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ABSTRACT 
 
LAPPEENRANTA-LAHTI UNIVERSITY OF TECHNOLOGY LUT 
LUT School of Energy Systems 
LUT Mechanical Engineering 
 
Matti Tynkkynen 
 
Design and strength analysis of conveyor system 

 
Master’s thesis 
 
2019 
 
159 pages, 92 figures, 20 tables and 7 appendices 
 
Examiners: Prof. D. Sc. (Tech.) Timo Björk 
 M. Sc. (Tech.) Teemu Salonen 
 
Keywords: air supported belt conveyors, cable stayed, steel structure design, belt 
conveyors 
 
The design and the strength evaluation of the air supported conveyor and the cable stayed 
supporting system were done in this thesis. The work was done for the company which is 
supplying material handling systems. The company has been used conventional belt 
conveyors for the bulk material conveying, but this thesis was focused to the design of the 
air supported conveyor. The air supported conveyor uses the air cushion to carry the belt 
unlike the other belt conveyors, where the belt is supported with the idler rollers. The aim 
was to design the frame and the supporting system for the conveyor. The capacity of 1500 
m3/h to convey the wood pellet was required from the conveyor. The supporting system was 
based on the pylons and stay cables that supported the frame. The used methods were: 
systematic design procedure, literature review, belt conveyor design, analytic calculations 
and FEM. 
 
The frame and cable stayed supporting system were obtained for the results. The frame was 
a plate structure, which had a unit mass of 209 kg/m. The pylon of the cable stayed 
supporting system was a truss structure with the height of 10 m and the span length of 
supporting was 58 m. The cables were connected to the frame and the pylons with the welded 
pin joint connections. 
 
The main finding was that the lateral wind induced the greatest stress on the conveyor. The 
span length of the cable stayed system had an influence on the maximum moment in the 
frame. Further study was needed for the vibration behavior of the conveyor. In conclusion, 
the thesis pointed out that the mass of 209 kg/m and the span length of 58 m for the 
supporting system were achievable with the air supported conveyor system. 
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1 INTRODUCTION 

 

 

In this thesis, the design and the strength analysis of the steel frame and the cable stayed 

supporting system for the air supported conveyor were executed. The work was done for the 

company, which wanted to develop the air supported conveyor for the material handling of 

wood pellet. The company had an experience from the belt conveyor design, but the subject 

of this thesis included a development of a new application 

 

The aim of this thesis was to design the conveyor and obtain the mass of the steel frame in 

order that the company can estimate the material use for the production. In addition, the 

company wanted a research about the use of cable stayed supporting system with the 

conveyor that the estimation from the needed span length between the supporting 

constructions can be made. The design of the conveyor was performed by terms of strength, 

however not forgetting the functionality and manufacturability of the constructions. The 

motivation in the design was optimizing the weight of the conveyor that material savings 

could be obtained. 

 

Saving from the material costs is an effective way to reduce the total cost of the product. In 

the machine industry, it is estimated that the material costs are covering the average of 43% 

from the overall costs of the product. The choices of the designer have a major impact on 

the needed material to produce the product. Savings from the material costs can be achieved 

in the design by many ways, for example by reducing parts, material thicknesses or 

unnecessary quality of the material. Figure 1 is showing the distribution of costs in the 

machine industry. (Ehrlenspiel et al. 2007, p. 176.) 

 

 

Figure 1. Costs in the machine industry (Ehrlenspiel et al. 2007, p. 176). 
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1.1 Background to bulk material handling with belt conveyors 

The troughed belt is the most commonly used method of conveying bulk material. The belt 

in the conveyor is supported with the idlers, which are rolls. The troughed shape of the belt 

is created by tilting the side idlers, which determine the troughing angle. The trough and the 

settling of the material onto the belt are two general concepts when designing the conveyor. 

In the moving belt, the material aims to settle in a certain angle, which is called the angle of 

surcharge. Based on the angles of troughing and surcharge, the cross-sectional area of the 

material stream on a belt can be calculated and the capacity of the conveyor determined 

based on the conveying speed. In figure 2 the basic concepts of the belt conveyor are shown 

in three idler roller arrangement. (Yardley & Stace 2008, p. 17–18.) 

 

 

Figure 2. The basic concepts of the belt conveyor (Yardley & Stace 2008, p. 18). 

 

The belt conveyor is a system, which consist of loading, transporting and unloading sections. 

The material is loaded onto the belt from the feeding chute, which is used to guide the 

material onto the belt without letting it to stream over the edges of the belt. The rollers in the 

loading area under the belt are arranged in closed form to strengthen the roller structure 

against the loading from the dropped material. The head and tail pulleys are located in the 

end of the conveyor system, the motor drive is placed in the head pulley. The unloading of 

the material happens from the discharge chute. The gravity take-up is used to tighten the 

belt, in order to keep the belt in straight. The configuration of the system is shown in figure 

3. (Dunne, Kawatra & Young 2019, p. 681–691.) 
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Figure 3. Configuration of the belt conveyor system (Dunne et al. 2019, p. 682). 

 

1.1.1 Air supported conveyors 

The principle of the air supported conveyor is based on the air cushion which is created with 

the fans. The formation of the air cushion is ensured with the structure under the belt, which 

is called the chute or pan. There are holes in the bottom of the chute, where the low pressure 

air is blown. The pressure of the air is typically 5–7 kPa and the air can lift the belt about 1–

2 mm to allowing the formation of a thin air film. Under the chute structure, there is a plenum 

which acts as an air chamber. The air is guided to the plenum and further to the chute. The 

plenum is usually v or box-shaped depending on the application, where the conveyor is 

positioned. The bottom section of the air supported conveyor is constructed for the return 

run of the belt. The return run can be implemented either by idler rollers or with the air 

cushion. Figure 4 presents the main functional components and concepts of the air supported 

conveyor. (Swinderman et al. 2009, p. 366–367.) 

 

 

Figure 4. The main concepts of the air supported conveyor (Swinderman et al. 2009, p. 365). 
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The centrifugal fan is used to produce the required 5–7 kPa of air for the belt. The conveyor 

system can utilize one or multiple fans to produce the air flow and pressure. Multiple fans 

are applied for the safety reasons to replace the air flow of broken fan in case of failure. The 

air consumption of the air supported conveyor is expressed with the unit of l/min/m, where 

the m is a meter of the belt. The air consumption can be then estimated by multiplying the 

consumption with the total length of the conveyor. Usually, the consumption is 180–270   

l/min/m. The fan can be positioned fixedly to the frame of the conveyor or the air can be 

directed with the pipes to the plenum. Generally, every 180 m of the conveyor system is 

equipped with the fan that the needed air cushion is formed. Power outputs of the fans are 

usually compared to belt widths. The conventional belt widths from 500–2000 mm, requires 

the powers from the fans in a range of 2.5–12 kW. Figure 5 presents the fan system, where 

the fans are placed under the conveyor. (Swinderman et al. 2009, p. 366–367.) 

 

 

Figure 5. The fans of the air supported conveyor can be placed under the conveyor 

(Swinderman et al. 2009, p. 366). 

 

It is estimated that the air supported conveyor in the horizontal position saves 30% from the 

energy used to move the belt than the idler roller supported belt conveyor. Another saving 

compared with the conventional conveyors comes from the lowered maintenance costs, 

because there is no need to change the idlers or lubricate them. Especially, when the air 

supported conveyor is designed in a way that the return run of the belt is also utilizing the 

air cushion. On the other hand, when there is no need for the maintenance, either walkways 
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are not required and the structure comes even lighter. Light and strong structure is one of the 

advantages of the air supported conveyor. Depending on the structure and how the conveyor 

is supported, the air supported conveyor can use longer span lengths than the normal 

conveyor does. The conveyor system is light in terms of the frame and supporting 

constructions, which are effective aspects considering the raw material savings. On the other 

hand, the air supported conveyor increases the safety of the plants, because there are no 

moving components in the frame of the conveyor and secondly the closed construction does 

not allow dust or spillage to come off surroundings. (Swinderman et al. 2009, p. 368–371.) 

Figure 6 presents the frame of the air supported conveyor, where the belt is moving (Dunne 

et al. 2019, p. 702). 

 

 

Figure 6. Opened frame of the air supported conveyor (Dunne et al. 2019, p. 703). 

 

The air supported conveyor as a conveying system is similar to the conventional idler 

supported belt conveyor. The air supported conveyor does not set any specific requirements 

for the drives, chutes and belts of the system and similar components can be used as the 

conventional solutions. However, the air supported conveyor is sensitive to failures due to 

errors in the loading or belt cleaning. Due to the low friction of the belt, the misalignment in 

the loading from the chute can cause the belt to move in the lateral direction and in a result 

the belt moves away from its original position. The solution to avoid the belt moving in the 

loading is to guide the material to drop to the center of the belt from the chute. The loading 

should also be smooth without large overloads, impacts or large lumps among the material. 

In generally, the air supported conveyor can carry the loading of 975 kg/m2 onto the belt and 

the lump size must be smaller than 125 mm for proper operation. The accumulation of the 
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dust from the material to the structures of the air supported conveyor can cause the shutdown 

of the system. Depending on the material properties, it is possible that the dust accumulates 

between the pan and the belt, especially in return side run. Eventually, the dust obstructs the 

air holes in the pan and in a result the air flow is not sufficient to carry the load. When there 

is enough accumulated material, the belt can stop from moving. To avoid dust problems, it 

is recommended to use proper belt cleaning system, which cleans additional dusts off onto 

the belt before it is moved inside the pan section of the conveyor. When considering material 

related issues, the conveyor can be used to replace the conventional idler roller supported 

conveyor. (Swinderman et al. 2009, p. 368–373.) In figure 7 is presented an air supported 

conveyor system installed in the wood chip field (Bruks Siwertell 2019). 

 

 

Figure 7. Air supported conveyor system used for the bulk material handling in the wood 

chip fields (Bruks Siwertell 2019). 

 

1.2 Objectives of the research 

The aim of this thesis was to design the steel frame and the supporting system for the air 

supported conveyor. Dimensions, drawings and calculations were wanted for the results. 

This chapter describes the research problem and questions, the scope of the thesis and 

methods.  
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1.2.1 Research problem and questions 

Based on the situation that the company did not have any experience about the design, the 

analysis of strength or manufacturing of the air supported conveyor, the knowledge and the 

research were required to complete the project. The research problem of the project can be 

said: “how to design the air supported conveyor and the cable stayed supporting system to 

be strength enough for the affecting loadings?” 

 

The research questions are related to the strength of the conveyor and supporting system. It 

was known at the beginning of the project, that the conveyor and supports are forming a 

system, where loadings are influencing, which raised the questions. The following research 

questions were made: 

 How the conveyor and supporting system are related to each other in the design of 

the system? 

 What aspects are influencing loading versus strength capacity of the frame? 

 

1.2.2 Scope and limitations of the thesis 

The scope of this thesis included the design of the belt conveyor, design of the frame and 

design of the cable stayed supporting system. The design of the belt conveyor was included 

in the thesis that the wanted capacity could be achieved. The design of the frame and 

supporting system was conducted with the static loadings. Dynamic loadings were not in the 

scope of this thesis, thus the fatigue strength was not studied. In the cable stayed system, 

only the pylon construction including truss structure and cables were designed. The 

supporting structures under the pylon and the conveyor were not in the scope. Instead, the 

joints of the cables in the pylon and frame were included in the scope. The calculation of the 

air flow, pressure and design of the fan system for the conveyor were not included in the 

scope. Either thermal or vibration analysis were not included in the scope. 
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1.2.3 Methods 

Methods included design, literature review, calculations and FE-analysis. The systematic 

design procedure was used to develop the final solution for the frame from the drafts.  

Literature review was used to clear the manufacturing of the constructions. Belt conveyor 

design was used to ensure that the conveyor can convey the wanted capacity. Calculations 

of the strength and FE-analysis were used to ensure the strength of the design. In conclusion, 

following procedures were used to complete the project: 

 Systematic design procedure 

 Literature review 

 Design of belt conveyor 

 Calculations of strength 

 FE-analysis. 

Calculation of strength included many subtopics, for example welding, design of 

connections and design of structural members. The subjects are separated for own sections 

in the thesis. Also, the determination of loads can be assumed to include for the calculation 

of strengths. 
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2 DESIGN OF CONVEYOR AND SUPPORTING SYSTEM 

 

 

The concept of design means developing an idea in a form that actual application from it can 

be created and it is extensively used in the engineering field (Mital et al. 2008, p. 37). Other 

definitions from design can also be made depending on the perspective it is treated. Phal et 

al. (2007, p. 2) described the term of design in the systematic way: “designing is the 

optimization of given objectives within partly conflicting constraints.” From the view point 

of a product, the design is a stage of a life cycle and it is usually categorized to the same 

stage as a product development. The life cycle of the product starts from the product planning 

and the design stages, together these two stages have a major impact on the profit of the 

product. (Breiing, Engelmann & Gutwoski 2009, p. 820–821.) Figure 8 presents the life 

cycle of a product by means of time and the turnover from the product and how the design 

phase is placed in the life cycle. 

 

Figure 8. Economic life cycle of a product (mod. Pahl et al. 2007, 65). 

 

The engineering design can be done by using a design process which is a step by step 

proceeding approach. The design process is based on individual tasks or stages which are 

done in sequential order. Usually the design process has an iterative nature and step back to 
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the previous stage can be done if the evaluation pointed out some weaknesses. Many design 

methods have been developed for different purposes and even individual designer can have 

its own design practices. In the figure 9 is presented a simple design procedure with steps 

and iterations. (Childs 2014, p. 4–5.) 

 

 

Figure 9. Conventional design procedure (Childs 2014, p. 4). 

 

Systematic design process is a one approach to the product design and development. The 

Systematic design procedure is implemented in four stages: product planning and clarifying 

the task, conceptual design, embodiment design and detail design. The systematic design 

approach is a suitable method especially for the product design of mechanical engineering 

applications because it is solidly constructed to consider the demands of technical aspects in 

all design steps. The procedure is helpful in planning, decision making and forming a 

solution from the design problem. Figure 10 presents the systematic design procedure. (Pahl 

et al. 2007, 128–129.) 
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Figure 10. Systematic design procedure presented as individual stages (Pahl et al. 2007, p. 

130). 

 

2.1 Design process of the thesis 

The following chapters present in detail how the design process in this thesis was done. The 

design process was a principle for all design tasks and it was followed at every level of the 

design. The design approach was the systematic design process, which was presented in the 

figure 10. The chapters will give a view what was done in specific design step and what kind 

of auxiliary design tools were utilized in the step. 
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2.1.1 Beginning of the design 

As Childs (2014, p. 5) has said about the beginning of the design: “Often design begins when 

an individual or company recognizes a need, or identifies a potential market, for a product, 

device, or process.” When the need for the product is recognized, there is usually demand 

for the more precise description of the product. The task clarification is a part of the design 

procedure where the frame for the product is set up by describing wanted properties and 

limitations. The requirements list is used in the task clarification to sum up all information 

which is gathered from the product. (Pahl et al. 2007, p. 131.) In this thesis the product 

planning and task clarification stage was done by describing all information which was 

known at the beginning of the project. The information formed the requirements list, which 

is shown later in the thesis.  

 

2.1.2 Conceptual design 

The aim of the conceptual design part is to form a principle solution or concept for the design 

problem. The concept can be presented with sketches or other drawings from it. In the 

conceptual design phase, several solutions can be found for the further development. (Pahl 

et al. 2007, p. 131.) At the conceptual design phase in this thesis, the sketches from the steel 

frame of the conveyor and the preliminary design of the supporting structure were done. 

Different options for the frame were formed. In the conceptual design of the supporting 

system, different solutions for cable pairs or span lengths were developed. 

 

2.1.3 Embodiment design 

The overall layout from the design concepts is formed in the embodiment design stage. The 

embodiment design stage includes the evaluation of layout alternatives, because the aim is 

to find out the suitable layout for the final design phase. The development and generation of 

new layout from the properties of other alternatives may be needed at this point of design. 

(Pahl et al. 2007, p. 132.) At this stage of the design in the thesis, the overall layout from the 

air supported conveyor with the cable stayed supporting system were done. This stage 

combined the concepts of the steel frame and the supporting system, which created the 

layout. 
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2.1.4 Detail level design 

Precise information about the final product is created at the last design stage which is called 

detail design. The detail level design is a finish for the product which after the product can 

be seen as a complete. (Pahl et al. 2007, p. 132.) In the detail level design of the thesis, all 

other structures were designed what were not designed in other stages. Joints like weldments 

were designed, analyzed and added to the overall layout. The detail leveling was the last step 

in the design of this thesis 

 

After the task clarification was complete, all design in this thesis was done by following 3 

steps. In figure 11 is shown conceptual, embodiment and detail level design steps and what 

tangible was produced in the each step. Iteration and evaluation of manufacturing were also 

done between steps. 

 

 

Figure 11. Design steps after the task was clarified. 

 

2.2  Requirements list 

The goals and aims of the design project can be clarified by using requirements list. The 

requirements list is a specification of wanted properties from the product. Information in the 

requirements list is based on quality or quantity type of point of view. Quality type of 

information contains only descriptions from the property, for example must withstand load 

from the wind. Whereas the quantity type of information is clearly expressed as a numerical 

value. The main categorization in the requirements list is done by dividing the properties for 

demands and wishes. The demands and wishes are expressed by quantity or quality type of 
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information. The demands are the most leading properties in the list, because the product 

must be based on these demands. Wishes are reasonable properties which can be added to 

the product optionally. Wishes are not necessary for the product but will increase the value 

in the evaluation stage. The requirements list must be formed in a way that it is easy to 

understand. The intend should be in quantitative information when demands and wishes are 

formed. Numerical values are explicit in comparison with qualitative descriptions and 

further evaluation becomes fluently. (Pahl et al. 2007, p. 147.) 

 

The requirements list can be divided into different subjects, to easier the fill of the list. The 

division of the subjects can be based on the categories, like geometry, forces or production. 

Headings can be formed from the categories, where underneath the demands and wishes are 

filled. The categories are selected to be suitable for the product and must be intensively 

related to the needed purpose. (Pahl et al. 2007, p. 148–149.) 

 

The requirements list of this thesis was based on the categorization of the subjects where 

demands and wishes were placed under the individual subjects. The demand or wish was 

first described as verbally which correspond to quality type of expression. Then the demand 

or wish was expressed by numerical value if it was possible. Table 1 shows the used layout 

of the requirements list.  

 

Table 1. The layout of used requirements list in this thesis (mod. Pahl et al. 2007, p. 154). 

 

Requirements list

1. Subject
Quality Quantity

demands values
wishes values

2. Subject
Quality Quantity

demands values
wishes values
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The requirements list was fulfilled considering the aspects which were pointed out at the 

beginning of the design project. The collected information formed the base for the whole 

work. This work was limited by some aspects of the design. The aspects are shown in 

requirements list. It was important to observe the requirements list by the limitations of the 

work and not fill up the list by unnecessary information. 

 

The task was to design the steel frame and supporting system for the air supported conveyor 

with the capacity of 1500 m3/h which conveys the wood pellet. Additional demand was set 

for the frame that it must utilize standardized belt widths. The demands for the capacity and 

belt widths were marked to the functionality section of the requirements list. 

 

The conveyed material itself affect to the functionality and strength of the frame. The belt 

speed was wanted to be limited to 3 m/s due to the airborne dust of the wood pellet. There 

was also a wish that the frame could include structures which prevent the dust from the wood 

pellets to obstruct the operation of the conveyor. It was known that the wood pellet may 

cause problems by accumulating dust to the structures and eventually cause of the shutdown 

of the conveyor. The conveyed material was also considered in the section of forces which 

were influencing the structures of the conveyor. The wood pellet by its weight affected the 

load distribution and the demand was marked to the requirements list. The wood pellet was 

an important aspect to take account because its properties had a huge influence on the 

functionality and the strength of the conveyor. 

 

The requirements list included the section for the forces where the load from the conveyed 

material had already been marked. There were also other loads which were demands for the 

strength of the frame and supporting system. These other loads were deadweight, snow load 

and wind load. All these loads were set as a demand for the list. 

 

It was estimated that the length of the conveyor can be 100 m. The length influenced for the 

production amounts and by knowing the values was possible to consider aspects in 

manufacturing processes. The demand was also set that the conveyor will be manufactured 

as modules which will be connected in the construction area. The modules were 

manufactured at the factory as complete as possible and then transported to the destination. 

The transportability was also required from the conveyor. The designed frame of the 
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conveyor should be sized to fit in the 20’ container where it is transported to the construction 

area. This transportability requirement means to take care of the dimensions of the frame 

and overall shape of the conveyor, that as many modules as possible can be transported in 

one container. 

 

Accessories of the conveyor were wanted to be placed outside of the structure rather than 

inside. One wish related to accessories was the place of the fan system. It was proposed that 

forming of air can be done by using the fan system, where the individual fan is placed in the 

ground. The air is then leaded to the conveyor by using pipes, thus fans attached to the frame 

can be avoided. 

 

The requirements list is shown in table 2 below. All demands and wishes were categorized 

for different sections. Demands and wishes are first described as qualitative way and then if 

possible, expressed as quantitative values. 

 

Table 2. Requirements list for the air supported conveyor. 

 

 

  

Requirements list

1. Functionality 4. Production

Demands Demands

Must convey needed capacity 1500 m
3
/h Manufactured as modules total length 100 m (conveyor)

Should not use too high belt speed max 3 m/s Wishes
Must use standardized belt widths 300-2200 mm Assembled to complete at factory

2. Forces 5. Transportation

Demands Demands

Must carry the load from the bulk material wood pellet, 500-650 kg/m
3

Must fit inside container 20' container 

Must bear other loads snow load, sk = 2,5 kN/m
2

(2.33 m x 2.37 m x 5.9 m)

wind load, vb = 21 m/s

3. Materials 6. Operation

Demands Demands
Structural steel S355 Accesories placed outside the structure

Wishes
Avoid airborne dust to accumulate
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3 MANUFACTURING OF AIR SUPPORTED CONVEYOR 

 

 

This chapter focus to the manufacturing of air supported conveyor. It was wanted to make 

sure that the designed constructions were also possible to manufacture with the selected 

processes. The chapter describes not only the manufacturing process and the joining method 

but also argues the reasons why to use them in the production of the frame. The possibilities 

of the manufacturing processes to produce certain shapes for the parts were later concerned 

in a design of the conveyor. 

 

3.1 Selection of manufacturing processes 

The proper organization of the production considers not only the manufacturing processes 

but also the assembling, material and production quantity (Ehrlenspiel et al. 2007, p. 195–

200). The range of manufacturing processes are wide, but three major categories can be 

separated: casting/moulding, material removal and forming. Figure 12 is pointing out the 

categorization of manufacturing processes. Due to the wide range of the alternatives, the 

selection of the individual process for the manufacturing must be considered carefully by 

comparing the relevant aspects of the process. Mostly the main reason for the manufacturing 

of a component is the shape producing, thus the capability of the process to form the wanted 

shape is essential in the selection procedure. Secondly, the manufacturing processes itself 

can have many features, which some of can be limiting the use, like the size of equipment, 

accuracy of the process, produced surface properties and costs of the equipment or the tools. 

Aforementioned aspects can be used for all manufacturing processes, when the selection is 

considered. (Swift & Booker 2013, p. 11–22.) 
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Figure 12. The categorization of different manufacturing processes (Swift & Booker 2013, 

p. 11). 

 

The manufacturing processes from the sheet metal forming were selected for the candidate 

processes to the production of the steel frame. From the beginning of the project, it was 

known, that the steel frame of the conveyor is going to be sheet metal or steel plate 

construction. Thus, it was reasonable to look for the sheet metal processes and discuss what 

kind of possibilities there can be for the shape production. On the other hand, the possible 

limitations of the selected processes should be known. 

 

3.2 Bending processes in sheet metal forming 

The principle of the bending process is to produce the wanted contour to the workpiece by 

creating the plasticity with the bending stress. The term of bending includes broad scale of 

process variations, which are categorized in figure 13. The main categories for bending in 

figure 13 are separated by the tool movement, which can be linear or rotating. The bending 

is a versatile sheet metal forming process, because it is suitable for various production 

quantities and profile shapes. Due to the advantages of the bending, it is extensively utilized 

in different branches of production of sheet metals. (Klocke 2013, p. 358.) 
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Figure 13. Different process variations of bending (Klocke 2013, p. 358). 

 

3.2.1 Die bending 

In a die bending the sheet is pressed against the die with the punching tool. The wanted 

contour is achieved when the sheet is bend between the punch and the die. The die bending 

combines two bending processes, because of the start of the process is similar to the free 

bending. In general, the execution of the die bending can be described with in three phases. 

Free bending forms the start of the bend when the sheet is connected to the edges of the die 

and to the head of the punch. After the free bending is completed the sheet bends and 

becomes to touch with the walls of the punch or the generated radius of the sheet contacts 

with the die. In the last step, the punch forces the sheet to bend against the die. Figure 14 

presents three work steps of die bending. (Klocke 2013, p. 366.) 

 

 

Figure 14. Process of die bending with V-block die (Klocke 2013, p. 367). 
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In sheet metal bending, the press brake is used to compress the sheet between punch and die. 

Slender and width construction is typically for the die of the press brake. The width of the 

die is called the bed length and it can be up to 10 m depending on the purpose. (Baralla 2007, 

p. 49.) In practice, the size of the press brake determines the size of the sheet or plate, which 

can be bended. Even thought, it is important to consider the dimensions of the sheet in 

bending, the material thickness has also influence in the process. The material thickness is 

depending on the radius of the bend, but usually the maximum thickness is limited to 25 

mm. There are many types of punches and dies which are used to produce the contour to the 

sheet or plate. Another major aspect in bending is the selection of right kind of punch, when 

multiple or even complex shaped contours can be produced. In figure 15, is presented two 

types of punches, which can be used to produce multiple bends to the sheet. (Davis 1998, p. 

794–795.) 

 

 

Figure 15. Gooseneck punch in left and special clearance punch in the right (mod. Davis 

1998, p. 795). 

 

Die bending can be used to replace the joining of the sheets, which are inclined to each other 

in the frame. The purpose was to design components in a way that for example gooseneck 

or special clearance punch was possible to utilize in a bending of sheet and multiple bends 

can be done for one part. The design should also concern the press brake and sheet 

dimensions related issues. Sheet with the over large dimensions can not be bended with the 

press brake. Also, the thicknesses over 25 mm should be carefully concerned for bending if 

thick plates are needed in the frame. Aforementioned issues were the key aspects for the die 

bending of the parts in the frame of this thesis. 
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3.2.2 Round bending with rolls 

The manufacturing process, which uses rolls to bend round shaped profiles or tubes is called 

round bending with rolls. In the process, the sheet is clamped between rotating rolls, when 

the movement through the rolls causes bending moment to the sheet. Usually, the process 

uses three roll arrangement, which can be positioned in symmetric or asymmetric manner. 

The rolls are movable that the process can be adjusted for different bending radiuses. Figure 

16 presents three roll arrangement of the bending process, where the movement of the 

adjusting rolls is also marked. Also, other arrangements of the rolls are possible, like two or 

four roll systems. Depending on the wanted shape of the workpiece single or multiple runs 

can be executed in the roll bending process. The round bending with rolls is mostly utilized 

to produce shapes for the tubes, conical, oval and rounded profiles. (Klocke 2013, p. 369–

370.) 

 

 

Figure 16. Symmetrical and asymmetrical roll arrangements in round bending (Klocke 

2013, p. 370). 

 

In a manufacturing of the frame, the roll bending can be used for the arc or tube shaped 

components. To produce the arc shaped components with the roll bending it must be noted 

that several work steps must be done. The roll bending process leaves the ends of the sheet 

without bend, when the bending of the end must be done separately with the rolls or by using 

another bending process (Klocke 2013, p. 370–371). On the other hand, the straight ends in 

the sheet, does not set any design limitations, but if necessary the aforementioned aspect can 

be considered in the constructions. 

 

 

 



36 
 

 

3.3 Welding of plate structure 

Welding was considered for the joining method in this thesis. Three types of arc welding 

processes can be used to joint plated metal structures, these processes are manual metal arc 

(MMA), metal-active gas (MAG) and submerged arc welding (SAW) (Ghosh 2016, p. 2–8). 

The MAG process was selected for the joining process in this thesis. 

 

3.3.1 Gas metal arc welding 

Metal active gas (MAG) welding is a variation of gas metal arc welding (GMAW), where 

the used shielding gas is active. GMAW process can also use inert shielding gas when the 

process is called MIG. (Weman 2003, p. 75.) According to Nee (2015, p. 2409) the GMAW 

process can be described: “Consumable electrode wire, having chemical composition similar 

to that of the base material, is continuously fed from a pool to the arc zone." Figure 17 

presents the concepts of GMAW welding process, where the base metal is welded by using 

the electrode as a wire. Shielding gas is feed from the nozzle to shield the arc. The molten 

weld metal in figure 17 forms the welded joint after solidification. (Hobart Institute of 

Welding Technology 2012, p. 1.) 

 

 

Figure 17. GMAW welding process with descriptions (Hobart Institute of Welding 

Technology 2012, p. 1). 

 

GMAW is a flexible process when considering different joint types, material thicknesses and 

welding positions. Usually, five types of joints are used in a welding: butt, corner, edge, lap 

and tee joint. Each of the aforementioned joint types are weldable with the GMAW process. 

Figure 18 presents the joint types, where most often the butt or tee joint are selected for 

GMAW. In addition to joint types, also all welding positions can be utilized with the GMAW 

process. (Hobart Institute of Welding Technology 2012, p. 52–55.) 
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Figure 18. Weld types suitable for GMAW welding (mod. Hobart Institute of Welding 

Technology 2012, p. 52). 

 

GMAW can be used extensively to weld different ferrous and nonferrous metals, however 

the shielding gas must be chosen properly to achieve good quality welds. The function of 

the shielding gas is to protect the arc and the molten weld metal against the influence of 

atmosphere. In GMAW process, the used shielding gas or mixture of it can be inert or active 

depending on the welded metal. The main classification of the shielding gases in the GMAW 

is that the inert shielding gases are used for nonferrous metals and the actives for ferrous 

metals. Shielding gases, gas compositions, gas reactions and weldable materials in the 

GMAW welding process are categorized to table 3. (Hobart Institute of Welding Technology 

2012, p. 15.) 

 

Table 3. Shielding gases and applications of them in GMAW welding (mod. Hobart Institute 

of Welding Technology 2012, p. 15). 

 

 

Even thought, the GMAW is a suitable process for many applications, the welding 

equipment can still limit the use of the process. It is typical for the GMAW, that the welding 
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gun must be as near as 10–19 mm from the joint, in order that the shielding gas can protect 

the weld adequately. (O’Brien 2004, p. 148–149.) Certain designs in the welded structures 

can obstruct partially or completely the welding gun to reach the joint precisely, when the 

appropriate welding of the joint is impossible. Figure 19 shows an example of the structure, 

where the joint is difficult to reach with the welding gun. However, the space required for 

the welding gun can be taken into consideration in the design of the structure when the access 

to the joint is ensured. (Hicks 1999, p. 76.) 

 

 

Figure 19. Example of the structure, where the welding gun is difficult to place (mod. Hicks 

1999, p. 76). 

 

In addition to manual GMAW welding, mechanized, automated or robotic welding systems 

are also applied to the welding process (Hobart Institute of Welding Technology 2012, p. 2). 

The automation can be used to increase the weld rate of the GMAW process. In manually, 

the weld rate is 0.2 m/min, while by using automation even 15 m/min is possible to reach. 

(Swift & Booker 2013, p. 296.) Long welds were expected to the frame, when mechanization 

or automation can be used to enhance the productivity. Mechanization and automation are 

discussed next by a view of product design, that the welding applications can be utilized. 

 

Mechanization in the welding process utilizes the principle that certain work steps in the 

process can be done with the equipment rather than manually. In mechanization, the operator 

sets the welding torch in a right position to the joint and controls the process during the 

welding. The tasks which are not performed by manually in the welding are left for the 

mechanized welding systems. Welding equipment takes care of the start of the arc and wire 

feeding to the joint, also the movement of the arc is done by equipment. The equipment for 
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the welding is specially designed for the mechanization, for example the welding torch is 

adjustable and moves along the carriage. (Jenney & O’Brien 2001, p. 453–458.) 

 

The welding carriages and tractors are devices, which are used to move the welding 

equipment. The carriage or tractor is a key element in the mechanization, especially when 

considering the joint geometry and the positions. The movement of the mechanized welding 

equipment can be linear or curved depending on the shape of the joint. Even complex shaped 

joints can be welded by carriages, which are specially designed for the purpose. On the other 

hand, with the special designed carriages all welding positions are weldable. However, it is 

typical for the mechanized welding that flat and horizontal position are preferred. (Jenney & 

O’Brien 2001, p. 454–455.) In a design of the frame, it can be considered that the 

mechanization is suitable to use for the welding. For example, the joints can be designed in 

a way that welding equipment has a clean path to weld and good access, without any 

structures to obstructing the movement. 

 

Automated welding system allows the welding process to be controlled independently and 

welding operator has no significant role during the welding. Automation in welding can be 

fixed or flexible depending on the feature is the automated system capable of adjusting to 

different welding situations. Compared with the mechanized welding, the automated system 

has abilities to control the arc and focus the welding torch on the joint. The automation can 

be even utilized to loading or unloading of the workpiece to the welding system. Automation 

in welding aims to improve the productivity for example in cases when several parts with 

similar weldments must be produced. (Jenney & O’Brien 2001, p. 458–461.) 

 

The complete automation in production of welded structure is classified as a high 

investment.  There is no individual aspect to highlight in the planning of the automation, 

instead it is a sum of many things, for example production volume, product design, 

equipment, facilities, management and safety. (Jenney & O’Brien 2001, p. 474–480.) The 

purpose in this thesis was not to design the frame for the complete automated production. 

The production volumes of the frames are project specific and the frames are produced in 

batches. The focus of the production was that the frame can be suitable for the mechanized 

welding. On the other hand, it can be considered that the welds which are suitable for the 
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mechanization can also be later updated for fixed automation. Hence, the role of the welding 

operator in a production can be decreased. 

 

3.4 Transportation 

This chapter presents how the transportation of the frame was concerned. The principle to 

transport products in containers was developed by using literature to make sure that the 

dimensions of the frame are fitting container. The background to the loading of the container 

and how it was utilized in the project are next described.  

 

The best space utilization in the container can be achieved when the container is tight loaded. 

The container can be loaded in a way that items fit against the structures of the container, 

this also prevents the movement of the items during the transportation. Figure 20 is showing 

an example of the compact loaded container, where items are fitting the dimensions of the 

inside frame. (Naber et al. 2019.) 

 

 

Figure 20. Example of a tight fitted container, where material is fitting against the walls of 

the container (Naber et al. 2019). 

 

Initial consideration was to make conveyors as complete modules, which are then 

transported. The design in this thesis considered that the dimensions of the steel frame were 

optimized to match with the dimensions of the container. It was also taken into account that 

during the transportation there was wooden or steel structure installed around the frame of 

the conveyor. The structure was enabling the lifting of the frame and protecting against 

damages  
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4 DESIGN OF BELT CONVEYOR 

 

 

The aim of this chapter is to introduce how the belt conveyor design was utilized in the 

selection of the diameter of the frame tube. The principle was to use tube or pipe as a base 

of the conveyor and create the air cushion between tube and belt. To meet the requirement 

of the capacity 1500 m3/h, it was important to select the right size for the tube, that the 

conveying of the wood pellet would be succeeded. 

 

4.1 Capacity of the conveyor 

The capacity can be calculated when the cross-sectional area of the conveyed material, belt 

speed and the effective degree of filling are known. The next equation can be used to 

calculate the capacity Qv (Breidenbach 1994, 11.6.): 

 

𝑄 = 𝐴 ∙ 𝑣 ∙ 3600 ∙ 𝜑    (1) 

 

In equation 1 the Amaterial is cross-sectional area of the material, v is belt speed and is φ 

effective degree of filling (Breidenbach 1994, 11.6). 

 

The effective degree of filling φ takes account how the operational environment and the 

surcharge angle of the conveyor reduce the capacity. The effective degree of filling is 

dependent on two factors: the degree of filling and the reduction factor. The effective degree 

of filling φ can be calculated as follow (Breidenbach 1994, 11.6.): 

 

𝜑 = 𝜑 ∙ 𝜑        (2) 

 

In equation 2 the φ1 is degree of filling and is φ2 reduction factor. The value for the degree 

of filling is in normal operational situations φ1=1, in other situation it varies: φ1=0.8–0.95. 

The reduction factor takes account the surcharge angle of the conveyor and it is determined 

in a range of φ2=0.76–1.00, when the surcharge angle varies 0–22⁰. (Breidenbach 1994, 

11.6.) 
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4.2 Diameter of the frame tube 

Standardized belt was wanted to settle on a half arc of the tube. Consequently, the width of 

the belt was determining the diameter of the tube. Hence it was possible to calculate what 

kind of material stream was possible to achieve onto the belt. Diameter of the frame tube D 

can be calculated: 

 

𝐷 =      (3) 

 

In equation 3, the B is the width of the belt. 

 

4.3 Usable belt width 

The usable belt width b must be determined that the right cross-sectional area of the material 

stream onto the belt can be calculated. The usable belt width is depending on the belt width. 

For the belt widths under 2000 mm, the following equation for the usable belt width b can 

be used (Breidenbach 1994, 11.5.): 

 

𝑏 = 0,9 ∙ 𝐵 − 50 𝑚𝑚     (4) 

 

4.4 Angle of surcharge 

Angle of surcharge βdyn takes account the formation of the material pile on a moving belt. 

Normally, the dropped material forms a static angle of slope in a pile, but on a moving belt 

the angle is smaller. The accurate angle of surcharge can be determined only in an 

experimental way, but it can be estimated with the next equation (Breidenbach 1994, 9.1.): 

 

𝛽 = (0,5 … 0,9) ∙ 𝛽      (5) 

 

In equation 5 the βst is static angle of slope (Breidenbach 1994, 9.1). 

 

For wood pellet the angle of repose or static angle of slope is 32–41° (Wu, Schott & 

Lodewijks 2011, p. 2103). In this thesis 39° was used for the angle of repose and factor 0.5 

for the angle of surcharge. 
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4.5 Cross-sectional area of the material stream 

The cross-sectional area of the material on a belt can be derived by using trigonometry when 

the usable belt width, the radius of the tube and the angle of surcharge are known. The total 

area of the material cross-section can be thought to form by two sections: the segment of the 

circle and the area of the triangle. In a figure 21 are shown all needed dimensions to derive 

the cross-sectional area of the material stream onto belt. 

 

 

Figure 21. Dimensions used to derive the material stream onto belt. 

 

The cross-sectional area of the material onto belt can be said: 

 

𝐴 = 𝐴 + 𝐴 =  
(  )

+
∙

 (6) 

 

In equation 6 the Rp is radius of pile, α is angle of sector of the tube, k is width of sector and 

ht is height of triangle formed above the segment. 
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The width of sector k can be calculated when the radius of tube and the angle of sector are 

known: 

 

𝑘 = 2𝑅 sin     (7) 

 

The angle of sector can be derived from the triangle formed above the sector: 

 

𝛼 = 𝜋 − 2 ∙ 𝛽      (8) 

 

On the other hand, the height of the triangle formed above the segment can be said: 

 

 ℎ = tan 𝛽      (9) 

 

The radius of pile can be said with the usable belt width and angle of sector: 

 

𝑅 =        (10) 

 

By solving the unknows from the equation 6 with the equations 7–10, the cross-sectional 

area of the material stream into belt can be solved. 

 

4.6 Design of the return run 

The return run of the belt was implemented with a chute. Chute is an arc shaped structure 

where the air cushion is formed. In order to avoid the wedging of the belt edges to adjacent 

structures, the chute must be wider than the belt. The problem is explained in the figure 22, 

where is shown two cases of the settling of a belt onto the chute.  
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Figure 22. The belt size compared to the size of the chute, when in the left figure there is no 

space for the belt to move in lateral direction and right figure shows the better design. 

 

In this thesis, the return run chute design was based on the assumption that conventional 

idler arrangement can be compared with the chute. The total length of the idler rolls formed 

the total length of the chute. The assumption is explained in figure 23, where 5 roller 

arrangement is compared to the chute structure. 

 

 

Figure 23. Same edge distance in both arrangements. In the left the conventional idler set 

and in the right the air supported design.  

 

The carrying idler arrangement has an effect for the capacity of the conveyor. Different 

variations of the arrangements can be used depending on the conveying condition. The 

number of the idler rolls, angle of idler and the length of the idler can be changed to achieve 

proper capacity with used belt width. The roller lengths are standardized to different belt 

widths that the arrangement is suitable. Table 4 presents roller lengths with different belt 

widths. (Breidenbach 1994, 11.2.) 
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Table 4. Different roller arrangements and the lengths for the rollers (Breidenbach 1994, 

11.3). 

 

 

The total length of the rollers wtot with the gap d can be calculated, when the length, gap and 

number of rollers are known. The following equation is presenting the total length of the 

idler arrangement:  

 

𝑤 = 𝑛  ∙ 𝑙 + (𝑛 − 1) ∙ 𝑑    (11) 

 

In equation 11 the nr is number of rollers, l is length of the roller and dr is gap between rollers. 
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5 LOADS 

 

 

This chapter presents the procedure to combine different load cases and how the actual 

loadings were calculated from the basic values. The loads are first classified and then 

multiplied by safety factors. Other chapters describe how the Eurocode was used to 

determine the loads. 

 

5.1 Actions 

Loads can be treated as actions which are separated for different categories. The 

classification of the actions is based on the time interval, where the actions occur. The classes 

for the actions are: permanent, variable and accidental action. (SFS-EN 1990 2006, p. 58–

59.) 

 

Self-weight of the conveyor was a permanent action in this thesis. Variable actions were the 

load from the material, wind load and snow load. Classification of the loads is presented in 

table 5. Material weight was a result of the wood pellet and was called live load in this thesis. 

Accidental actions were not considered. 

 

Table 5. The classification and symbols of actions in this thesis 

 

 

5.2 Limit state design 

According to Hejazi & Chun (2018, p. 3): “Limit-state designs have two types: ultimate limit 

state (ULS) and serviceability limit state (SLS).” The ULS concerns safety, protection of the 

material stability, excessive deformations and fatigue failures of the structure. The SLS is 

related to the functionality and appearance of the structure. The limit state should consider 

the circumstances which under the structure is going to expose. The exceeding of a limit 

state is not allowed in the design. (SFS-EN 1990 2006, p. 52–57.) 

 

Self weight Material 
weight

Wind load Snow load

Permanent action GDL

Variable actions LLmaterial WL SL
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5.3 Load combinations in ULS 

The load case in the ULS is formed by combining the relevant actions which can occur at 

the same time. Two approaches to the combination are given. According to EN 1990 the 

loads in the ultimate limit state can be combined with the following expression (SFS-EN 

1990 2006, p. 80–81.): 

 

∑ 𝛾 , 𝐺 , " + "𝛾 𝑃" + " 𝛾 , 𝑄 , " + " ∑ 𝛾 , 𝜓 , 𝑄 ,  (12) 

 

In equation 12 the γG,j is partial factor for permanent action, Gk,j is characteristic value of 

permanent action, γP is partial factor for prestressing actions, P is relevant representative 

value of a prestressing action, γQ,1 is partial factor for leading variable action, Qk,1 is 

characteristic value of leading variable action, γQ,i is partial factor for variable action, ψ 0.i is 

factor for combination value of variable action and Qk,i is characteristic value of 

accompanying action (SFS-EN 1990 2006, p. 80–81). 

 

Alternatively, there are also two equations where the most critical one can be used. The first 

equation is (SFS-EN 1990 2006, p. 80–81.): 

 

∑ 𝛾 , 𝐺 , " + "𝛾 𝑃" + " 𝛾 , 𝜓 , 𝑄 , " + " ∑ 𝛾 , 𝜓 , 𝑄 ,  (13) 

 

In equation 13 the ψ 0,i is factor for combination value of leading variable action (SFS-EN 

1990 2006, p. 80–81). The second equation is (SFS-EN 1990 2006, p. 80–81): 

 

∑ 𝜉𝛾 , 𝐺 , " + "𝛾 𝑃" + " 𝛾 , 𝑄 , + ∑ 𝛾 , 𝜓 , 𝑄 ,  (14) 

 

In equation 14 the ξ is reduction factor for unfavourable permanent actions (SFS-EN 1990 

2006, p. 80–81). 

 

In this thesis secure assumption for the load combination was done. The reduction and 

combination factors were not used. The following load combination was made: 

 

𝑈𝐿𝑆 = 1,35 ∙ 𝐺 + 1,5 ∙ (𝐿𝐿 + 𝑊𝐿 + 𝑆𝐿)  (15) 
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5.4 Imposed load 

The wood pellet was concerned as a variable action in this thesis. The wood pellet was also 

an imposed load which the conveyor was carrying. The loading from the wood pellet was 

possible to estimate when the density of the material was known. For the wood pellets, the 

bulk density can vary 498–649 kg/m3 (Wu, Schott & Lodewijks 2011, p. 2103). In this thesis 

the density of 600 kg/m3 was used for the wood pellet, where the loading of around 6 kN/m3 

was derived 

 

5.5 Snow load 

Snow load is a variable action. The loading from the snow load can be calculated as a static 

load. The snow load s is expressed as follows (SFS-EN 1991-1-3 2015, p. 28–29.): 

 

𝑠 = 𝜇  𝐶  𝐶  𝑠     (16) 

 

In equation 16 the μi is shape coefficient, Ce is exposure coefficient, Ct is thermal coefficient 

and sk is characterized snow load (SFS-EN 1991-1-3 2015, p. 28–29). 

 

The surface of the conveyor where the snow was accumulating was cylindrical shaped. The 

shape coefficient was determined based on the assumption of the cylindrical roofs. The 

assumptions of cylindric roof was thought to be close enough for the determination of the 

snow load. 

 

The shape coefficient μi from the equation 16 is determined in figure 24 for the cylindric 

roof. The factor μ4 is used to describe the shape coefficient μi. The condition for undrifted 

snow load is presented in the figure 24 in situations 1, where the shape coefficient factor is 

0.8. The drifted snow load is based on the angle β which is determined in the figure 24. (SFS-

EN 1991-1-3 2015, p. 38–39.) 
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Figure 24. Shape coefficients for the cylindrical roof (SFS-EN 1991-1-3 2015, p. 38–39). 

 

When the angle β is determined the shape coefficient μ4 follows the next conditions (SFS-

EN 1991-1-3 2015, p. 36–37): 

 

𝛽 > 60°                        𝜇 = 0   

𝛽 ≤ 60°       𝜇 = 0,2 + 10    (17) 

 

In equation 17 the hc is height of cylindrical section and bs is width of structure (SFS-EN 

1991-1-3 2015, p. 36–37). 

 

Figure 25 presents the curve for the shape coefficient μ4. The upper limit for the μ4 is then 

2.0. The upper limit should be determined to avoid over large loadings. (SFS-EN 1991-1-3 

2015, p. 36–37.) 
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Figure 25. Relation of the shape coefficient in cylindrical roofs (SFS-EN 1991-1-3 2015, p. 

36–37). 

 

5.6 Wind load 

Conveyor system in this thesis was a 100 m long and 40 m high structure, which could be 

compared to bridge. There is a section for the calculation of the wind load in bridges in the 

EN1991-1-4. Even thought, the approach was not entirely relevant to the cross section used 

in this thesis the method was still thought to be close enough to give realistic magnitudes for 

the loadings. 

 

The wind load can act along or perpendicular to bridge. The perpendicular wind load can be 

vertical or horizontal. Figure 26 presents a coordinate system for the wind load respect of 

the girder of bridge. (SFS-EN 1991-1-4 2011, p. 144–145.) 

 

 

Figure 26. Symbols of dimensions and coordinate system for the wind load to the bridge 

(SFS-EN 1991-1-4 2011, p. 144–145). 
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The force from the wind load Fw affecting the bridge in x-direction can be calculated (SFS-

EN 1991-1-4 2011, p. 152–153): 

 

𝐹 =  ∙  𝜌 ∙  𝑣  ∙ 𝐶 ∙  𝐴 ,    (18) 

 

In equation 18 the vb is basic wind speed, C is wind load factor, Aref,x is reference area and 

ρ is density of air (SFS-EN 1991-1-4 2011, p. 152–153). 

 

The wind load factor is determined in the following way (SFS-EN 1991-1-4 2011, p. 152–

153): 

 

𝐶 = 𝑐  ∙  𝑐 ,      (19) 

 

In equation 19 the ce is exposure factor and cf,x is force coefficient (SFS-EN 1991-1-4 2011, 

p. 152–153). 

 

The exposure factor ce depends on the terrain category and the height of the structure as 

described in figure 27 (SFS-EN 1991-1-4 2011, p. 40–41). 

 

 

Figure 27. Exposure factor depending on the height (SFS-EN 1991-1-4 2011, p. 40–41). 
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The force coefficient is depending on the dimensions of the bridge as described in figure 28 

(SFS-EN 1991-1-4 2011, p. 148–149). 

 

 

Figure 28. The force coefficient depending on the dimensions of the bridge (SFS-EN 1991-

1-4 2011, p. 148–149). 

 

Reference area for the wind load in x-direction is (SFS-EN 1991-1-4 2011, p. 148–149): 

 

𝐴 , = 𝑑 ∙ 𝐿     (20) 

 

In equation 20 the db is height of bridge and Lb is length of bridge (SFS-EN 1991-1-4 2011, 

p. 148–149). 

 

5.6.1 Vertical wind load 

The above mentioned procedure can be used to determine the lifting or pressing load of the 

wind. For the force coefficient in z-direction, cf,z=±0.9 can be used if there is no other value 

obtained. The reference area is determined with width and the length (SFS-EN 1991-1-4 

2011, p. 154–155.): 

 

𝐴 , = 𝑏 ∙ 𝐿     (21) 

 

In equation 21 the bb is width of bridge (SFS-EN 1991-1-4 2011, p. 154–155). 
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5.6.2 Longitudinal wind load 

No specific reference area or force coefficient is determined for the longitudinal wind load. 

Instead, EN1991-1-4 is recommending to use 25% from the x-directional load for plated 

steel bridges to obtain the y-directional load. (SFS-EN 1991-1-4 2011, p. 154–155.) 

 

5.7 Wind to rectangular profiles 

The influence of the wind load in the columns of the pylon was also taken into account. The 

pylon was a load bearing component of the cable stayed supporting system. The main 

columns of the pylon were rectangular sections where the wind load can influence additional 

loading. This chapter describes how the loading was calculated. 

 

Force coefficient cf for rectangular sections is determined (SFS-EN 1991-1-4 2011, p. 112–

113): 

 

𝑐 = 𝑐 , ∙ 𝜓 ∙  𝜓  (22) 

 

In equation 22 the cf,0 is force coefficient, ψr is reduction factor and ψλ is end-effect factor 

(SFS-EN 1991-1-4 2011, p. 112–113). 

 

The force coefficient is dependent on the dimensions of the rectangular section (SFS-EN 

1991-1-4 2011, p. 114–115). The magnitude of the coefficient is described in figure 29, 

which shows the dependence of the coefficient to dimensions of the profile.  

 

 

Figure 29. Force coefficient depending on the dimensions of the rectangular section (SFS-

EN 1991-1-4 2011, p. 114–115). 
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Corners of the rectangular section have an effect to the force coefficient. When the radius of 

the corner increases, the force coefficient will decrease. Figure 30 shows how the reduction 

factor is dependent on the radius of the corner. (SFS-EN 1991-1-4 2011, p. 114–115.) 

 

 

Figure 30. Effect of round corners in the rectangular section (SFS-EN 1991-1-4 2011, p. 

114–115). 

 

In certain structures the wind can flow pass of the top of the structure and causes end effects. 

These effects are concerned with the end-effect factor. The end effect factor is determined 

with the effective slenderness and solidity ratio. (SFS-EN 1991-1-4 2011, p. 136–137.) 

 

Figure 31 presents how the effective slenderness can be determined from the dimensions of 

the structure (SFS-EN 1991-1-4 2011, p. 138). According to SFS-EN 1991 (2011, p. 138) 

the following condition to choose the effective slenderness can be set: “for l < 15 m, λ = l/b 

or λ = 70, whichever is smaller”. 

 

 

Figure 31. Conditions for the selection of the effective slenderness parameter (mod. SFS-

EN 1991-1-4 2011, p. 138). 

 

Solidity ratio concerns the area where the wind can flow pass, for example in truss structures 

the total area is smaller than the projected area of the trusses. The figure 32 shows an example 
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of a truss structure where all needed parameters to calculation is shown. (SFS-EN 1991-1-4 

2011, p. 140–141.) 

 

 

Figure 32. Example of a structure whereof solidity factor can be determined (SFS-EN 1991-

1-4 2011, p. 140–141). 

 

The solidity factor φs is then described in the following way (SFS-EN 1991-1-4 2011, p. 

140–141): 

 

𝜑 =      (23) 

 

In equation 23 the A is sum of projected area and Ac is overall area (SFS-EN 1991-1-4 2011,  

p. 140–141). 

 

By using the solidity factor and effective slenderness the end effect factor is described with 

different solidity factors. Figure 33 shows the dependence of the parameters. (SFS-EN 1991-

1-4 2011, p. 140–141.)  

 

 

Figure 33. Dependence of reduction factor with different solidity factors and effective 

slenderness (SFS-EN 1991-1-4 2011, p. 140–141).  
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6 BUCKLING OF PLATED STRUCTURE 

 

 

The capacity of a component can be estimated according to strength or stability. Load of the 

component can reach a point, where a yielding is starting, this determines the strength 

conditions. Despite the strength condition, the structure can have a point in loading, where 

deformations start to increase rapidly and instant loose of stability can occur. (Eslami 2018, 

p. 1–2.) 

 

According to EN1993 plate structure can be classified by comparing two separate limit 

states; stability and strength. For the plate component, the critical buckling load can be 

calculated, which after the buckling will happen and the capacity of plate is reached. On the 

other hand, the yield or ultimate strength of the material are also limiting the capacity of the 

plate. There are 4 different cross-section classes which combine the buckling and strength 

capacities for the part (Ongelin & Valkonen 2012, p. 49–53.): 

 Cross-section class 1, the plate will buckle after the ultimate strength of the 

material has been reached 

 Cross-section class 2, the plate will buckle after the yield strength has been 

reached, however the buckling will happen before the point of ultimate 

strength has been reached 

 Cross-section class 3, the plate will buckle in a point, where the yield strength 

of the material has been reached, this structure is also called compact 

structure 

 Cross-section class 4, the plate will buckle before the yield strength of the 

material has been reached. 

The categorization of the cross-section classes is dependent on the slenderness of the plate 

and from the load condition. The slenderness is determined by the width and thickness of 

the plate, whereof the ratio c/t can be determined. Only compressed parts of the plate can 

buckle and the slenderness can vary with respect of load condition. The cross-section classes 

are divided for three load conditions: compression, bending or the combination of them. 

Table 6 presents the rules for the cross-sections classes and c/t ratios for different load 

conditions. It always allowed to consider the bended part as compressed, if there is 

uncertainty. (Ongelin & Valkonen 2012, p. 49–53.) 
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Table 6. Classification of the cross-section classes for different loadings (mod. SFS-EN 

1993-1-1 2005, p. 42). 

 

 

6.1 Buckling of shell structure 

Buckling of compressed shell is presented with the critical buckling load Nc,Rd. The elasto-

plastic reduction factor χs is used with the area of the cross-section A and material yield 

strength fy to obtain the critical buckling load. The following equation is used for the critical 

buckling load Nc,Rd for the shell structure under uniform compression load (Ongelin & 

Valkonen 2012 p. 64.): 

 

𝑁 , =
  

    (24) 

 

In equation 24 the χs is elasto-plastic reduction factor, A is area of gross cross-section, fy is 

yield strength of material and γM1 is partial safety factor (Ongelin & Valkonen 2012 p. 64). 

 

The elasto-plastic buckling reduction factor χs is dependent on the modified slenderness λ  

and plastic limit slenderness λ . . There are 3 conditions when choosing the elasto-plastic 

buckling reduction factor χs. The following rules and equations are set for the reduction 

factor (SFS-EN 1993-1-6 2005, p. 38.): 
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𝜒 = 1 𝑤ℎ𝑒𝑛 �̅�  ≤ 0,2  

𝜒 = 1 − 0,6
,

. ,
 𝑤ℎ𝑒𝑛 0,2 < �̅� < �̅� .   

𝜒 =  𝑤ℎ𝑒𝑛 �̅�  ≥ �̅� .      (25) 

 

In equation 25 the λ  is modified slenderness and λ .  is plastic limit slenderness, which is 

expressed as follows (SFS-EN 1993-1-6 2005, p. 39): 

 

�̅� . =
,

     (26) 

 

In equation 26 the αx is meridional elastic imperfection reduction factor (SFS-EN 1993-1-6 

2005, p. 39). 

 

The modified slenderness can be calculated with the following equation (SFS-EN 1993-1-6 

2005, p. 39): 

 

�̅� =      (27) 

 

In equation 27 the fy is yield strength of material and σcr is critical stress for buckling (SFS-

EN 1993-1-6 2005, p. 39). 

 

The meridional elastic imperfection reduction factor αx is calculated with the following 

equation (SFS-EN 1993-1-6 2005, p. 74): 

 

𝛼 =
,

,
∆ ,     (28) 

 

In equation 28 the ∆wk is characteristic imperfection amplitude and t is wall thickness of the 

shell (SFS-EN 1993-1-6 2005, p. 74). 
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Characteristic imperfection amplitude ∆wk can be calculated with the following equation: 

(SFS-EN 1993-1-6 2005, p. 74): 

 

∆𝑤 =   𝑡    (29) 

 

In equation 29 the Q is fabrication quality parameter and r radius of curved member (SFS-

EN 1993-1-6 2005, p. 74). 

 

6.2 Critical buckling of shell panel 

Figure 34 presents a curved panel with characteristic parameters. Curved panel shaped 

constructions can be used for example in a bridges as a girder. Lack of standardized design 

codes has induced difficulties when defining the capacity of the panel. Usually the finite 

element method is used and experienced engineer is required to calculate the buckling 

behavior of the panel. (Martins et al. 2017, p. 192.) 

 

 

Figure 34. Curved panel with the parameters (mod. Martins et al. 2017, p. 193). 

 

There has been proposed a procedure, where the simply supported shell panel, can be first 

calculated with the critical Euler stress and then multiplied by buckling coefficient (Le Tran 

et al. 2012, p. 35). 

 

Curvature parameter Z for the shell panel (Le Tran et al. 2012, p. 36): 

 

𝑍 =      (30) 
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In equation 30 the ba is length of arc, Rs is radius of shell and t thickness of shell (Le Tran et 

al. 2012, p. 36). 

 

Critical Euler stress σE for the shell panel (Le Tran et al. 2012, p. 36): 

 

𝜎 =
 

( )
    (31) 

 

In equation 31 the E is elastic modulus, v is Poisson’s ratio and t is wall thickness (Le Tran 

et al. 2012, p. 36). 

 

Buckling coefficient k  for the simply supported panel (Le Tran et al. 2012, p. 36): 

 

𝑘 =  1 + 1 
( )

 𝑍    (32) 

 

In equation 32 the k  is parameter for supporting condition. For simply supported shells 

k = 4 can be used. (Le Tran et al. 2012, p. 36.) 

 

Linear elastic critical buckling stress 𝜎  is then expressed with the Euler buckling stress and 

buckling coefficient (Le Tran et al. 2012, p. 36): 

 

𝜎 = 𝑘  𝜎       (33) 

 

Eurocode EN1993-1-6 can be used to complete the end of the calculation procedure if the 

conditions for the curvature parameter and modified slenderness are fulfilled. The curvature 

parameter should be Z ≥ 40 and modified slenderness λ ≤ 1,0. (Le Tran et al. 2012, p. 36.) 
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6.3 Critical buckling stress of symmetrical tube 

The elastic critical meridional buckling stress σcr in symmetrical tube under compressive 

stress can be calculated (SFS-EN 1993-1-6 2005, p. 73): 

 

𝜎 =
( )

 ∙  𝐶  = 0,605𝐸𝐶     (34) 

 

In equation 34 the Cx is factor which depends on the length of the cylinder (SFS-EN 1993-

1-6 2005, p. 73). 

 

The length of the cylinder is taken into account with the dimensionless length parameter ω 

(SFS-EN 1993-1-6 2005, p. 72): 

 

𝜔 =
√

     (35) 

 

In equation 35 the l is length of tube, r is radius of cylinder and t is thickness of cylinder 

(SFS-EN 1993-1-6 2005, p. 72). 

 

Long cylinders are determined by (SFS-EN 1993-1-6 2005, p. 73): 

 

𝜔 > 0,5      (36) 

 

When the rule for the long cylinders is fulfilled Cx factor is Cx=Cx,N and Cx is the greatest of 

values (SFS-EN 1993-1-6 2005, p. 73): 

 

𝐶 , = 1 + 
,

1 − 2𝜔  𝑜𝑟 𝐶 , = 0,60  (37) 

 

In equation 37 the cxb is parameter depending on the boundary conditions (SFS-EN 1993-1-

6 2005, p. 73). 
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7 CABLE STAYED SUPPORTING SYSTEM 

 

 

Cable stayed supporting is a method of covering long spans in bridges and roofs. The 

supporting system has been especially used in bridges, when the spans of 500–1000 m are 

needed. The system consists of tension cables and compressed pylons, which support the 

deck. The cables are free from the buckling, since they are in a tension, thus the strength of 

the cables is determined only with the tension capacity. The cables are connected to the pylon 

and deck, which are under compression force. The cable stayed supporting system is 

described in figure 35, which shows the forces in the cables and pylons and introduces the 

components of the system. (Lin & Huang 2016, p. 270–271.) 

 

 

Figure 35. Forces acting in the cables and pylons of cable stayed supporting system (mod. 

Lin & Huang 2016, p. 270). 

 

The conveyor in this thesis was considered as a bridge structure, which was supported with 

the stay cables. The steel frame of the conveyor formed the deck of the bridge. Truss 

structure was used as a pylon, where cables were connected. 

 

7.1 Design aspects in a cable stayed structure 

The design of the cable stayed structure can be separated to three sections: supported 

structure, cables and pylons. Inclined angle of cables θ decides the height of the pylons. On 

the other hand, the inclined angle is related to the magnitude of the forces in other supporting 

structures. For example, the cables cause compression to the horizontal structure, which must 

have strength and stability properties to carry the load. Again, the stress can be decreased 
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horizontally by increasing the inclined angle, but now the height of the pylons will increase 

and the buckling can occur under greater compression stress and height. Proper design is a 

compromise between the inclined angle and forces of the pylons and horizontal structure, 

however not forgetting the aesthetic aspect of the structure. Figure 36 shows how the inclined 

angles of the cables are related to other structures. It also describes how the cable force is 

divided into the different components. (Lin & Huang 2016, p. 271.) 

 

 

Figure 36. Relation between inclined angle and other structure. Cable forces divided to the 

vectors (mod. Lin & Huang 2016, p. 271). 

 

The cables in the cable stayed system can be arranged in different ways depending on the 

wanted construction. Four types of cable arrangements can be classified: mono, fan, 

modified fan and harp arrangements. The mono type is the most simply way to implement 

the cable stayed system, but it is not usually economically sufficient for the bridge design. 

The fan type of the stay cables was used in an early design of the cable stayed systems, but 

the positioning of the cables to the same location can cause problems in a pylon, especially 

if there are several cables to be attached. The modified fan system is used to eliminate the 

connection problem of the conventional fan arrangement by dividing the cable connections 

in separate positions in a pylon. The harp system is an aesthetic system where all cables have 

the same inclined angle. Different cable arrangements are shown in figure 37 below. (Lin & 

Yoda 2017, p. 176–179.) 
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Figure 37. Different cable arrangements for the cable stayed system (mod. Lin & Yoda 

2017, p. 177). 

 

The lateral placement of the cables can also be modified in the cable stayed supporting 

system. The cables can be considered to form a plane in a bridge. Different number of planes 

can then be constructed, usually one, two or three planes are used. The planes can also be 

inclined related to the pylon. The lateral cable arrangement has an influence on the torsional 

stiffness of the bridge.  Figure 38 shows different cable placements with different number of 

pylons. (Lin & Yoda 2017, p. 179–181.) 

 

 

Figure 38. Different lateral planes of cables in the cable stayed supporting system (mod. 

Lin & Yoda 2017, p. 181). 
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As described before the deck in the cable stayed supporting system is under compression. 

The compression is increasing towards the pylon, because each cable has a horizontal force 

component. The increase in distribution of the compression force in the deck is shown in 

figure 39. (Stavridis 2010, p. 341.) 

 

 

Figure 39. Distribution of compression force in the deck (mod. Stavridis 2010, p. 341). 

 

The cable can be thought to carry the load in a section of the deck. Vertical force in the deck 

influences the force to the cable, as it is shown in figure 40. (Connor & Faraji 2013, p. 988.) 

In this thesis the frame of the conveyor was divided to equally sections and cable forces 

derived by the sections  

 

 

Figure 40. Distributed load causing the cable force in a section of the deck (Connor & Faraji 

2013, p. 988). 

 

Long span structures, which contains several supports, can be treated as a continuous beam. 

To design long span structure to be the continuous beam rather than the simply supported 

from both ends is an effective way to reduce the needed material of construction. The 

continuous beam has smaller moments compared with the simply supported one. In figure 

41, it is shown the moment distributions on the simply supported and continuous beams. 

(Lin & Huang 2016, p. 115–116.) 
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Figure 41. Moment distributions under uniform distributed load q of simply supported and 

continuous beam with distance l between supports (mod. Lin & Huang 2016, p. 118). 

 

The maximum moment on the frame was designed with the continuous beam theory. The 

connections of the joints formed a location for the supports, where the maximum moment 

was occurring. Also, the loads were uniformly distributed along the conveyor. 

 

The distributed load will affect a deformation to the beam. The deformation is occurring in 

the middle of the supported length and usually it is inspected. Displacement in the middle of 

the beam depends on the load, length, elastic modulus and moment of inertia. The deflection 

in the continuous beam is as follows (Lin & Huang 2016, p. 126–127.): 

 

𝑓 =      (38) 

 

In the equation 38 the is I moment of inertia (Lin & Huang 2016, p. 127). 

 

Moment and normal force will cause the stress on the beam. When, the cross-section area of 

the beam and the section modulus are known, the stress can be determined. The principal 

stress in relation to the certain axis of the beam can be said: 

 

𝜎 = +     (39) 

 

In equation 39 the Mmax is maximum moment, Wi is section modulus, F normal force and Ai 

cross-section area. 



68 
 

 

The distributed load causes the shear stress to the beam. The shear stress on the beam can be 

calculated with the shear force and with cross-sectional area, which carries the shear. The 

shear stress on the beam: 

 

𝜏 =      (40) 

 

In equation 40 the F is shear force and A is cross-sectional area, which carry the shear force. 

 

7.2 Normal forces in a truss structure 

The pylon was consisting of structural tubes. There were two methods to solve the unknown 

axial forces in the members of the truss; the method of sections and the method of joints. 

The method of section was in the main role when the axial forces were determined. 

 

The method of sections is an approach to solve the forces in a truss by dividing the truss into 

sections with a plane. Each bar which has been divided by the cutting plane, is then expressed 

as forces. The section must be in an equilibrium condition and unknown forces can be solved 

by using force equilibrium equations. The sectioning is continued until all forces are solved. 

Figure 42 is presenting a truss where cut bars have been replaced by forces. (Krenk & 

Høgsberg 2013, p. 54.) 

 

 

Figure 42. A truss divided for two sections where cut bars are converted to forces in a 

method of sections approach (Krenk & Høgsberg 2013, p. 54). 
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The joints are connecting links in a truss, where forces are also influencing. The joint must 

be in an equilibrium condition by the forces. The unknown forces in a joint can be solved by 

using the force equilibrium equations. The forces are divided into their components in a joint 

and then solved with each direction, this is shown in figure 43. This method requires that 

one force in a joint should already be known and that there are not many unknown forces to 

solve with the force equilibrium equations. (Krenk & Høgsberg 2013, p. 47.) 

 

 

Figure 43. The joint of truss, where the bars are converted as forces in method of joint 

approach (Krenk & Høgsberg 2013, p. 47). 

 

7.3 Compressed column 

As described before the pylon was under compression and can fail by its strength or stability. 

In this thesis, the pylon was constructed with trusses. The main columns in the pylon were 

beams when the buckling of the column must be concerned.  

 

The strength of the cross-section under the compression force is determined for different 

cross-section classes. The strength is calculated from the area of the cross-section and yield 

strength of the material. The following condition for the design resistance Nc,Rd of the cross-

section can be set (SFS-EN 1993-1-1 2005, p. 49.): 

 

𝑁 , =      (41) 

 

In equation 41 the A is area of cross-section, fy is yield strength and γM0 is partial safety 

factor (SFS-EN 1993-1-1 2005, p. 49). 
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7.4 Buckling of column 

Members, which are subjected to compression, should also be checked against buckling. The 

design buckling resistance is taken into account with the reduction factor χ. For the 

compressed cross-sections, which include to cross-section classes 1–3, the buckling 

resistance can be said (SFS-EN 1993-1-1 2005, p. 57.): 

 

𝑁 , =      (42) 

 

In equation 42 the χ is reduction factory of buckling and γM1 is partial safety factor (SFS-EN 

1993-1-1 2005, p. 57). 

 

The reduction factor χ depends on the modified slenderness in the following way (SFS-EN 

1993-1-1 2005, p. 57): 

 

𝜒 = 1,0 when �̅� ≤ 0,2  

𝜒 =
 

 ≤ 1,0 when �̅� > 0,2   (43) 

 

In equation 43 the Ф is value to determine the reduction factor and �̅� is modified slenderness 

(SFS-EN 1993-1-1 2005, p. 57). 

 

The value to determine the reduction factor Ф can be said (SFS-EN 1993-1-1 2005, p. 57): 

 

𝛷 = 0,5 ∙  1 + 𝛼 �̅� + 0,2 + �̅�    (44) 

 

In equation 44 the αi is imperfection coefficient according to buckling curve (SFS-EN 1993-

1-1 2005, p. 57). 

 

The modified slenderness �̅� can be expressed as follows (SFS-EN 1993-1-1 2005, p. 57): 

 

�̅� =      (45) 
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In equation 45 the Ncr is critical Euler buckling force (SFS-EN 1993-1-1 2005, p. 57). 

 

The critical Euler buckling force Ncr is calculated with the following equation (Ongelin & 

Valkonen 2012, p. 70): 

 

𝑁 =      (46) 

 

In equation 46 the Lcr is buckling length (Ongelin & Valkonen 2012, p. 70–71). 

 

The buckling length of the profile is dependent on the constraints. The constraints can limit 

the buckling length, for example the fixed end of the profile limits the buckling length for 

half of the original length of the profile. On the other hand, certain constraints can increase 

the buckling length even two times longer than the original length, like the free end and fixed 

end configuration in figure 44 is presenting. (Ongelin & Valkonen 2012, p. 396.) 

 

 

Figure 44. The critical buckling lengths depending on the constraints of the profile (mod. 

Ongelin & Valkonen 2012, p. 396). 

 

7.5 Interaction of moment in buckling of column 

In addition to axial compression loading in the profile of the column, the moment can also 

occur simultaneously. The influence of the moment to the total capacity of the profile is 

taken into account by summing up the capacities of the axial loading and moment. The 

following conditions for the double symmetric profile, where distortional deformations can 

not occur, are set (SFS-EN 1993-1-1 2005, p. 64–65.): 

 

+ 𝑘
, ∆ ,

,
+ 𝑘 , ∆ ,

,
≤ 1  (47) 
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+ 𝑘
, ∆ ,

,
+ 𝑘 , ∆ ,

,
≤ 1  (48) 

 

In equation 47 and 48 the NEd, My,Ed and Mz,Ed are design values for compression force and 

maximum moment, ΔMy,Ed and ΔMz,Ed are moments due to shift of the centroidal axis, χy is 

reduction factor due to flexural buckling, χLT is reduction factor due to lateral torsional 

buckling and kyy, kyz, kzy and kzz  are the interaction factors (SFS-EN 1993-1-1 2005, p. 65). 

 

Two methods for defining the interaction factors have been used. Method 2 is presented in 

the table 7 below. The values for the interaction factors are for the profiles, where distortional 

deformations can not occur. (SFS-EN 1993-1-1 2005, p. 65.) 

 

 Table 7. Interaction factors for the profiles, where the distortional deformations can not 

occur (SFS-EN 1993-1-1 2005, p. 79). 

 

 

To obtain the value for the interaction factors, the uniform moment factors Cmy and Cmz are 

used. The uniform moment factor is depending on the moment diagram, and the type of 

loading. The table 8 is showing the definitions for the uniform moment factors. (SFS-EN 

1993-1-1 2005, p. 80.) 
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Table 8. Conditions for the determination of the uniform moment factor Cmi (SFS-EN 1993-

1-1 2005, p. 80). 

 

 

7.6 Deflection of the pylon 

Lateral loading will cause the end of the pylon to deflect. The cables have certain stiffness, 

which resist the deflection of the end.  Figure 45 shows an example of the initial parameters 

for the situation, where lateral loading is only carried by cables. (Connor & Faraji 2013, p. 

471–472.) 

 

 

Figure 45. Simply supported mast, where lateral loading is only carried by cables (Connor 

& Faraji 2013, p. 472). 
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From the figure 45, the lateral force PL can be described with the respect of the deflection u. 

The equation includes the stiffness and the angle of the cables. The relation of lateral force 

P and deflection u are presented as follows (Connor & Faraji 2013, p. 472.): 

 

𝑃 =  (cos 𝜃) 𝑢     (49) 

 

In equation 49, the A is area of cross-section of cables, E is elastic modulus of cables, L is 

length of cable, θ is inclined angle of cable and u is deflection (Connor & Faraji 2013, p. 

472). 

 

In the pylon construction, the main column has also stiffness to resist the bending. 

Nevertheless, the stiffness of the cables is significantly greater than the stiffness of the 

column. (Stavridis 2010, p. 344.) In this thesis the influence of the column on the total 

deflection of the pylon system was considered by using the equation which describes the 

deflection of the beam under point load. For the deflection fb of the beam with one end free 

and one fixed, where load is affecting to the free end, can be described:  

 

𝑓 =      (50) 

 

In equation 50, the F is force in the free end of the beam, l is length of the beam, E is modulus 

of elasticity and I is moment of inertia. 

 

In this thesis the lateral load to the end of the pylon was caused from the situation that the 

load from material is affecting in the middle of the span and other sections of the conveyor 

are empty. For example, when starting of the conveyor system the material can move in 

sections which can cause unbalance to the system. Also, if the conveyor is shutdown, the 

material is driven off from the conveyor and in this case the conveyor after the material 

stream is empty when other sections are full and unbalance from the load can be occurred. 
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7.7 Design of N-joint 

N-joint was selected for the joint type of the chords and braces. There was a need for the one 

diagonal and vertical trusses, which were attached to the main column. The joint was 

reasonable to implement with the N-joint with the gap. This chapter presents, the validity 

conditions for the joint and the procedure to calculate the capacities of different failure cases.  

 

Experimental capacities are determined for the strength of the joints in welded trusses. The 

capacities are divided for the different failure cases, where the minimum one is defining the 

total capacity of the joint. (Ongelin & Valkonen 2012, p. 159.) Figure 46 is presenting an 

illustration from the joint, which can be used to determine the dimensions of the N- or K-

joint (SFS-EN 1993-1-8 2005, p. 120). 

 

 

Figure 46. Dimensions of the N- and K-joint (SFS-EN 1993-1-8 2005, p. 120). 

 

The calculation of the capacities requires that the validity conditions of the joints are 

fulfilled. The validity conditions of the joints are categorized by the joint type. The 

conditions are shown in table 9 below. (SFS-EN 1993-1-8 2005, p. 116.) 
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Table 9. The validity conditions of different joint types (SFS-EN 1993-1-8 2005, p. 116). 

 

 

For the N-joint with the gap the following capacities must be inspected: chord face failure, 

chord shear, brace failure and punching shear (SFS-EN 1993-1-8 2005, p. 120). In this thesis, 

the capacities were calculated and compared with the forces which were affecting the 

members. The equations to calculate the capacities are presented next.  

 

Design resistance Ni,Rd for the chord face failure in N-joint with gap (SFS-EN 1993-1-8 

2005, p. 120): 

 

𝑁 , =
, ∙ ∙ ∙ ∙√

 
∙ 𝛾   (51) 

 

In equation 51 the kn is parameter, fy0 is the yield strength of the chord, t0 is material thickness 

of the chord, γ is ratio of the chord, θi is the angle of the truss, b1 and b2 are the overall out-

of-plane widths of the braces, h1 and h2 are overall in-plane depths of the braces, b0 is overall 

out-of-plane width of the chord and γM5 is partial safety factor (SFS-EN 1993-1-8 2005, p. 

120). 
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Design resistances Ni,Rd for the chord shear are as follows (SFS-EN 1993-1-8 2005, p. 120): 

 

𝑁 , =
√

𝛾     (52) 

 

In equation 52 the Av is the shear are of the chord (SFS-EN 1993-1-8 2005, p. 120): 

 

𝑁 , = (𝐴 − 𝐴 )𝑓 + 𝐴 𝑓 1 − 𝑉 𝑉 ,⁄ 𝛾  (53) 

 

In equation 53, the A0 is the area of the cross section of the chord, VEd is the design shear 

force and Vpl.Rd is the plastic shear resistance (SFS-EN 1993-1-8 2005, p. 120).  

 

Design resistance Ni,Rd for the brace failure (SFS-EN 1993-1-8 2005, p. 120): 

 

𝑁 , = 𝑓 𝑡 2ℎ − 4𝑡 + 𝑏 + 𝑏 𝛾⁄   (54) 

 

In equation 54, the fyi is the yield strength of member, ti is the wall thickness of member, hi 

is the overall in-plane depth of the cross-section of member, bi is the overall out-of-plane 

width of member and beff is the effective width for a brace member to chord connection 

(SFS-EN 1993-1-8 2005, p. 120). 

 

Design resistance Ni,Rd for the punching shear (SFS-EN 1993-1-8 2005, p. 120): 

 

𝑁 , =
√

 + 𝑏 + 𝑏 , 𝛾    (55) 

 

In equation 55, the be,p is the effective width for punching shear (SFS-EN 1993-1-8 2005, p. 

120). 

 

The shear area of the chord Av is (SFS-EN 1993-1-8 2005, p. 120): 

 

𝐴 = 2ℎ +  𝛼 𝑏 𝑡     (56) 
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In equation 56 the h0 is the overall in-plane depth of the brace and αp is parameter (SFS-EN 

1993-1-8 2005, p. 120). 

 

The parameter αp is determined as follows (SFS-EN 1993-1-8 2005, p. 120): 

 

𝛼 =      (57) 

 

In equation 57 the g is the length of overlap (SFS-EN 1993-1-8 2005, p. 120). 

 

The effective width for a brace member to chord connection beff is described as follows (SFS-

EN 1993-1-8 2005, p. 120): 

 

𝑏 =
⁄

𝑏     (58) 

 

Effective width for the punching shear be,p is presented as follows (SFS-EN 1993-1-8 2005, 

p. 120): 

 

𝑏 , = 𝑏      (59) 

 

The ratio of chord γ is determined as follows (SFS-EN 1993-1-8 2005, p. 16): 

 

𝛾 =      (60) 

 

The value of parameter kn is determined either for tension or compression of the chord (SFS-

EN 1993-1-8 2005, p. 120). 

 

In compression the parameter kn is as follows (SFS-EN 1993-1-8 2005, p. 120): 

 

𝑘 = 1,3 −
, | |

≤ 1,0    (61) 
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In equation 61 the n is stress ratio and βp is ratio (SFS-EN 1993-1-8 2005, p. 120). 

 

The ratio βp is determined as follows (SFS-EN 1993-1-8 2005, p. 16): 

 

𝛽 =      (62) 

 

The stress ratio n of the chord can be said (SFS-EN 1993-1-8 2005, p. 16): 

 

𝑛 = . + .

.
    (63) 

 

For the tension the parameter kn=1 (SFS-EN 1993-1-8 2005, p. 120). 

 

7.8 Breaking force of cables 

In this chapter the design of cables is described. In this thesis the important aspects were the 

strength, extension and weight of the cables. Other considered things were the corrosion 

resistance of the chosen cable and suitability of the arrangement to the cable stayed system. 

 

The cable stayed conveyor can be thought as a bridge, when the selection of the cable to the 

application could be done according to bridge design. The selection process was started by 

deciding the type of the cable. Nowadays many types of cables can be used in the cable 

stayed systems, however three commonly used types are: locked coil cable, spiral strand 

cable and parallel wire strand (Lin & Yoda 2017, p. 184). 

 

Locked coil ropes are formed with z-shaped wires. The structure of the rope makes possible 

to protect the core of the rope from water and contamination. The structure also keeps the 

lubrication inside the wire rope. The locked coil rope offers a great durability against 

corrosion and are often used in steel structures, like bridges and cranes. (Feyrer 2015, p. 2–

36.) 
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The minimum breaking force Fmin for the cable can be calculated (SFS-EN 1993-1-11 2006, 

p. 13–14): 

 

𝐹 =      (64) 

 

In equation 64 the d is nominal diameter of cable, K is breaking force factor and Rr rope 

grade (SFS-EN 1993-1-11 2006, p. 13–14). 

 

The strength of the cable or rope grade R is depending on the cable type and material. The 

used materials in cables are divided into steel and stainless-steel when the cable type could 

be round or z-wire. The strengths for the cables are as follows (SFS-EN 1993-1-11 2006, p. 

20–21.): 

 Round wire with steel: 1770 N/mm2 

 Round wire with stainless steel: 1570 N/mm2 

 Z-wire with steel: 1450 N/mm2. 

In the equation 64, the breaking force factor K is an empirical factor which determines the 

minimum breaking force Fmin (Feyrer 2015, p. 41–42). 

 

The breaking force factor is depending on the cable type and it is classified by the cable 

construction (SFS-EN 1993-1-11 2006, p. 58–59). Table 10 presents characteristic values 

for the locked coil rope. 

 

Table 10. Parameters for fully locked coil rope (SFS-EN 1993-1-11 2006, p. 58–59). 
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The cross-section area of the cable Am which includes metallic components is expressed as 

follows (SFS-EN 1993-1-11 2006, p. 16–17): 

 

𝐴 = 𝑓     (65) 

 

In equation 65 the f is fill-factor. Different fill factors are presented in table 11. (SFS-EN 

1993-1-11 2006, p. 16–17.) 

 

Table 11. Parameters for cables (SFS-EN 1993-1-11 2006, p. 16–17).  

 

 

Catenary effects of cables can be considered by using effective modulus of elasticity Et. The 

effective modulus of elasticity Et is expressed as follows (SFS-EN 1993-1-11 2006, p. 30–

31.): 

 

𝐸 =      (66) 

 

In equation 66 the E is elastic modulus, w is unit weight of cable, l is length of cable and σ 

stress from persistent design actions (SFS-EN 1993-1-11 2006, p. 30–31). 

 

Nominal self-weight gk for the cable is depending on the unit weight and nominal cross-

sectional area of the cable in the following way (SFS-EN 1993-1-11 2006, p. 14–15): 

 

𝑔 = 𝑤 ∙ 𝐴      (67) 

 

In equation 67 the w is unit weight of cable (SFS-EN 1993-1-11 2006, p. 14–15). 
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In the ultimate limit state, the cable should fulfill the following condition (SFS-EN 1993-1-

11 2006, p. 30–31): 

 

≤ 1     (68) 

 

In equation 68 the FEd is design value of the axial rope force and FRd is design value of the 

tension resistance (SFS-EN 1993-1-11 2006, p. 30–31). 

 

Tension resistance FRd is determined (SFS-EN 1993-1-11 2006, p. 32–33): 

 

𝐹 = 𝑚𝑖𝑛
,

,     (69) 

 

In equation 69 the Fuk is characteristic value of breaking strength, Fk is characteristic value 

of the proof strength of the tension component and γR is partial factor, which is 0.9 or 1.0 

depending is the bending avoided in the anchorage (SFS-EN 1993-1-11 2006, p. 32–33). 

 

Characteristic value of breaking strength Fuk can be calculated as follows (SFS-EN 1993-1-

11 2006, p. 32–33): 

 

𝐹 = 𝐹  𝑘     (70) 

 

In equation 70 the ke is loss factor, which is dependent on type of termination. Loss factors 

are presented in table 12. (SFS-EN 1993-1-11 2006, p. 34–35.) 
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Table 12. Loss factors for different types of terminations (SFS-EN 1993-1-11 2006, p. 34–

35). 

 

 

EN1993-1-11 is requiring that all cables should be possible to prestress or adjust that the 

cable system can have its stress distribution or geometric shape with the permanent actions. 

It should also be possible that one or more cables can be removed from the system in 

transient design situation. Accidental design situation, where the failure of the cable happens, 

can also be considered if it is required. (SFS-EN 1993-1-11 2006, p. 18–19.) 

 

In this thesis the removing of one cable was considered in ultimate limit state, which 

correspond to the transient design situation. Accidental situation was not considered. The 

adjusting of cables was not treated in this thesis, because the adjusting can be done by setting 

additional equipment to the cables.  
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8 DESIGN OF WELDED DETAILS 

 

 

In this thesis, fillet weld type was used to joint components to the pylon and the frame. In 

many design situations, the throat thickness was wanted to defined. Firstly, the throat size in 

a fillet weld must be predetermined to obtain a sufficient strength for the joint, but secondly 

the optimum throat size reduces the costs of the welding (Hicks 1999, p. 82). The definition 

of the throat size or thickness is shown in figure 47, where the expected triangle inside the 

weld defines the thickness (SFS-EN 1993-1-8 2005, p. 42). 

 

 

Figure 47. The definition of the throat thickness in the fillet weld (SFS-EN 1993-1-8 2005, 

p. 42). 

 

Normal and shear stresses will influence to the throat section, when the fillet weld is loaded. 

The stresses can be perpendicular or parallel to the axis of the weld. Figure 48 presents the 

stresses in the fillet weld. (SFS-EN 1993-1-8 2005, p. 43.) 

 

 

Figure 48. Normal and shear stresses in fillet weld (SFS-EN 1993-1-8 2005, p. 43). 
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The stress components of the fillet weld can be used to define the capacity of the weld. The 

parallel normal stress in not considered in the capacity. The following condition is set for 

the fillet weld (SFS-EN 1993-1-8 2005, p. 43.): 

 

𝜎  + 3 𝜏 +  𝜏∥ ≤    (71) 

 

In equation 71, the σ⊥ is normal stress perpendicular to the throat, τ⊥ is shear stress 

perpendicular to the axis of the weld, τ∥ is shear stress parallel to the axis of the weld, fu is 

ultimate tensile strength and βw is correlation factor (SFS-EN 1993-1-8 2005, p. 43). 

 

The correlation factor βw is depending on the standard and steel grade. The values for the 

correlation factor are varying from 0.8–1.0. Correlation factors are given in table 13. (SFS-

EN 1993-1-8 2005, p. 44.) 

 

Table 13. Correlation factors for different steel grades (SFS-EN 1993-1-8 2005, p. 44). 

 

 

In addition to the condition of the equation 71, there is also a limit value for the normal stress 

perpendicular to the throat. The condition must also be fulfilled that the fillet weld is 

acceptable. For the normal stress perpendicular to the throat can be said (SFS-EN 1993-1-8 

2005, p. 43.): 

 

𝜎 ≤
,

     (72) 
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There is also a simplified method to design a fillet weld. The simplified method utilizes the 

shear strength of the weld in a design. The following condition for the weld is given (SFS-

EN 1993-1-8 2005, p. 44.): 

 

𝐹 , ≤ 𝐹 ,      (73) 

 

In equation 73, the Fw,Ed is the design value of the weld force per unit length and Fw,Rd is the 

design weld resistance per unit length (SFS-EN 1993-1-8 2005, p. 44). 

 

The design weld resistance per unit length is determined as follows (SFS-EN 1993-1-8 2005, 

p. 44): 

 

𝐹 , = 𝑓 . 𝑎     (74) 

 

In equation 74 the fvw.d is  the design shear strength of the weld and a is the throat size (SFS-

EN 1993-1-8 2005, p. 44). 

 

The design shear strength is determined (SFS-EN 1993-1-8 2005, p. 44): 

 

𝑓 . =
√   

    (75) 

 

The throat size for the weld can be determined by using equations 74 and 75. It must be 

noted that the design resistance per unit length Fw,Rd is force per length of the weld. The 

following condition for the throat size a can be set: 

 

𝑎 =
√    ,     (76) 

 

In equation 76, the l is length of the weld. 
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On the other hand, the stress on the fillet weld can be compared with the stress on the material 

of the plates. The fillet weld can be designed to have a strength, which is equal to the strength 

of the plates. The throat size for two sided fillet weld with equal strength to the base material 

is (Ongelin & Valkonen 2010, p. 350.): 

 

𝑎 ≥
√

∙ ∙ ∙ 𝑡    (77) 

 

In equation 77, the t is the thickness of the plate (Ongelin & Valkonen 2010, p. 350).  

 

Equal strength of the weld compared with the base metal can also be said with the simplified 

method. The design is based on the equation 76. Equal strength of two sided fillet weld with 

simplified method (Ongelin & Valkonen 2010, p. 354.): 

 

𝑎 ≥
√

∙ ∙ ∙ 𝑡    (78) 

 

8.1 Eccentric loaded lap joint 

Figure 49 presents a lap joint, where the loading is causing a twisting moment to the joined 

component. The shear stress on the welds can be calculated by considering the twisting 

moment and the shear force. (Subramanian 2010, p. 579–580.) In this thesis lap joints were 

used to joint the plate of the pin joint to the frame of the conveyor. This chapter presents a 

used design procedure. 

 

 

Figure 49. Welded component, where the loading is causing shear and torsion (mod. 

Subramanian 2010, p. 579). 
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The calculation procedure starts with the determination of the centroid of the welds, with 

respect of the twisting moment is affecting. The shear force due to twisting moment in the 

critical weld point is determined with the polar moment of inertia of the welds. Figure 50 

presents the parameters, which are needed for the calculations. (Subramanian 2010, p. 580.) 

 

 

Figure 50. Parameters for the weld: coordinate of the centroid �̅� and 𝑦, section modulus Z 

and polar moment of inertia Ip (mod. Subramanian 2010, p. 581). 

 

The resultant shear force is determined with the force components. There are two types of 

components acting in the weld: component from the twisting moment and from the shear 

force. The force components 𝐹  and 𝐹  due to twisting moment with respect of x and y-axis 

(Subramanian 2010, p. 580.): 

 

𝐹 =       (79) 

 

𝐹 =      (80) 

 

In equations 79 and 80, the T is twisting moment, y and x are coordinates of critical weld 

point and Ip is polar moment of inertia about the center of gravity. (Subramanian 2010, p. 

580). 

 

The force components 𝐹  and 𝐹  due to the shear force (Subramanian 2010, p. 580): 

 

𝐹 =      (81) 

 

𝐹 =      (82) 
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The resultant shear force FR (Subramanian 2010, p. 580): 

 

𝐹 = (𝐹 + 𝐹 ) +  𝐹 + 𝐹    (83) 

 

Figure 51 presents the dimension of the welded plate. The centroid of the welds is in the 

origin of the coordinate system. The forces are divided to the components and the distance 

of them related to the origin is marked. The total twisting moment can be determined with 

the force components and lengths.  

 

 

Figure 51. Dimension of the pin joint connection in the frame. 

 

The twisting moment T was calculated in the following way: 

 

𝑇 = 𝑃 𝑒 − 𝑃 𝑒     (84) 
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9 DESIGN OF PIN JOINT CONNECTION 

 

 

The cables were connected to the frame and pylon. The pin joint type of connection was 

selected for the joint type, because there was a design code for the connection. On the other 

hand, the pin joint connection was a simply joint to be installed in the construction area. 

 

9.1 Strength of the pin joint 

The design of the pin joint connection is based on two methods: method where the thickness 

of the pin joint is given and where the geometry is given. Figure 52 describes the method 

where the geometry of the pin joint is given. (SFS-EN 1993-1-8 2005, p. 35.) 

 

 

Figure 52. Dimensions of the pin joint (mod. SFS-EN 1993-1-8 2005, p. 35). 

 

The strength of the pin joint is based on the failure modes. Addition to failure modes there 

are conditions which must be satisfied. (SFS-EN 1993-1-8 2005, p. 36.) The conditions and 

equations to calculate the capacities are described next.  

 

Shear resistance of the pin Fv,Rd can be calculated (SFS-EN 1993-1-8 2005, p. 36): 

 

𝐹 , =
,   

≥ 𝐹 ,     (85) 

 

In equation 85, the A is cross-sectional area of the pin, which carry the shear (sum of areas, 

where the shear planes influences), fup is ultimate tensile strength of the pin and γM2 is partial 

safety factor (SFS-EN 1993-1-8 2005, p. 36). 
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Bearing resistance of the plate and the pin Fb,Rd can be calculated (SFS-EN 1993-1-8 2005, 

p. 36): 

 

𝐹 , =
,   

≥ 𝐹 ,     (86) 

 

In equation 86 the t is thickness of connected part, d is diameter of the pin, fy is lower of the 

design strengths of the pin and the connected part and γM0 is partial safety factor (SFS-EN 

1993-1-8 2005, p. 36). 

 

Design requirement for the pin Fv,Rd,ser if the replacement of the pin must be considered (SFS-

EN 1993-1-8 2005, p. 36): 

 

𝐹 , , =
,    

,
≥ 𝐹 , ,    (87) 

 

In equation 87 the γM6,ser is partial safety factor (SFS-EN 1993-1-8 2005, p. 36). 

 

Bending resistance of the pin MRd can be calculated (SFS-EN 1993-1-8 2005, p. 36): 

 

𝑀 =
,    

≥ 𝑀     (88) 

 

In equation 88, the Wel is elastic section modulus of the pin, fyp is yield strength of the pin 

and γM0 is partial safety factor (SFS-EN 1993-1-8 2005, p. 36). 

 

Design requirement for the pin MRd,ser if the replacement of the pin must be considered (SFS-

EN 1993-1-8 2005, p. 36): 

 

𝑀 , =
,    

,
≥ 𝑀 ,    (89) 
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Condition, where shear and bending resistances are combined (SFS-EN 1993-1-8 2005, p. 

36): 

 

+ ,

,
≤ 1    (90) 

 

If the replacement of the pin is considered, the following conditions must be fulfilled (SFS-

EN 1993-1-8 2005, p. 35): 

 

𝜎 , ≤ 𝑓 ,      (91) 

 

In equation 91 the σh,Ed is design value of the bearing stress and fh,Rd is bearing stress 

resistance (SFS-EN 1993-1-8 2005, p. 35). 

 

The design value of the bearing resistance can be calculated (SFS-EN 1993-1-8 2005, p. 36): 

 

𝜎 , = 0,591
 , ( )

   (92) 

 

In equation 92 the FEd,ser is design value of the force to be transferred in bearing and d0 is the 

diameter of the pin hole (SFS-EN 1993-1-8 2005, p. 36). 

 

The bearing stress resistance fh,Ed is determined as follows (SFS-EN 1993-1-8 2005, p. 36): 

 

𝑓 , =
,  

,
    (93) 

 

The bending moment in a pin is derived from the loading and dimensions of the plate. The 

cut view from the pin joint is shown in figure 53. The figure presents the used dimensions, 

forces and equation for the design moment. (SFS-EN 1993-1-8 2005, p. 37). 
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Figure 53. Moment equations in a pin joint (SFS-EN 1993-1-8 2005, p. 37). 

 

There was a need for two connection places for the cables in the pylon. Two pin joints were 

designed to one connection. The joint is presented in figure 54. The intend was to avoid large 

moments at the bottom of the plate and close welding. The solution also reduced used parts 

in the design. 

 

 

Figure 54. Two pin joints designed to one component. 

 

9.2 Strength of the bottom plate 

The pin joint connection was joined to the end of the pylon. Even thought, the strength of 

the pin joint was ensured, nevertheless the flange of the chord could fail. On the other hand, 

the preliminary design pointed out that the flange was not sufficient to carry the loading from 
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the pin joint, when the bottom plate between the pin joint and flange was used. There was a 

calculation procedure for the longitudinal plate connected to the column. The calculation 

procedure is shown next. 

 

The yielding of the flange in chord is divided to failure from normal force and moment. The 

normal force can be tension or compression. Design resistance N1.Rd for chord face failure 

can be calculated (Ongelin & Valkonen 2012, p. 661.): 

 

𝑁 . =  𝑘 ∙  𝑓  ∙  𝑡 ∙     (94) 

 

In equation 94 the km is parameter for the chord, fy0 is yield strength of the chord, t0 is 

material thickness of the chord, h1 is height of the plate, b0 is width of the chord, and t1 is 

thickness of the plate (Ongelin & Valkonen 2012, p. 661). 

 

The parameter km is in tension km=1 and in compression as follows (Ongelin & Valkonen 

2012, p. 661): 

 

𝑘 = 1,3 − 1,3|𝑛| ≤ 1,0    (95) 

 

Design resistance Mip.1.Rd for the moment is derived from chord face failure in the following 

way (Ongelin & Valkonen 2012, p. 661): 

 

𝑀 . . = 0,5𝑁 . ℎ     (96) 

 

9.3 Plastic design of steel structure 

General way to design a steel structure is to use the yield strength of the material to define 

the capacity of the structure. However, most of the structures still have capacity after the 

yield strength has been reached. Hence, the plastic design utilizes the condition, where the 

total failure of the structure happens. The plastic design is suitable for the elasto-plastic 

structures, where the deformations are negligible in relation to other dimensions. (Megson 

2005, p. 592–593.) 
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Lower and upper bound theorems are used in the plastic design. In the lower bound theorem, 

the load in the structure is equal or less than the loading, which can cause the failure. The 

structure is still in the equilibrium state in the lower bound theorem. The upper bound 

theorem allows mechanisms to be formed in a structure. Loading can be equal of greater 

than the loading, which can cause the failure. (Lowe 2005, p. 90–91.) 

 

Three conditions are set for the structure that plastic design is possible: equilibrium, yield 

and mechanism. Equilibrium concerns that structure must be in equilibrium state under the 

influencing loads. Yield condition allows the yielding of some areas of the structure. When 

considering the plastic design of the plate, the yielded areas are called yield lines. Instead, 

the mechanism condition is a consequence of the yielded lines, which forms a mechanism to 

the structure. Figure 55 presents a plate, which is deformed and where the yield lines are 

seen. (Lowe 2005, p. 88–89.) 

 

 

Figure 55. Yield lines in a plane, which forms a mechanism (Lowe 2005, p. 90). 

 

Moment resultant m in the plate is depending on the yield strength and thickness. Moment 

resultant m per length can be said (Lowe 2005, p. 87): 

 

𝑚 =       (97) 

 

In equation 97, the fy is yield strength and t is thickness of the plate (Lowe 2005, p. 87). 

 

9.3.1 Virtual work principle 

Virtual work can be used to solve the problems, which are based on the yield lines. In virtual 

work the external work must be equal to the internal work. External work in the system can 

be said (Subramanian 2013, p. 391.): 
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External work =  ∑(𝑊𝛿)    (98) 

 

In equation 98 the W is the load and 𝛿 is the virtual displacement (Subramanian 2013, p. 

391). 

 

On the other hand, the internal work is (Subramanian 2013, p. 391): 

 

Internal work =  ∑ 𝑀𝜃 =  ∑ 𝑚𝐿𝜃   (99) 

 

In equation 99 the m is moment resultant, L is length of yield line and θp is plastic rotation 

(Subramanian 2013, p. 391). 

 

Figure 56 shows the assumption, which was made for the plate of the pin joint. One 

mechanism was drawn in the figure. Yield lines are drawn around the plate. The load W 

caused the deflection 𝛿  to the plate. The upper bound theorem was used, where the 

mechanism was formed, and structure was in equilibrium. Also, the yield condition was 

fulfilled.  

 

 

Figure 56. Mechanism in the pin joint connection. 
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10 FINITE ELEMENT METHOD IN DESIGN OF CONVEYOR 

 

 

Finite element method (FEM) is a numerical analyzing approach to engineering problems 

and can be used for the analyze of thermal, fluid flow, piezoelectric, solid and structural 

behavior of a component. The model in the FEM is created with elements which are 

connected to each other by nodes. The solution for the problem under study is based on the 

mathematics and physics behind the elements. The method aims to solve the field variables, 

which are the results from the analysis. The FEM is used to replace the analytic solution for 

the problem, which in many engineering tasks is difficult to obtain accurately. (Liu & Quek 

2014, p. 3.) Figure 57 shows an example of a structure, which is constructed by elements for 

FEM analysis. 

 

 

Figure 57. Example of a joint meshed with elements (Liu & Quek 2014, p. 7). 

 

In this thesis, the steel frame and the supporting system were analyzed with FEM. The aim 

was to inspect that analytically calculated structures were adequate with the respect of 

strength and stability. The purpose was also to analyze how the supporting system and frame 

were acting together under the loadings. 

 

The analyze of the structure in this thesis was done with the FEM-program. The analysis 

consisted of distinct stages, which are usually required in the FEM procedure. According to 

Liu & Quek (2014, p. 4) in the computational FEM following steps can be recognized: 

 “Modelling of the geometry 

 Meshing (discrezation) 

 Specification of material property 

 Specification of boundary, initial and loading conditions”. 
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10.1 Geometry 

The geometry of the frame was modelled as surfaces, which represented the midplanes of 

the steel plates. To smooth the meshing with elements, unessential details were not 

considered in the geometries. In computational FEM, the model can be simplified that the 

elements are setting the proper way to the geometry and unwanted mesh is avoided, however 

the assumptions should not mislead the results (Liu & Quek 2014, p. 5). Flanges, air ducts 

or other small holes in the frame were left off from the model, because the details were 

affecting structural behavior of the conveyor. The conveyor system was a symmetric 

construction when only the section of it was considered in the model. Symmetrical geometry 

can be divided and only a part of it can be modelled in FEM, when the number of elements 

reduces and solving time will shorten significantly (Ellobody, Feng & Young 2014, p. 42). 

The section of the conveyor system consisted 11600 mm of the frame, joints for the cables 

and 2 cable pairs. 

 

10.2 Element types 

Shell type of elements were used for the meshing of the frame. The shell elements are widely 

used in the FEM programs to model the plate structures, due to their capability to describe 

the bending and in-plane deformations (Liu & Quek 2014, p. 227–228). The shell elements 

were considered for the meshing of the model due to the plate structure of the actual 

geometry and for the reason that the loads were acting in different directions in the model. 

For example, there was no pure membrane stress in the structure and the capability to 

withstand bending was also needed from the elements. There was in total 18674 elements in 

the model, which most of the elements were four node quadrilateral shells with the size of 

approximately of 95 x 100 mm. Close to the location of the pin joints, some shell elements 

were triangle shaped 3 node elements, because four node elements would not be able to 

create continuous mesh in the location. 

 

Cables utilized gap elements, which presented the gap between two components. It was 

possible to determine the stiffness for the tension and compression for the gap elements. 

Because the elements were presenting cables the compression stiffness was set close to 0 

N/mm and only the tension stiffness was determined precisely. The cable stiffnesses were 

1194 and 1972 N/mm  
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10.3 Non-linear analysis 

FEM analysis can be said to be linear, when the displacements are linearly related to the 

forces. On the other hand, there can be nonlinearity in the structure which is presented with 

the model. Usually, nonlinearity is related to the material, boundary conditions or loadings 

in the model. The model can be materially, geometrically or materially nonlinear. In 

computational FEM, the nonlinear analysis can be implemented with steps, where the load 

is increased partially to the wanted magnitude. Figure 58 shows a general procedure for the 

nonlinear analysis, where the load is increased partially. (Ellobody, Feng & Young 2014, p. 

56–58.) 

 

 

Figure 58. Relation of the load and displacement in nonlinear FEM analysis (Ellobody, Feng 

& Young 2014, p. 58). 

 

In the FEM model of this thesis, the nonlinearity was considered in the material. The Elasto-

Plastic (bi-linear) material model was used for the material, which had an initial yield 

strength of 355 MPa. For the plastic modulus the 611.77 MPa was used. Other characteristic 

values for the steel were modulus of elasticity, Poisson’s ratio and mass density, which were 

determined as follows: E=210000 N/mm2, v=0.5 and ρ=7.8∙10-6 kg/mm3. 
 

The nonlinear analysis in this thesis was done in 10 steps. The load combinations were 

increased 10 times greater than the original magnitude, thus the first step of the analysis 

presented the load in its normal magnitude. The last step was 10 times greater than the 

original magnitude.  
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Loads were set either forces to the nodes or with the body loads. The total magnitude of the 

load in the 11.6 m section of the conveyor frame was first calculated then divided into the 

nodes in the influence area by considering also the direction. Material, wind and snow loads 

were set in the aforementioned way to the model. The dead weight of the conveyor was the 

only body load in the model, which used the acceleration of 9.81 m/s2 to present gravity and 

its influence. Boundary conditions were set in the nodes. The ends of the frame were 

constrained with either material symmetry along the length of the frame or with the fixed 

constraints.  
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11 RESULTS 

 

 

The frame of the conveyor, supporting system and details are presented in this section. This 

section also shows the results of the calculations which have been made to solve numerically 

certain design problems. The results of some calculations are presented with tables, where 

several possible solutions are shown.  

 

11.1 Size of the frame tube 

The design of the conveyor was started by defining the diameter of the frame tube. The initial 

values for the calculations were: effective degree of filling φ=0.76, angle of repose βst=39° 

and angle of surcharge 𝛽𝑑𝑦𝑛=19.5°. The following equations were used in the calculations:  

equation 4 for the usable belt width, equation 3 for the diameter of the frame, equation 6 for 

the cross-sectional area of the load stream and equation 1 for the belt speed. The results of 

the calculations with the different belt widths are shown in table 14. 

 

Table 14. Parameters of conveyor with different belt widths, when the conveying capacity 

was 1500 m3/h. 

Belt width Usable 
belt 
width 

Diameter 
for frame 
tube 

Cross-
sectional area 
of load stream 

Belt speed 
with 
capacity 

B b D A v 
[mm] [mm] [mm] [m2] [m/s] 
800 670 509,6 0,09 6,01 
1000 850 636,9 0,15 3,73 
1200 1030 764,3 0,22 2,54 
1400 1210 891,7 0,30 1,84 
1600 1390 1019,1 0,39 1,40 

 

The selection of the diameter of the frame tube was made by using the table 14. The diameter 

of 764 mm and belt width 1200 mm were selected for the design, because the limit value for 

the belt speed was 3 m/s due to airborne dust. However, the diameter of 762 was used later 

in the design, because it was commonly used diameter in tubes.  
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11.2 Design steps 

The draft from the preliminary design is shown in figure 59, where the frame tube and chute 

are marked. The chute was wider than the belt, which can be seen from the figure. The width 

of the chute was designed with the equation 11 in order that the belt does not wedge to the 

structures.  

 

 

Figure 59. Basis for the structure, where around the steel structure was designed. 

 

The steel structure was designed around the tube and chute. The comparison of different 

cross-section alternatives is shown in figure 60. Structures had the same size by width, height 

and thickness. The moment of inertia and area of the cross-sections were marked to the 

figure. The values were related to the maximum value. The linear trend line was made to the 

chart to clarify how distinct cross-sections will differ by their properties. 
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Figure 60. Moment of inertia compared to area of cross-section. 

 

Based on the comparison from the figure 60, the cross-section was selected for the further 

development. The design steps are shown in figure 61. The iterations between the steps was 

made, for example to evaluate the strength and functionality of the structure. 

 

 

Figure 61. Design steps of the conveyor frame. 
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Optimization of the plate structure was done to avoid unnecessary welding. The side section 

was made from one bended plate instead of multiple plates. The bended side section is shown 

in figure 62. 

 

 

Figure 62. Side section of the frame made with one plate. 

 

The final design of the frame is shown in figure 63. Components in the frame are frame tube, 

side section, bottom chute, lower chute and air chamber for the return side belt. The main 

dimensions are also shown in figure 63.  

 

 

Figure 63. Main dimensions of the frame. 
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The cross-sectional parameters of the frame are shown in appendix 1. The mass per unit 

length can be calculated from the area of the cross section. The density of 7850 kg/m3 was 

used for the steel. 

 

𝑀𝑎𝑠𝑠 = 26708 𝑚𝑚 ∙ 1000 𝑚𝑚 ∙ 7850 ∙ 10  
𝑘𝑔

𝑚𝑚 = 209.65 𝑘𝑔 

 

11.3 Complete design of air supported conveyor 

The air supported conveyor is shown in figure 64, which illustrates a complete product with 

the details. Connections and flanges were not included to the scope of the thesis, but they 

are included in the figure to give a view from the ready product. 

 

 

Figure 64. Final design of the frame with details. 

 

The length of the frame was 5800 mm due to transportation in the container. The length of 

the container was 6 m, when there was additional space to fit the frame in the container. The 

main dimensions are shown in figure 65. 
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Figure 65. Main dimensions of the frame. 

 

The air inside to the frame is guided from the side of the conveyor. The design of connections 

was not in the scope, but several types of connections can be used from circular to 

rectangular shaped. Figure 66 presents the detail, whereof the air is guided inside the frame. 

 

 

Figure 66. Channel for the air. 

 

The air from the carrying side of the belt is guided off the frame by the channel, which is 

located on the top of the frame. Figure 67 presents the channel in the frame. It is also possible 

to leave the channel off from the conveyor, because it is not required for all modules and for 

example only one module can have the air return.  
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Figure 67. Channel for the air to come out from the frame. 

 

Air to return side belt, which was located in the bottom section of the conveyor, was done 

with a duct. The duct was added to the bended plate structure under the conveyor. The detail 

is presented in figure 68. 

 

 

Figure 68. Duct to air for the return side. 
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The air chambers were designed inside the frame. Air chambers are channels which guide 

the air to the holes. Air chambers included holes where the air can flow further. Figure 69 

gives a view from the inside section of the conveyor. 

 

 

Figure 69. Section cut from the frame. 

 

The holes in the air chambers are presented in figure 70. The air outside and inside to the 

conveyor is done by using the side sections. Rectangular holes are used for entering the air 

to the carrying side and circular holes for the exit of the return side. 

 

 

Figure 70. Details, which are related to the air movement inside the frame. 
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The side section of the frame was made with one bended part with thickness of 5 mm. 

Bended part made assembling easier and reduced the welded joint and parts. Side section is 

shown in figure 71. 

 

 

Figure 71. Bended side section of the frame. 

 

Chutes were arc-shaped structures. The round bending with roll was used to produce the 

wanted shapes for the parts. In figure 72 is presented the chutes with dimensions. 

 

 

Figure 72. Bottom chutes.  



110 
 

 

The assembling of the parts to the frame was done in 3 steps. Welding of the side section is 

the first assembling stage, which is done in normal position and only the upper welds are 

done. Then the frame is turned up side down and the rest of the side section is welded. This 

second assembling step also includes the welding of the air chamber plate. In the last step, 

the subassembly of the bottom chute is welded to the frame. Figure 73 is presenting the work 

steps of assembling. 

 

 

Figure 73. Manufacturing plan with processes and steps. 

 

11.4 Load cases 

Used loads are presented in table 15. Basic values for the loads were from the requirements 

list. The magnitude of the dead weight 3 kN/m (300 kg/m) was an estimation. Loads were 

added as pressures in the FE-model or forces per unit length in the beam analysis. The snow 

load was calculated from the equation 16. The wind loads were calculated by using the 

equations 18 and 20. The calculation of the snow and wind loads are shown in appendices 5 

and 6 in detail. 
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Table 15. Basic values and magnitudes for loadings. 

 

 

The load combination in ULS was made by using the equation 15. The values from the table 

15 were used in the ULS condition. The following total load was obtained for the beam 

analysis:  

 

𝑞 = 1,35 ∙ 3 
𝑘𝑁

𝑚
+ 1,5 ∙  (1,32 + 0,87 + 0,99) 

𝑘𝑁

𝑚
= 8,82 

𝑘𝑁

𝑚
 

 

The wind load in the bridge construction was acting in 3 directions. In all direction the load 

had a different magnitude. The vertical loading was simultaneously acting with lateral or 

longitudinal loading. The wind load to the side of the conveyor was the determining one. 

Table 16 presents the magnitude of the wind loads. 

 

Table 16. Wind load in different directions. 

 

 

11.5 Layout of the system 

The layout of the cable stayed supporting system is shown in figure 74. The system includes 

frame of the conveyor, pylons and cables with joints. The height of the pylon was 10 m and 

the total span length of the system 58 m. The conveyor modules are bolted together to 

achieve the wanted length for the system. Distance between cables were 11.6 m, which 

meant 2 modules per supported length (2∙5.8m).  

Dead weight Wood pellet Wind load Snow load

GDL LLmaterial WL SL

Basic value 300 kg/m 600 kg/m3 qp=275 Pa sk=2,5 kN/m2

Loading 6 kN/m3 818 Pa s=1,6 kN/m2

Load per meter 3 kN/m 1,32 kN/m 0,87 kN/m 0,96 kN/m

x-direction 
(lateral)

y-direction 
(longitudinal)

z-direction 
(vertical)

Loading 2183 Pa 409 Pa 819 Pa

Load per 
meter

2,21 kN/m 0,55 kN/m 0,87 kN/m
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Figure 74. Supporting system for the air supported conveyor. 

 

When designing the cable stayed supporting system, the number of the cable pairs in the 

system were taken into account. Two cable pairs per side of the pylon was selected. The span 

length of the conveyor were also depending on the number of cable pairs. The span length 

58 m was a result of the use of two cable pairs. In figure 75 is shown the relation of cable 

pairs and span length.  

 

 

Figure 75. Cable pairs related to the span length of the system. 

 

Two cable pairs were selected for the final construction of the cable stayed system. 

Comparison was made with the different amount of cable pairs. The comparison is shown in 

table 17. In the final system, the axial force on the top of the pylon was 205 kN and 

compression force to the conveyor 357 kN.  
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Table 17. Parameters of the cable stayed supporting system with different amount of cable 

pairs from the pylon. 

 

 

Figure 76 shows a division of the force components in the cable. The force components can 

also be found in the table 17.  It must be noted that the total load of 8.8 kN/m was divided 

by 2 because there were 2 cables in one pair. Loading was concerned to divide equally to the 

sections of the conveyor. 

 

 

Figure 76. Loadings in one cable of cable pair. 

 

The forces from the table 17 can be set to final supporting system. The forces are sohwn in 

figure 77. In the cables the forces were tension and in the pylons the forces were 

compression. The figure 77 is a one plane presentation, where only one side of the system is 

concerned. 

  

Cable Inclination of 
the cable

Length of 
the cable

Horizontal force 
vector from cable

Compression force 
to conveyor

Cable force Axial force to the one 
column of the pylon

Length of 
the span

θi Lcable Fhor Ftot Fcable Fpylon Lspan

⁰ m kN kN kN kN m

1 40.8 15.3 59.4 118.9 78.5 102.5 34.8
2 23.3 25.3 118.9 356.7 129.5 205.0 58
3 16.0 36.2 178.3 713.3 185.5 307.5 81.2
4 12.2 47.5 237.8 1188.8 243.2 409.9 104.4
5 9.8 58.9 297.2 1783.3 301.6 512.4 127.6
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Figure 77. Forces in the cable stayed system. 

 

The transient design situation was a case when one cable was removed from the system. In 

this case the forces were redistributing. The redistribution was considered by dividing the 

forces equally per side of the conveyor. Figure 78 shows the conveyor on the top. The dash 

lines present how the forces were distributing. The redistribution was considered that the 

increase of the axial load in the column of the pylon can be obtained. In transient design 

situation the maximum force to the column was 255 kN: 

 

 

Figure 78. Redistribution of loads, when one cable is removed from the supporting system. 

 

The moment distribution and magnitude of the distributed load to the conveyor is shown in 

figure 79. In the figure, the moments are described with the continuous beam theory, without 

the stiffness of the cables. Vertical and lateral loadings are shown in the figure. The wind 

load was causing the lateral loading to the conveyor. The maximum moment to the frame 

was occurring near the pylon construction. 
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Figure 79. Moment distribution in the frame and the place of maximum moment. 

 

The maximum stress on the conveyor was calculated by using the equations 39 and 40. The 

moment of inertia and area of the cross section for the conveyor is shown in appendix 1. The 

calculation is presented next: 
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Stress on the frame can be calculated with different span lengths by using above procedure. 

Maximum stresses with different span lengths are shown in table 18. The span lengths of the 

span were depending on the number of the cables. 

 

Table 18. Stresses in the conveyor frame with different span lengths. 

 

  

Length of 
the span

34,7 m 58 m 81,2 m 104,4 m 127,6 m

Stress in 
conveyor

125 MPa 258 MPa 458 MPa 724 MPa 1057 MPa
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The stresses in different locations of the frame are shown in figure 80. Vertical and lateral 

loads affected stresses on the frame. The maximum stress 198 MPa was located in the side 

section. 

 

 

Figure 80. Stress points in the frame. 

 

Side section was constructed with straight plates, which were designed to cross section class 

3. Other parts were including to cross section class 4, when the buckling was leading 

phenomena in the design. Frame tube, lower chute and upper chute were calculated on 

equally distributed compression load. The calculation of buckling is shown in appendices 3 

and 4. The buckling stresses with different thicknesses are shown in table 19.  

 

Table 19. Critical buckling stresses and weights for the tube and chutes with different 

material thicknesses. 

 

 

Thickness

Buckling 
stress

Weight per 
meter

Buckling 
stress

Weight 
per meter

Buckling 
stress

Weight per 
meter

mm MPa kg/m MPa kg/m MPa kg/m

4 234 75 152 41 195 27
5 255 94 186 51 222 34
6 270 113 210 61 242 41
7 282 132 228 71 256 48
8 290 150 242 81 267 54

Frame tube Lower chute Upper chute
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11.6 Loading of the conveyor to container 

The container type of 20’ was used for the transportation with the interior dimension of 2330 

x 2370 mm. 4 conveyors were loaded in the container. The width and the height of the frame 

were matched with the size of the container. The transport module around the frame can be 

steel or wooden structure. In the transporting module there was 120 mm space for the truck 

to lift the module from the bottom. 50 mm thick parts were placed on the sides of the 

transport module to support the conveyor during the transportation. Figure 81 presents the 

dimensions of the transport module and loading of modules in the container. 

 

 

Figure 81. The main dimensions of transport module and positioning of the frames in the 

container. 

 

11.7 Pylon construction 

Preliminary design of the pylon is shown in figure 82. The pylon consisted of the main 

columns, tension and compression diagonals and verticals. Transient design situation caused 

the force of 256 kN to the pylon. The force coefficient to calculate the wind load to the pylon 

was obtained from the equation 22. The wind load caused lateral 3.75 kN force to the top of 

the pylon. 
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Figure 82. Line model of the pylon and axial forces. 

 

The wind load to the main column caused a moment to the overall structure. The influence 

of the moment was considered in the truss structure by replacing the distributed load with a 

point load. The effect of the lateral wind to the top of the pylon was 3.75 kN. Calculation is 

shown next: 
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The method of section was used to solve the maximum axial load in the main column. The 

top section of the pylon is presented in figure 83, where the maximum load can be found. 

The method of sections was used also to other parts of the pylon. Method of joints was used 

to determine other axial loads, if it was required.  
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Figure 83. Section of the pylon. 

 

Axial force in the column can be calculated with the moment equilibrium with respect of 

corner of the section (figure 83): 

 

𝐹 =  
(153 ∙ 0.08 + 256 ∙ 1.147 + 3.76 ∙ 1.638) 𝑘𝑁𝑚

− cos(3°) ∙ 1.147 𝑚
= −272.4 𝑘𝑁 

 

272 kN was the greatest axial force in the pylon. The magnitude was used in the design of 

the column. 

 

RHS 250 x 150 x 8 mm was selected for the main column of the pylon. The equation 42 was 

used for the buckling capacity. Interaction of the moment was considered with the equations 

47 and 48. The deflection of the top of the pylon was calculated with the equations 49 and 

50. Buckling calculation of the main column to the global z direction is shown next: 
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Laterals and diagonals separate shorter sections from the main column, which can buckle to 

the global x-direction. The buckling of the column to the global x-axis was inspected. The 

procedure is shown below. Wind load was not concerned as a pressure because it was already 

added to the calculation of forces. 
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Diagonal and vertical members must follow the validity conditions of the joints to be 

sufficient for the design. The validity conditions from the table 9 were utilized to the 

members in the following way: 
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Capacities of the joints were calculated with the equations 51, 52, 53, 54 and 55. Calculations 

are shown next: 

 

 

 

  



128 
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Drawing from the pylon is shown in figure 84. RHS 250 x 150 x 8 were selected for the main 

columns. SHS 110 x 110 x 5 were used for the diagonals and verticals. HE A 120 was used 

for the vertical which supported the frame. Other design of the pylon is shown in appendix 

2. 

 

 

Figure 84. Construction of the pylon with dimensions. 

 

11.8 Connections 

The connection of the plate of the pin joint and the main column is shown in figure 85. 

Connection included the pin joint and stiffening plate under it against the RHS-profile. The 

plate of the pin joint was 16 mm thick, which was two times the thickness of the RHS-profile. 

Fillet weld was used for the welding with throat size of 4 mm. 
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Figure 85. Cable connection on the top of the pylon. 

 

The important part in the design of the pin joint was to solve out the thickness of the plate. 

The solving was done by iterating different thicknesses and inspecting that the set conditions 

were valid. Eventually, the thickness of 16 mm was obtained. The pin joint used 53 mm hole 

where 50 mm pin was possible to place. For the inspection of the strength of the pin joint, 

the following equations were used: 85, 86, 87, 88, 89, 90 and 91. Calculations are shown 

below: 
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The welding of the pin joint to the stiffening plate was done by using equations 71, 72, 76, 

77 and 78. The throat size of 3.5 mm was obtained for the minimum size, which was a result 

of the thermal effect. It was wanted to use the size of 3.5 mm and inspections was done. The 

stresses did not exceed the limit values and the size was selected. 
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Plastic design was used for the bottom plate under the pin joint to check were the analytical 

solutions right. Yield lines were drawn to the profile of the column and plate of the pin joint. 

The numbering of the yield lines is shown in figure 86. The dimensions, which were known, 

are also shown in the figure 86. The unknown dimension x is solved in the appendix 7. 

 

 

Figure 86. The yield lines of the mechanism. 

 

12 yield lines was formed, when the normal force F was affecting to the pin joint. Yield lines 

are categorized to the table 20. The length of the line and plastic rotations are marked to the 

table. 

 

Table 20. Amount, length and plastic rotation of the yield lines under the normal force. 

 

 

 

n Li θi

1 2 150 δ/x

2 4 L1 (δ/L1)∙(x/67+67/x)

3 2 16 δ/x

4 2 440 δ/67

5 2 440+2x δ/67
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The equation, which was determined from the appendix 7, was used to solve the capacity of 

the bottom plate. The strength against the normal force was 980 kN. Calculation is shown 

below: 

 

 

 

The capacities of the bottom plate were also inspected with the analytic equations. The used 

equations were equations 94 and 96. Normal force capacity was 859 kN and the moment 

capacity was 189 kNm. Calculations are shown below: 

 



138 
 

 

 

  



139 
 

 

 

 

The pin joint connection was also used in the frame. Figure 87 shows how the connection 

was implemented. Lap joints with the fillet welds were utilized in the connection. 4 mm 

throat size was selected for the fillet weld. 

 

 

Figure 87. Pin joint connection to the frame of the conveyor. 
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The dimensions of the pin joint are shown in figure 88. The dimensions were obtained by 

iterating different dimensions. The aim was to obtain the weld size under 5 mm, which was 

possible to weld with the one run. However, the minimum throat size by thermal effect was 

3.5 mm, when the design was made to match with the thermal effect. 

 

 

Figure 88. Dimension of the pin joint in the frame. 

 

Equations 79, 80, 81, 82 and 83 were used to derive the resultant shear force in the weld. 

Twisting moment was calculated with the equation 84. Equation 76 was used to define the 

throat size. Calculations are shown below: 
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11.9 Stay cables 

The design of the cables included the determination of the diameter and inspection of the 

mass and deflection. The minimum diameter of 18 mm was obtained for the cables. The 

masses of the cables were 26 kg and 43 kg, whereas the greatest deflection was 75 mm. The 

equation 64 was used to for the strength of the cables. The mass was calculated with the 

equation 67. Calculations are shown below: 
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11.10 FE-analysis of the frame 

The maximum von Mises stress in the middle of the plate was 236 MPa in FE-analysis. Other 

stress concentration was formed in the frame close to pin joint connection. The stress in the 

near of the pin joint was 206 MPa. Figure 89 shows the von Mises stresses in the frame, 

when the wind was lateral. 

 

 

Figure 89. Maximum von Mises stress, when the direction was lateral. 

 

In the case where the longitudinal wind was affecting to the conveyor, the stresses were 

smaller. The maximum von Mises stress was 184 MPa in the connection. The situation is 

shown in figure 90. 

 

 

Figure 90. Longitudinal effect of the wind load acting in the conveyor.  
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The maximum deformation from the center axis of the conveyor was 225 mm, when lateral 

wind was affecting. Figure 91 shows the deformation from the side and top. The cables are 

not shown in the figure. 

 

 

Figure 91. Deformation of the conveyor  

 

The deformation of the frame under the loadings in shown in figure 92. The direction of 

the wind load is longitudinal in the figure 92. The maximum deformation was 153 mm. 

 

 

Figure 92. Deformation of the frame under the loadings, when wind load is longitudinal. 



147 
 

 

12 DISCUSSION 

 

 

The results of this thesis were evaluated in this section. The main focus in the evaluation was 

in the frame and pylon. Discussion about the belt conveyor design, functionality and 

manufacturing was also done. The recommendations for the further design of the conveyor 

system was given in the end of this section. 

 

12.1 Evaluation of the belt conveyor design 

The method to calculate the cross-section area of the material stream on the belt was a new 

derived method in this thesis. It was decided at the beginning of the project to use the 

conventional belt conveyor design and modify the calculation method in order to obtain 

realistic formation of the material onto belt. The tube was selected for the base of the 

conveyor. The belt in the conveyor was placed on the half arc of the tube. Trigonometry was 

used to derive the equation for the cross-section area of the material stream, which based on 

the usable belt width and the radius of the tube. The method allowed to estimate the belt 

speed with the different belt widths. 

 

Uncertainty in the design of the belt conveyor can occur due to the values of the wood pellet. 

The precise angle of surcharge of any material can be obtained only by doing a measurement. 

However, the angle of surcharge is usually related to the angle of repose. It was described in 

the section 4 (Design of belt conveyor), that the angle of surcharge is 0.5–0.9 times of the 

angle of repose. To secure the capacity, it was reasonable to consider the formation of the 

lowest pile onto the belt. Hence, the coefficient of 0.5 was used to derive the angle of repose, 

which was 19.5°. Another parameter, which affected to the capacity, was the effective degree 

of filling φ. In this thesis 76% was used, which meant that from the calculated area of the 

cross section of the wood pellet only 76% could be utilized. The effective degree of filling 

was depending on the inclined angle of the conveyor and conveying conditions. The tube 

was a closed structure when the conveying conditions was not considered to cause any 

influence the degree of filling. The precise inclined angle of the conveyor was not known, 

but the height of system could reach 40 m. It could be assumed that the conveyor could be 

inclined from sections. The 76% effective degree of filling was secured assumption which 

corresponds to the maximum possible inclined angle of 22°. 
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12.2 Strength of the frame 

The loads were defined before the strength evaluation of the conveyor was done. The loads 

were wind load, snow load, material load and dead weight. The wind load was defined from 

the EN 1991-1-4, where was a method for the wind load in bridges. The frame of the 

conveyor formed the deck of the bridge. The conveyor was a special type of bridge and was 

not completely comparable to recommendations of the EN 1991-1-4. The decks of the 

bridges are usually low and wide construction. However, the frame of the conveyor was 

1015 x 1065 mm from the dimensions. Depending on the construction, it could be that the 

lateral load became overly large. The lateral load with the safety factor was 3.3 kNm and 

total vertical load was 8.8 kNm.  

 

Snow load was made according to EN 1991-1-3. The frame tube was 762 mm wide circular 

structure, where the snow was accumulating. Assumptions of cylindrical roof was used. 

However, it could be that the assumptions of EN 1991-1-3 are based on the roof 

constructions of the buildings which are larger than the frame of the conveyor. The approach 

may not be accurate for the conveyor. On the other hand, it could be discussed how realistic 

the accumulation of the snow is onto the 1065 mm wide construction, which can be at the 

high of 40 m. The used procedure was secure method to add loading, which has a possibility 

to occur.  

 

The defining of the stress on the frame was considered as an important part in strength 

analysis. The beam analysis was used for the first estimation. The frame of the conveyor was 

considered as a beam, where the distributed load was affecting. Span length of 58 m was 

used, where the distance between cables was 11.6 m. The calculation pointed out that the 

stress of 258 MPa was forming on the frame. The FE-method gave 236 MPa, which formed 

to the frame tube.  
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Even thought, the material in the frame was S355, the buckling was considered more critical 

than the yielding. The reason was to save from the material by designing slender 

constructions. The chutes and tube were calculated as equally compressed components to 

simplify the calculation. When the strength evaluation proceeded it was noticed that the 

stress distribution along the cross section was not equally distributed. The stress distribution 

was nonlinear, where one side was in tension and one in compression. Hence, the plate 

components had more capacity against buckling, because the other side of the structure was 

on tension and could not buckle. On the other hand, used material thicknesses were 4–5 mm 

and the 4 mm was minimum thickness for the components. Lower material thicknesses could 

cause the structure to act more as a sheet metal structure, which can be sensitive to vibrating 

or excessive deformations. 

 

In the early design of the frame, there was no knowledge, what could be the reasonable 

choice for the main profile, consequently some comparison was made. Different shapes were 

illustrated and compared with each other. The comparison set different cross-section 

alternatives in order, where the optimum one was selected. Evetually, the space where the 

steel structure was designed, had a size of 150 x 200 mm. Depending on the small size of 

the section, it was not necessary required to do the comparison of profiles on a large scale. 

On the other hand, the comparison was not time consuming, because it based on illustrating 

different shapes for the solution and parameters were simple to calculate. 

 

The loading of conveyor modules to the container can cause difficulties, because the module 

was 5.8 m long and was about 1200 kg from the mass. It can be that the modules are over 

large to load with the truck and handling of the modules is difficult. By truck the best viable 

way would be to load from the side of the container. 

 

12.3 Functionality 

The conveyed material wood pellet can cause problems during the operation. The dust from 

the pellets can attach onto the surface of the belt or mix with the air. The dust can accumulate 

to the side section, where the unclean air from the return belt side is directed. The side section 

should be equipped with the maintenance holes, where the section could be cleaned. On the 

other hand, the dust can obstruct the air holes in tube and chute. Dust collecting system could 

be developed to the conveyor. For example, construction between the connection flanges, 
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where the dust can be blown off the frame. On the other hand, the dust has been the problem 

in many air supported conveyor applications and it is highly recommended to avoid the dust 

by designing the proper belt cleaning system, when the belt in the return run is clean. 

 

12.4 Evaluation of manufacturing 

The manufacturing of the steel frame was concerned in this thesis. Selected manufacturing 

processes were die bending, roll bending and MAG-welding for joining. The production of 

the frame was a batch production. A certain length of conveyor was needed for the customer. 

100 m of conveyor was required for this project, which corresponds to 17 conveyor modules. 

It is a low production volume when die and roll bending were suitable manufacturing 

processes to use. On the other hand, the frame must also be suitable for higher production 

volumes. For the higher production volumes, for example continuous sheet metal processes 

can be used. The components of the frame could be done with the roll forming for higher 

production volumes. Then the chutes and side section are produced continuously with the 

rolls and finally cut to the length. 

 

The manufacturing of the frame tube was not precise studied in this thesis, because it was 

known that the tubes are manufactured versatile and should not cause any limitations for the 

design. Only the diameter of the frame tube was changed from 764 mm to 762 mm, because 

it was commonly manufactured diameter.  

 

MAG welding was selected for the joining method of the steel parts. Joints in the frame were 

mostly butt or fillet joints. 10 different longitudinal welds were required to join the 

components of the frame. The total length of the welds in one frame was 58 m, when it could 

be considered to use mechanized or automated welding application. All welds in the frame 

were straight without obstructions when the welding gun will have a clear access to the 

joints. The deformations and jigging of the components could be studied more precise in the 

welding. 

 

12.5 Evaluation of the pylon 

Pylon was a truss structure, where the main columns were in the major part of the design. 

Optimization was made by selecting RHS-profiles, because the need of the section modulus 

was varying depending on the direction. The validity conditions for the joints were defining 
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the sizes of the verticals and diagonals. The height of the pylon was obtained by iterating 

different lengths. The buckling of the column and the total weight were considered in the 

design. When the height of the pylon was decreased the forces in the cables and joints were 

increased. There was no need to design the pylon to be more than 10 m high, cable forces 

were still at the sufficient level. The aesthetics of the supporting system was also concerned 

in the design. Pylon heights less than 10 m could cause the system to show nonharmonic 

compared with the structures around it. The joints of the members in pylon was done by 

welding. 

 

12.6 Recommendations for further development 

Even thought, the conveyor and supporting system were designed in this thesis, the complete 

product was not created. Optimization and detail level design can be done for the conveyor 

but if the operation is wanted to ensure the formation of the air cushion between the belt and 

tube should be studied. The design of air system to the conveyor was not in the scope of this 

thesis, but for further development it is necessary. Different topics can be categorized as 

follows: 

 design of flange connections 

 design of sealings between the frames 

 fatigue analysis of steel structures 

 formation of air cushion 

 lateral load resistance of the frame when cables are considered 

 maintenance of the conveyor 

 method to estimate accurate wind load 

 method to estimate buckling of the frame under nonlinear stress 

 optimum height of the pylon  

 optimum number of cable pairs 

 point load capacity 

 redistribution of cable forces in transient design situation 

 use of different conveying capacities and belt widths  

 use of longer span lengths 

 vibration analysis of the frame 
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Most of the aforementioned topics are related to the functionality and optimization of the 

conveyor system. However, if the structural strength of the system is considered, the most 

important aspect to study from the topics is the vibration analysis of the frame. It could be 

assumed that the slender frame is sensitive for the vibrations due to the wind, especially if 

the length of the span is increased. The phenomena could be the most limiting issue in the 

span length of the system.  



153 
 

 

13 CONCLUSIONS 

 

 

The design and strength analysis of the frame and supporting system for the air supported 

conveyor were done in this thesis. The thesis was made for the company, which wanted an 

estimation of the mass of the conveyor and span length of the supporting system. The thesis 

was development of a new product, when the methods included design approaches and 

analytic methods to evaluate the strength properties of constructions. In summary, the used 

methods were: systematic design, belt conveyor design, analytic calculations and FE-

analysis. Due to reason that, there was no experience about the air supported conveyors in 

the company, the problem of this thesis was seen: how to design the air supported conveyor 

and the cable stayed supporting system to be strength enough for the affecting loadings? 

Further research questions were raised from the problem: 

 How the conveyor and supporting system are related to each other in the design of 

the system? 

 What aspects are influencing loading versus strength capacity of the frame? 

 

The span length of the supporting system determined the maximum loading in the frame. 58 

m was selected for the span length of the supporting system. The estimated stress in the 

frame was 258 MPa. The number of cable pairs in the system affected to the span length. 

Next possible span length of 81.2 m would have cause 458 MPa in the frame. On the other 

hand, the lateral wind load cased the greatest stress. The method to calculate the wind load 

could give greater loadings than there could actual be.  

 

The loadings in the conveyor were material load, wind load, snow load and dead weight. 

The forces from the loadings affected to the cables of the system. The cables were connected 

to the pylon construction which was under compression. The axial load of 205 kN was 

obtained for the one column of the pylon. However, in transient design situation the 

redistribution of the forces and lateral wind load affected 272 kN axial force to the column. 

 

The vertical and lateral loadings affected nonlinear stress distribution in the frame. The plate 

components were designed to buckle before yielding when the material savings were 

possible to obtain. The analytic method for the plate buckling considered equally distributed 
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compression load. The assumption of equally distributed compression was made to simplify 

the calculations. Due to the nonlinear stress distribution, the plate components become 

stronger than expected. However, the thicknesses were 4–5 mm when the minimum value 

for the thickness was 4 mm.  

 

The results in this thesis were: the frame of the conveyor, pylon construction, cables and 

joints for the cables. The mass of the steel frame was 209 kg/m and the span length of the 

cable stayed supporting system was 58 m. The designed conveyor utilized the standardized 

belt, which had the width of 1200 mm and the belt speed of 2.54 m/s. The pylon construction 

was truss structure with the height of 10 m. The cables were locked coil rope type with the 

minimum diameter of 18 mm. The connection of the cables to the pylon and the frame was 

implemented with pin joint type of connection. The supporting structure, the frame of the 

conveyor and details were forming the complete air supported conveyor with the cable 

stayed supporting system. 

 

In conclusion, the thesis created the base for the design of the conveyor with the cable stayed 

supporting system. The following aspects of the system can be considered with the thesis: 

 design of cable stayed supporting system 

 design of connections 

 determination of the loads 

 manufacturing of the frame 

 size of the conveyor for needed capacity 

 strength evaluation of the frame 

Even though, the conveyor and supporting system were designed in this thesis, further study 

is needed. Optimization and detail level design can be done to obtain better design. However, 

the main considerations should be done for the vibration analysis and formation of air 

cushion in the conveyor. 
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APPENDIX I, 1 

PARAMETERS OF THE FRAME 

 

 

Cross-section, which was used in the calculations 

 

 

Final cross-section.  



 

 

APPENDIX I, 2 

 

 

Conveyor with the belts and material. 

  



 

 

APPENDIX II, 1 

PYLON CONSTRUCTION  

 

Diagonal beam 

 

  



 

 

APPENDIX II, 2 

H-beam 

 

 

HE A 140 was selected 

 

  



 

 

APPENDIX II, 3 

Throat size for the members of the pylon 

 

 

 

 

 

  



 

 

APPENDIX III, 1 

BUCKLING OF THE FRAME TUBE 

 

 

 

 

 

 

 

 



 

 

APPENDIX III, 2 

 

 

 

 

Component under study. 

 

 

 

 

 

 

 



 

 

APPENDIX IV, 1 

BUCKLING OF THE CHUTE STRUCTURE 

 

 

 

 

 

 

 



 

 

APPENDIX IV, 2 

 

 

 

Component under study. 



 

 

APPENDIX V 

WIND LOAD 

 

 

 



 

 

APPENDIX VI 

SNOW LOAD 

 

 

 



 

 

APPENDIX VII, 

YIELD LINE THEORY 

 

Normal force capacity 

 

𝑊 =  𝑊 =>  𝛾 𝐹𝛿 =  ∑ 𝑚 𝐿 𝜃   

 

𝐹𝛿 =  
 

 
2 ∙ 150 ∙ + 4 ∙ 𝐿 ∙ + + 2 ∙ 16 ∙ + 2 ∙ 440 ∙ + 2 ∙ (440 + 2𝑥) ∙

  

 

𝐹 =  
𝑡  𝑓

4 𝛾
2 ∙ 150 ∙

1

𝑥
+ 4 ∙

𝑥

67
+

67

𝑥
+ 2 ∙ 16 ∙

1

𝑥
+ 2 ∙ 440 ∙

1

67
+ 2 ∙ (440 + 2𝑥) ∙

1

67
 

 

𝐹 =  
 

 
+ + + + + +   

 

𝐹 =  
 

 
+ + [𝑁]  

 

Minimum value of the F can be found from the zero value of the derivative (DF=0) 

𝐷 
 

 
+ + = 0  

 

 + = 0 => 𝑥 = ±70,887  

 

 

 

 

 

 

 

 

 


