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Abstract 

Development of an Automated Container Terminal with Rail Guided Vehicles 

To enable automated transshipment in a container terminal a novel rail guided system was 

developed including the layout, a closed loop rail system, turntables and carriers. The purpose 

of this container terminal is to pickup empty containers at a loading station, to transport them 

on the rail system to container loading stations and to move the full containers to a ship 

loading crane. The rail guidance enables a fully automated low cost operation as compared to 

conventional solutions with manned equipment like straddle carriers. After an introduction, 

the paper describes the operation strategies of the system. The next section deals with 

estimation of the number of vehicles required for satisfactory terminal operation. This 

question is treated with three solution approaches. An analytical estimation procedure will be 

compared to closed queuing network solutions. Also simulation results are included to verify 

performance calculations and operational issues. 

 

1. Introduction and literature survey 

Global distribution of goods is mainly based on container transportation. Rapid growth within 

the last fifty years had led to a world wide fleet of 15 millions containers handling two thirds 

of international goods transportation [1]. Most of the terminals use manually driven reach 

stackers working like fork lift trucks equipped with special load lifting devices [2]. Some 
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terminals like in the harbor of Hamburg, Germany operate with automated guided truck 

vehicles. Due to the high investment and operating costs these types of equipment are mainly 

appropriate for large size terminals with high throughput. 

The requirement here was to develop a solution for a small size terminal utilizing a cost 

effective, automated operation. The approach presented in this paper is based on industrial 

heavy duty material handling components and was developed at the Institute of Logistic 

Systems at Graz University of Technology. 

The handling process requires loading the empty containers with palettes and transportation of 

the containers to a container crane, which loads the containership or serves a storage yard. 

The technical requirements are: 

• Closed loop process with empty container transport to the loading docks, filling the 

containers with payload, transportation to the container crane, lifting the containers into 

the containership 

• Developing a layout for the loop process 

• Loading and transportation of 20 ft. and 40 ft. containers 

• 20 ft. maximal container weight: 24000 kg 

• 40 ft. maximal container weight: 30480 kg 

• Required throughput: seven containers/hour 

• Four docks for container loading. 

A simple and effective solution is a closed loop rail guided vehicle system, with the empty 

containers travelling on vehicles to the loading docks. After being filled the full containers are 

travelling to the container crane, which separates the container from the vehicle when loading 

the ship. The empty vehicles finally travel to the empty container loading station, where the 

cycle is completed. 

The following section describes the system layout and operation including the technical 

components of the transportation system. 
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2. System layout and operation 

The system layout in fig. 1 exhibits a triangular shape according to the available floor space. 

The components utilized are rail guided carriers, turntables and container cranes. 

 

Figure 1: System layout 

In the first section fork lift trucks move empty containers on top of the rail guided vehicles. 

These vehicles move along the rails and with turntables to the second section providing 

individual docking stations. A total of four docks is sufficient to load the empty containers 

with paper goods on palettes or with paper coils. During the loading process the containers 

remain on the carriers. Hereafter the carriers move to the third section, where cranes separate 

the containers from the carriers, which travel back empty to the first section, where the cycle 

is completed. This simple arrangement needs only five turntables next to the railtrack and a 

number of vehicles yet to be determined. 
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3. Components description 

The components were designed as simple and robust as possible. Fig. 2 exhibits the basic 

design of a rail carrier. Four twistlocks perform a safe connection to the corner fittings of a 

container. The steel frame rests on four wheel boxes. Two of them are connected to a gear 

wheel drive. Distance control to the neighboring vehicle and vehicle identification are 

achieved with laser technology. 

 

Figure 2: Rail guided carriers 

Specification of vehicles: 

• Total length L = 12200 mm 

• Axis distance Lr = 6000 mm 

• Acceleration a = 0.2 m/s2 

• Velocity  vmax = 63 m/min 

• Power  P = 5.5 kW 

Fig. 3 shows the basic design of the turntables to change the direction of the container 

carriers. Two rails on top of a steel frame with a length of 7 meters provide the necessary 

space for one carrier. The steel frame is centered with a pivot and rests on four wheel boxes 

Rahmen 

Radblöcke 

Stirnradgetriebe- 
motor 

Twistlocks 

Laser- 
scanner 



 6

each one driven by an individual gear drive. The wheels rest on a circular base frame with 

rails. 

 

Figure 3: Turntables 

Specification of turntables: 

• Length  L = 7000 mm 

• Acceleration a = 0.2 m/s2 

• Velocity  vmax = 50 m/min 

• Power  P = 4 x 1.5 kW 

• 90° cycle time tturn = 15 sec 

Redundant safety components were installed to enable a safe automatic operation. The 

complete transportation area is fenced in. When opening a door in the fence complete power 

supply is shut off and the vehicles stop. As section 1 and 3 partially have no fence, ultrasonic 

sensors are connected to the vehicles. Within a safety distance of one meter the vehicles stop 

and resume their operation automatically after the obstacle is removed. 
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4. Specification of turntables 

The turntables are a critical component in the transportation system with respect to 

throughput. It is the purpose of this section to show the relation between technical 

specifications and throughput. The cycle time of a turntable depends on its drive performance 

and mass distribution of the moving parts of the turntable, the vehicle and the container. 

Fig. 4 exhibits the torque of the gear drive for the turntable depending on its rotational speed. 

External frictional loads between wheels and rails result in a torque Mwm = 3.02 Nm. As the 

average motor torque equals Mm = 17.60 Nm a difference of Ma = 14.58 Nm remains for the 

rotational acceleration of the vehicle, the turntable and the container masses. 

 

Figure 4: Torque of the gear drive 

Specification of the electric motor: 

• Power   P = 1.5 kW 

• Synchronous speed ns = 1500 rpm 

• Nominal speed  nn = 1485 rpm 

• Nominal torque  Mn = 9.65 Nm 

The external frictional force per wheel is proportional to the total mass supported. 



 8

w
mgwF = = 500 N

4
 with m = mc + mv = 34000 kg total container plus vehicle weight 

w = 6 N/kN frictional force 

The frictional force acts on the wheel radius D/2 = 125 mm and results in a torque 

Mw = FwD/2 = 62.52 Nm 

The specifications of the gear wheel drive have a gear ratio of i = 23 and a degree of 

efficiency of η = 0.9 reduce the torque on the motor axis to 

Mwm = Mw/(iη) = 3.02 Nm. 

The nonlinear curve of the motor torque is equalized to an average rectangular shape 

determined by evaluating the sum of the areas I and II equal to area III. 

The total average motor torque is Mam = 17.6 Nm from which the frictional torque  

Mwm = 3.02 Nm is deducted leading to the torque accelerating the rotational masses with Mam. 

Mam = 17.6 – 3.02 = 14.58 Nm 

This torque is amplified by the gear box to 

Ma =Mamiη = 301.8 Nm. 

Ma transforms to a frictional circumference force action on the wheel contact point of 

Fu = 2Ma/D = 2414 N. 

With four gearbox drives at total torque Maz acting on z-axis results from 

Maz = 4FuDs/2 = 31049 Nm where Ds = 6.43 m. 

From Newton’s law for rotational forces is Maz = Jz.α. 

A container with m = 3400 kg mass and dimensions of L x B = 12 x 2.5 m has an inertial 

rotational resistance of 

( )2 2 2
z

mJ = L + B = 425708 kg m
12

. 

From Newton’s law for rotational acceleration is 

α = Maz/Jz = 0.0073 1/s2 
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Maximum rotational speed ωmax at nn = 1485 rpm follows from 

Ds/2 ωmax = Dnnπ/(60i)  ωmax = 0.263 1/s 

Acceleration time is ta = ωmax/α = 3.6 sec. 

The total cycle time to move a turntable through a 90° angle follows from 

ta = π/2 / ωmax + ωmax/α = 9.58 sec. 

In the following calculations we use the next higher integer 

tEA = ta = 10 sec. 

Modeling a turntable as a semi continuous divert assumes that a carrier can pass the conflict 

zone in straight direction 1 without a stop, whereas the diverting direction 2 needs a stop on 

the turntable. If actual throughput in direction 1, 2 is λ1,2 and technical limit throughput 

resulting from cycle times is μ1,2 the total throughput limit follows from the law of partial 

utilizations: 

1 2

1 2

λ λ+ 1
μ μ

≤  

Limit throughput μ1 follows from 

μ1 = 3600/(tR + l/v + v/a) = 164 1/h 

with velocity v = 1 m/s and acceleration a = 0.2 m/s2 and l = 15 m minimum distance between 

two consecutive vehicles. 

Limit throughput for direction 2 follows from 

μ2 = 3600/(tv + 2tEA) = 60 1/h 

where tv is needed to move on and depart containers from the turntable with  

tv = 2(l/v + v/a) = 40 sec and tEA = 10 sec rotation time as calculated before. 

Furthermore we assume a total arrival rate at the first turntable of λ1 + λ2 = 7 cont/hr and an 

operation mode, where every fourth container is directed to the first loading dock. 

This results in: 
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λ1 = 7/4 = 1.75 ct/hr in direction 1 to dock 1 

λ2 = 7*3/4 = 5.25 ct/hr in direction 2 to docks 2, 3, 4. 

The law of total utilization of the first turntable results in 

λ1/μ1 + λ2/μ2 = 0.098 

showing a low 10 % utilization of the first turntable. This shows that the first node is not a 

bottleneck and is noncritical for queuing effects. 

 

5. Number of vehicles 

In an earlier publication [4] an algorithm for evaluating the number of vehicles in a container 

terminal was presented. Here we use a different approach for a first estimation of the 

necessary number of vehicles from a static transport matrix. The transport matrix follows 

from multiplying the traffic intensity matrix with the distance matrix between the stations 

visited. 

The traffic intensity matrix defines the number of units (containers) transported from the 

sources to the various destinations (table 1) resulting from 7(ct/hr).24(hr/d)/4 docks = 42. 

Table 1: Traffic matrix 

from / to Ct-forklift dock 1 dock 2 dock 3 dock 4 Ct-crane sum 

Ct-forklift  42 42 42 42  168 

dock 1        42   42 

dock 2        42   42 

dock 3        42   42 

dock 4        42   42 

Ct-crane 168      168 

sum 168 42 42 42 42 168 504 

 

The distance matrix contains the distance in meters between the stations visited. 
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Table 2: Distance matrix 

from / to Ct-forklift dock 1 dock 2 dock 3 dock 4 Ct-crane sum 

Ct-forklift  45 60 75 90  270 

dock 1      110 110 

dock 2        95   95 

dock 3        80   80 

dock 4        65   65 

Ct-crane 55        55 

sum 55 45 60 75 90 350 675 

 

The transport matrix is now calculated by matrix multiplication of table 1 and table 2. 

Table 3: Transport matrix 

from / to Ct-forklift dock 1 dock 2 dock 3 dock 4 Ct-crane sum 

Ct-forklift  1890 2520 3150 3780  11340 

dock 1        4620   4620 

dock 2        3990   3990 

dock 3        3360   3360 

dock 4        2730   2730 

Ct-crane 9240        9240 

sum 9240 1890 2520 3150 3780 14700 35280 

 

The sum of the last column and the last row of table 3 results in a total transport capacity of 

35280 [ct m]. With an average velocity of 1 m/s the effective time te needed is 

[ ]
[ ]e

transport capacity ct m
t = = 35280 sec

velocity m s
. 
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The total time tt needed to handle the transport volume is calculated by increasing the 

effective time te by a waiting time estimation at the turntables with twt = 30 sec and a loading 

time of 30 minutes at each docking station resulting in 

( ) ( ) ( )tt = 35280 + 6 30 7 24 + 7 24 1800 1.1 = 367920 1.1 = 404712 s = 112.4 hr∗ ∗ ∗ ∗ ∗ ∗  

The factor 1.1 counts for acceleration and reaction time effects. The number of vehicles 

needed is now calculated for a 3 shift operation time of 24 hr/day and an operations degree of 

efficiency 0.9 

n = tt/to = 112.4/(24*0.9) = 5.2 vehicles. 

Rounded up to the next higher integer this first estimation results in six vehicles necessary for 

a full day operation not accounting requires, maintenance and alike. 

 

6. Queuing model 

The transportation system according to fig. 1 is modeled as a closed queuing network with a 

M/M/S/N-system. 

 

Figure 5: Closed queuing model (M/M/S/N-system) 

The description parameters follow Kendall’s notation with M describing Markov processes 

for the arrival and service processes, S = 4 docks as the number of parallel servers and N as 

the number of vehicles operating in the closed system with a service rate of 2 containers per 
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hour at each server (dock). The arrival rate λ is calculated from the transport time after 

leaving the dock stations: 

tout = Lout/v + 7v/a + 2td + tfo + tcr = 905 sec 

The first two terms account for the travel time of the vehicles on the rails, td = 10 sec rotation 

time of a turntable, and tfo = tcr = 300 sec, loading time by forklifts tfo and unloading time by 

the container crane tcr. 

The total time of tout = 905 results in an arrival rate 

λ = 3600/tout = 3.978 ct/hr. 

From Hillier/Lieberman’s equations [5] for closed networks of queues we can calculate the 

probability of finding n vehicles in the system 

( ) ( )

n

n1 o
N! λP n = P

N-n !n! μ
⎡ ⎤ ⎛ ⎞
⎢ ⎥ ⎜ ⎟

⎝ ⎠⎣ ⎦
  if n = 0 <= s resp. 

( ) ( )

n

n2 on-S

N! λP n = P
N-n !S!S μ

⎡ ⎤ ⎛ ⎞
⎢ ⎥ ⎜ ⎟

⎝ ⎠⎣ ⎦
 if s <= n <= N 

The probability of finding zero vehicles in the system is 

( ) ( )

o n nS-1 N

n-S
n=0 n=S

1P =
N! λ N! λ+

N-n !n! μ N-n !S!S μ

⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦ ⎣ ⎦
∑ ∑

 

Finally the number of units waiting in the line is 

( ) ( )
N

q n2
n=S

L = n-S P n⎡ ⎤⎣ ⎦∑  

and L as number of carriers in the waiting system 

( )( ) ( )
S-1 S-1

n1 q n1
n=0 n=0

L = n P n + L + S 1- P n⎛ ⎞
⎜ ⎟
⎝ ⎠

∑ ∑  

These equations were evaluated with the number of vehicles varying from N = 4 to 10 and are 

shown in fig. 6. 
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Figure 6: Number of units L and Lq in waiting system vs. number of vehicles 

From fig. 6 we see that for N = 4, 5 and 6 vehicles the number of containers in the waiting 

line before turntable 1 is smaller than one. The result is that one or some of the docking 

stations one to four are possibly not utilized well. If the number of vehicles exceeds seven we 

see that the curves of L and Lq are parallel. From this fact follows, that an increasing length of 

the waiting line does not improve system performance. Therefore a maximum of seven 

vehicles can be assumed to be optimal under the above mentioned operating conditions. 

 

7. Simulation 

In order to validate the results presented before a simulation study was also conducted. A 

discrete event simulation software named Plant Simulation [6] was used to consider effects 

like varying length of the queue, more accurate modeling of resources and alike. 

First a triangular rail path with unidirectional traffic was modeled including the docking 

stations. Each corner of the triangle and each divert to the docking stations contains a 

turntable as a pick and place element. The rail guided vehicles exist as preconfigured 

resources in Plant Simulation. Only the parameters like L, v, a have to be defined according to 

technical specifications. 



 15

 

Figure 7: Simulation model 

Cycle times at the forklift and crane stations were assumed to be constant with five minutes. 

The average loading times at the docks were assumed to be 30 minutes with an exponential 

distribution. Graphics representation on the screen enables quick controls of the model and its 

animated operation. Comparing the results in fig. 8 to the queuing model shows good 

compliance of the two models. 
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Figure 8: Comparison of simulation and queuing analysis 
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A general observation in fig. 8 is that the number of containers waiting in line and system in 

the simulation model is somewhat smaller than in the queuing model. This can be attributed to 

a more accurate calculation of waiting effects in front of the turntable service nodes. 

A throughput diagram in fig. 9 shows simulation results with a maximum of seven vehicles in 

the system. A further increase in the number of vehicles only increases congestion, but not 

throughput. 
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Figure 9: Container throughput vs. number of vehicles 

 

8. Summery 

In this paper a novel system for automated container transport is described. The technical 

solution is based on a rail system, turntables and rail guided vehicles for the container 

transport. 

To estimate system performance and the influence of technical design parameters on 

throughput a static utilization limit was calculated. Based on these estimates the necessary 

number of vehicles was evaluated from a transport matrix, a queuing and a simulation model. 

The results were in close agreement and show the necessity of considering technical 

component performance in throughput calculations. 
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