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THE IMPACT OF THE INTERMODAL TERMINAL OPERATION
STRATEGY ON CONTAINER TRAIN LOADING DURATION

Summary. The aim of the article was to study the impact of various real-life factors
determining the container train loading process duration. Various strategies of the crane
operation were considered. Among the factors influencing the train loading duration,
railcar hitching pin configuration, container weight, railcar capacity, and arrangement of
containers in the storage yard were considered. The FlexSim simulation model of the
container terminal was developed, covering the storage yard and the railway track. The
analysis shows that the number of containers collected directly from the storage yard has
the greatest impact on the train loading duration.

1. INTRODUCTION

Current market trends in the transport-shipping-logistics industry have increased the share in
intermodal transport [29]. From 2013 to 2022, the number of intermodal units operated by Polish
National Railways PKP systematically increased from 1 123 000 to 2 836 000 twenty-foot equivalent
units (TEU) [32]. The values are presented in TEU, as this is one of the basic measurement units in
intermodal transport.

The additional growth occurring after 2019 may be justified by the COVID-19 pandemic [29-34].
During the pandemic, it became important to minimize human contact with loads and to simplify the
transport process. The fulfillment of these postulates is met by intermodal transport. Thanks to
cooperation in the intermodal transport of rail, sea, and road transport, it is possible to achieve many
benefits (e.g., time, cost) [7, 33]. The aspect of the impact of intermodal transport on the natural
environment is also important; by reducing the share of road transport or by limiting additional cargo
operations, this type of transport puts less pressure on the environment [33].

It should also be noted that the combination of the three mentioned modes of transport allows loads
to be moved between any points. Sea transport is used on the longest section of the route. Subsequent
long and medium sections of the route (150—500 km on average) are covered using rail transport. Rail
transport also offers a favorable price-to-handled cargo ratio. However, it is often impossible to provide
rail transport directly to the destination. Road transport is used in the final sections. Most often, the loads
are deconsolidated into smaller units at the end of the last stage [3].

Transport between points is carried out using linear infrastructure (e.g., roads). In intermodal
transport, however, point infrastructure is also a key to the efficient implementation of the process. Two
characteristic types of transshipment terminals can be distinguished: sea intermodal terminals and inland
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intermodal terminals. Regardless of the type, the point must be equipped with appropriate infrastructure
and superstructure. The basic task assigned to the terminal is to handle the transshipment of goods from
one mode of transport to another. Terminals should also enable the storage of intermodal load units and
their comprehensive service [24]. In this study, attention has been focused on inland terminals.

One characteristic of intermodal transport is the use of a standardized intermodal transport unit (ITU).
Mainly used ITUs are containers of different types. Also, vehicle swap bodies, vehicle semi-trailers,
railcars, or entire vehicles can be considered as ITUs. For the purposes of this study, units were divided
according to their size and share in transport. This is one of the important elements determining the
implementation of the loading process. The standard division of containers, considering their
dimensions, includes containers of the following lengths: 10, 20, 30, and 40 ft [22]. It is customary to
assume that the basic container (also used as a “converter” for the volume of intermodal transport) is a
20-ft container marked as TEU. Other containers are often taken as a multiple of TEU.

The main task of intermodal terminals is to perform reloading between transport modes. It should be
implemented efficiently. The correct planning of such a process is a big challenge. Many factors, such
as the time of arrival of the vehicle for service and the labor intensity of the task, should be considered.
Of course, the arrival of the means of transport of various modes should be properly synchronized and
planned. The process of loading and unloading ITUs onto an intermodal train generates significant labor
[18].

The essence of the process is the movement of containers from the storage field to the railcars. Often,
a storage field with containers arranged in a row is located along the track lane. When the train is ready
for loading, the containers are moved using reloading equipment. The most popular of them used in this
type of operation are gantry cranes. The last phase of container handling is fixing ITUs on the railcars.
This is possible using container and railcar hitches. To ensure efficient implementation of the train
loading process, factors such as delivery and shipment schedule, availability of loading equipment, list
of the ITUs to be shipped, and set of train and unit parameters should be considered [4, 6, 14, 18]. The
above-mentioned factors are the basis for taking up the issue of loading an intermodal train and the
impact of selected factors on its duration (process time) in this study. Optimization of the loading process
in the relevant aspects allows labor intensity, costs, and time to be reduced.

This study focuses on the impact of the intermodal train loading strategy on the duration of the
process. Chapter 2 presents the literature review. Chapter 3 describes the methodology. Chapter 4
presents the mathematical and computer model. The results of a series of simulations are included in
Chapter 5. The study ends with conclusions and a summary (Chapter 6).

2. LITERATURE REVIEW

Before proceeding to the practical part, a literature review was made to identify the current state of
knowledge in the field of study’s interest. It is crucial to identify the methods that are used to analyze
selected processes taking place in intermodal terminals. Knowing the characteristics of the operation of
intermodal terminals makes it possible to also indicate the areas of their operation that have been
analyzed enough so far. Special attention was focused on intermodal inland terminals, the intermodal
train service process, and the parameters having a real impact on the discussed process.

An interesting, general perspective on issues related to intermodal transport is provided by various
types of reports. They are created both for the needs of given countries [38] or to cover a wider territory
[29]. Although they do not present the details of the implementation of selected processes or details
needed for their modeling, they help determine the development trends on the market (lists of
transshipment volumes) as well as elements, such as types of cargo in transport and their market share,
means of transport used, transport relations. In addition to reports, there are review publications in which
the authors refer to the processes taking place within intermodal transport. The relationships between
individual transport participants have been described by Crainic, Perboli, and Rosano [6].

One of the publications that had a significant impact on this study is the article of Bruns and Knust
[4]. Their study contains a careful review of the literature. However, the description of the issue of
loading an intermodal train remains crucial. Even though the authors used a different approach than a
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simulation model, the description of the process itself and the identified factors conditioning its
implementation reveals a holistic view of the problem. They also addressed the topic of optimizing the
loading process and considered elements such as the size of the container and the spacing of its assembly
mounting points on the containers and on the railcars. The authors of publications related to the
simulation of the operation of intermodal vehicles usually distinguish a group of factors influencing the
process. These factors are further considered during modeling. Particularly valuable are those works in
which a possibly holistic approach was applied. In this case, the main factors were restrictions on the
weight of the train and the weight of the railcar. The process was also conditioned by factors such as
[4]:

— the number and types of railcars to be handled (hitch pins, weight distribution, axle load, etc.),

— the number and types of containers (size, layout of anchor points, weight, center of gravity).

A more recent study by Heggen, Breakers, and Caris [8] was based on similar factors. The aim of
the study was to maximize the usage of the loading space of the available railcars while respecting the
given restrictions. The authors used a different approach for several aspects of train service compared
to [4].

In real working conditions, it is often necessary to act with uncertainty or information deficit. The
analyzed process is no exception. In fact, the terminal manager does not always have complete
information on what railcars will arrive at the terminal and what loads will need to be placed on them.
This affects the possibility of preparing the containers for loading at that time. This factor has been
considered in this publication by authors. Operation under conditions of uncertainty was also described
by Jacyna and Semenov [11] as well as Staniuk et al. [26].

The issue of optimizing the loading of containers in the inland intermodal terminal was also taken
up by Wang and Zhu [34]. The main analyzed problem was the operation of a gantry crane. The authors
also considered the issue of placing containers on the storage field. Crane movements were divided into
those with loads and without loads. It was assumed that several cranes could operate in the terminal, and
each would have a separate and permanent work area. Contrary to the described publication, they
referred to the operation of one crane [14]. Thus, many authors, despite addressing a similar issue, used
a different approach.

Available publications have also analyzed container storage strategies [10]. The information
contained in the work of Jachimowski et al. on the method and limitations of placing containers in the
storage field is very important. Limitations and requirements related to the size of containers or the
means of handling used will have a large impact on the implementation of processes. It is also worth
noting that the aspects of ecology are increasingly taken into account (e.g., in terms of reducing
greenhouse gas emissions), as evidenced by the aforementioned publication. The method of loading
containers also affects the safety of transport.

A broader look at the functioning of the intermodal terminal facility is also provided by review
publications [18, 21]. Their analysis not only provides the characteristics of the work (technologies used,
market trends, current state) but also distinguishes the processes taking place in the terminals, along
with their purpose, place, method of organization, and necessary elements. An example of such an
approach is seen in the work of Ambrosino, Asta, and Crainic [1], who focused on highlighting
optimization areas in intermodal terminals.

At the same time, it is worth noting that the facility in question is a reloading terminal. Due to its
characteristics and the number of operations occurring within it, the authors discuss several related
topics. These include the selection of internal transport means [13], monitoring the operation of road
vehicles [5], and choosing the location of the terminal [ 19]. The last of these issues, choosing the location
of logistics facilities, is a popular topic. When addressing this problem, a multi-criteria assessment
method is often used. In addition to the location of the terminals, many authors are also interested in the
facility’s internal structure. This topic, in relation to intermodal terminals, was explored by Tadic¢, Krsti¢,
and Zacewic [27]. A similar topic was investigated by Tadi¢ et al. [36].

The authors of this study have already addressed the topic of loading an intermodal train set in the
past [18]. The publication also uses a mathematical and simulation model. The problem of loading
railcars with the use of containers prepared along the railway tracks for loading was described. Chosen
restrictions related to the size of containers and railcars have been considered. The purpose of the
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constructed model was to minimize the distance traveled by the crane during loading. Reference was
also made to the issue of reconfiguration of the mounting pins on railcars. A more general reference was
made to the manner of operating an intermodal train in the work of Nehring and Jachimowski [17], the
key element of which was the review of the literature and the highlighted factors influencing the train
loading time.

Several publications have already used computer simulation to analyze transport processes [10, 12,
18]. Most of them used the FlexSim simulation environment. This software is characterized by
universality and a high level of advancement of both built-in functions and those that can be
programmed. The software is popularly used in process simulation and visualization. This is evidenced
by numerous publications using the FlexSim software. FlexSim uses numerous dependencies derived
from the queuing theory [23, 35, 36]. Of course, FlexSim is not the only method of computer analysis
available. In the studies conducted by Bruns and Knust [4] as well as by Li, Otto, and Pesch [14], other
solvers were used. The use of solvers is also a popular practice. Another simulation method (the
AnyLogic platform) was used by Muravev et al. [16].

The analysis of the literature indicates that previous studies have not addressed the real-life issues of
uncertainty related to the loading of an intermodal train. Although the list of containers to be loaded is
usually known in advance, it may change during the loading process. The analyzed publications omit
the very important issue of the distribution of containers in the storage yard and its impact on the loading
of the train. The need to suddenly dig containers in the storage yard can significantly extend the process
of train loading.

3. METHODOLOGY

The article considers the process of intermodal train loading. In this study, it was assumed that the
containers to be loaded could be in one of two locations in the terminal. The majority of the containers
are prepared for loading and placed along the railway track. The remaining containers are in the storage
area and are not prepared for loading. These unprepared containers can be loaded onto the train in case
of urgent unplanned situations. In such a case, the crane must usually perform many operations in order
to dig out a container that is covered, for example, by three or four other containers. As mentioned in
the literature review, in addition to the location of containers at the terminal, the weight of containers,
the permissible axle loads of railcars, and the configuration of pins on railcars must also be taken into
account when determining the optimal train loading plan. For this purpose, a mathematical model was
initially constructed to illustrate the implementation of the selected process. Initial conditions (container
sizes, railcar types, task size), variables, conditions, and constraints, as well as an optimization function,
have been defined. The function is aimed at obtaining the shortest loading time for an intermodal train
for the set conditions. Particularly important from the point of view of the study is the correct
determination of the range of factors affecting the loading time of the train.

The mathematical model became the basis for the construction of a computer simulation model using
the FlexSim software. The same assumptions and constraints that were used for the mathematical model
were used for the simulation. Many simulation scenarios were created in the field of train loading
strategy. Based on the series of simulations, an indication was obtained for which of the variants the
loading time is the shortest.

4. MATHEMATICAL AND SIMULATION MODEL
4.1. Mathematical model
The constructed mathematical model became the starting point for further considerations. The goal

of the model is to construct an objective function that will allow the solutions to be evaluated. The
optimal solution will be the one with the lowest loading time. The model should take into account the
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factors affecting the loading process in a holistic way. In the model, the following notations were
included:
N=1{1,...,n,...., N} —set of containers to load;
M={1,...,m,....,, M} —set of handling railcars;
N — total number of containers handled;
M — total number of railcars handled;
Sw=1{1, ..., Suk, ..., Smk} — set of slots on the m-th railcar;
Smi — total number of slots on the m-th railcar;
smr —chosen slot on the m-th railcar;
Lsui — length of the s slot at the m-th railcar;
Fgux — fixation type of the s slot at the m-th railcar;
L, — length type of the n-th container;
F, — fixation type of the n-th container;
W, — weight of the n-th container;
L, — total length of the m-th railcar;
m=Ant, LI L I — set of pin configurations for m-th railcar;
U — total number of possible pin configurations for the m-th railcar;
Wiax— maximum payload for the m-th railcar;
Wl — maximum payload for the front boogie of the m-th railcar;
W,mZ — maximum payload for the rear boogie of the m-th railcar;
W™ measured payload for the front boogie of the m-th railcar;
W™2_ measured payload for the rear boogie of the m-th railcar;
(bn, 7, 1) — coordinates of the position of the n-th container (bay, row, layer);
[;, — the number of containers above the n-th container in the storage field;
tmns,y;, — time of transporting of the n-th container to the s, slot on the m-th railcar;

tﬁl — time of additional necessary transport operations during the n-th container’s handling;
The model distinguishes the following variables:

— Xmns,, assigning a container to a selected slot on a railcar:
X _ {1, if the n — th container is assigned to the m railcar slot s,, )
MNSm 0, otherwise

—  Ymns,, specifies the additional time resulting from the need to move certain containers in the storage

yard in order to gain access to the collected container:
{t;}l, if any containers must be moved to access the n — th container

ymns .
m 0, otherwise

For the parameters and variables listed, the objective criterion function takes the following form:

F(XYZ) = Ymem Xnen Zsmkesm(xmnsm " Urins ok + ymnsm) — min (3)
The following restrictions must also be taken into account:
Each n-th container can be allocated to at most one m-th railcar and one slot su:

vn €N ZmeM Zsmkesm xmnsm <1 (4)

— The total length of containers assigned to the m-th railcar cannot excede the railcar length L,
VM EM XYnen Zsmkesm Xmnsy, Ly <Lp (5)

— The total length of slots located on the m-th railcar (S,,) cannot excede the railcar length (L.):
vmeM Zsmkesm LSmk < Lm (6)
— The fixation type of the n-th container assigned to s, at the m-th railcar must match the slot fixation:
VneEN VmeM s, €S, VXmns, =12 Fsmk = I, (7)

— The total weight of containers assigned to the m-th railcar cannot exceed its loading limit Wi,

vmeM YneN Zsmkesm Xmnsy, W, < anax (3)

— The load on any of the axles of the n-th railcar must not be exceeded:
vmeM WIS WIL, W < Wik ©)
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— The difference in the load on the axles of the m-th railcar must not exceed the ratio of 3:1:
vmeM W2 < Wil <3-Wihk (10)
A detailed method of calculating axle loads depending on the size, weight, and number of containers
loaded on a railcar is described in [4]. In this study, an analogous method of calculating the axle load
for railcars was used (see Figure 1). The example considers a situation with three containers (n, nz, n3).
However, this approach can be used for any configuration. The support points of the railcar resulting
from the position of the bogies and their two-axle construction are marked (Bi, B>). The distance
between the axles is marked as ap. The containers’ mass centers and masses are marked as wi, wa, and
w3, respectively. It was assumed that the container mass center is placed halfway along its length. The
distances between containers’ centers and selected axes are marked as aj, a;, and as. Adopting such
assumptions allows the calculations presented below to be performed.

B O A I Y s
e S

front bogie (B;) 3 rear bogie (B,)

a3
)

Fig. 1. Axle loads in an example railcar. Source: [4]

The axle load is calculated according to the Formula (11) for the front axle B1 and (12) the rear axle
B2:

wEL = (ap—a)w, +(a0—a2)w2 +(a0—a3)w3 4+ W (11)
""" g QAo QAo 2
wE2 = (a)wy +(a2)w2 +(a3)w3 4+ Wo (12)
..... o o o 5

Where:

W2 —load on the front axle (fulcrum By),

WB2 — load on the rear axle (fulcrum B,),

W1, W,, W3 — container weights, as appropriate for loads nq, n,, ns,

wo — weight of the empty railcar,

a4, a,, az — distance of the center of gravity of the container from the front axle B,

a, — wheelbase of the railcar (distance between the support points of the bogies B; and B»).

It should also be noted that the considered railcars have four axles: two for each bogie of the railcar.
This means that the railcar has two support points and that each axle of a given bogie will be loaded
evenly. Therefore, it remains crucial to examine the distribution into the front fulcrum (boogie B1) and
the rear fulcrum (boogie B2).

4.2. Simulation model

FlexSim version 2021 Update 2 software was used to build the simulation model. Figure 2 shows the
model that was constructed. The following items are visible: gantry crane (1), container storage field
(2), containers prepared for the loading process next to the track lane (3), and the track lane with railcars
ready for loading (4). It can be noticed that the railcars have a pre-defined pin arrangement, which
determines the possibility of placing a given type of container on the railcars or necessitates pin
reconfiguration. The gantry crane is capable of moving along the entire length of the train. The way the
crane handles containers is determined by the established work algorithm. The sizes of objects in the
model reflect their real-world dimensions. The model considered the random distribution of containers
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prepared for loading along the train. At the same time, the random configuration of the hitching pins on
the railcars, assuming that the configuration of the pins on the railcars, corresponds to the number and
size of the containers prepared for loading.

It was assumed that the containers in the storage yard are placed in a maximum of three layers. The
most realistic situations were considered when the vast majority of containers prepared earlier for
loading were loaded on the train. Nevertheless, the analyses were supplemented with variants in which
all containers prepared along the track are loaded on the train and variants where all containers are taken
from the storage yard in order to illustrate the impact of containers’ early preparation along the track on
the train loading time. The locations of containers taken for loading from the storage yard were described
by uniform distribution. For the purposes of the study, the following variants of the share of containers
prepared for loading and those collected from the storage yard were adopted (see Table 1).

Fig. 2. Simulation model built in the FlexSim environment. Source: own elaboration

Table 1
Variants of the arrangement of containers for train loading. Source: own elaboration

Percentage of containers ready for loading along the track
Percentage of containers
Ready along the| From the storage yard, |From the storage yard, | From the storage yard,
track located in the top layer located in layer 2 located in the layer 1
Strategy S1 100 0 0 0
Strategy S2 20 34% (out of a total of | 33% (out of a total .of 33% (out of a total .of
20% unprepared units) |20% unprepared units) | 20% unprepared units)
Strategy 3 50 34% (out of a total of | 33% (out of a total of | 33% (out of a total of
50% unprepared units) | 50% unprepared units) | 50% unprepared units)
Strategy S4 0 34% (out of a total of | 33% (out of a total Qf 33% (out of a total Qf
100% unprepared units) |100% unprepared units)|100% unprepared units)

Considering all the further described variants, strategies, and logics, 105 simulation scenarios were
developed. They are presented in Table 2. The given percentages and other values have been adopted
for the purposes of the study. In a real working environment, they may depend on the case under
consideration.

The main factor affecting the implementation of the process is the logic of the crane's operation. In
the analyzed model, five basic crane operation logics were considered:
L1 — priority of the railcars — the algorithm chooses the first slot on the first railcar in the head of
a train and then searches for the first matching container starting from the head of the yard.

L2 — priority of the containers — opposite to L1.
L3 — shortest distance from the railcar to the container — the algorithm chooses the first slot on
the first railcar in the head of a train and then searches for the closest matching container.

L4 — shortest distance from the container to the railcar — opposite to L3.
L5 — shortest distance from the current container to the railcar and from the current railcar to the
container (nearest neighbor algorithm). The algorithm chooses the first available container and
then searches for the closest matching slot on the railcar.
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Table 2
Simulation scenarios. Source: own elaboration
Scenario 1/2]3[4[5]6|7]|8]|9/|10]11]12|13]|14]|15|16|17[18[19|20|21
Crane operations logic (L1-L5) 1123451123451 ]2]3]4|5|1]2]3]4|5]1
Storage yard cleaning (K1-K2) rjtrfrjryrj1rjrjrjrjrjrjrjrjrf1rf{2)1212)12(2]1
1 0,

(Sshf‘rg ;;fcomamers from the yard [%] | 1 5 | o1 oo |o]o|o|olo|o]o|o|o]o]|20]20/2020]20[20
Share of containers from layer 3 [%] 0[0]0]0]0O][0]0O]|0]0O]|0|0][0|0][0]|0]34|34]34]34]|34|34
Share of containers from layer 2 [%] 0]0{0]0|0|J0O[0|0O|O|0O|0O|0O]|0O]|0]|O0]|33]33]33]33|33]|33
Share of containers from layer 1 [%] 0{0]0]0[0|0]0O]0O]0]0]0]|0]|0]|0]0]|33]33|33|33]33|33
Number of weight categories (WI-W3) | 3133331444414 |5]|5]|5|5]5]3]3|3[3[3]3
Scenario 22123]24|25|26(27(28(29|30|31|32|33|34|35|36|37|38[39]40|41|42
Crane operations logic (L1-L5) 20314 (5123145123451 [2|3|4|5]|1]2
Storage yard cleaning (K1-K2) L1122 2)2(2|1|1jrj1j1|2|2j2]12]2|1]1

Share of containers from the yard [%]

(S1-S4) 20120({20({20|20(20(/20|20{20{20{20{20{20{20({20({20|20|20|20{20|20

Share of containers from layer 3 [%] 34(34|34|34|34|34|34|34|34(34(34|34|34|34|34|34|34|34|34|34|34

[
Share of containers from layer 2 [%] 33(33]33]33|33|33[33|33|33|33(33]33|33|33[33]33|33|33|33[33|33
Share of containers from layer 1 [%] 33(33]33|33|33|33[33|33|33|33(33]33|33|33[33]33|33|33|33[33|33

Number of weight categories (WI-W3) | 3133341441444 ]4]14]4|4|5|5]|5]|5]5]|5]5

Scenario 43144145|46|47|48]49|50|51|52|53|54|55|56|57|58[59|60|61|62|63
Crane operations logic (L1-L5) 3145123451 ]2]3[4|5[|1]2]3[4[5]1]2]3
Storage yard cleaning (K1-K2) Lttt j2)2 22211 |t1jrj1rj2f22j2]2]1]1]1

Share of containers from the yard [%]

(S1-S4) 20120(20(50|50|50|50|50|50|50{50({50{50{50(50(50]|50|50|50{50|50

Share of containers from layer 3 [%] 34(34|34|34(34(34|34|34|34(34(34|34|34|34|34|34|34|34|34|34|34

[
Share of containers from layer 2 [%] 33(33]33]33|33|33[33|33|33|33(33]33|33|33[33]33|33|33|33[33|33
Share of containers from layer 1 [%] 33(33]33|33|33|33|33|33(33(33(33|33|33|33|33|33|33|33|33(33|33

Number of weight categories (WI-W3) | 5 [ 5| 5[3 |3 [3|3[3]3[3[3[3[3]4]4](4[4]14|4]14]4

Scenario 64]165[66|67(68|69|70|71|72|73|74|75|76|77|78|79|80|81|82|83|84
Crane operations logic (L1-L5) 415123451 [2]3]4|5]|1]2|3]4|5|1|2]3]4
Storage yard cleaning (K1-K2) Ljtr|{2(212(2)2)1|rjryrjrj2(2(2(2)12|1|1]1]1
Share of containers from the yard [%] 10110(10{10|{10|10|10| 10|10
(S1-54) 50|50|50|50|50{50|50|50|50|50|50]|50 ololololololololo

Share of containers from layer 3 [%] 34(34|34|34(34(34|34|34|34(34(34|34|34|34|34|34|34|34|34|34|34

[
Share of containers from layer 2 [%] 33(33]33|33|33|33|33|33(33(33(33|33|33|33|33|33|33|33|33(33|33
Share of containers from layer 1 [%] 33(33]33|33|33[33[33|33|33|33(33]33|33|33[33]33|33|33|33[33|33

Number of weight categories (WI-W3) | 4 |4 | 5|5 |5]|5|5]|5|5]|5]5]5]3|3]3|3]3|3[3[3]3

Scenario 85(86|87(88|89[90|91[92]|93|94[95]96(97]|98|99]100{101]102|103|104{105
Crane operations logic (L1-L5) ST1 (23145123451 |2|3]4]|5[1]2[3]4]5
Storage yard cleaning (K1-K2) L2222 21|11t jrj2j2j2|2(2]j1]1]1]1]1
Share of containers from the yard [%] |10({10|{10({10|10{10|{10({10|10({10|10(10|10|10|10|10|10|10(10|10|10
(S1-S4) 0/0|0]0O|[0O]|O]|O]|O][O]O|]O]|O]O]|O]O]|O]O]|O|O]O]O

Share of containers from layer 3 [%] 34(34|34|34|34|34|34|34|34(34 (34|34 |34 |34|34|34|34|34|34|34|34

[
Share of containers from layer 2 [%] 33(33]33]33|33|33[33|33|33|33(33|33|33|33[33]33|33|33|33[33|33
Share of containers from layer 1 [%] 33(33]33|33|33|33[33|33|33|33(3333|33|33[33]33|33|33|33[33|33

Number of weight categories (WI-W3) | 3 14 (414414414414 ]4]|5]|5|5]|5]|5]|5]|5]5]|5]5

The following assumptions were made for the simulation study:

— the loading process is carried out using the RTG crane;

— containers are placed on an SGS 412z railcar with a capacity of 3 TEU (60 ft in total).
— parameters have been assigned to the railcar:
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* Permissible gross weight: 80 000 kg (for track class C); permissible load: 58 000 kg (for
track class C); permissible axle load: 20 000 kg; permissible pressure on the support point:
40 000 kg; railcar tare weight: 22 000 kg.

— containers for loading have been selected in such a way as not to exceed the maximum
permissible weight of the train set.

— there are three types of containers with mass gross weight: 20 ft (1C): 20 320 kg; 30 ft (1B):
25400 kg; 40 ft (1A): 30 480 kg

In real conditions, the weight distribution of the load on the container should also be considered. The
phenomenon when the load of one axle is three times (and more) greater than on the other is undesirable.
This decreases the stability of the car while driving and an increase in the probability of railcar jumps.
The goal is to use the space available on the train as efficiently as possible. Different gross weights of
containers complicate their loading onto the train. The gross weights of the containers were classified
into weight categories that can be loaded into the corresponding slots on the railcars. In the simulation
model, the following variants of container weight categories were considered:

— Variant W1 — three different weight categories for each type of container,

— Variant W2 — four different weight categories for each type of container,

— Variant W3 — five different weight categories for each type of container.

Containers in the storage yard were placed in three layers. Extracting a container from the first or
second layer may make it necessary to put aside other containers. The model assumes two variants of
container handling:

— Variant K1 — after loading the container onto the train, the crane returns to the place where the
container was extracted from in the storage yard and moves the previously put aside containers
back;

— Variant K2 — after loading the container onto the train, the crane does not return to the place
where the container was extracted from; thus, the moved containers are in different positions
after loading.

The gantry parameters are:

— Container pick up/release time [s] — 5/10

— Gantry speed/trolley speed/lifting speed/lowering speed [m/s]- 2/2/0,43/0,43

5. RESULTS AND DISCUSSION

During the study of the simulation model, a total of 105 scenarios were analyzed. In each simulation,
the following data were randomized in the model:

— Mounting pins on the railcars and the pins’ configuration,

— Containers to be loaded,

— Arrangement of containers to be loaded along the railway track,

— Gross weight of containers in each number of weight categories,

— Permissible load of slots on railcars for a given number of container weight categories,

— Arrangement of containers in the storage yard.

Five replications of simulations were performed for each scenario. The total time of the crane's
operation, in seconds, we determined. The simulation results are shown in Table 3. The successive
columns of Table 3 show the results obtained for each of the five performed simulations, as well as the
mean value and standard deviation. The obtained results were rounded to integer values. Graphical
summaries of simulation results for the crane operation times are presented in Fig. 3. The analysis of
the obtained results was carried out from the point of view of factors determining the loading time.

— Scenarios 1-15-are the most theoretical cases. It was assumed that all containers were ready for
loading and waiting along the railway track. They differ in the crane operation logic (L1-L5) and the
number of container weight categories (W1-W3). The train service time increased only slightly in
scenarios with three and four weight categories. When five weight categories were considered, the
crane operation time increased substantially. For example, in the case of Scenarios 6 and 11, the train
loading time compared to Scenario 1 increased by 3% and 21%, respectively. What is worth noticing



172 M. Ktodawski, K. Nehring, R. Jachimowski, J. Lipinska

is that the L1 and L2 logics, in which loading was carried out for subsequent wagons and subsequent
containers in turn, returned better results than the logics in which the basis for the decision to allocate
a container to a railcar or a railcar to a container was the shortest distance. Only the L5 train loading
logic identified with the nearest neighbor algorithm significantly improved the quality of the
solutions.

— Scenarios 16—45-are the cases where 20% of containers loaded directly from the storage yard (i.e.,
those that have not been prepared for loading) were considered. Scenarios 16-25 assume three groups
of weight categories for containers, Scenarios 26—35 assume four groups, and Scenarios 3645 assume
five groups. It was also assumed that the containers loaded from the storage yard were evenly
distributed in layers. Scenarios 16-20, 2630, and 36—40 assumed the cleaning of containers moved
around the yard in order to extract a specific container to be loaded. Other scenarios did not include
cleaning. Focusing on the L5 logic and the number of weight categories in Scenarios 25, 35, and 45
do not include cleaning of containers after loading. The loading time in Scenario 35 compared to
Scenario 25 decreased by 3%, in Scenario 45 compared to Scenario 25 increased by 5%.

— The factor with the greatest impact on the train loading time was the cleaning process (i.e., replacing
moved earlier containers in the storage yard after loading the chosen container on the train).
Comparing similar scenarios (Scenarios 20 and 25) revealed that the loading time in Scenario 20,
which includes cleaning was 12% longer than in Scenario 25, which does not include a reshuffling
process. Similarly, the loading time differs by 13% in Scenarios 30 and 35.

— Due to the fact that the number of weight categories of containers slightly affects the extension of
the crane's operating time, further analyses focused on comparing scenarios where the share of
containers loaded from the storage yard changed, as well as scenarios including the reshuffling of
containers in the storage yard during the cleaning process.

— Simulation results for Scenarios 16-25, 4655, and 7685 are presented. In subsequent scenarios,
the shares of containers collected from the yard were as follows: Scenarios 16-25: 20%; Scenarios
46-55: 50%; Scenarios 76—85: 100%. The simulation results presented in Table 3 show that the train
loading time increases very quickly with the share of containers taken directly from the storage yard.
Comparing the results obtained only from the point of view of the L5 logic (including cleaning the
moved containers), the crane operation times for Scenarios 20, 50, and 80 were 7719 s, 11 580 s, and
13 100 s, respectively. This means that the average train loading time for Scenarios 50 and 80
increased by 50% and 63%, respectively, compared to Scenario 20. It should be noted that the
increase in the number of containers taken from the yard from 50% to 100% increased the loading
time by only 13%.

6. CONCLUSIONS

Considering the analysis of the results, the following conclusions can be drawn:

— The greatest impact on the train loading time was the number of containers that are not prepared
for this loading, which makes it necessary to collect them from the storage yard. Satisfactory
simulation results were obtained for scenarios where only 20% of the containers were loaded
from the storage yard. With a 30% increase in this value (50% of containers loaded from the
yard), the loading time increased by as much as 50%, which is not a proportional increase. It
should be noted that when the share of containers loaded from the storage yard was increased
from 50% to 100%, the train loading time increased by only 13%. This is because the
distribution of containers prepared for loading along the track was random in all the scenarios
with the share of containers from the yard less than 100%. Therefore, the loading time is not
correlated with the number of containers taken from the storage yard.

— The best simulation results were obtained by using the L5 logic, where the crane work is
managed in accordance with the nearest neighbor algorithm. In the case of scenarios assuming
the preparation of all containers for loading along the track, the L1 and L2 logics returned better
results than the L3 and L4 logics. This is due to the fact that the natural behavior of the crane
operators is to handle the containers one by one.



The impact of the intermodal terminal operation strategy on container train loading duration 173
Table 3
Summary of simulation results for the crane operation time Source: own elaboration
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Fig. 3. Graphical summary of the simulation results for crane operation time. Source: own elaboration

— A small number of weight categories (up to four categories) does not have a significant impact
on the train loading time. Increasing the number of weight categories from three to four resulted
in a slight (3%) increase in the loading process time. The introduction of fifth weight category
resulted in an 18% increase in loading time compared to scenarios with four weight categories.

The authors’ plans for further developing the study involve the implementation of advanced heuristic
algorithms to enhance research and expand the model. This approach aims to optimize logistics
processes and improve the efficiency of intermodal transportation. Furthermore, the authors intend to
gather real-world data to ensure the practical applicability of the constructed model.
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