692. From all these results added up, the TQI value is obtained at KM
41-000 — 41+200. The results of the track quality index value per 200 m' are as follows:

TQl  =SD Alignment + SD Cross Level + SD Track Gauge + SD Longitudinal Level (8)
=3.787 + 3.757 + 2.837 + 2.999 9
= 13,382 (10)



RAILWAY DYNAMICS AND GROUND VIBRATIONS 3349

3.2 TQI calculation results based on European standard

In calculating the value of the rail quality index using the European method, it is based on geometric
conditions. Several parameters that affect TQI European speed limits include longitudinal level, alignment,
track gauge, and twist. The first step to determining the TQI speed limit with European standards is by
measuring Zero to Peak or calculating from zero to the peak value of a parameter with a percentile of 99.85%
and 0.15%. The railroad quality index is based on its geometric conditions. This index is obtained by looking
at the peak values of the four measurement parameters. In the calculation of the zero to peak value using
99.85% to process and avoid errors in the data. So we will take the percentage of 99.85% for the top peak
and 0.15% for the bottom peak.

Table 7: Example of Track Quality Index Calculation Results with European Standards Method

EUROPEAN STANDARDS
Longitudinal Level Alignment
o | S S | T
Left | Right Left Right g
Lwg - I 41+000 -
Mlg 41+200
Lwg - 1 41+200 -
Milg 41+400
Lwg - i 41+400 -
Mlg 41+600
Lwg - v 41+600 -
Mlg 41+800
Lwyg - v 41+800 -
Milg 42+000

3.3 Train simulation using universal mechanism

A train dynamic simulation was carried out to assess the feasibility of driving a train based on standards on
15 straight rail segments with 4 test speeds for each segment. The feasibility of train driving is obtained
from the value of the dynamic response of the train to railroads with various irregularities. The dynamic
response of the train is divided into 2 aspects, namely driving safety and the load on the railroad. Driving
safety is judged by the large lateral force of each wheelset. The load on the railroad is assessed from the
amount of vertical force on each wheel. Dynamic simulation testing will be carried out using Universal
Mechanism software.

1) Driving Safety Test Results

The driving safety limit is obtained from the calculation of the weight of the lateral load given by the
train wheels to the rail with the following formula:

Pfo

Driving Safety Limit = K2 x (10 kN + T) (11)
Driving Safety Limit = 0,75 x (10 kN + W) (12)

Driving Safety Limit = 25.671 N (13)
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The train driving safety limit is 25,671 N with absolute value. If in the simulation there is a force that
exceeds the limit then the train is not safe. The maximum limit of lateral force is used to prevent damage
to the structure of the railroad and as a safety limit from the occurrence of train accidents, such as trains
going off the rails. The results of the vertical force simulation obtained can be seen in Figure 7
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Figure 5: Test Results on Lateral Loads on Segment 2 DAOP VIII

2) Load Test Results on Track

The driving safety limit is obtained from the calculation of the weight of the lateral load given by
the train wheels to the rail with the following formula:

Wtrain x SF

Track Load Limit = 90.000 + mumber of trainwheels (14)
Track Load Limit = 90.000 + 22202281207 (15)
Track Load Limit = 94.273 N (16)

The safety limit for train driving is 94,273 N with absolute value. If in the simulation there is a force
that exceeds the limit then the train is not safe. The maximum limit of the vertical force used to
prevent damage to the rail structure. Meanwhile, the minimum vertical force limit is used as a safety
limit for train accidents. The results of the vertical force simulation obtained can be seen in Figure
8.
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Figure 6: Test Results on Vertical Loads on Segment 2 DAOP VIII
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3.4 Comparison of the results of the three TQI calculation methods

Comparison numbering is done as a whole and several points. The results of the comparison of TQI
calculations and speed limits based on the assessment of Indonesian Standards, European Standards, and
Universal Mechanism Simulation can be seen in Table 8 as follows.

Lateral Force (N)

Figure 7: Test Results on Lateral Loads on Segment 2 DAOP VIlI

The simulation results of the lateral force at the DAOP VIII test point (Lawang - Malang) in segment 2
along the 1000 Meters have passed the safety limit at a test speed of 80 km/hour. It can be seen from Figure
9 that the simulation results of the lateral force have a large value and have exceeded the safety limit which
is 37,972 N in the range of 1800 meters to 1900 meters. This is because in this range there is a fairly large
irregularity. Therefore, the simulation results of the train model state that the operating speed of the train is
recommended below 80 km/hour. This segment has a TQI value of 22.72 (Cat. Good) on the Indonesian
Standards and AL on the European Standards.
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Figure 8: Test Results on Vertical Load Segment 2 DAOP VIII

Figure 10 shows the simulation results in segment 2 of DAOP V111 with a test speed of 60 km/hour, there is
a vertical force that has passed the minimum vertical force in the range of 100 m to 800 m at a test speed of
60 km/hour. From these results, some things are not reasonable, namely the simulation results of a large
vertical force that exceeds 94,273 N. This is because in that range there is a fairly large track irregularity.
Therefore, the simulation results of the train model state that the recommended train operating speed is
below 60 km/hour in segment 2 which has a TQI value of 14,556 (Cat. Very Good) on the Indonesian
Standards and 1AL on the European Standards so that the train can operate safely.

From several comparisons of TQI calculation data, the following is an example of comparison data for all
speed limit calculations from several railroad segments that have been tested.
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Table 8: Comparison of Speed Limits on Railroad DAOP VIII (Lawang - Malang)

Trip Segm KM TQl Indonesia European Un?versaI.Mechanism
ent (km/h) Standards (km/h) Simulation (km/h)

LI\\,IIVIgg- | 3399?20000' 100 - 120 80 80

L“";’Igg' I 3399+f40000' 80 - 100 80 80

Ll\‘gl’.fg' IV 455+580000' 80 - 100 80 80

LI\\,/IVIgg_ v 4;300000' 80 - 100 80 80

The results of the comparison of calculations in the table are followed by visualization in the form of graphs
to facilitate comparison. The following is a graph of the results of the comparison of the three methods of

calculating the track quality index.
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4 Conclusions and suggestions

4.1 Conclusion

The conclusions that the author can draw after completing this undergraduate assignment are as follows:

1. Calculation of the quality of railroads based on Indonesian standards has been carried out. Based on
the TQI value on the railway line, namely DAOP VIII (Lawang - Malang) it shows that the railroad
is dominated by the "Very Good" category followed by the "Good" category, and one segment with
the "Medium" category for the rail range. so that the train speed limit is between 80 - 120 km/hour.

2. The calculation of the quality of the railroad based on the European Standards (EN) has been carried
out. The results of calculations on the DAOP V111 railway line show that the railroad is dominated
by the “IAL” category and followed by the “IL” and “AL” categories for the rail range with the
recommended train operating speed of <80 km/hour.

3. Evaluation of the dynamic response of trains on 5 rail segments and 4 test speeds for each TQI value
has been carried out by dynamic simulation in Universal Mechanism software using running safety
and track loading tests. The train model used is a passenger train model operating in Indonesia. The
dynamic simulation test followed the Universal Mechanism guide and obtained the recommended
operating speed between 60-80 km/hour in the three segments.

4. A comparison of the assessment of the quality of the standard rail of Indonesian railways against
the European Standards using a simulation has been carried out. The results of the calculation of the
Indonesian standards are better than the results of EN and simulations. The results of this
comparison show that Indonesian railway standards are less comprehensive when used to assess the
quality of railroads, compared to the European Standards. Therefore, using only the TQI value of
Indonesian railway standards is not sufficient in assessing the quality of railroads and the maximum
deviation of each parameter of the geometry of railroads in Indonesia. The results of the comparison
with the simulation show that the recommended train operating speed is in the range of 60 km/hour
— 80 km/hour.

4.2 Suggestions

Based on the undergraduate research that has been done, the authors find several suggestions that can be
made for further research, namely:

1. Studies on the calculation of rail quality standards in developed countries such as Europe need to
be reviewed on railroads in Indonesia so that they can be used more precisely as an evaluation of
KAI standards in assessing the quality of railroads.

2. Dynamic simulations on the Universal Mechanism software are expected to be used in the
calculation components of rail quality standards in Indonesia by using a passenger train model that
has been operating.

3. The requirements for the maximum deviation from the measurement results of the railroad in the
dynamic simulation or the maximum limit for the irregularity of the railroad need to be evaluated
further to determine the acceptable standard for the maximum train operating speed along the rail
segment.
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