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Abstract: At present, the traditional container terminal handling system has many problems, such as high energy 
consumption, high cost and low efficiency. Therefore, this study drew on the characteristics of "hump" transportation 
to design a sliding track type, three-dimensional wharf handling system. Meanwhile, considering the design problem 
of safety dip angle during the loading and unloading operation of the sliding rail terminal, this study constructed 
the calculation model of the optimal dip angle of the sliding rail operation. This provides a decision support for 
the improvement of the port handling system. Based on the aforementioned questions, this study first quantified 
the effects of temperature, humidity and container material. The correction factor for the friction coefficient was 
obtained. Secondly, combined with the classical mechanics theory, this study developed an optimal calculation model 
for the inclination of the sliding rail operation under the comprehensive effect of multiple factors. Finally, this study 
verified the rationality and safety of the optimal dip angle for a specific numerical case of a port. The results show 
that the safe inclination angle calculated in this case is 21.9°, which meets the requirements of safe operation. The 
applicability of the above research is verified.
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1. Introduction 

   With the rapid development of container terminals, the 
problems of high energy consumption, high cost and low 
efficiency of the traditional container terminal handling 
system have become increasingly prominent [1, 2]. To 
ensure the efficiency, environmental friendliness and 
safety of container handling operations, ports around the 
world, such as Yangshan Port, Qingdao Port in China and 
Hamburg Port in Germany, are actively working on the 

transforming and upgrading of traditional terminals to 
automated terminals [3, 4]. However, there are also many 
problems in the process of construction, transformation 
and upgrading. Among them, the most important is the 
safety of containers loading and unloading. By consulting 
the relevant literature, the research on three-dimensional 
wharf mainly focuses on model construction, optimal 
design and efficiency, and safety analysis. In contrast, 
there are relatively few researches on the optimal 
inclination of the slide rail operation. In order to improve 
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the safety and efficiency of three-dimensional wharf 
loading and unloading, this study analyzed the safety 
dip angle of slide rail operation. Firstly, an automated 
container rail transport system was presented in this 
study. Secondly, to ensure transportation safety, this study 
calculated the optimal inclination between the glide slope 
and the ground. Finally, the rationality of this inclination 
model was proved based on a specific numerical case. The 
study of the optimal angle is beneficial to improving the 
safety, efficiency and overall benefit of container handling. 

1.1 Relevant studies 

   At present, lots of researches on three-dimensional 
wharves mainly focus on three aspects: the construction of 
a three-dimensional wharf model, the optimization of the 
design of a three-dimensional wharf, and the analysis of 
the efficiency and safety of a three-dimensional wharf. 
   Concerning the model construction of a three-
dimensional wharf, Bielli et al. (2006) constructed 
a container terminal simulation model and gave a 
component architecture implemented in Java to study 
the methods of improving the efficiency of the port [5, 
6]. Subsequently, Zhang (2008) proposed a modeling 
method and evaluation system for a three-dimensional 
rail network transmission system in a container terminal 
[7, 8]. Later, Pan et al. (2011) adopted the object-oriented 
stochastic Petri net modeling method to achieve the 
purpose of hierarchical modeling for the complex structure 
of the three-dimensional rail conveying system of a 
container terminal [9]. Next, Shi et al. (2013) proposed 
a new hybrid allocation algorithm for three-dimensional 
track equipment in automated container terminals [10]. 
Additionally, Roy et al. (2016) proposed a model using 
a load-dependent server that captures the interaction 
between the number of vehicles in a transit segment and 
the effective vehicle speed [11]. On the other hand, Zhao 
and Liu (2022) studied the design of a three-dimensional 
automated storage yard and the overall layout of the wharf 
[12].
   As for the optimization of three-dimensional terminals, 
in the early years, Hartmann (2004) introduced a method 
to generate the scene of the container terminal, which 
is used as the input data of the simulation model to 
solve the optimization problem in the logistics of the 
container terminal [13]. Subsequently, Zhou et al. (2013) 
used the hybrid flow shop scheduling strategy to study 
the optimization strategy of the three-dimensional rail 
terminal transmission system and combined it with the 
genetic algorithm to simulate the scheduling strategy [14]. 
In recent years, Gharehgozli et al. (2020) summarized 
the future container terminals and listed the strategic 
and tactical problems in the layout design that need 
to be solved in relevant research [15]. Next, Muravev 
(2021) optimized the main parameters of the multimodal 
transport terminal in two stages by using the Anylogic 
simulation platform to realize the effective operation of 

the multimodal transport terminal system in the port [16]. 
Recently, Hu et al. (2022) designed a genetic algorithm 
framework for efficient and low-carbon berth allocation in 
bulk cargo terminals [17].
   In terms of the efficiency and safety analysis of the 
three-dimensional terminal, Yang et al. (2016) first used 
the decision making method to evaluate the main risk 
factors of container handling in Kaohsiung port, Taiwan 
[18]. Subsequently, Fang (2018) proposed a scheme of 
arranging the canopy in the U-shaped, which enables the 
loading and unloading of the bulk grain wharf on rainy 
days in rainy areas, and effectively reduces the imbalance 
coefficient, operating cost and difficulties in production 
organization in the operation area [19]. In recent years, 
based on the energy consumption during the cyclic 
operation of various equipment in the wharf, Wang et 
al. (2019) built a model to estimate the carbon emission 
of a wharf, which provides a  decision-making support 
for the layout of sustainable development [20]. Next, by 
analyzing multimodal transport and its impact on port 
efficiency, Abuaisha et al. (2020) proposed a new layout 
of the container terminal in the port to reduce the port 
operation and production costs [21]. Recently, inspired 
by the excellent performance of deep learning in image 
recognition, Li et al. (2022) proposed a classification 
method for similar weather scenes in the terminal area 
based on improved deep convolution embedded clustering, 
which uses the combination of encoding layer and 
decoding layer to reduce the dimension of weather images 
[22].
   In summary, the aforementioned researches mainly aim 
at constructing and optimizing the container transportation 
system for traditional three-dimensional wharf. However, 
research on the sliding rail container handling system of 
the three-dimensional wharf is less. Therefore, this study 
aims to develop a sliding rail container handling system. 
The best safety dip angle is determined by force analysis 
and potential energy transformation. It provides support to 
improve the efficiency and safety of container handling.

1.2 Objectives and contributions 

   The purpose of this research is to solve the problems of 
high energy consumption, high cost and low efficiency of 
the traditional container terminal loading and unloading 
system. Based on the advantages of "hump" transportation, 
a rail-type container handling system was designed in this 
research [23]. Meanwhile, to solve the design problem 
of the safe inclination angle of the slide rail, this study 
constructed a calculation model for the optimal inclination 
angle considering factors such as temperature and rain. 
In this way, it supports the transformation and upgrading 
of the loading and unloading system of the traditional 
container terminal.
   The contributions of this study are as follows. First, 
a new type of three-dimensional slide-rail container 
handling system was designed and optimized in this study. 
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The handling system takes advantages of the "hump" 
transportation of the train track and uses the gravitational  
potential energy to convert the kinetic energy of the 
transportation container. It solves the problems of high 
transportation costs and high energy consumption of 
traditional small and medium-sized terminals. Secondly, 
this study comprehensively considered the effects of 
temperature, humidity and container material on friction. 
The factor integration method was used to determine 
a correction factor for the friction coefficient, which 
provides a theoretical basis for further research. Finally, 
based on the theory of classical mechanics and the law of 
conservation of energy, this study analyzed the movement 
process of the container on the slide rail. The model of 
the optimal inclination angle for slide rail operation was 
constructed considering various external factors.
   This study is organized as follows. Section 2 explained 
the container unloading of the slideway three-dimensional 
wharf. Section 3 analyzed the factors that affect the 
container unloading system of the three-dimensional 
wharf, and elaborated the research ideas of this study. In 
Section 4, the two factors that affect the friction coefficient 
were quantified in the form of modified variables, and the 
calculation formula of the modified friction coefficient was 
extracted. By analyzing the force combined with the law 
of energy conservation and the inclination formula, the 
optimal inclination correction formula of the slide and the 
ground were extracted considering various factors. Section 
5 verified the actual situation of the terminal. Finally, 
conclusions were drawn with future study directions 
indicated in Section 6. The framework of this study is 
shown in Figure 1.

2. Instructions of three-dimensional 
wharf 

2.1 Layout of a stereoscopic wharf

   This study drew on the characteristics of railway 
"hump" transportation, e.g. the principle of converting 
gravitational potential energy into kinetic energy of 
transport containers, and proposed a sliding rail-type 
unloading system for a three-dimensional wharf [24, 25]. 
The layout of the sliding rail container handling system 
was arranged as follows. First, in the part of the seaside 
track, this study adopted the cross three-dimensional 
structure. This structure is equipped with three layers of 
slip platform, according to the container stowage and 
loading and unloading requirements from cargo owner 
for a reasonable scheduling. These links will reasonably 
divert containers according to the loading and unloading 
orders. Secondly, in the land side track part, the inner 
truck reaches the position of the loading and unloading 
line at the front of the designated terminal. The truck and 
container are precisely docked point-to-point. And the 
container is transported along the peripheral, annular, 
three-dimensional track to the designated height of sliding 
platform. Finally, the container is loaded and transported 
through the shore bridge. The overall layout of the rail-
type three-dimensional wharf is shown in Figure 2 and 
Figure 3.

Figure 1. A research framework
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2.2 Three-dimensional wharf production 
process

   This study aims to provide new modeling ideas for the 
low-carbon transformation of port enterprises. Therefore, 
in this paper, it is assumed that the containers in the 
loading and unloading process are empty containers. 
During the unloading process, the three-dimensional 
wharf with sliding rail first uses the quay crane to unload 
the container from the ship and puts it on the slipping 
platform of the quay crane. Considering transportation 
safety, the containers' exterior are appropriately washed 
to reduce the large amount of impurities attached to the 
container surface during transportation and handling, 
while ensuring no damage to the cargo. Then, the loading 
and unloading equipment gives the container a constant 
force and pushes it to the three-dimensional interactive 
rail. The three-dimensional wharf uses the height 
difference to convert the gravitational potential energy 
into kinetic energy. There is no need for the assistance of 
other machinery during transportation. After the container 
enters a designated area, the container is moved forward 
by an electrically operated track system. As a result, 
the container is subjected to a uniform magnetic field 
during this process. This continues until the container 
is transported to the starting point of the yard, which 

corresponds to the corresponding track. The horizontal 
transportation machinery picks up the containers placed at 
the end of the track and transports them to the designated 
storage location. During this process, a cooling device is 
installed under the system to reduce the heat generated 
by the sliding of the container and to ensure safety during 
transportation. After the stacking plan of yard is confirmed 
to be correct, the horizontal transportation machinery 
will unload the containers to the designated position. 
At this point, the uploading process of container will be 
completed in a three-dimensional terminal. 
   The method of rail slip is used for the entire container 
transportation process. The containers are delivered 
safely and efficiently to the container terminal or railroad 
crossing [26]. During the packing process, the truck 
drives to the corresponding yard crossing. The sliding 
platform uses the height difference to slide the container 
to the appropriate quay crane location for container 
unloading. On the one hand, this process reduces the use 
of mechanical equipment, which is conducive to reducing 
carbon emissions. On the other hand, it is beneficial to 
reduce the container turnover rate and reduce the time for 
the container to travel from the quay crane to the container 
yard.

Figure 2. View of slide rail of the stereoscopic wharf

3. Research ideas and factor analysis

3.1 Analysis of influencing factors of container 
loading and unloading in three-dimensional 
wharf

   Based on literature analysis, this study explored the 
influencing factors of container loading and unloading in 
three-dimensional wharf. The details are as follows.
   (i) Operating environment: During container loading 
and unloading, both humidity and temperature can change 
the friction factor between the container and the skid. 

Consequently, this leads to a change in the optimum angle 
of inclination between the slide and the ground [27].
   (ii) Container material: Different materials of containers 
lead to different friction coefficients between slideways and 
containers, which affect the friction between slideways and 
containers [28].
   (iii) Scale of the slide: The height of the slide affects 
the gravity potential energy of the container and the width 
of the slide affects the number of containers that can be 
loaded and unloaded. Both factors affect the calculation of 
the inclination [29].
  (iv) Field strength: Due to the different types of goods 
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loaded in containers, some goods are affected by 
electromagnetic fields. As a result, the external force acts 
on the container and thus changes the overall force of the 
container [30].

3.2 Research problems and ideas

   In this study, it is found that one of the key factors affecting 
the efficiency and safety of container transportation is the 
design of the inclination of the slide rails. Therefore, this 
study comprehensively considered external factors such as 
weather and precipitation and finally extracted the optimal 
inclination model for slide rail operation. Firstly, this 
study quantitatively analyzed the four influencing factors 
of operating environment, container material, slide scale 
and field strength. Secondly, combined with the classical 
mechanical formula and the theorem of energy conservation, 
the movement distance of the container on the slide is 
determined in two stages, respectively. Finally, using the 
relationship between the height of the slideway and the 
length of the slideway in combination with the formula for 
inclination angle, this study extracted the optimal formula 
for inclination angle of the slideway and the ground during 
container loading and unloading, considering a variety of 
factors. At the same time, combined with the actual survey 
data of a port, the optimal inclination angle of the slide rail 

safety production proposed in this study is analyzed and 
verified.

4. Model construction

   In this section, this study comprehensively considered 
external factors such as the operating environment, 
container material, slideway scale, and the field strength. 
Then, combined with Newton's law of motion and the law 
of conservation of energy, the movement process of the 
container on the sliding rail was analyzed. Finally, combined 
with the inclination formula, the optimal calculation model 
for the inclination of the slide rail operation was extracted.

4.1 Friction coefficient operator

When transporting containers on slide rails, different 
operating environments and the choice of container material 
affect the value of the friction coefficient. The parameters 
in this study are listed in Table 1 to simplify the research. 
And the influence of different container materials on the 
friction of the slide rail was investigated in this study. By 
using the method of factor integration, the humidity and 
temperature correction functions were refined , then we got

Figure 3. Model diagram of the stereoscopic wharf

(1)

(2)
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   In Eq. (1), sgn (N*- N) represents the impact of the 
precipitation threshold on the friction coefficient. 
Considering that the influence of humidity on the 
friction coefficient has an upper limit, that is, when the 
precipitation reaches the threshold value of N*, it has the 
greatest influence. Even if the precipitation continues 
to increase, the friction coefficient still maintains at the 
maximum influence value. However, taking the actual 
situation into account, at this time, the container is 
additionally subject to a large  rainwater thrust, which 

balances out the friction force. Therefore, the friction 
force at this time is 0, that is, the friction coefficient is 0. 
However, considering the excessive danger in practical 
applications, a lower limit value for absolute safety 
was set in this study, which is denoted by A. In case of 
excessive precipitation, the friction coefficient decreases to 
this safety threshold. At this point, loading and unloading 
work is terminated for safety. To sum up, the operator of 
the modified friction coefficient is defined as

(3)

4.2 Calculation model of optimal inclination of 
slide rail operation

   In unloading operation, the container on the slide rail 
is subjected to the supporting force, the force of gravity, 
the friction force and the force of the electric field. The 
force analysis of the container movement process is shown 
in Figure 4. In this study, the movement process of the 
container on the slide rail is divided into two stages. The 
details are as follows. First, before the container enters 
the electromagnetic field area, the potential energy is 
converted into kinetic energy to provide power. At this 
time, the container initially moves in a straight line with 
uniform acceleration on the gentle sliding rail while being 
subjected to the action of the friction force at the same time. 
Later, when the potential energy is no longer sufficient to 
generate enough power, the container moves at a uniform 
deceleration until the speed is equal to that of the slideway. 
At this point, the container moves at a uniform speed. Then 
it enters the electromagnetic field and begins to be affected 
by the uniform magnetic field. The container continues to 
move at a constant speed until it leaves the slide rail. The 
steps of model construction are as follows.
   Step 1: Before the container entering the electromagnetic 
field, the gravitational potential energy is converted into 
kinetic energy. Meanwhile, the friction force is also doing 
work. The container first performs a uniform acceleration 
motion on the slideway and then performs a uniform 
deceleration motion until it reaches the final stable speed 
and performs a uniform motion. The analysis of the 
potential energy is shown in Figure 5. Among them, v is 
the final stable speed of the container on the slide; h is the 
height of the slide from the ground; h1 is the height of the 
container from the ground when it reaches the stable speed 
on the slide; S1 is the distance that the container moves on 
the slide rail before its speed stabilized; m is the weight of 
the container; g is the gravitational acceleration of the slide 
location; q is the amount of charge carried by the container 
and its loaded goods; E is the electric field intensity of 

the slide location; θ is the angle between the slide and the 
ground; Ff is the friction between the container and the 
slide; FN is the supporting force of the slide to the container, 
and μ is the friction coefficient between the slide and the 
container. Then, according to the law of conservation of 
energy and Newton's law of motion, Eq. (4) is obtained.

(4)

   Simultaneous Eq. (5) is obtained as

(5)

   Step 2: According to the theorem of kinetic energy, the 
Lorentz force does no work after the container entering the 
action area of electromagnetic field. The electric force and 
gravity perform positive work, while friction does negative 
work [31]. In unloading operation, the container overcomes 
the friction force on the sliding rail to do work. In this 
process, the mechanical energy is converted to the internal 
energy, and the container moves at a uniform speed. It is 
assumed that the expected movement time of the container 
moving at a uniform speed on the slideway is t. Therefore, 
according to Newton's law of motion, the working process 
at this stage is shown in Eq. (6). The speed and distance of 
the uniform motion of the container are calculated in Eq. 
(7) and Eq. (8).
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(6)

(7)

(8)

   Step 3: To ensure the safety and efficiency of the container 
during transportation on the slide rail, the movement speed 
of the container is set as v = 1m/s [32]. Then, Eq. (9) is 
obtained by combining Eq. (6) and Eq. (7).

(9)

（10）

S2 = vt = t.
(11)

   Bring Eq. (9) into Eq. (10) to get

(12)

   Step 4: From the relationship among height h, distance 
S and included angle θ, the included angle θ between slide 
and the ground is calculated.

(13)

(14)

Bring Eq. (13) into Eq. (14) to get

(15)

Simplify Eq. (14) to obtain

2 ∙ m ∙ g ∙t ∙ (sinθ )2 + (m -2 ∙ m ∙ g ∙ h - 2 ∙ μ ∙ B ∙ q ∙ t) ∙ sinθ
+ 2 ∙ μ ∙ B ∙ q ∙ h = 0.

(16)

Since the target quantity has only one angle, and the 
other variables are regarded as parameters. Therefore, the 
function f (x) belonging to sinθ is constructed. And if 

A = 2 ∙ m ∙ g ∙t
B = (m -2 ∙ m ∙ g ∙ h - 2 ∙ μ ∙ B ∙ q ∙ t)

C = 2 ∙ μ ∙ B ∙ q ∙ h
there is

f (x) = Ax2 - Bx + C

(17)

   According to the formula for finding the root of quadratic 
function, when f (x) = 0, x = sinθ, Eq. (16) is obtained. At 
this point, Eq. (16) has two solutions such as Eq. (17).

（18）

   In Eq. (18), it holds ∆ = B2 - 4 ∙ A ∙ C ≥ 0, 
[(m -2 ∙ m ∙ g ∙ h - 2 ∙ μ ∙ B ∙ q ∙ t)2 - 16∙ m ∙ g ∙ t ∙ μ ∙ B ∙ q ∙ 
h] ≥ 0.
   Since the inclination is θ > 0, the negative solution

 is rounded off,

(19)
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4.3 Supplement and explanation

   Firstly, this study refined the modified friction coefficient 
operator under the influence of humidity, temperature 
and other factors. Secondly, combined with the classical 
mechanical model and the theorem of energy conservation, 
the moving distance of the container on the slide was 
calculated. Finally, combined with the inclination formula, 
the optimal calculation model for the inclination of the 
slide rail was extracted under the four influencing factors 
of operating environment, container material, slide size 
and field strength. Considering the special circumstances, 
supplements and explanations are given in this section.

Table 1. Symbolic representation

Parameter Meaning

μ Friction coefficient

λ Environment of transporting containers

i Material of container

ρ Temperature influence coefficient

σ Humidity influence coefficient

ω1
Weight of temperature influence

ω1 = 1/2

ω2
Weight of humidity influences

ω2 = 1/2

T Daily average temperature

N Daily average precipitation

T* Normal temperature, the default 
temperature in this study is 20 ℃

N* The maximum precipitation threshold is 
40mm by default in this study

λ* The coefficient of other influencing factors 
is 1 by default in this study

For Eq. (3), the inferences and properties are as follows.
   Inference 1: When the precipitation N approaches 0, the 
humidity correction coefficient is

   Property 1: When N  is 0, it  is regarded as N 
approaching 0. At this time, it means that the rainfall is 0, 
that is, humidity has no effect on the friction coefficient μ 
and then the humidity correction coefficient σ is 1. 
   Inference 2: When the temperature T = T*, the 
temperature correction factor is

   Property 2: When T = T*, it means that the average 
temperature of the day is the same as the normal 
temperature, that is T*-T = 0, e.g., temperature does 
not affect the friction coefficient μ so the temperature 
correction coefficient σ is 1. 
   Inference 3: When the precipitation N exceeds the 
precipitation threshold N* the humidity correction 
coefficient is 

   Property 3: When the precipitation N exceeds the 
precipitation threshold N* and considering the thrust 
effect of large precipitation on the container and the 
safety factors of wharf loading and unloading, the friction 
coefficient μ is A.

Bring Eq. (3) into Eq. (19) to get

(20)
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5. Data collection and analysis 

5.1 Information collection

   Based on the model in Section 4, data from a port were 
collected and validated in this study. First, the influence of 
the operating environment is particularly critical for the 
design of safe inclination. Therefore, this study focuses on 
the design of the inclination angle of the slide rail under 
different temperatures and different precipitation. The 
survey data of temperature and precipitation in the city 
where a port is located are shown in Figure 6 and Figure 
7. Secondly, the material of the container and the scale 
of the slideway also affect the calculation of the optimal 
inclination angle of the slideway operation. At the same 
time, the containers used in this port are all steel containers 
with a slideway height of 10 meters. Finally, the fact that 
the magnitude of the electric field force also has a certain 
influence on the design of the inclination angle was taken 
into account in this study. According to the measurement, 
the electric field force of a port is 200000 N. The final 
detailed statistics are shown in Table 3.

Figure 5. Potential energy analysis

5.2 Numerical calculation

   In this study, the friction coefficients of four common 
container materials and the rubber slide rail determined 
based on literature research were listed. The specific values 
are shown in Table 2 [33]. Based on the calculation model for 
the optimal inclination of the slide rail operation in Section 
4, Table 3 was used in the model for data analysis. The 
correction coefficients for humidity and temperature were 
calculated in sequence. Then the correction coefficients 
for humidity and temperature were substituted into the 
friction coefficient operator to calculate the corrected 
friction coefficient. Finally, the optimal inclination angle 
between the slide and the ground was calculated under the 
joint influence of the operating environment, the container 
material, the slide scale and the field strength. The specific 
steps for calculation are as follows.
   Step 1: Substitute N = 15mm, N* = 40mm into Eq. (1), 
and the humidity correction coefficient is

 
   Step 2: Substitute T = 24℃, T* = 20℃ into Eq. (2), and 
the temperature correction coefficient is

   Step 3: Substitute σ = 0.89, ρ = 0.72, μi = 0.7 into Eq. (3), 
the friction coefficient can be obtained as 
μ = (σ) ω1 ∙ (ρ)ω2 ∙ λ* ∙ μi = 0.56

   Step 4: Substitute m = 30000 kg, h = 10m, g = 10m/s2, t 
= 240s, Bq = 200000 N into Eq. (19), the best inclination 
angle is θ = 21.9°.

Figure 4. Stress analysis of container analysis
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   According to relevant information, the inclination angle 
of an ordinary belt conveyor is generally not greater than 
30°, taking into account the properties of the materials [34]. 
The maximum inclination angle of materials with good 
fluidity and low friction will be smaller. According to the 
aforementioned calculation, the optimal inclination angle 
between the slide and the ground under the joint influence 
of the operating environment, container material, slide size, 
and field strength is 21.9°, which meets requirements for 
the port safety production.

Table 2. Friction coefficient between containers of different 
materials and rubber slideways

Container material Friction coefficient
Steel container μ1 = 0.7

Aluminum alloy container μ2 = 0.26
FRP container μ3 = 0.35

Aluminum container μ4 = 0.87

Table 3. Layout parameters of a port

Parameter Numerical 
value Company

Container weight 
(Empty load of 10 

standard containers)
30000 kg

Slide height 10 m
Electric field force 200000 N

Single delivery time of 
container 240 s

Annual average 
minimum temperature -3 ℃

Annual average 
maximum temperature 28 ℃

Annual average 
minimum rainfall 13 mm

Annual average 
maximum rainfall 131 mm

Daily average 
temperature 24 ℃

Daily precipitation 15 mm

Figure 6. Average temperature change trend of a port in 2021

Figure 7. Average rainfall change trend of a port in 2021
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6. Conclusion

   Based on the characteristics of railway "hump" 
transportation, this research proposed a design for container 
unloading from sliding rail in three-dimensional dock. The 
design shows that the inclination angle of the slide is one 
of the key factors for the efficiency and safety of container 
transportation. Therefore, given the optimal inclination 
angle, this study constructed a calculation model of the 
optimal inclination angle for the sliding rail operation. The 
significance of this study is to provide a support for the 
design for the container unloading container in slideway 
three-dimensional wharf. The research innovation is mainly 
reflected in the following three points. 
   First, this study focuses on the optimization of container 
unloading operation in the three-dimensional terminal, it 
designed and optimized a new system for container handling 
in three-dimensional sliding rail. The handling system 
was established by drawing inspiration from the "hump" 
transportation of the train track. It solves the problems of 
high transportation costs and high energy consumption of 
traditional small and medium-sized terminals. 
Secondly, to make the results more realistic, the effects of 
temperature, humidity and container material on friction 
were considered. The operator for friction coefficient 
correction was extracted.
   Thirdly, based on the theory of classical mechanics and the 
law of conservation of energy, the movement process of the 
container on the slide rail was analyzed in this study. Then, 
combined with the inclination angle formula, the optimal 
model for inclination angle of the slide rail operation was 
constructed.
   However, there are a limits of this study. It did not consider 
the tilting of fully loaded containers during transportation, 
and the impact of the electric field on the cargo if the 
container is fully loaded was also ignored. Besides, since 
the purpose of this study is to provide new modeling 
ideas, the actual cost has not been taken into account. In 
the future, we will comprehensively consider the above 
factors, computer software is further used to simulate and 
optimize the three-dimensional dock unloading system to 
achieve the purpose of practical application.
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