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Abstract: A flat carriage is a vehicle type without a body and a roof for transporting goods,
designed to meet the needs of heavy goods. Several conceptions are elaborated, with respect to
capacity of 57-ton recommended to 2x20 feet containers. The aim of the paper follows
determining the strength and durability of the flat carriage under operational loading at accordance
with the required criteria and using a fatigue limit diagram approach based on the Soderberg
method. This research was conducted with static and dynamic tests. The sections for 50 strain
gauges were indicated based on data from to the finite element method. The results showed that in
the case of vertical static loading, the maximum stress on the flat carriage structure occurred at full
vertical load (50,050 kg) in the end centre sill area, at single measuring location no. 24, with a
value of 59.8 MPa, and the results of the static test were still below the allowable stress of the
material at 243.8 MPa. Meanwhile, at the dynamic loading conditions, the greatest stress occurred
at single measuring location no. 24 with mean stress value of 59.7 MPa, stress amplitude was 17.8
MPa, and at single measuring location no. 23 with mean and stress amplitude values of 59.6 MPa
and 34.4 MPa, respectively. The results of the analysis showed that the mean stress value (Gmean)
and amplitude stress value (camp) Were still below the fatigue limit curve of the Soderberg diagram.
From the results of this research, it was concluded that the 57-ton flat carriage prototype
construction/structure, under static and dynamic loads, can be manufactured as many as operational

needed.

Keywords: prototype; flat carriage; stress; Soderberg diagram.

1. Introduction

Flat wagon has a strategic role in serving distribution
by coal transports in Indonesia, especially in the railway
lines of Java and Sumatra'™. The role of flat carriages in
the logistics of transporting coal, is to enable transport of
large quantities efficiently, cheaply, regularly, scheduled,
reliably and safely, with a low environmental impact®™.
Different types of flat carriage are developed according
to the type of goods to be transported. Studies related to
the research through mathematical modeling with
dynamic loading on a flat carriage transport structure to
transport military equipment such as a tank with a
combat load of 55 tons are prototyped®!Y,

One type of flat wagon that underwent a new
structural design on the lower frame was the flat carriage
for transporting coal in a 2x20 ft container, with a
maximum load capacity value of up to 57-ton'?. In its

operation, the coal-transporting flat carriage experiences
various static and dynamic loads on its structure, due to
the condition of the railroad that could be straight, turns
left or right, go uphill and downhill; and at the time of
stopping, when there is braking, experiencing
compression to the structure due to the series of carriages
from the front-rear. The impact of these operational
loading conditions could affect the structure/
construction of the carriage'>'®. The Indoneian
regulation of the Minister for Transportation number PM
17 of 2011 states that every carriage operated must have
the structural strength and durability in receiving
operational loading!”. The purpose of this study is
focused on determination of the structural strength and
durability of the 57-ton flat wagon prototype at
operational conditions, in accordance with the specified
acceptance criteria, and to use a fatigue limit diagram
approach to the relationship between the mean stress and
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stress amplitude based on the Soderberg method'*!":®),

2. Coal Transportation

Increasing energy consumption by industrial
developing countries, it becomes difficult to maintain
coal supplies. Therefore, it needs the development of
technology to utilize coal, improvement of
environmental and operational performance as well as
fuel diversification for coal-fired power plants'®2

The transportation of coal using the South Sumatra
57-ton flat carriage (Gerbong Datar or GD), is a form of
cooperation between PT Kereta Api Indonesia and PT
Bukit Asam Tbk, PT Semen Baturaja Tbk, PT Bara Alam
Utama, PT Bara Multi Sugih Sentosa and PT Gumay
Prima Energy, in meeting domestic needs and also
exports to several countries?®?>23. The process of coal
loading is carried out at Suka Cinta Station, Lahat
Regency, South Sumatra, then transported to Kertapati
Palembang Station, South Sumatra which has access to
the port (Figure 1).
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Fig. 1: Existing railway lines for transporting coal in South
Sumatra

3. Material and Methods

3.1 Material

The object of this study is a prototype of the 57-ton
flat wagon, which is used to transport coal in a 2x20 ft
container (Figure 2 and 3). This prototype or test object
was a product of PT. Industri Kereta Api (INKA),
Madiun?*?>). Here are the technical data of the 57-ton flat
wagon test piece?®?7:

a) maximum load capacity (carrying capacity): 57 tons

b) maximum empty weight: 15 tons

¢) design speed (maximum): 80 km/h,

d) operational speed: 75 km/h,

e) rail width: 1,067 mm

f) carriage base frame length: 12,495 mm
g) carriage width: 2,438 mm.
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Fig. 3: Technical drawing of 57-ton flat wagon

The main structural parts of the 57-ton flat wagon
observed in this study were the lower structures on the
center sill, side sill, cross beam and bolster that were
built with a welding system by using steel grades of SM
490 and SM 570 (JIS G3106) equivalent to A572 and
A913 Gr65 (ASTM); S355JR and S460M (EU). The
material specifications and chemecal compositions are
shown in Table 1 and 2 respectively.

Table 1. Mechanical properties?®
Material | Yield stress Ultimate Position
(MPa) tensile stress
(MPa)
SM490 325 490 Side sill
SM570 460 570 Center Sill
Table 2. Chemical compositions?
Symbol of SM490 SM570
Grade
C 0.22 % 0.18 %
Si 0.55% 0.55%
Mn 1.60 % 1.60 %
P 0.035 % 0.035 %
S 0.035 % 0.035 %
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3.2 Methods

The methods used in measuring the strength of the
57-ton GD structure were*3?;
a. Simulating finite element method of 57-ton GD
construction design / structure.
b. Static and dynamic tests to the 57-ton GD prototype
under coal operational load, with 2x20 ft containers.

3.3. Finite Element Simulation

Before the testing was conducted, the 57-ton GD test
object was simulated using finite element method to
determine critical areas of the bogie structure and, at the
same time, to determine the magnitude of the stress that
occurs in its structure. These stress estimation and
analysis were obtained using numerical simulations of
finite element methods. Simulation was carried out by
conditioning the test object as it was when in operating
conditions. The first step in simulating the finite element
method was to make the geometry uses plate elements.
From the existing geometry, the boundary condition was
determined according to the actual condition of the test
object when in operation. The dynamic factor was
calculated as its actual load multiplier according to the
standards used. Flat carriages used a dynamic factor
value of 1.3 according to EN 12663 of 2010'%243334),
Geometry modelling with finite element simulation
method was divided into 2 parts, i.e. the center sill
section, the most critical part of the flat carriage, and the
side sill with crossbeam sections as shown in Figure 4,5,
and 6. The forces on the flat carriage test object were
adjusted to the conditions, when the load is given due to
a 2x20 ft container through 8 contact points between the
container and flat carriage. The results of simulation can
be indentified that the highest stress is 143,5 Mpa located
at the bottom plate of the center sill. This value is less
than 345 MPa or allowable stress value of SMS570
material as seen in Figure 7 and 8. In the 2" area of
side sill and cross beam can be identified that the
maximum allowable stress value is 206.6 Mpa and less
than 243.7 Mpa as the value of SM490 material as seen
in Figure 9 and 10.

Fig. 4: Finite element model
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Fig. 8: Simulation results of sub case 1 57-ton flat wagon,
load by 2x20 ft ISO container, SM570 material
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Fig. 9: Simulation results of sub case 1 57-ton flat wagon,
load by 2x20 ft ISO container, SM490 material

To validate the stress values resulted from the
simulation finite element method, 50 strain gauges were
installed at various location in the critical point of the
test object in accordance with the FEM analysis i.e. in
the bottom plate center sill area and the side sill and
cross beam areas and measured during the dynamic
testing®?.

The single type strain gauge was used when the strain
gauge direction and the condition of the strain gauge
placement point were detected laterally or longitudinally,
and rosette type strain gauge was used when the strain
direction and placement position of the strain gauge
show more than one direction such as near the radius and

others.
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Fig. 10: Simulation results of sub case 1 57-ton GD, load by
2x20 ft ISO container, SM490 material

Figure 11 shows sketch of strain gauge location due to
FEM stress analysis on 57-ton GD, and Figure 12 shows
the example of the strain gauge installation on 57-ton flat
wagon test object.
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Fig. 11: Location of strain gauge on 57-ton GD
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Fig. 12: Strain gauge installation on 57-ton flat wagon

The experiment was carried out through static and
dynamic testing of 57-ton GD along with an operating
load of coal in a 2x20 ft container. The goal is to find out
the strength and durability of the carriage in receiving
operational loading according to the specified acceptance
criteria and use the fatigue limit diagram approach based
on the Soderberg method'33%.

The test object or 57-ton GD prototype with a serial
number GD 54 15 725 having 50 pieces of strain gauge
sensors mounted according to the result of finite element
analysis was tested by using static and dynamic loading.
The locations of strain gauge on the specimen are shown
in Figure 11 in the areas of center sill, side sill and
bolster.

The 57-ton GD test specimen was attahed to the
locomotive, other coal-carrying GDs and also passenger
cars along with the measuring equipment. Figure 13
shows one of passenger car equipped data acquisition
systems to measure strain values for static and dynamic
testing. The experiment was executed by using the 46
channel Deicy DR-600 system data acquisition.

Fig. 13: Test car and data acquisition system to measure
strain for static and dynamic testing.

3.4. Wagon Dynamic Test

Static load testing in this study was carried out when
the 57-ton GD prototype test object stopped at Suka
Cinta Station, Lahat Regency, with the following steps:

a) Dbefore loading the tested object

b) the condition of the test object with empty load of
container-1 20 ft.

c) the condition of the tested object with empty load
of container-2 20 ft.

d) the coal load is fed into container-1 and container-2
gradually up to the maximum load (20 backhoes),
where each container is filled 10 backhoes.

The strain is measured in each step and recorded as
strain data. Loading process to the 2x20 ft container
along with coal is shown in Figure 14.

Weighing the container and coal loads should be done
and the result can be described as the following data:
a) Container weight 1 = 3 tons, weight of coal on
container 1 = 22660 kg
b) Container weight 2 = 3 tons, weight of coal on
container 2 = 22050 kg
¢) The full load value for the 2x20 ft container was
50710 kg.

M -

Fig. 14: The loading process of container an oal.

The dynamic experiment was carried out by pulling
the 57-ton GD under full load condition, followed by the
series of other coal-carrying GDs and the locomotive
train as prime mover. This series of coal transporting GD
carriages runs through the coal transportation distribution
line of South Sumatra, starting from Suka Cinta Station,
Lahat Regency to Kertapati Palembang Station, South
Sumatra, see Figure 1. Measurements were made in
real-time when this series of coal carrier GDs was
moving (operating). The test results were in the form of
strain data recorded in real-time. Given the capacity of
the measuring instrument, measurements were not
carried out continuously along the travel route above, but
were carried out in several conditions**3%, i.e. when the
track in condition of straight railway, sharp right turn,
long left turn and straight turn railway

3.5. Acceptance Criteria

The acceptance criterion in the 57-ton GD static test
was that the strain value of GD structure should not
exceed 75% of the material's yield stress (< 75% yield
strength)¥.

Table 3. Criteria for acceptance of material 57-ton flat wagon

Material Allowable Allowable Strains
Stress [0.75*Yield [0.75*Yield Strains]
Stress]|
SM490 243,75 MPa 1177,5 p&
SM570 345 MPa 1666,7 p€

- 2033 -




EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 03, pp2029-2037, September 2023

4. Result and Discussion

4.1. Evaluation of Static Test Results

To evaluate its stress value, the measured strain was
converted to stress value. There were two types of strain
sensors used for measurements, namely the single type
and the rosette type with an angle of 45°/90°, see Figure
16339, The relationship between strain and stress for the
single strain sensor type can be expressed by Hooke's law
as formulated in the Equation. (1) as follows.

o=¢E (1
For the rosette strain gauge type with an angle of 45°/90°,
Equation. (2) and (3) can be used'?:

012 = 2[(25) 4 22 [ley )7 + (8r — 27| ()

1-v 1+v

E
1.4

012 =5 [(ete) 2076\ Gere H (et ?] ()

Meanwhile, the equivalent stress value was obtained
by calculation based on the Huber - Von Mises — Hencky
criterion, in which the criterion is still analyzed by a lot
of research groups**4?,

Oeq =+ O—12—’_0—22_010_2 4

=T

1

Fig. 15: Strain gauge sensor configuration for single (10 mm
x 6 mm), and rosette 45°/90°(Figure 12)*)

The static test results were in the form of strain
measurement data which were converted into stress
values by equation (1), (2) and (3), the strain and the
stress values were evaluated with the requirements
specified in its acceptance criteria. Table 3 indicates the
strain and the greatest stress value at the static loading
results, The largest strain was occurred at the full vertical
loading, at the location of the measuring point 10, 11, 12
(rosette) with the maximum strain result &, = -209.6 um
/m, &y = 61.2 pm /m, ¢ . = 344.0 pm/m. Using equation
(3) to obtain the main stress of 6, for the rosette strain is
61 = 63.9 MPa, and 6>= 24.1 MPa. Meanwhile, based on
equations (3) and (4), for the rosette strain gauge, an
equivalent stress value of 78.8 MPa was obtained.

For the use of equation (1), as an example for the test
result with load of 2 empty containers, the largest strain
was obtained in the single strain gauge type, i.e. a
maximum strain of 91.6 pm/m. Using equation (1),
stress value was obtained for a single strain gauge o
18.9 MPa.

[

4.2. Evaluation of Dinamic Test Results

The dynamic strength of the GD 57-ton structure was
determined based on the fatigue life of the material used.
To avoid failure, the stress due to cyclic loading should

not exceed the fatigue limit of the material. One
method of analyzing the fatigue of metal structures was
the fatigue limit diagrams approach. The fatigue limit
diagram is a diagram that illustrates the relationship
between the mean stress and the stress amplitude, both
parameters affect metal fatigue. The fatigue limit
diagram methods commonly used were Soderberg
(Equation 5), Goodman (Equation 6), Gerber (Equation
7), and Morrow (Equation 8) that are explored in the
curve in Figure 17%Y. The symbol are the limit of fatigue
strength (S.) on the ordinate axis of the alternating stress
amplitude (ca) to yield strength (Sy), ultimate strength
(Su), or fracture or fatigue strength (or), on the abscissa
axis of average stress (om).

Soderberg > S+t=1 ©)
Se Sy
Goodman = % + Z_m =1 (6)
2
Oq Om —
Gerber > S, + (3) =1 @
oa am
Morrow > Se TsF T 1 ®)
T Finite Life
09115(—;“4-\ Region

Stress Amplitude, g, /
{
'\l
I,

¥
Mean Stress, o,

Fig. 16: Fatigue limit diagram

The Sederberg method was the most conservative and
safest method to obtain the fatigue safety criteria,
according to the curve of the stress function in Figure 16.
This consideration was based on the 57-ton GD structure
materials i.e., SM 490 and SM 570 steels, where the
theoretical resistance/fatigue limit of the steel is 1/2 of
the ultimate tensile strength. The structure is said to be
safe from damages due to fatigue of Huber — Von Mises
— Hencky, if the combination of mean stress and stress
amplitude that occurs due to the loading, is below the
fatigue limit line. Meanwhile, if the stress that occurs is
above the fatigue limit line, the structure will be
damaged due to cyclic loading. From the strain
measurement results data, the maximum stress, minimum
stress, mean stress, and stress amplitude were determined.
The relationship between maximum stress (Omax),
minimum stress (omin), Mmean stress (Omean), and stress
amplitude (oamp) 1is expressed by the following
equation'>!®),

To obtain the stress values that will be used to perform
the fatigue analysis, equations 1,2 and 3 above were used.
The results of stress value calculation based on the strain
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data from the dynamic test, are shown in Table 4. The
table presents data on mean stress (Omean), and the stress
amplitude (gamp) in several railway condition, the straight
railway measurement is about 10 km and the number of
each left and right turn about 5 time consecutively. Table
5 is only a part of the data that contains measurement
data on some railway conditions, not all data is presented,
only the largest stress data.

Table 4. The maximum strain and stress values at static loading

tests
Maximum
Load | gtrain Su8r8 | G:GrG
conditions 5G _g1z | Gm
gauge ; () (MPa)
no Type (MPa) | (MPa)
Empty
load 104 22
(without 101’;1’ Rosette 84 17 ;g 30
container 02 19 ’
5)
Load 1
empty 29 Single 392 8.1 . 82
container
Load 2
eﬂlp‘t}’ I i - a
Sy 29 Single 916 190 192
5
Full -209.6 -43 4
e 10,11, 63.0
vertical 0 Rosette 612 127 i1 78.8
load 344 712 s

Table 5. Values of amplitude and mean level of stress

Strain Straight Sharp Long Stright turn
Gauge railway right turn left turn railway
nUmber | gy | Gomp | Gmean | Gman | Camp | Camp | Cumen | Gamp

MPa | MPa MPa MPa MPa MPa MPa MPa
7.8.9 66.6 22.5 72.5 223 87.2 29.2 103.3 21.6

10. 11,
12

84 21.9 79.1 67.5 20.0 234 67.5 29.0

16 434 41.0 53.6 50.7 375 312 50.7 375
24 46.3 76.7 552 59.2 58.7 60.0 59.2 58.7
25 73.0 342 73.5 74.6 274 30.5 74.6 274
26 62.0 78.5 55.3 53.4 59.7 61.4 53.4 59.7

Fatigue limit diagram of material SM 430 and SM 570 GD 57 tons
test piece on dynamic load tests under various railway conditions

300

Fatigue limit for 5M 430
20, —g— Fatigue limit for

—&— Fatigue limit for SM 570
@ Straight road result data
Sharp right turn result data

lﬂzu'-ll,pfl\ﬂPajl
-
s

& Long left turn result data
Stright turn road result data

0 100 200 200 400 500

O—mearrr'MPaj

Fig 17. Fatigue limit diagram of material SM 490 and SM
570 GD 57-ton test piece on dynamic load tests under various
railway conditions®44),

The evaluation data in the form of mean stress values
(Omean), and stress amplitude (Gamps), Were plotted against
the Soderberg method fatigue limit diagram for SM 490

and SM 570 materials, as shown in Figures 17. Figure
17 show data from railway conditions that depict and
represent the condition of the 57-ton GD railroad on the
island of Sumatra, especially the railway line from Suka
Cinta Lahat Station to Kertapati Palembang Station.

5. Conclusion

Based on the experiment results and discussion, it can
be summarized as follows:

1. Under the condition of 2x20 ft static load, all stress
values that occurred were below the allowable stress
or have met the requirements of the specified
acceptance criteria.

2. When the experiment was running on static loading
with the condition of full load (50710 kg), the highst
stress values are occurred and shown in table 4, at the
Rosette measuring point of 10, 11, 12 with 6eq = 78.8
MPa, in which this value is far below the material’s
allowable stress of 345 MPa.

3. From the Table 5 the highest mean stress (Gmean) iS
103.34 MPa, and the highest stress amplitude (Gamps)
is 78.49 MPa.

4. In the dynamic load tests (on the track test), all stress
values do not exceed the fatigue limit material.

The summary of experiment and discussion can be
summarized that the 57-ton GD prototype structure
fulfills the specified acceptance criteria. The additional
criteria include safe from damages due to fatigue failure,
the requirements of the Minister of Transportation of the
Republic of Indonesia No. PM 17 of 2011, and also
suitable to use for coal transportation purposes with a
planned maximum capacity of 57 tons.
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Nomenclature
o Stress (MPa),
& Strain (ue),
E Young’s modulus (MPa).
012 main stress with 61 and o2 (MPa) direction.
14 Poison's ratio
Eq Strain in the horizontal direction of 0°
Eb Strain in the 45° direction
& Strain in the vertical direction of 90°
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