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Executive summary

The content of the project report compiled in this document provides the reader with
knowledge of operations at a container terminal and how a non-finite queueing theory model

has been applied to the Port of Durban Container Terminal.

The document initially discusses the general operations at a container terminal and type of
equipment used and what their functions are. The document describes the specific operations
at the two piers of the Port of Durban Container Terminal and at the Port of Rotterdam in the
Netherlands. The Port of Rotterdam’s Container Terminal operations serve as a benchmark to

evaluate the Port of Durban Container Terminal operations.

The main section of the report is a discussion on the non-finite queueing model which was
created for the container terminal environment. The respective methods used and how the
service and arrival rates of the model were established and calculated. The non-finite
queueing model makes use of multi-server queueing theory and Jackson’s rule to evaluate the
models and calculate the total time a container has to wait in a queue for busy equipment,
from when the container is unloaded from the sea vessel until it is stored in the stacking area.
The aim of the model is to obtain the number of vehicles or equipment needed per quay crane
to achieve a balanced system. A balanced system was defined as one where the least delays

and congestion occur.

The simulation model created in Simio was used to simulate the container terminal
environment of the Port of Durban and the Port of Rotterdam container terminals. The aim of
the simulation model was to obtain results from a different perspective. The simulation
results are compared to the results of the queueing theory model, which are analysed,
discussed and compared to a framework defined by a functionary from the container terminal

environment.

The end result was that the queueing theory model provided reliable results. The results for
Pier 1 were that four truck-trailer units and four rubber tyre gantries should be assigned to a
single quay crane. In the Pier 2 system, four straddle carriers should be assigned to a quay

crane.

ii
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The advantage of using the most balanced number of vehicles or equipment in the container
terminal is that vessels can be processed faster, keeping customers satisfied and generating a

greater profit.

iii
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Terms and Abbreviations

TEU - Twenty-foot equivalent unit

FEU - Forty-foot equivalent unit

The rest of the abbreviations used in the project are named and discussed before they are
used.
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1 Introduction

The popularity of using containerized cargo has grown over the past years, and is expected to
become even more popular. This is partly due to the fact that the handling of containerized
cargo is much quicker and easier than handling each item individually. The other reason for
an increased activity in containerized cargo is that more cargo is transported between more

places on earth, as globalisation becomes more and more popular.

The forecast numbers of containers to enter the Port of Durban Container Terminal is
estimated to increase from 2.7 million 20 foot-equivalent container units (TEUs) in 2012 to
four million TEUs by 2018 and increase even further within the next ten to twenty years. This

will create excessive strain on the container terminal and certain changes have to be made.

With this increase in containerized cargo entering the container terminal, the storage of
containers, and the equipment used to load and unload vehicles (vessels, road vehicles and
trains) need to be done very efficiently, to decrease the time a vehicle stays in the container

terminal.

1
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2 Project Aim

The focus of the project has been identified to be an aspect of the horizontal transport from
the tandem lift cranes (which remove containers off the ships) to the storage of containers at a

stacking area.

The aim of this project is to apply queueing theory to the stacking yard, to analyse the

operations and how operations could be done more efficiently.

2
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3 Project Approach

The project approach can be split into a variety of activities. Each activity will have a

corresponding deliverable.

e Literature Study: The literature study will be used to investigate which methods and

technologies are available to perform the operation at a port. The operation being the
horizontal transport and the stacking of containers. The deliverables of this section

will be to understand the equipment and processes of a container terminal.

e Conceptual Design: The aim of this section is to discuss and analyse the techniques

that will be used to apply queueing theory to the stacking yard at the Port of Durban.
The deliverable of this section is to obtain knowledge about the techniques that will

be used.

e Data collection: Various data will have to be obtained either manually or extracted
from a system. Data sets relevant to the queueing model will be extracted and be used
to calculate the variables of the queueing model.

e Model development: Create a queueing model from the data collected. The aim of this

activity is to create a model which accurately depicts the processes at the container
terminal. The model will be used to optimize the current process and observe how

changes influence the system.

e Discussion and Analysis: Using a different industrial engineering approach, namely

simulation modelling, results will be obtained to which the queueing theory model
results can be compared. This comparison will give a good understanding of the
reliability of the results.

Using the literature study, observe or make conclusions of how different methods or
technologies could affect the operations of the port. This will offer a broader

understanding of how different methods can be applied and what can be used best.

3
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4 Literature Study

4.1 Introduction
A container terminal can be defined as the link between different modes of transport. It is
also a point where different parties who are involved in the carriage of goods interchange

containers, information and funds. (Nazari 2005)

The operations at a container terminal are fairly complex and it is of utmost importance that
the operations are performed in a perfect manner. One of the main aims of a port is to

minimise the time a transport vehicle (vessel, road vehicle or train) spends in a port.

Before the queueing theory model of the project can be discussed, some background

knowledge is needed, which will be useful later in the project.

A container terminal consists of various subsystems. The four main subsystems being: Ship
to shore, transfer, storage and delivery receipt. Figure 4-1, below, visually depicts the various

subsystems and how they interact with each other.

i

1. Ship-to-

2. Transfer ‘ 3. Storage 4. Delivery l

Receipt

3 ‘ ‘\'u\\\::\‘. Y _’\

F o

/ ' nﬂ/ l h "\\\\\\.\ J:,. <\
glh 2 N

Figure 4-1: Container terminal subsystems

Source: (Henesey 2004)
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Ship-to-shore subsystem involves the loading and unloading of vessels at a berth at the port.
The vessels are unloaded by making use of tandem lift cranes, otherwise called quay cranes
(QC). There are various quay cranes available, each with different characteristics, and
therefore different cycle times. Cycle time refers to the time it takes to unload or load a single

container. The ship-to-shore subsystem deals with the loading and unloading of vessels.

Transfer subsystem:

The transfer subsystem acts as a link between the ship-to-shore subsystem and the storage
subsystem. This transfer subsystem has to operate smoothly with an efficient transfer time.
The transfer time being the time it takes the transport equipment to transport a container to
the stacking area and to return to the quay cranes (QC). Any downtime in this subsystem can
cause a loss in productivity of the entire container terminal, causing customer dissatisfaction
and delays. The transfer subsystem is thus very dependent on the right equipment for the right
job and enough thought should be placed into the selection of this equipment and how much

equipment is needed.

The transfer subsystem is affiliated with both the ship-to-shore and delivery receipt
subsystems. The transfer vehicles (otherwise known as horizontal transport) transport
container to/from the ship-to-shore and the delivery receipt subsystems respectively. Usually
the ports are designed in such a way that the ship-to-shore and delivery receipt subsystems
have their own equipment, thus minimising the processing time of a vehicle in the container

terminal.

Storage subsystem:

This subsystem acts as a storage depot for containers until they can be taken to their final
destination. Containers for import, export and transhipment activities are stored in the
container yard (or stacking area). Containers are stacked using various equipment and
techniques. The storage subsystem at each port is different, as it depends on a variety of

elements which will be discussed later.

5
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Delivery receipt subsystem:

The primary aim of this subsystem is the link between the container terminal and other modes
of transport which take the containers to their next destination. These other modes of
transport are road vehicles, trains and even barges at certain ports. The delivery receipt

subsystem deals with the loading and unloading of containers to/from these transport modes.

As stated in the aim, the focus of this report is on the stacking area and on the horizontal

transport. Thus the main focus of the report will be on the transfer and storage subsystems.

4.2  Transfer Subsystem

The transfer subsystem can also be referred to as the horizontal transport at the port. The
transfer subsystem that is of interest in this report is the transport between the quay cranes
(QC) and the stacking yard. The efficiency of this transport segment is highly dependent on
the equipment used, and using the proper equipment yields many advantages. Using more or
faster horizontal transport will not necessarily decrease the unloading time of the ship. There
is a trend that the more transport vehicles, and the faster they operate the greater the chance
of congestion at the QC (quay cranes) and in the stacking yard. While using too few transport
vehicles, the quay cranes, and storage subsystem equipment are idle more often, and
loading/unloading times increase. The optimal solution at a port is to decrease the congestion,
and thus a balance between the number of vehicles or vehicle speed and congestion needs to
be reached.

To minimise the congestions, different strategies to allocate vehicles to cranes have been
created. The two main strategies are single-cycle and dual-cycle modes. Single-cycle modes
or gang structure is where a vehicle serves only one QC at a time. The operations of the
vehicle depend on the operations of the QC, e.g. if the QC is unloading a ship then the
vehicles transport container to the stacking yard and vice versa. In a dual-cycle mode or
pooling, a single vehicle serves multiple QCs (given that the cranes are operating), so the

vehicle transports both export and import containers.

Horizontal transport vehicles which are used between the QC and the stocking yard at various
ports around the world vary hugely. The horizontal transport vehicles can however be split up
into four main categories: SCs (straddle carriers), AGVs (automated-guided vehicles), TTUs

6
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(truck-trailer units) and MTSs (multi-trailer systems). Examples of these four types of
vehicles are given in figure 4-2.

Figure 4-2: Horizontal-transport vehicles: a) TTU, b) SC, ¢) AGV and d) MTS

Source: (Kemme 2013)

The horizontal transport vehicles can either be passive (the vehicle is not able to lift a
container) or active (the vehicle is able to lift a container). Passive vehicles rely on lifting
equipment to place and remove containers where active vehicles can perform all the actions
themselves, resulting in less equipment and labour required. TTUs, AGVs and MTSs belong

to the passive vehicle class and SCs belong to the active vehicle class.

TTUs and MTSs are quite similar to each other, and therefore they can be discussed together.
The average speed that one of these vehicles travels in the container terminal is 11 km/h
(Nazari 2005). The only main difference between the two vehicles is the number of
containers that they transport at a time. A TTU transports a single container and an MTS
transports anything more than two containers to a maximum of five containers. MTSs have a
greater capacity than TTUs as they can transport more than one container at a time therefore
they can visit multiple stacking yards in a single trip. TTUs are however, more flexible and
logistically simpler than MTSs and less planning has to be done for the route (only one pick-

up and drop-off location).

7
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The success of an SC is due to the fact that it is an active vehicle. The SC is based on an
inverted U-shaped metal frame. This metal frame helps the SC to pick up containers and then
drive between one-TEU-wide container rows (figure 4-7, page 17) and place the container on
the stack. The SC can also remove containers from the stack and place them on trucks or
trains. SCs can transport a single or two TEUSs or a single forty-foot equivalent unit. SCs can
stack up to three containers high. This makes the SC completely independent from any other
equipment. This is hugely advantageous, as it saves on labour and equipment costs. The
disadvantage is that SCs require skilled operators to operate the complex machines, where a
TTU requires a less trained employee. An SC is more expensive than other horizontal
transport (excluding AGVs) and the SCs have a tendency to fall over in corners if drivers are
negligent, due to their high centre of gravity. SCs can stack up to three containers high. The
typical lifespan of an SC is 10 years. Technical data for an SC can be obtained from Table 1
below. With the dawn of technology, some modifications have been made. Firstly, are the
automated SCs otherwise known as ALVs (Automated Lifting Vehicles). ALVs have the
same functions as SCs. The other modifications are shuttle carriers which are the same SCs
but can only stack two containers high. These shuttle cars are faster than SCs and have a

lower centre of gravity, so there is less of a chance for them to tip over.

Table 1: Straddle Carrier Technical Data

SC
Speed (km/h)
Max Loaded Speed 12
Max Unloaded Speed 16
Speed Inside a Bay 7
Time (seconds)
Time to Load/Unload a container from the u=30, 0=10
floor
Time to Enter and EXxit a bay u=s, 6=2
Key: p: Mean time
0: Standard Deviation

Source: (Soriguera, Espinet & Robuste 2006)

8
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AGVs or automated guided vehicles are unmanned robotic transport vehicles which work
with sensors and radio transponders in the floor of the container terminal. AGVs are able to
carry a load of up to 60 tons which is equal to two twenty-foot equivalent units (TEU) or a
single 40-foot equivalent unit. An AGV is in essence the same as a TTU, it is just automated.
The AGV is a highly technological vehicle with infrared sensors to detect collisions and
obstacles. AGVs are also easy to track due to the network of transponders they communicate
with on a constant basis. The setback with an AGV is the high investment cost. The cost of a
single AGV is equivalent to the cost of purchasing four TTUs. AGVs are advantageous in
countries where labour costs are very high, and TTUs are preferred in countries where the
labour cost is low. For more information of an AGV, refer to Table 2.

Table 2: Automated Guided Vehicle Technical Data

AGV - Gottwald Port Technology

Speed (m/s)

Average Vehicle Speed 4.6

Source: (Kim, Jeon & Ryu 2006)

4.3 Storage Subsystem

The storage subsystem is arguably the most important subsystem as it forms the link between
the landside container transportation and the waterside container transportation logistics
network. As the amount of containerized cargo is increasing, space in the container terminal
and more specifically in the stacking yard becomes less and less. This fact leads to the
suggestion that the storage subsystem is the most important.

The stacking yard is commonly separated into different areas. The different containers are
allocated to imported and exported containers, reefer containers (containers which act like a
refrigerator) and containers containing dangerous and hazardous materials, damaged
containers and empty containers. A stacking decision or a storage planning system which is
implemented at ports around the world is used to decide where the container will be stored in

the stacking yard.

There are two common strategies to stack containers in a container terminal. Each strategy is

however, adjusted to be ideal for each port’s needs. In the first strategy, areas or slots in a

9
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stack area are allocated to vessels prior to their arrival, according to the number of import and
export containers expected for that vessel. For import containers slots in the stack area are
allocated where these containers will be stored. If more information (departure date or final
location) is available the containers are stacked accordingly. Due to the yard and storage
planning being a stochastic process, it is difficult to plan accurately. Due to this fact another
stacking strategy, scattered stacking, was created. Scattered stacking has no slots assigned to
a specific vessel. When a vessel arrives at the port, it is given an unloading berth. Once the
vessel has been assigned a berth, the planning system assigns a suitable stacking location
close to the berth. Import containers with the same characteristics (weight, length, type) are
piled one onto another. Containers from a ship are scattered over various stacks which results

in higher yard utilization (due to no slot being assigned to a vessel).

In general, there are two main ways of storing containerized cargo. The first option is to store
the containers on chassis. This option allows each container to be directly accessed, making

this option very convenient. The downside of this model is that a very large area of space is

needed. Chassis storage is shown in figure 4-3 (below).

Figure 4-3: Chassis container storage

Source: (Paul M. Griffin and H. Donald Ratliff 1991)

10
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The other method of storing containers is stacking, where containers are stored on the ground
and containers are placed on top of each other. This model is popular due to the fact that
many more containers can be stored in an area when compared with chassis stacking method.
The negative of this method is that each container is not directly accessible and in order to
obtain containers which are stored under other containers, the above containers need to be
moved and assigned to another location. This is known as reshuffling. Reshuffling is
considered wasted time and should be minimised. One of the main reasons why reshuffles
occur for import containers is because the data of the stacked containers is wrong, incorrect

or incomplete.

International container terminals make use of the stacking method due to space constraints.
Different stacking equipment is used to store and remove containers from the stacking yard.
The most common types of stacking equipment are reachstackers (Figure 4-4: a), forklifts
(Figure 4-4: b), SCs (straddle carriers) (Figure 4-2: b) and different variations of yard cranes
(Figure 4-4: c). Figure 4-4 can be found on the following page.

11
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Figure 4-4: Stacking Equipment: a) Reachstacker, b) Forklift, ¢c) Yard Crane

Source: (Kemme 2013)

Reachstackers and forklifts are fairly similar in appearance and functions. Both vehicles are
operated by operators in the vehicle and have rubber tyres. These two vehicles are mainly
used in smaller ports that do not have a high throughput of containers. These vehicles are also
used in larger ports to store empty, lighter or special containers. Both of these vehicles are
flexible in their operations and can move efficiently between stacking areas in the stacking
yard. Forklifts and reachstackers are active vehicles, and in smaller ports they are also used as
horizontal transport. With these two vehicles being so similar there are however, a few huge
differences. Firstly, is the lifting gear. The Reachstacker makes use of a telescopic arm which
extends forwards and upwards while the mast on the forklift extends upwards only. The mast
is the vertical assembly which allows the forklift to move the container or load up or down.
The telescopic arm allows the reachstacker to store or retrieve containers on the inside of the
stack where the forklift needs to reshuffle the outside containers to get to the containers on

the inside of the stack. Secondly, the reachstacker has better forward visibility than a forklift,

12
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due to the absence of a mast. The third advantage is that due to the absence of a mast, which
reduces the vehicle height, a reachstacker can move containers into a warehouse more easily
than a forklift.

SCs were discussed earlier in section 4.2 of this report.

The most common stacking equipment found at large ports around the world are yard/gantry
cranes. A yard crane is by far the most expensive type of stacking equipment available.
However, this high investment cost comes with its own advantages. Yard cranes allow for
high-density stacking (block stacking) at the stacking yards and the machine is very
productive. There are several variations of yard cranes available, and each variation has its
own characteristics. The main types of yard cranes are: rubber tyred gantry (RTG) and rail
mounted gantry (RMG) (Figure 4-4: c).

An RTG and an RMG are in essence the exact same crane. The main difference that exists
between the two is that an RTG uses rubber tyres and where an RMG operates on modified
train rails. The lifting gear of a gantry crane is attached to a container in order to move the
container. The lifting gear of the gantry crane is connected to the trolley, which moves
horizontally on the beam of the gantry crane. Gantry cranes usually stack in the vicinity of 8-
12 rows wide and 4-10 rows high enabling them to have a very high stacking density. RTGs
have the advantage that they can travel from one stacking area to another, this makes them
extremely flexible. The RTGs also have the ability to be used for landside operations (for
loading of train and road trucks). The negative aspect of an RTG is that reinforced concrete
floors are needed for the RTG to travel on and reinforced concrete with steel pads is required
for the vehicle to turn on. This makes the construction of the container terminal complex and
expensive. The average RTG can perform 10.14 moves per hour (VYCON 2012).

RMGs can be viewed as the bigger brother to RTGs. An RMG has the ability to stack wider,
higher and faster than an RTG. RMGs are also more durable and reliable. RMGs have lower
running costs and operating costs than RTGs. The negative of this bigger and better gantry
crane is that it comes with a higher price tag than an RTG. The higher price tag is due to the
fact that the RMG is heavier than an RTG and thus requires a more stable and solid surface to
travel on. This leads to higher costs to reinforce the container terminal floor. The installation

of train tracks adds to the installation cost of RMGs. Having implemented RMGs, changing
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the layout of the yard becomes difficult due to the tracks which were installed. Having listed
all the negatives, the other huge positive of an RMG is that it is easier to automate than an
RTG. An automated RMG is called an ASC (automatic stacking crane) and it has roughly the
same capability as an RMG. On average an ASC can perform in the vicinity of 16 to 18
moves/hour (Cargo Systems 2007). This easier to automate option is definitely a positive for
the RMG system, as labour prices are on the rise and human error equates to large sums of

money over the long period. An RMG also has a five year longer life span than an RTG.

Table 3 contains technical data of the various gantry cranes discussed previously. The various
speeds in Table 3 can be described by referring back to figure 4-4: C. Gantry speed refers to
the speed at which the respective gantry crane can move along the stacking area. In figure
4-4: C, the gantry speed is the speed at which a crane moves in and out of the page. Trolley
speed refers to the speed at which the trolley can move horizontally along the beam of the
gantry crane (in figure 4-4: C, trolley speed is the horizontal yellow arrow). Finally, the
hoisting speed refers to the speed at which the respective gantry crane can move its lifting

gear vertically (this is displayed in figure 4-4: C, by the vertical yellow arrow).

Table 3: Gantry/Yard Crane Technical Data

Gantry Crane Technical Data

Speed (m/min)
RTG - Konecrane | RMG - Konecrane | ASC - Gottwald Port

Technology
Gantry speed — Full 90 140 240
Gantry speed - Empty 135 150
Trolley speed 70 70 60
Hoisting speed - Full 31 45 39
Hoisting speed - Empty 62 90 72
Source (Konecranes 2013) | (Konecranes 2013) | (Gottwald Port Technology

GmbH 2013)
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Two gantry cranes usually operate at a single stacking area; this increases the productivity
and reliability (in case of technical problems) of the stacking area. A common practice is that
one gantry crane is used for import and the other for export containers. In practise the same
types of gantry crane is employed at a stacking area. Containers that need to be transported
from one side of the block to the other side have to be removed by the one gantry crane and
placed in a transition area for the other gantry crane to take to the other side. The transition
area is also commonly known as the handshake area. A new development in rail mounted
gantry cranes is the double-RMG system (shown in figure 4-5). This system consists of two
RMGs with different heights and widths which enables one RMG to travel under the other.
This system avoids the handshake area, and each crane has access to the entire yard without

disruption of the productivity of the other RMG.

Figure 4-5: Double-RMG system

Source: (D. Steenken et al. 2004)

When taking the stacking of containers on top of each other, there are various other options
of the layout of the stacking yard. The layout options are: block stacking, linear stacking, a

combination of block and linear stacking and high bay racking.
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Block stacking is when the stacking area is compact and there is minimal space between the
containers. An aerial example of block stacking is shown in figure 4-6. Gantry cranes are

used to remove the containers from the horizontal transport and then stack the containers in

the stacking yard.

Figure 4-6: Block stacking

Source: (Brinkmann 2011)

The second option of stacking is linear stacking. In this layout option spacing is left between
container rows and relatively wide terminal roads are also a prerequisite. This spacing
between the rows is because the containers are stacked by making use of SCs (or straddle
carriers). To recapitulate from section 4.2, the SCs can drive between these linear rows and
stack containers above one-another. Figure 4-7 visualizes the linear stacking method. The

block and linear stacking methods are very popular and used widely around the world.
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4.4 Methods of operations

4.4.1 Portof Durban
The Port of Durban Container Terminal is separated into two separate piers which operate

independently from each other and have different operating methods.
The analysis of Pier 1 is as follows:

At Pier 1, containers are off-loaded from the ship by quay cranes (QCs). The quay cranes
unload the containers from the ship and place them on horizontal transport. The horizontal
transport used at Pier 1 are TTUs (refer to section 4.2). The TTU transports the containers to
the stacking area where an RTG (rubber tyre gantry) stores the containers in the respective
stacking area. Refer to the figure below, as well as the text which follows, for greater detail

on the pier layout.

A stacking area is referred to as a bay (the light grey square) which consists of rows of

containers, which are known as bay-rows. This is used for illustration purposes later on.

Fier 1

"=
p—3

Figure 4-9: Pier 1 Layout
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e Number of bays: There are a total of nine bays which were considered for this
project.

e Bay specifications: Each bay has nine bay-rows and each bay-row is ten FEU
containers long (twenty TEU containers). Containers are however, only stored in eight
bay-rows (bay-row 1-8) and the first bay-row (bay-row 0) is where the TTUs drive
into the bay, so that the overhead RTG can remove the containers from the TTU and
store them. The TTU then returns to the QC to fetch another container.

e Bay roads: All the roads between the bays are 10m wide.

e The area between the quay wall and the first bay is 20m wide.

e Stacking Method: Due to space constraints, Pier 1 makes use of the stacking method
of storing the containers, and not the chassis method. The containers are stacked using

the block stacking method (Figure 4.6, page 16)

The operations at Pier 2 are slightly different than those performed at Pier 1. Quay cranes
unload the container from the vessel and place them on the terminal floor. Straddle carriers
remove the containers from the floor and subsequently transport and store the containers in
the desired location. Refer to the figure and text below for the details of the pier layout.

Pier 2

Barp-rowt 1

Figure 4-10: Pier 2 Layout
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e Number of bays: There are a total of nine bays which were considered for this
project.

e Bay specifications: Each bay has twenty-seven bay-rows and each bay-row is ten
FEU containers long. Each bay-row is separated to allow the straddle carrier to
drive between the bays (Refer to figure 4-7, page 17).

e Bay roads: All the roads between the bays are 10m wide.

e The area between the quay wall and the first bay is 20m wide.

e Stacking Method: Similar to Pier 1, Pier 2 does not use the chassis method, but
uses the stacking method of storing containers. With straddle carriers operating at
Pier 2, the containers are stacked using the linear stacking method (figure 4-7,
page 17)

The Port of Durban Container Terminal consists of the two piers and the related equipment
operating at each pier, as discussed above. There is however, other equipment that operates at
the container terminal that was not discussed above. Forklifts and reachstackers operate at the
container terminals which are used to store the empty containers and transport damaged
containers. MTSs (multi-trailer systems) are not used at the Port of Durban Container

Terminal.

The container terminal operates 24 hours a day. When shift and driver changes are
considered, the net effective working time is 21.83 hours per day (specified by TRANSNET
National Ports Authorities). This is taken into consideration later on.
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4.4.2 Port of Rotterdam

The Port of Rotterdam in the Netherlands has one of the largest container terminals in the
world, and it has the most advanced operations to manage the number of containers. The Port
of Rotterdam will be used as a benchmark when considering the Port of Durban Container

Terminal operations.

The Port of Rotterdam follows the same basic principle of storing containers as the operations
at Pier 1. To recapitulate, this operation involves unloading containers from the ship, placing
them on horizontal transport which then transports the containers to the stacking area where
yard gantry cranes store the containers. The main difference between the operation at Pier 1
and those of the Port of Rotterdam are that at Rotterdam, the horizontal transport and yard
gantry cranes are all automated. At Rotterdam, AGVs are used instead of TTUs and ASCs are
used instead of RMGs. This automation system is more efficient mainly due to the fact that it

removes human error and human fatigue elements from the system.

The container terminal at the Port of Rotterdam operates 24 hours a day, and the effective
working time per day is close to 24 hours. This is due to the fact that almost the entire process

is automated therefore shift and driver changes are not necessary.

21
© University of Pretoria



v
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

“
&

a" NIVERSITEIT VAN PRETORIA

et

5 Model Design

The equipment described previously in section 4-2 and 4-3, is the most commonly used
equipment and methods applied in large ports around the world. The equipment plays an
important role in the port productivity, and thus the best applicable equipment is essential.
The Queueing Theory that will be applied in this project is directly influenced by this
equipment. Having an understanding of what the equipment is, and how it operates makes the

model background easier to understand.

The original plan of the project was to create a finite queueing model for the extension of the
Port of Durban Container Terminal. After discussions with TRANSNET, the focus area of
the project was defined and the model had to be reviewed. After further research, it became
clear that a finite queueing model could not be used. This is because the population size
(number of the containers arriving at the stacking area) is not finite since there are always
containers continually entering the stacking area. Due to this fact, the finite queueing model
was replaced with a non-finite queueing model, which will be discussed shortly.

As discussed in the previous sections, the correct quantity and types of equipment are needed
for a container terminal to operate efficiently. Having too many horizontal transport vehicles
causes congestion at the stacking area and having too few causes the system to be too idle.
Due to this fact, a model has to be created which will assist in determining the number of
vehicles and the type of vehicles which would create the most efficient system for the

container terminal.

The aim of the queueing model is to investigate and calculate the time that a customer or a
container spends in the queue while waiting to be served. This will be done for the operations
at Pier 1, Pier 2 and at Rotterdam. The results will be compared and verified using simulation

modelling.

During the research period no queueing model, which addresses the stacking yard of the
container terminal in the desired manner, was found. Due to this, an adequate queueing

model had to be adapted to the stacking yard.

A report by authors Mrnjavac & Zenzerovic (Mrnjavac & Zenzerovic 2000), describes how a

container terminal can be modelled by making use of queueing theory. The report states that a
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container terminal can be defined as a queueing system where ships have an arrival rate and
the port has a service rate. In their report, the authors define an M/M/S/«/FCFS queueing
system using the Kendall-Lee notation. The first and second letter refers to the arrival and
service rates respectively. The letter S refers to the number of servers, in this example the
number of servers are the number of berths at a port. The oo sign refers to the maximum
number of allowable vessels in the system (waiting in line and being serviced). The model
proposed by Mrnjavac & Zenzerovic (Mrnjavac & Zenzerovic 2000) also addresses the cost
associated with ships queueing at the port and the cost of an idle berth (an unoccupied berth).
To eliminate or greatly diminish the waiting time for vessels at the port, a large number of
berths would have to be available. The trade-off with this suggestion is that a large number of

those berths would be idle during off peak times, thus resulting in high labour costs.

The above model was taken as a guide line for the definition of a queueing model for the
stacking yard of a container terminal. The model created for this project is one where
containers arrive at the container terminal on a ship. Quay cranes unload the containers from
the ship, and the unloading rate (containers per time period) defines the arrival rate (A). The
arrival rate varies with the type of quay crane used. The horizontal transport and stacking
equipment operate in the model at their own service rate of ul and p2 respectively. pu has the
same units as A, which are containers per time period. The service rate varies depending on
the type of system and the type of equipment used. The service rate will be revisited at a later
stage. The model will also be based on an M/M/S/wo/FCFS (Kendall-Lee notation) queueing

model.

The cost calculations determined in the report of Mrnjavac & Zenzerovic can also be adapted
to the model which can be applicable to this project. The cost of a horizontal transport vehicle
standing idle in the queue and the cost of the stacking equipment at the stacking area being
idle are two costs that would be of interest.

Before the model can be accepted, the model must be justified. To justify the model, another
similar model, but from a different environment was studied. The model in question was a
queueing theory model used for high-speed robotic palletizing (Li & Masood 2008). The
authors of the journal article create a one job-two machine model which can be described by

the following queueing model format: M/M/2/o/FCFS. The high-speed robotic palletizing
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operation has cartons which arrive from a packaging line. The two robotic palletizers stack
the products into pallets which are then stored. The model is in essence the same as the model
proposed for this project where cartons or containers arrive at the palletiser or the container
terminal and are stored. The main difference between the two models is the S value, which is
defined in the palletizing model as being 2. The theory behind the queueing model for the
high-speed robotic palletizing is similar to the proposed theory of the stacking yard queueing
model, therefore the theory for the stacking yard queueing model has merit and should be
able to work. However, once in practice, some changes might have to be made to

accommodate variables not yet known.

The literature in section 4.2 and 4.3 discusses the various types of horizontal transport [AGVs
(automated-guided vehicles), TTUs (truck-trailer units) and MTSs (multi-trailer systems)]
and stacking equipment [Reachstackers, forklifts and different variations of yard cranes]. The
horizontal transport and stacking equipment will each have their own service rate () which
will be used with the arrival rate of containers to create the queueing theory model. To model
the scenario, a multi-server queueing theory model will be used. The horizontal transport
transports the containers to the stacking equipment at a certain service rate and lastly the

stacking equipment stores the containers at a calculated service rate.

The only vehicle that was not addressed in the above paragraph was the straddle carrier. The
straddle carrier (SC) is unique in its own way as it is an active vehicle. Therefore for the SC
model, containers arrive at an arrival rate of A from the quay cranes. SCs fetch the container

and store it in the stacking area at a service rate of .

24
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(o3

6 Model Development

To create the queueing model various variables had to be calculated and assumptions had to

be made for the model to be successful.

The first was to calculate the arrival rates and service rates for the model. The arrival rate,
which is defined as the amount or number of containers unloaded from the vessel by the quay
cranes, was fixed for all models as being twenty-seven containers per hour. Although there
are various cranes at Pier 1 and Pier 2 and at Rotterdam, the arrival rate was fixed, so the
effect of the different storage and transport equipment in the container terminal could be

analysed.

The service rate for the straddle carriers and the service rate for the horizontal transport
(TTUs and AGVs) were calculated as the distance (in metres) travelled multiplied by the
velocity (the velocity depended on various aspects which will be discussed separately for

each model). The service rate of the yard gantry cranes will be discussed later.

The arrival rate of twenty-seven containers per hour already includes shift changes.
Therefore, when calculating the service rates (containers per hour), the calculated service rate

had to consider shift changes.

The container intensity can be measured by dividing the arrival rate by the number of servers
multiplied by the service rate. The number of servers refers to the number of respective
yard’s equipment in each model. The container intensity is a measure used in the queueing

theory model calculations.
The following assumptions were made in general for each model:

e The position of the quay crane in all the models remained the same so that the results
could be compared and discrepancies would not arise. The red square indicates the
point where the quay crane unloaded the containers (refer to figure 6.1 and 6.2 on the
following pages).

e It takes a yard gantry crane (RTG and RMG) or a quay crane 15 seconds to line up
with a container and an additional 50 seconds to remove the container from the vessel
or horizontal transport. This equates to 65 seconds for placing or removing a container

from a vessel or horizontal transport vehicle. (Nazari 2005)
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e In the model, the effects of traffic were not considered since only one quay crane was
considered. More than one quay crane may be considered in the model; however, that
would only increase the arrival rates.

e The furthest container is situated 750m from the quay cranes which was observed in
this model. The mean distance between the quay crane and the furthest container was
calculated and is the average distance from the reference point from which a container
had to be retrieved from. The reference point was identified as bay 4 (Figure 6.1 and
Figure 6.2)

e The models make use of the scattered stacking method of storing containers in the
stacking area(s).

e Horizontal transport vehicles are allocated to QCs using a single-cycle strategy.
In the model, specific notation was used. Below is a description of the notation.

W (1x) - the number 1 refers to state 1. The letter ‘x’ refers to the scenario (x can take any

letter from a to h).

Wj (2x) — the number 2 refers to state 2. The letter ‘x” refers to the scenario (x can take any

letter from a to h).
Wy (X) - The letter ‘x’ refers to the scenario (x can take any letter from a to h).

Refer to Appendix B, for the Excel spread sheets created for calculating the queueing theory

models discussed in section 6.1 - 6.3.
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6.1 Pier 1 Model

Figure 6-1: Pier 1 Model Design

The arrival rate A was previously defined as being 27 containers per hour.

The service rate was calculated by taking the distance which the arrows in figure 6.1
represent. The arrows give a visual representation of the path that the TTUs travel. The
distance was multiplied with the average velocity or speed of the TTU. This velocity is 11
km/h (this is an average velocity and applies whether the vehicle is loaded or empty). This
yielded the time in seconds it takes the TTU to travel from the quay crane to the RTG in the
stacking yard and return to the quay crane. This time value was converted to a rate and after

considering shift changes, the service rate 1 (l;) for the model was determined.
M1=8 containers/hour

Following this calculation, a service rate for the RTG had to be calculated. The easiest way to
calculate the service rate was to use the moves/hour that an average RTG can perform. From
the literature in section 4.3, the moves/hour value is 10.14 (moves/hour equates to
containers/hour). This value had to be converted to a 24 hour working day (which

incorporates shift change), therefore;

M2=9.22 containers/hour
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Two separate calculations are used to calculate the waiting time for two different scenarios
(These two scenarios each having a different number of horizontal and stacking equipment).

The first two scenarios (a and b) are calculated using Jackson’s rule.

The two service rates were used together with the arrival rate to calculate the expected time
that a container will spend waiting to be serviced. This was calculated by using Jackson’s
Rule. Jackson’s rule states that if A<sipli then the i state may be analysed using an
M/M/si/oo/FCFS queueing theory model (Winston 2004).

Considering scenario a; for state 1 (TTUSs) to abide by Jackson’s rule, the number of servers
or the S value had to be equal to 4. For state 2, the s-value had to be equal to 3 which yielded
a value of 32 for state land 27.66 for state 2. Both of these values are greater than 27, and

therefore Jackson’s rule is applicable.
Using Jacksons rule the following results were calculated for each state:

e W, (1a) =8.28 min
e W, (2a) =38 min
e W, (a) =46.28 min

Scenario b is where the S value of the TTU and RTG had to be altered from 4 to 5 and from 3
to 4 respectively generated the following results for each state;

e W, (1b) =3.8 min

e Wy (2b)=2.6 min

e Wy (b)=6.4min

o W, (1x) refers to the time (per hour) that a quay crane has to wait for a TTU to collect
a container.

o W, (2x) refers to the time (per hour) that a TTU has to wait at a bay for the RTG to
remove its container.

o W, (x) refers to the total time a container waits in line to be serviced. [Wq (X) = W
(1x) + Wq (2x)]
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The second calculation (for scenarios ¢ and d) will use a normal M/M/S/x/FCFS queueing
theory model. The operations at Pier 1 are separated into two different calculations which
will be used together to obtain the waiting time of a container in the system. The first
calculation will be a queueing model for the quay crane unloading the containers from the
vessel and placing them on the TTU which then takes the container to the stacking area. The
second calculation will encompass the TTUs bringing containers to the stacking area where

RTGs stack the containers.

The first calculation of scenario c is evaluated by;

A = 27 containers

The service rate for the calculation will be the service rate of the TTUs, which is;
=8 containers/hour

The S-value for the model was taken to be the same as the S-value specified for the TTUs in

the Jackson model, which was 4.

Using the above information the expected time (per hour) that a quay crane has to wait for a

TTU to collect a container is;
e W,;(1c) =8.28 min
The second calculation follows;

The arrival rate of containers in this model is the service rate of the TTUs in the model above,
which is A =8 containers/hour, however, in the previous model there were 4 TTUs used in the
system. The arrival rate of the second model is the same as the service rate of the first model,

and thus the service rate needs to be multiplied by 4.
A =32 containers/hour

The service rate is the number of moves per hour that an RTG can perform. This information

can be obtained from the previous page;

M=9.22 containers/hour
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The S-value for the number of RTGs had to be such, that Sp>= 32. If S=3, Wy (2d) = “no
solution” since Sp<32. Due to this fact, the S value was calculated to be 4.

Using the above information, the time (per hour) that a TTU has to wait at a bay for the RTG

to remove its container can be evaluated:
e W, (2c) =8.5min

The total time that a container has to wait from when it is unloaded from the vessel until it is

stored in the stacking area is denoted by W (c).
e W, (c)=16.78 min

Scenario d was where three RTGs where used in a model to calculate Wy (2d) which returned

an answer of ‘no solution’.
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6.2 Port of Rotterdam Model
In keeping a constant arrival rate throughout the whole model, the service rate for this model

is;
A = 27 containers per hour

The Port of Rotterdam model is identical to the model constructed for Pier 1. The service rate
calculation is based on exactly the same method as that of the TTU for the Pier 1 Model. The
only difference is the average velocity. The average velocity was found to be approximately

4.6 metres per second (Table 2, page 9).
M1 = 11.4 containers per hour

The service rate of a typical ASC is to be between 16 and 18 moves per hour (section 4.3,
page 14). The idea was to take an average of these two figures which resulted in a service rate

of 17 moves per hour.
M2 = 17 containers per hour

To calculate the average time a container spends in the queue waiting for service (Wq (X)),
the above service rates with their corresponding number of servers need to adhere to

Jackson’s rule. To meet Jackson’s rule, a minimum of 3 AGVs and 2 ASCs are needed.
Using Jackson’s rule, the W, value calculated for states 1 and 2 are: (scenario €)

e W;(1e) =5.8 min
e W,;(2e) =3.6 min
e W;(e)=9.4min

Increasing the S value to 4 AGVs and 3 ASCs yields the following results for each state;

(scenario f)

o W, (1f) =2.2 min
o W;(2f) =1 min
o W, (f)=3.2min
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Wy (1x) refers to the time (per hour) a quay crane has to wait for an AGV to collect a

container.

Wy (2x) refers to the time (per hour) that an AGV has to wait at a bay, for the ASC to
remove its container.

Wy (x) refers to the entire time a container waits in line to be serviced. [Wq (X) = Wy
(1x) + Wq (2x)]
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6.3 Pier 2 Model

T, TES—

Figure 6-2: Pier 2 Model Design

As in section 6.1 above, the arrival rate of container has remained the same.
2=27 containers/hour

The service rate of the straddle carrier was calculated using the same principle as was used to
calculate the service rate for a TTU in section 5.1. The distance travelled (which can be seen
in figure 6.2 above) multiplied by the various corresponding vehicle velocities (refer to Table
1 on page 8) to calculate the service rate. The time taken for an SC to enter the bay and the
time taken to load and unload a container (Table 1, page 8) was also included in the

calculation. After shift changes are considered, the calculated service rate is;
M=7.55 containers/hour

The arrival rate and service rate where used in a simple M/M/S/eo/FCFES queueing model to
calculate Wy. The S value in the model refers to the number of servers or SCs operating in the
system. The S value can be adjusted in the model to obtain an understanding of what effect

the number of SCs will have on the system.
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Using various values for the S value, the corresponding Wy (x) value for each S values was

calculated.
If: S=4 then W (g) = 10.3 min
e If: S=5then W (h) = 3min

The Wy (X) value refers to the time (per hour) that a quay crane has to wait for an SC to

remove the current container from the unloading point on the container floor.
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7 Simulation Model

The simulation models for the container terminal were created using Simio. The variables for
the model were obtained from section 6 and converted to a time value per container. Two
separate simulation models where created, for Pier 1 and Pier 2. The variables of the Pier 1
model where altered to obtain results for the Port of Rotterdam model. Refer to Appendix C

for screenshots of the model.

The operations of Pier 1 where modelled for scenario a and b as defined in section 6.1. Once
the model was created the effects of changing the number of TTUs and RTGs were recorded
and analysed. The results that were obtained from the simulation of Pier 1 (Table 4) and

Rotterdam (Table 5) are shown below.

Table 4: Pier 1 Simulation Results

Scheduled utilization %

Equipment Scenario
2 3 4 5 ] 7 8 9
TTU-1 62.99 64.31667 73.01389 70.565944 62.99444 59.60273 59.600278 55.37778
TTU-2 65.29 56.39167 75.89444 66.68333 65.28011 5B.63889 58.63889 54.99722
TTU-3 52 B65.74444 7B.82778 7T6.30556 52.00833 46.85556 46.85556 61.73611
TTU-4 40.74 62.53333 40.73889 36.49444 36.45444
TTU-5 0 0

Average TTU ~ 55.255 62.15093 76.11204 70.52292 44.20556 40.31833 50.39792 57.37037
RTG-1  60.11111111 48.03333 54.38056 73.07222 60.11111  48.75  48.75 47.51389

RTG-2 39.58 64.21389 78.73056 78.41944 59.58333 54.16667 54.16667 37.91667
RTG-3 56.63 54.16667 56.63333 26.38611 26.88611 48.75
RTG-4 48.75 48.75 37.91667
Average RTG  58.7737037 55.4713 66.55556 75.74583 58.77593 44.63819 44.63819 43.02431
ac 67.5 B62.55556 31.8 39.2 67.5 67.5 67.5 64.7

# containers
processed 32 29 24 27 32 32 32 31
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Scheduled utilization %

Equipment Scenario

1 2 3 4 3 ]
AGY-1 72.27222222 71.05278 71.05278 B1.50833 81.8 B81.13056
AGY-2 64.06944444 59.24167 59.24167 B8.98056 73.02222 73.96667
AGY-3 39 59 65.85278 6B.73889
AGY-4 0 61.14722

Average AGV -

68.17083333 63.09815 47.32361 85.24444 73.55833 71.24583

ASC-1 54.92222222 61.04444 61.04444

ASC-2 67.69166667 59.58333 59.58333 63.71667 79.35278 79.35278
ASC-3 37.91666667 57.50667 57.56007 ©01.78056 78.530611 B0.47778
Average ASC 53.51018519 59.39815 59.39815 62.74861 78.94444 79.91528
ac 59.7 67.5 67.5 48.1 60.52778 62.9
# containers

processed 29 32 32 22 28 28

The results of Table 4 and 5 show the % utilization of each equipment after changes were

made to the simulation. The Tables can be read as following:

In Table 4, scenario 2, there were four TTUs and three RTGs operating in the system. The
results of the simulation where that the average utilization of a TTU of the system was 55.3%
and of an RTG was 58.8%. The quay crane had a utilization of 67.5% and in total thirty-two
containers were processed during the 2 hour simulation of the system. Another example is
given in Table 5, scenario 3, where four AGVs and two ASCs were operating on the system.
The reason for the 0% utilization of AGV 4 will be addressed shortly.

When analysing the results from Table 4 certain values need to be addressed. The utilization
of the quay crane in both Table 4 and Table 5 never goes above 67.5%. This is correct since
the remaining 32.5% of the time the quay crane loads containers onto the TTU or AGVs

(which takes a further 65 seconds per container). With the quay crane operating at maximum
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capacity (67.5%) the maximum number of containers that can pass through the system in a

two hour time period is equal to 32.

In both Tables 4 and 5, when the quay crane is operated at 67.5% the number of containers
passing through the system remained constant, and the average % utilization of each piece of
equipment (TTU and RTG or AGV and ASC) remained constant. This is due to the fact that
no matter which changes were made to increase the numbers of equipment in the system, no
more containers would be processed since the quay crane was operating at maximum

capacity.

There is a change in the utilization of the quay crane when considering scenarios 2 and 3 of
Table 4. The change that was made to the model was to remove a TTU from the system. This
change caused an average utilization of the TTUs to increase as there were less TTUs in the
system, and each would have less idle time. At this point, it should be defined that the idle
time of the simulation was defined as when the TTU waits in line at the quay crane to be
serviced with a container. The rest of the time can be classified as utilization time of the
TTU. This increased utilization refers to the fact that the TTUs spend more time waiting at
the RTGs to be serviced. The utilization of the RTGs also decreased and this referred to the

fact that less containers passed through the system.

When comparing scenario 3 and 4 (change in the number of RTGs) with scenario 4 and
5(change in the number of TTUs) it can be seen that the number of RTGs have a greater
influence on the number of containers processed by the system than the number of TTUs.

This calculation proves that the RTGs have a greater influence on the operations at Pier 1.

When comparing scenarios of equal numbers of equipment from Table 4 to those of Table 5
certain conclusions can also be made. For example, when comparing Table 4 scenario 4 with
Table 5 scenario 5, it can be established that the operations at the Port of Rotterdam are
performed more efficiently and rapidly than those of Pier 1. This conclusion is made by

considering the number of containers processed per 2 hour period.

The conclusion made above about the Port of Rotterdam can be verified when comparing
Table 4 scenario 3 with Table 5 scenario 1. The results show that Rotterdam needs one less
AGYV to reach the same throughput as that of Pier 1.
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The area of the simulation which could have been altered to make it more realistic would be
to change the processing time of the quay crane. Having the opportunity to spend more time
at the Container Terminal in Durban and performing time studies to obtain a different or
more realistic service rate would have had an influence on the outcome of the simulation.
Due to the time and distance constraints, spending more time at the container terminal to
perform time studies and obtain information was not possible. Therefore the service rate of
the quay crane was adapted from the arrival rate of the queueing theory model (which was 27
containers per hour, as defined by TRANSNET)

In concluding the analysis of the results of the Pier 1 and Rotterdam models, the following

scenarios can be identified as being the best.

For the Pier 1 operations, scenario 2 is defined as being the best combination of equipment
needed to operate at Pier 1. This conclusion was made since this system processes the
maximum number of containers and it uses the least numbers of equipment (less labour costs
and initial investment than the other scenarios with the same throughput), and therefore

makes it most desirable.

The Port of Rotterdam simulation, scenario 2 is seen as the best possible combination for
Rotterdam. This was once again concluded on the grounds of maximum throughput (of thirty-

two containers) with the least equipment.
The simulation results for Pier 2 operations are shown below in table 6.

Table 6: Pier 2 Simulation Results

Utilization %

Equipment Scenario

1 2
5C-1 50.83514631 50.83515
SC-2 49.63768409 A49.63768
5C-3 49.67515297 49.67515
SC-4 48.64960815 48.64961
5C-5 0

Average 5C 49.69939788  39.75952

ac 100 100

# containers
processed 51 51
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From the results of the simulation of Pier 2 the first item that needs addressing is the fact that
the utilization of the quay crane is 100%. This is due to that fact that the QCs can place a
container on the container terminal floor from where the SCs can fetch and store the
respective container. This eliminates extra loading time that the QC has to spend to load a
TTU or an AGV. The other aspect to consider is that the utilization of the 5th SC in scenario
2 is zero. This is due to the fact that there is enough capacity with respect to SC service in the

system to process the containers in the given circumstances.

From the simulation results, scenario 1 (Table 6) seems that the ideal number of SCs needed
to operate at Pier 2. Scenario 1 was chosen over Scenario 2 since the extra SC of scenario 2
makes no difference. Scenario 1 employs one less SC which saves significant initial capital

investment and labour expenses.
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8 Model Discussion

In an article written by Birgitt Brinkmann (Brinkmann 2011), the author describes typical
numbers of yard equipment assigned to each quay crane. According to the article four to five
TTUs and two to three RTGs are typically allocated to each quay crane. Each quay crane is
allocated four to five SCs. These numbers vary with distances but do give a good indication

of the accuracy of the model.
Pier 1 Model:
A brief summary of the results for the Pier 1 models:

e W, (1a) =8.28 min

e W, (2a) =38 min

e W, (1b) =3.8 min

e Wy (2b)=2.6 min

e W;(1c) =8.28 min

e W, (2c) =8.5 min

e W, (2d) = “no solution”

o (refer to section 6.1 for details of each calculation)

The first aspect to discuss is the W, (2a) value. To have a total waiting time of 38 min for the
four TTUs at the RTG is a serious aspect to consider. When increasing the number of RTGs
from three to four, the waiting time of the TTUs drops from 38 min to 2.6 min. A reason for
this high value of 38 min could be the fact that the distance that the TTUs travel from the
quay crane to the RTG is small, and thus the service rate of the TTUs increases (due to the
decrease in the distance the TTUs need to travel). This reason is admissible due to the fact
that Wy (2d) gives an answer of “no solution”. This refers to the fact that with three RTGs
and a service rate of 9.22 containers/hour per RTG, there exists no steady state (the container
intensity is bigger than 1, and thus the queue becomes unconstrained). This is a good
explanation of the high waiting time of TTUs at the RTG of the Jackson model. The Jackson
model gives an answer for W, (2a) since it uses a different approach to the normal queueing
theory model used in the second calculation (scenario ¢ and d).
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The analysis of the simulation model discussed in section 7 established that the RTGs had a
greater influence on the number of containers processed by the system than the number of
TTUs, consequently the RTGs formed a greater bottleneck in the system than the TTUs. This
verifies the conclusion made above that the RTGs, and an extra RTG will have a considerable

influence on the operations and throughput of the container terminal.

W (2b) and Wy (2c) both use four RTGs but there is a difference in the waiting times of the
TTUs at the RTGs. The difference is due to the differing approach that the two queueing
models use. The more accurate of the 2 calculations would be the Wy (2c) as it takes the
arrival rate of the containers on the TTU into account. The Wy (2b) (which used Jackson’s
method) completely ignored the TTUs in the calculation and only focused on the unloading
rate of the quay crane, even if the unloading rate of the quay crane had no direct impact on
the RTG.

The queueing model provides a good indication of the number of TTUs and RTG assigned to
each quay crane at the Pier 1 operations. The optimum number was four TTUs and four
RTGs, the TTU number falls into the category defined by Birgitt Brinkmann and the number
of RTGs is close to the parameters of two to three RTGs per quay crane but varied due to the
distance element. From this comparison the results of the model are reasonable.

When comparing the numbers of equipment of the ideal scenario of section 7 for Pier 1, the
ideal scenario was to implement four TTUs and three RTGs. This range of equipment also
falls into the range defined by Birgitt Brinkmann. The difference in the two conclusions for
the Pier 1 operations is interesting, as the queueing theory model needed four RTGs where
simulation only needed three RTGs to operate. This difference could be influenced by the
quay crane and how the models calculate the service rate differently. If the quay crane could
have processed more containers in the simulation (by increasing its utilization) the simulation
may have returned the same results as the queueing theory model. This can be proven by
referring to scenario 2 and scenario 4 of Table 4. The difference in these two simulations is
the utilization percentage of the quay crane. To increase the utilization from scenario 4 to

scenario 2, an additional RTG is needed.
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This same phenomenon would have occurred if the utilization of the quay cranes was
increased to above 67.5% thus giving rise to a large possibility that the simulation model and

the queueing theory model would return the same results.

Port of Rotterdam Model:

An overview of the results for the Port of Rotterdam models:

e W, (1e) =5.8 min
e W,;(2e) =3.6 min
o W, (e) =9.4min
o W,(1f) =2.2 min
e W;(2f) =1min
o W, (f)=3.2min

The expected result of the model was that the operation of the Port of Rotterdam is done
much more efficiently and with less queue time than those of Pier 1 (Rotterdam has a lower
W, time for both states 1 and 2). This was proved by the model and it was expected due to
the fact that Rotterdam uses newer and more improved technology. An 8.28 min queue time
for the quay crane using four TTUs in the operation and 2.2 min waiting time for the quay
cranes using four AGVs in operation. Considering that the AGVs operate at a higher speed
than the TTUs, it can be said that the operations of the TTUs are very efficient.

Referring to the discussion and comparison on the Pier 1 and Rotterdam simulation it also
concluded that Rotterdam performs the operations more rapidly than Pier 1. Once again this
is due to the quicker and more efficient equipment Rotterdam employs. The simulation model

proved that the queueing theory model returned reliable results.

Comparing the queueing time of containers when using the four RTGs of Pier 1 (W, (2a))
with the three ASCs (or automated RMG) of Rotterdam (Wj (2f)), it can be seen, from the
difference of 37 minutes in expected queue time (in favour of the ASC) that the operations
and capabilities of the ASC are much better than that of the RTG. This is partly due to the
fact that the ASC has a higher gantry and hoisting and trolley speeds than a RTG (refer to
Table 3, page 14).
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Pier 2 Model:

The only way to compare the model of Pier 2 with the models of Pier 1 and Rotterdam is to
take the Wy (x) value of Pier 1 and of Rotterdam and compare it with the Wy (x) value of the
Pier 2 model.

Below are the Wy (x) values from the models;

e W, (a) =46.28 min
e W, (b)=6.4min

e W, (c)=16.78 min
e W;(e) =9.4min

e W, (f)=3.2min

e W;(g) =10.3 min
o Wq(h)=3min

From the above data, it can be seen clearly that the Rotterdam operations are the most
efficient (e and f). The equipment is used in such a way that highest productivity is obtained

from each piece of equipment. This is largely due to an automation factor.

The waiting time in g is close to the waiting time in e. This is highly possible, due to the fact
that less equipment is used in g and this equates to less hand-over points (the SC does all the
work itself, instead of an AGV transporting and an ASC stacking). The operations at g are
also better than those of a, and h is much better than that of b. This is once again due to the
same factor mentioned earlier, the hand-over points. The Pier 2 operation also has the
advantage that it requires fewer operators than the Pier 1 operation. The disadvantage with
the SC system is that the number of containers stored per area in the stacking area is
considerably less when using a SC than using an RTG or ASC. The RTG or ASC can also

restack more efficiently and retrieving containers is easier.
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The queueing model of Pier 2 used four and five straddle carriers respectively, for g and h,
which fit into the guidelines defined by Birgitt Brinkmann. The simulation agreed with using
four SCs for the Pier 2 operations. The SCs in the simulation also had to wait for the quay
crane to unload containers, just as the SCs also had to wait in the queueing theory model.
This agreement between the simulation and the queueing theory model proved that the
queueing theory model returned a feasible solution.
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9 Conclusion

Having the correct equipment and using it in the most efficient manner can have many
advantages for a port. Although capital is needed at the outset, the capital can soon be

regenerated, as vehicles (vessels, road vehicles and trains) can be processed much quicker.

The theory from the literature study provided a good foundation and base knowledge from
where the queueing theory model could be created and optimised.

Having discussed and compared the results of the queueing theory model with the simulation
model, the results obtained from both where fairly similar (refer to section 8). The difference
between the results of the models can be due to the different approach which the two methods
use. Having analysed and understood the results, the final conclusion was that the results
were fairly similar and share the same concepts. With the framework set by Birgitt
Brinkmann (Brinkmann 2011) it can be concluded that the queueing theory model for the
Container Terminal of the Port of Durban returned reliable results. The queueing theory

model and the simulation model are a framework which affords future academic efforts.

Ultimately each of the systems (the TTU and RTG system, the SC system and the automated
system) have their own advantages and disadvantages. From the results it seems as if the SC
system is the most economically feasible since it requires less equipment and employees
(which is a huge positive), however, container reshuffling takes much more time and effort
than the two other systems. This is due to the fact that the RTG and ASC are dedicated to

storing containers, and the storage and retrieval of containers is much easier and quicker.

The TTU and RTG system has the advantage of being easy to implement and operate.
However, the negative of this aspect is that, as was seen from the results of the project, it
requires the most time or equipment to process the same number of containers as the SC or
automated systems. The advantage of this system is that it is not as difficult to implement as
the automated system, it is much less complex and it requires a much smaller initial

investment.
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With the current labour unrest and the demand for higher wages, opportunities arise for
automated systems to enter the market. The operations at the Port of Durban Container
Terminal would not in the near future be automated, as it will cause many individuals to lose
their jobs, thus adding to the already huge unemployment rate of the country. Secondly, in
South Africa the general hourly wage of employees is considered to be low with comparison

to other European countries.

In conclusion, the operations of the Port of Durban Container Terminal should remain the
same with regard to operations. The operations at Pier 1 should continue to operate with
TTUs and an RTG where Pier 2 should operate with SCs. This setup in operations is highly
advantageous as the container terminal can employ various methods and see which work
well. It allows TRANSNET to make use of the latest technological developments of both

systems without major container terminal restructuring costs.

This project sets out guidelines for the numbers of equipment assigned to each quay crane at
the two piers. It was established that with the current parameters defined in the project, four
TTUs and four RTGs are needed for the best overall operations at Pier 1. Four straddle

carriers per quay crane would be the best option for the operations at Pier 2.

The guidelines from the queueing theory models give a good representation of the numbers of
equipment needed for each operation. Having too many stacking areas assigned to a single
quay crane causes the container terminal to become large and spread out, thus decreasing the
service rate of the horizontal transport (fewer containers can be transported per horizontal
transport vehicle per time period). Having too many TTUs or SCs in the system causes
congestion in the container terminal, and having too few causes the quay cranes and stacking
equipment to be idle for longer than usual, which decreases the productivity of the container
terminal. The guidelines aim to achieve the best balance between the numbers of equipment
to ensure vessels are processed in the quickest possible time thus increasing the container
throughput at the Port of Durban Container Terminal, one of the largest container terminals in
Africa.
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12 Appendix B: Excel Model

12.1 Pier 1 Model

40 TEU containers TTU spiees 36036 RTG and BC
lenigth 12.2 spieed 11 kmih 30525 mis loadinglunlaading b5 sec
width 244
height 2.6 fard Specs - TTU
Bay length 122

Eiay width 153.52
Zpacing vertically 10

aonly Far column »=2 pacing horizantalh 10
cankainer location  column 4 quay-stack dist 20
raw 1
bay-row 1
yz 3304
x= [ED
diztance For TTL:
410.44 see
B.5406 min
Fiar a zingle vehicle type  number
p & conkainersthr TTu 4
pd 322 containerzthe RTG 3
L 2T containersthe e 1
Calculation 1% 2 Calculation 3 & 4
& 064753 TTU i 4
gz 0.3761 RTG q.22 4
1F .63 i (.86TT
w1 0135 G628 min F 0.63

0135
2 P 04z

".'."iiEi 06364 53152 min W[ 2c 01414

r

Figure 12-1: Queueing model - Pier 1
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12.2 Rotterdam Model

40 TEU containerz TTU zpecs 36036 RTG and BC
length 12.2 speid 11 kmih 4.6 mis loadinglunlaading B5 sec
width 2.44
hight 2.5 Tard Fpecs-TTU
Eay length 122
Bay width 1352
Zpacing vertically 10
anly for calumn »=2 pacing horizantall 1]
container lacation  column 4 quay-stack dist 20
row 1
bay-row i
n= 53.04
i= [ED] G56.04 401
diztance for TTL: 40212
161 ec
32653 min
fiar a1 zingle vehicl: type numbwer
pi 11583 conkainersthr ALY 3
p2 1T containersthr A0 2
L} 21 containersthre Qc 1
&1 0702
g2 07341
1F 0.63
Walle] 00363
W) 5.4 min
2 F 042
Wal2e] 0.06

W) 3.6 min

Figure 12-2: Queueing model - Rotterdam
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12.3 Pier 2 Model
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Stacking yard specz - SC ol specs
Baylength 122 Unloaded 16 kmih 444 mis
Bay width ar.13 Loaded 12 kmih 3.33 mis
Spacing vertically 0 Inzide bay T kmih 134 mis
spacing horizontall 10 Loadingiunloading 30 zec
quay-stack dist 20 entering and exiting o zec
anly far column ==2

container location  column g

row 1

bay-row 1
Y= 103,44
=
distance 433.51 zec

T.2251 min

m T.55 containersihour . 3044
A 27 containersfhour
M5 infinite
o= g
Blrow) 0834
aull 0.0
F 055
g 0173
Lq

Figure 12-3: Queueing model - Pier 2
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13 Appendix C: Simio Model
The figures in this appendix are screenshot of the Simio simulation models created for the

container terminals.

The figures refer back to Table 4 in section 7. Figure 13-1 depicts scenario 2 and figure 13-2

is the model for scenario 7.

Figure 13-1: Simio Model
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Figure 13-2: Simio Model

Figure 13-3 is the Simio model of Pier 3.

When referring to the CD attached to this report, the Simio models can be obtained. Please
note however, that the Simio models on the CD differ from the models which are seen in the
figures in this appendix. This difference is due to financial constraints, as the full version of
Simio could not be obtained. The Simio models on the CD however still show the thought

and logic behind the model.
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Figure 13-3: Simio Model
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