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Abstract 

The aim of this work is to get a better understanding of how optimal weight savings of the 

cylindrical shell plates in storage tanks can be reached using higher strength duplex material. The 

design criteria will be based on the requirements given by the American Petroleum Institute 

standards API 650 for welded storage tanks and API 12B for bolted storage tanks. The expected 

result is that use of duplex stainless steel instead of austenitic stainless steel can reduce the weight 

of the material needed to build a storage tank. A comparison between welded and bolted storage 

tanks will also be included in the work to find which joining method that is preferable. Additionally, 

an evaluation of the software TANK
TM

 by Intergraph will be performed. Matlab® will be used in 

order to perform the evaluation to compare the results. 

 

The main difference between the standards API 650 and API 12B is that there are already given 

standard sizes of bolted storage tanks API 12B. Therefore, only storage tanks up to 1 625 m
3
 could 

be compared. When comparing storage tank sizes up to 1 625 m
3
 the result is that bolted storage 

tanks require a smaller mean thickness of the cylindrical shell than welded storage tanks and 

therefore less material and total weight of the shell. If the trend continues also for larger tank sizes, 

bolted storage tanks will be preferable to reduce the total weight of the storage tank. 

 

By use of duplex stainless steel instead of austenitic stainless steel in storage tanks, the minimum 

required thickness can be reduced because of the higher strength of duplex stainless steel. This leads 

to a smaller mean shell thickness and therefore a reduced weight compared to storage tanks made of 

austenitic stainless steel. For most dimensions of storage tanks, duplex stainless steel is cheaper 

than austenitic stainless steel, but for some smaller dimensions, grade 1.4307 (austenitic) is cheaper 

than LDX 2101® (duplex).  

 

Instability calculations have been performed for welded storage tanks, while no instability 

calculations have been performed for bolted storage tanks. With the wind speed 190 km/h 

(proposed by API 650), the welded storage tanks need to have wind girders to stiffen the cylindrical 

shell and in some cases also be anchored to the ground. Anchor is not required for large dimensions 

of storage tanks. 

 

The evaluation of TANK
TM

 showed that most parameters agreed to the computed value of the same 

parameters in Matlab®. Why a few parameters not agrees is not fully known, therefore better 

explanations of the parameters used in the equations in API 650 would be preferable. To see the 

difference between Matlab® and TANK
TM

 it would also be of interest to see how the calculations 

are performed in TANK
TM

, as only the results and inputs are printed at the moment. 



VI 

 

 

 - Optimal Use of Duplex Stainless Steel in Storage Tanks - 



VII 

 

 

- Talus - 

Preface 

The work presented here is the result of my master thesis at the Division of Solid Mechanics at 

Linköpings University. The thesis work has been carried out at Outokumpu Stainless AB, Avesta 

from April to September 2013.  

 

I would like to thank everyone involved during my work. Special thanks to my supervisors  

Claes Tigerstrand, Hans Groth and Erik Stark at Outokumpu in Avesta who have helped and 

supported me throughout the project. I would also like to thank my supervisor Prof. Larsgunnar 

Nilsson at Linköping University for his support and guidance during this project and my student 

reviewer Astrid Karlsson for helpful comments on the thesis. 

 

Lastly, I would like to thank my friends, family and teachers for their help and support during the 

years of my studies to the degree Master of Science in Mechanical Engineering.  

 

 

Linköping, September 2013 

Eva Talus 



VIII 

 

 

 - Optimal Use of Duplex Stainless Steel in Storage Tanks - 



IX 

 

 

- Talus - 

CONTENTS 

1. Introduction ....................................................................................................................... 1 

1.1. Background .................................................................................................................. 1 

1.2. Outokumpu .................................................................................................................. 1 

1.2.1. Outokumpu History .............................................................................................. 1 

1.3. TANK
TM

 by Intergraph ............................................................................................... 2 

1.4. Aim and Questions ...................................................................................................... 2 

1.5. Delimitations and Assumptions ................................................................................... 3 

1.6. Method ......................................................................................................................... 4 

2. Theory ................................................................................................................................ 5 

2.1. Stainless Steels ............................................................................................................ 5 

2.1.1. Corrosion Resistance ........................................................................................... 5 

2.1.2. Material Properties .............................................................................................. 6 

2.1.3. Ferritic Stainless Steels ........................................................................................ 7 

2.1.4. Austenitic Stainless Steels .................................................................................... 7 

2.1.5. Duplex Stainless Steels ......................................................................................... 7 

2.2. Storage Tanks .............................................................................................................. 8 

2.2.1. Welding as Joining Method .................................................................................. 9 

2.2.2. Bolting as Joining Method ................................................................................. 11 

2.3. Standards Used in the Design of Storage Tanks ........................................................ 13 

2.3.1. API 650 for Welded Storage Tanks .................................................................... 13 

2.3.2. API 12B for Bolted Storage Tanks ..................................................................... 13 

3. Work Procedure .............................................................................................................. 15 

3.1. Welded Storage Tanks, API 650 ............................................................................... 15 

3.1.1. Minimum Thickness Calculations ...................................................................... 15 

3.1.2. Weight and Volume Calculations ....................................................................... 16 

3.1.3. Cost Calculations ............................................................................................... 17 

3.1.4. Instability Calculations ...................................................................................... 17 

3.1.5. Welded Storage Tanks, EN 14015 ...................................................................... 22 

3.2. Bolted Storage Tanks, API 12B ................................................................................ 24 

3.2.1. Minimum Thickness Calculations ...................................................................... 24 

3.2.2. Weight and Volume Calculations ....................................................................... 25 

3.2.3. Cost Calculations ............................................................................................... 27 



X 

 

 

 - Optimal Use of Duplex Stainless Steel in Storage Tanks - 



XI 

 

 

- Talus - 

4. Results .............................................................................................................................. 29 

4.1. Welded Storage Tanks, API 650 ............................................................................... 29 

4.1.1. Volumes and Thicknesses ................................................................................... 29 

4.1.2. Weight ................................................................................................................. 34 

4.1.3. Material Cost ...................................................................................................... 36 

4.1.4. Instability ............................................................................................................ 38 

4.2. Bolted Storage Tanks, API 12B ................................................................................ 38 

4.2.1. Volumes and Thicknesses ................................................................................... 39 

4.2.2. Weight ................................................................................................................. 39 

4.2.3. Material Cost ...................................................................................................... 40 

5. Evaluation of TANK
TM

 ................................................................................................... 41 

5.1. Comparison of Results ............................................................................................... 43 

6. Discussion ......................................................................................................................... 45 

6.1. Welded and Bolted Storage Tanks ............................................................................ 45 

6.2. Austenitic and Duplex Stainless Steel ....................................................................... 46 

6.3. Instability of Welded Storage Tanks ......................................................................... 48 

6.4. TANK
TM

 by Intergraph ............................................................................................. 48 

6.5. Comparison of American and European Standard .................................................... 49 

6.6. Future Work ............................................................................................................... 50 

7. Conclusions ...................................................................................................................... 53 

7.1. Answers to Questions ................................................................................................ 53 

8. References ........................................................................................................................ 55 

Appendix A – Storage Tank Sizes According to Börger [22] ............................................. 59 

Appendix B – Instability Results ........................................................................................... 61 

 

 

 



XII 

 

 

 - Optimal Use of Duplex Stainless Steel in Storage Tanks - 

 



XIII 

 

 

- Talus - 

FIGURES 

Figure 1. FCC and BCC cubic crystal structure [06] ........................................................................... 7 

Figure 2. Bolted steel storage tank [18] ............................................................................................... 9 

Figure 3. Welded steel storage tank [19] .............................................................................................. 9 

Figure 4. Examples of different types of joints [21] ............................................................................ 9 

Figure 5. Different parts of a weldment [21] ..................................................................................... 10 

Figure 6. Example of welded storage tank ......................................................................................... 10 

Figure 7. Example of bolted storage tank [22] ................................................................................... 12 

Figure 8. At the top of the tank, 1 [22] ............................................................................................... 12 

Figure 9. Horizontal overlapping of segments, stabilizes the tank shell, 2 [22] ................................ 12 

Figure 10. Tank attached to the ground, 3 [22] .................................................................................. 12 

Figure 11. Overturning check for unanchored tanks [5], p. 5-67 ....................................................... 22 

Figure 12. Stainless bolt and nut [24] ................................................................................................ 26 

Figure 13. Constant volumes. ............................................................................................................. 29 

Figure 14. Thickness variations of storage tank LDX 2101®, 3D ..................................................... 30 

Figure 15. Minimum thickness variations of storage tank  LDX 2101®, 2 ....................................... 30 

Figure 16. Thickness variations of storage tank 1.4307/1.4404, 3D .................................................. 30 

Figure 17. Minimum thickness variations of storage tank 1.4307/1.4404, 2D .................................. 30 

Figure 18. Thickness difference between LDX 2101® and 1.4307/1.4404, 3D ................................ 30 

Figure 19. Minimum thickness difference between LDX 2101® and 1.4307/1.4404, 2D ................ 30 

Figure 20. Mean shell thickness of a tank with dimensions H = 30 m and D = 30 m ....................... 31 

Figure 21. Mean shell thickness of a tank with dimensions H = 30 m and D = 60 m ....................... 31 

Figure 22. Mean thicknesses of each storage tank size, LDX 2101® ................................................ 33 

Figure 23. Mean thicknesses of each storage tank size, 1.4307/1.4404 ............................................. 33 

Figure 24. Difference in mean shell thickness between LDX 2101® and 1.4307/1.4404 ................. 33 

Figure 25. Weight of storage tank shell LDX 2101® ........................................................................ 34 

Figure 26. Weight of storage tank shell 1.4307/1.4404 ..................................................................... 34 

Figure 27. Weight difference in ton between LDX 2101® and 1.4307/1.4404. ................................ 34 

Figure 28. Cylindrical shell weight per volume liquid stored, LDX 2101® ...................................... 35 

Figure 29. Cylindrical shell weight per volume liquid stored, 1.4307/1.4404 ................................... 35 

Figure 30. Cost difference between LDX 2101® and 1.4307 at low cost range. .............................. 36 

Figure 31. Cost difference between LDX 2101® and 1.4307 at mean cost range. ............................ 36 

Figure 32. Anchor requirement for LDX 2101® ............................................................................... 38 

Figure 33. Anchor requirement for 1.4307/1.4404 ............................................................................ 38 

Figure 34. Intermediate wind girders required for  LDX 2101® ....................................................... 38 

Figure 35. Intermediate wind girders required for 1.4307/1.4404 ..................................................... 38 

file://AVFNAS03/t_evatal$/Reports/Full%20time%20reports/130906_Optimal%20Use%20of%20Duplex%20Stainless%20Steel%20in%20Storage%20Tanks%20-%20Eva_Talus_LiU.doc%23_Toc366225534
file://AVFNAS03/t_evatal$/Reports/Full%20time%20reports/130906_Optimal%20Use%20of%20Duplex%20Stainless%20Steel%20in%20Storage%20Tanks%20-%20Eva_Talus_LiU.doc%23_Toc366225539


XIV 

 

 

 - Optimal Use of Duplex Stainless Steel in Storage Tanks - 

 



XV 

 

 

- Talus - 

 

TABLES 

Table 1. Material grades with corresponding names according to EN and ASTM/UNS .................... 6 

Table 2. Chemical composition of material grades used...................................................................... 6 

Table 3. Mechanical properties of material grades used ...................................................................... 6 

Table 4. Minimum shell thickness ..................................................................................................... 16 

Table 5. Cost distribution of material grades [€/kg] .......................................................................... 17 

Table 6. Annular bottom plate thickness in mm ................................................................................ 20 

Table 7. Minimum specified thicknesses according to EN 14015 ..................................................... 23 

Table 8. Shell thickness requirements, API 12B ................................................................................ 25 

Table 9. Bolt and nut specification ..................................................................................................... 26 

Table 10. Minimum shell thicknesses in mm for LDX 2101® and 1.4307/1.4404 ........................... 32 

Table 11. Weight difference in ton between LDX 2101® and 1.4307/1.4404, API 650 ................... 35 

Table 12. Price difference in k€ between LDX 2101®, 1.4307 and 1.4404, API 650 ...................... 37 

Table 13. Weight difference in kg between LDX 2101® and 1.4307/ 1.4404, API 12B .................. 39 

Table 14. Weight of bolts, nuts and cylindrical shell in kg ................................................................ 39 

Table 15. Price difference in k€ between LDX 2101®, 1.4307 and 1.4404, API 12B ...................... 40 

Table 16. Comparison between TANK
TM

 and Matlab® in LDX 2101®. ......................................... 43 

Table 17. Comparison between TANK
TM

 and Matlab® in 1.4307/1.4404.. ..................................... 44 

Table 18. Bolted storage tank sizes according to Börger [22] ........................................................... 59 

Table 19. Anchor requirement LDX 2101® ...................................................................................... 61 

Table 20. Anchor requirement 1.4307/1.4404 ................................................................................... 62 

Table 21. Number of intermediate wind girders required for LDX 2101® ....................................... 63 

Table 22. Number of intermediate wind girders required for 1.4307/1.4404 .................................... 64 

 



XVI 

 

 

 - Optimal Use of Duplex Stainless Steel in Storage Tanks - 



  1 

 

 

- Talus - 

1. Introduction 

1.1. Background 

One important application for duplex stainless steels is large storage tanks due to their high strength 

and good corrosion resistance. Thanks to the utilization of the strength, the thickness of the storage 

tanks shell can be reduced and therefore substantial weight and cost savings can be made. Storage 

tanks are often used to store different kinds of corrosive liquids, why the high corrosion resistance 

of duplex stainless steel is an important factor to take into account. To make sure that sufficient 

safety is achieved when building these tanks, the design is based on the requirements given in 

globally used design codes [2]. 

 

1.2. Outokumpu 

At Outokumpu‟s homepage [3] the following citation can be found “Outokumpu is the leader in 

advanced materials with the strongest technical expertise and widest range of products across all our 

customer segments”. Outokumpu supplies a large extent of industries with stainless steel today. The 

application areas are many, such as aerospace, turbines, constructions, food, drink and catering, 

mining, oil and gas, pulp and paper etc. and also storage tanks [3].  

 

1.2.1. Outokumpu History 

Outokumpu has a long experience and deep knowledge in the metal industry as they have had a 

central role in the development of stainless steels from the beginning. The Group‟s history is as old 

as stainless steel itself. Stainless steel was patented in Germany in 1912 by Krupp after a discovery 

by Benno Strauss. In 1913 Harry Brearley from Sheffield (UK) discovered that chrome could 

prevent steel from corroding. After these discoveries, duplex stainless steel was invented in Sweden 

in 1930. The research in these three countries became the beginning of Outokumpu‟s business in the 

stainless steel industry. From the beginning Outokumpu was a large copper manufacturer in 

Finland, but was also supplying some by-products such as iron to steel producers. During the 

1940‟s, the company patented a method on how to produce steel from the slag of their copper 

production [4]. 

 

Later on, Outokumpu opened nickel, zinc and copper mines and cobalt works in Finland and 

thereby developed into a multi-metal company that refined ores from its own mines. Thus 

Outokumpu looked into the possibilities to start producing steel and not only copper. This prospect 

became of great interest to the company when a Finnish diver found chromium ore in Kemi in the 
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Northern Finland in 1959. They then built a ferrochrome smelter in Tornio, which is a city in 

between the Finnish city Kemi and the Swedish city Haparanda. As can be read in Section 2.1, 

chromium is an essential alloying element in steel stainless and therefore Outokumpu could easily 

access the key raw materials for their stainless steel production [4]. 

 

In 2000, Outokumpu made a decision to focus on stainless steel and together with the stainless steel 

company Avesta Sheffield in Sweden and UK they combined their stainless steel operations under 

the name AvestaPolarit. This made the company the second largest stainless steel company in the 

world. By the joining with Avesta Sheffield, Outokumpu could broaden their product portfolio 

including the Swedish innovation of duplex stainless steels. Together they produced 1.8 million 

tons of stainless steel per year, which meant that Outokumpu gave up on other metals, mining and 

technology in the 2000‟s and their only focus became stainless steel, as it remains to be  

also today [4]. 

1.3. TANKTM by Intergraph 

Intergraph is a company that provides industries with engineering software. TANK
TM

 is a 

computer-based software tool made by Intergraph that can be used when designing and analysing 

large storage tanks using the American Petroleum Institute (API) design codes [5, 6]. As stated in 

the introduction of the user‟s guide [11], “TANK
TM

 incorporated interactive dialogs for user input, 

input validation to avoid run time errors, and extensive diagnostics to assist in problem resolution”. 

The user‟s guide provides information on how to use the software and what input data that is 

needed for analysis of the storage tanks. In API 650 the major considerations in the design section 

and most of the appendices are incorporated in TANK
TM

 [5, 6].  

 

API 653 is a standard that promotes safe storage and material handling of petroleum products to 

protect employees, the public and the environment [7]. API 2000 is a standard for venting 

atmospheric and low-pressure storage tanks [8]. Both of these standards are incorporated in 

TANK
TM

 as well. 

1.4. Aim and Questions 

The aim of this master thesis is to get a better understanding of how optimal weight savings of the 

cylindrical shell plates can be reached using higher strength duplex material. The design criteria 

will be based on the requirements given by the American Petroleum Institute standards API 650 for 

welded storage tanks and API 12B for bolted storage tanks [5, 9]. The expected result is that use of 

duplex stainless steel instead of austenitic stainless steel can reduce the weight of the material 

needed to build a storage tank. Comparisons between the two standards will show if welding or 

bolting is  
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preferred when using duplex stainless steel in the design of storage tanks. In addition an evaluation 

and comparison of the software TANK
TM

 by Intergraph will be included in the work. 

 

Four questions will be addressed throughout the project. They will be discussed and answered in 

Section 6 after relevant data has been presented in the results section of the report. The questions 

are listed below: 

 

1. What are the benefits and constraints of welding or bolting as joining method? Is one of 

the joining methods more convenient than the other?  

 

2. What is the main difference in storage tank designs between use of duplex stainless 

steels and austenitic stainless steels? 

 

3. What impact will the wind speed have on the stability of the storage tanks? 

 

4. How do the results in TANK
TM

 agree with the calculations implemented in Matlab® 

according to the standard API 650? 

 

1.5. Delimitations and Assumptions 

The main consideration of this study will be the cylindrical part of the shell of a storage tank, 

therefore most of the calculations will cover the thicknesses of the storage tank shell. Every course 

of the cylindrical shell for welded storage tanks is assumed to be two meters high. Instability 

calculations will be performed to see if the storage tank has to be attached to the ground for certain 

tank dimensions. Instabilities due to seismic ground motions will not be considered, however 

calculations of instability due to higher wind speed than normal will be performed. Note that the 

dimensions of the units used in the equations are different depending on input variable, for example, 

height in meters and thickness in millimetres. 

 

It is relevant to investigate large storage tanks, therefore the diameter of the storage tanks 

investigated in this study will be up to 60 m and the height of the storage tanks will not exceed 30 m 

[5]. The largest volume of bolted storage tanks according to API 12B is 10 000 bbl (barrels), which 

is approximately 1 625 m
3
 [9]. Thus comparisons between welded and bolted storage tanks by the 

American Petroleum Institute standards are only possible up to this volume. 
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No corrosion is expected either for the austenitic or the duplex stainless steel, therefore the 

corrosion allowance term used in calculations for carbon steel will not be included. Carbon steel 

will not be studied in this project. The density of the liquid stored in the tanks is assumed to be 1 

kg/dm
3
, due to the many possible applications of storage tanks. There will be no extra internal 

pressure in the tanks. 

 

Some equations require the thickness of the bottom plate and the roof of the storage tanks to be 

known. It is therefore assumed that the roof used is a self-supported cone roof with a 20°-angle to 

the horizontal plane. This is to get an approximate total weight of the roof for different dimensions 

of storage tanks and it will probably not be the best roof solution for all tank dimensions. 

Requirements in API 650 will give the thickness of the bottom plate. An annular bottom plate is 

used in the calculations, which is only applicable if the height multiplied with the density of the 

liquid is less than or equal to 23. “Beyond this height an elastic analysis must be made to determine 

the annular plate thickness”, as mentioned in [5]. 

 

Regarding the software TANK
TM

, considerations of API 653 and API 2000 are incorporated, but 

neither of them will be included in this project and therefore not investigated further in the 

evaluation of TANK
TM

. 

 

1.6. Method 

Articles, relevant literature and former publications will be studied to learn more about what 

previously have been done in the field and also to get a better understanding of what features that 

are of interest to take into account. The design chapters in the American Petroleum Institute 

standards will be studied in detail to implement the equations in Matlab®. Plots and tables given by 

the calculations in Matlab® will afterwards be compared in Section 4 and analysed in Section 6. A 

more detailed approach of the work is presented in Section 3. 

 

A comparison between the results found from calculations in Matlab® and the results obtained by 

the software TANK
TM

 will be performed to evaluate the software and to see what usefulness it has. 

The evaluation is presented in Section 5. 
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2. Theory 

2.1. Stainless Steels 

Due to stainless steels resistance to corrosion they are often selected in different constructions 

subjected to aggressive corrosive environments. Stainless steels consists of a minimum of 10.5% 

chromium (Cr) [10], which provides the surface with a thin protective layer of chromium oxide 

when the steel is exposed to oxygen. The chromium oxide film is very thin and is what makes 

stainless steel stainless. Chromium reacts rapidly with oxygen and moisture in the environment to 

restore the oxide layer when the steel is damaged [12]. There are different kinds of stainless steels, 

for example ferritic, austenitic and duplex stainless steels [10]. By increasing the chromium content 

beyond 10.5% the corrosion resistance increases. To further improve the corrosion resistance an 

addition of nickel (Ni), nitrogen (N) or molybdenum (Mo) can be made, see Section 2.1.1. An 

addition of nitrogen will also improve the strength of the material [12]. 

 

2.1.1. Corrosion Resistance 

Stainless steels get their corrosion resistance from a thin, surface layer of iron and chromium oxide 

that forms when the elements in the metal reacts with oxygen in the surrounding environment. This 

means that the metal then is said to be passivated. Due to the formed oxide layer the corrosion rate 

of the material reduces considerably. In environments that contain enough oxidants, the stainless 

steel‟s passive layer consisting of chromium and oxygen forms naturally. If the metal is scratched, 

the surface repassivates spontaneously. Even though stainless steels are said not to corrode, 

corrosion can occur in environments where the passive layer cannot be rebuilt. That will cause 

permanent breakdown of the passive layer. As mentioned in Outokumpu corrosion handbook [13], 

corrosion can occur on stainless steel in many forms and have different appearance. When all, or a 

large section, of the passive layer of a stainless steel metal is destroyed, uniform corrosion occurs. 

This uniform corrosion occurs mainly in acids or in hot alkaline solutions [13]. 

 

The composition of the material has an effect on the corrosion resistance. By increasing the 

chromium content, the resistance to uniform corrosion is improved. Another important alloying 

element is nickel, which helps to reduce the corrosion rate of depassivated steel. Molybdenum is an 

alloying element that in most environments is preferred to enhance the passivity, but in strongly 

oxidising environments molybdenum gives the grade less corrosion resistance than a stainless steels 

that not contains molybdenum [13].  
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Pitting and crevice corrosion are other types of corrosion that might occur in metals. They occur 

under the same conditions, in neutral and acid chloride solutions. Pitting often appears at the metal 

surface by an attack at small discrete areas, while crevice corrosion occurs in narrow gaps, crevices 

or cracks.  

2.1.2. Material Properties 

 The mechanical properties of the materials used [5, 14] are presented in Table 3, while the 

chemical composition [14] of the grades is presented in Table 2. The most important and interesting 

property for this project is the design stress of the material. The chemical composition of the 

materials is presented to see what separates the materials. The material grades used in this study are 

presented in Table 1. 

Table 1. Material grades with corresponding names according to EN and ASTM/UNS 

Outokumpu names EN ASTM/UNS 
4301 1.4301 304 
4307 1.4307 304L 
4401 1.4401 316 
4404 1.4404 316L 
LDX 2101® 1.4162 S32101 

Note: The material grades used in this study are the ones in black, the two others are only in the 

table for the explanation in Section 2.1.4. 

Table 2. Chemical composition of material grades used 

 

Table 3. Mechanical properties of material grades used 

 Design 
stressa 
(API) 
[MPa] 

Proof 
strength 
(API) 
[MPa] 

Tensile 
strengthb 

(API) 
[MPa] 

Design  
Stressa 

(EN) 
[MPa] 

Proof  
strength 
(EN) 
[MPa] 

Tensile 
strengthb 

(EN) 
[MPa] 

1.4307 145 170 485 167 320c 485 
1.4404 145 170 485 173 320c 485 
LDX 2101® 260 450 650 271 480d 650 

Note: According to EN 14015 [23], the yield strength of the grades shall be the minimum specified 

value of room temperature 1.0% proof strength for stainless steels. The grade LDX 2101® does not 

have a given value for proof strength 1.0%, therefore the values from proof strength 0.2% are used. 

a
 the design stress at nominal rating, σ  

b 
the tensile strength, Rm 

c
 is the proof strength, Rp1.0 

d
 is the proof strength, Rp0.2

 Density 
[kg/m3] 

C 
[%] 

N 
[%] 

Cr 
[%] 

Ni 
[%] 

Mo 
[%] 

Others 
[%] 

1.4301 7900 0.04 - 18.1 8.1 - - 
1.4307 7900 0.02 - 18.1 8.1 - - 
1.4401 8000 0.04 - 17.2 10.1 2.1 - 
1.4404 8000 0.02 - 17.2 10.1 2.1 - 
LDX 2101® 7800 0.03 0.22 21.5 1.5 0.3 5 Mn 
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2.1.3. Ferritic Stainless Steels 

Ferritic stainless steels have a content of up to 30% Cr and less than 0.12% C. The cubic crystal 

structure of ferrite is BCC (body-centered cubic) which give the steel good strength. They also have 

good corrosion resistance, moderate formability and are relatively inexpensive [10]. Figure 1 shows 

the cubic crystal structure of FCC (face-centered cubic) and BCC.  

 

2.1.4. Austenitic Stainless Steels 

Austenitic stainless steels have a larger content of nickel, which almost eliminate ferrite. FCC is the 

cubic crystal structure of austenite and provides the steel with excellent ductility, formability and 

corrosion resistance. One advantage for many applications is that austenitic stainless steels are non-

magnetic. Grade 1.4301 contains 18% chromium and 8% nickel and is the most widely used grade 

of stainless steel. Unlike ferritic stainless steels, the austenitic stainless steel grades are relatively 

expensive due to the high content of nickel [10]. In this project, the grades 1.4307 and 1.4404 are 

studied and compared to a grade of duplex stainless steel. 

 

Grades 1.4307 and 1.4404  

The austenitic stainless steel grade 1.4307 is almost the same as 1.4301. The nickel content is the 

same for both 1.4301 and 1.4307 and the difference between them is that 1.4307 contains less than 

0.03% carbon (C), see Table 2. The low amount of carbon is preferable when welding, especially 

welding of thick structures. The grade 1.4301 is often used in applications such as cutlery, sinks and 

saucepans, while 1.4307 often is used in heavy gauge components for improved weldability [15]. 

 

The grade 1.4404 is a stainless steel grade with low carbon content. Contrary to 1.4307, 1.4404 also 

contains molybdenum. When the corrosion rate for 1.4301 or 1.4307 is not enough, 1.4404 often is 

used instead [16]. 

 

2.1.5. Duplex Stainless Steels 

Duplex stainless steels are a combination of ferritic and austenitic stainless steels. They contain 

approximately 50% ferrite and 50% austenite, therefore these steels are provided with both high 

 

Figure 1. FCC and BCC cubic crystal structure [06] 

 

FCC BCC 
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strength and high corrosion resistance [10]. By use of duplex stainless steels instead of austenitic 

stainless steels, a lower amount of nickel and molybdenum is needed as well. This implies that the 

duplex grades are more price-stable when the prices for nickel and molybdenum are high and 

fluctuating [1].  

 

Duplex stainless steel grades have in general good weldability. To improve the weldability, so that 

it is comparable to austenitic stainless steel grades, other factors, such as welding parameters, joint 

configurations and fillers, can be used to utilize the potential of duplex stainless steels [1]. 

 

Duplex stainless steels have a higher hardness compared to some austenitic stainless steels, which 

implies that they are somewhat harder to machine than for example the austenitic stainless steel 

grade 1.4404. LDX 2101® has machining properties that can be equal to the properties of 1.4404 or 

better, which is an exception to other duplex stainless steels that, as mentioned, not has the same 

machining properties [1]. LDX 2101® is the grade of duplex stainless steel studied in this project. 

 

Grade LDX 2101®  

LDX 2101® has a low nickel content and a high chromium and nitrogen content. Combined with an 

addition of molybdenum, the grade has good corrosion resistance. LDX 2101® has improved 

mechanical strength compared to the grades 1.4307 and 1.4404. This enables thinner cross-sections, 

which mean larger cost savings in the end [17]. 

 

2.2. Storage Tanks 

Storage tanks are often used in process industries, like bioenergy, pulp and paper or chemical and 

food to store different kinds of corrosive liquids [2]. As Tigerstrand et al. [1] mention, “LDX 

2101® has been successfully used to store liquids used within the food and drink industry, for 

example wine, honey and edible oils but also to store marble slurry and calcium carbonate slurry 

and fuels such as biodiesel”.  

 

Storage tanks differ in volumes and can be built from just some meters up to over 60 m in diameter 

with various heights. In attempt to lower the cost, a reduction of material and weight of the storage 

tank is desired. An interesting aspect is therefore to use duplex stainless steel instead of austenitic 

stainless steel. With the higher strength of a duplex stainless steel the shell thickness of the 

cylindrical part of the storage tank can be reduced and by its high corrosion resistance the 

maintenance during the storage tank life cycle can diminish [2].  
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Figure 2. Bolted steel storage tank [18] 

 

 

 

Figure 3. Welded steel storage tank [19] 

 

2.2.1. Welding as Joining Method 

Every joining technique has its own design requirement [20]. In this project welding and bolting are 

the two joining techniques compared, where the API 650 and API 12B, respectively, provide the 

design requirements for the two methods [5, 9].  

 

Welding is a joining technique where metal pieces are joined together by fusion welding or by 

solid-phase welding. Fusion welding means that a bond (weld) is created by heating the surfaces 

that are to be joined above the melting point. Solid-phase welding, on the other hand, can be 

performed at temperatures down to room temperature. This welding method means that the surfaces 

that are to be joined are clean and brought into very close contact to form a metallic bond between 

them using an electrical current [21]. Both the strength of the material used and the strength of the 

welded joints decide the structural integrity of steel structures. Because of this, the weldability of 

steel is an important consideration [10]. There are many different welded joints, but they can be 

divided into some basic types, seen in Figure 4. 

 

 

Figure 4. Examples of different types of joints [21] 
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A weldment is the final result of a welding process. From the beginning, there are two (or more) 

pieces of metals that are to be joined together by a metallic bond. The weldment consists of the 

parent metal, including the HAZ (heat affected zone, see Figure 5) and the melted solidified weld 

metal.  [21].  

 

Figure 5. Different parts of a weldment [21] 

 

The weldability of stainless steels is somewhat different to the weldability of carbon steel. 

Properties that should be taken into consideration when welding stainless steels are properties like 

mechanical strength, ductility/formability and corrosion resistance in different environments. The 

weldability for stainless steels is therefore different between the stainless steel grades. In general, 

austenitic stainless steels have excellent weldability [21].  

 

Early attempts to weld ferritic stainless steels on the other hand exhibited problems with low 

toughness in the HAZ caused by martensite formation. These ferritic stainless steels had a high 

content of carbon and nitrogen and a moderate content of chromium, which meant that parts of the 

steel transformed into austenite when heated and then formed martensite when cooled rapidly. By 

lowering the carbon content or with addition of ferrite stabilizers, most modern ferritic stainless 

steels are ferritic at all temperatures and therefore the weldability is improved. Another 

consideration of ferritic stainless steels is that they might be susceptible to grain growth in the HAZ. 

Grain growth decreases the ductility, which is why the heat input should be kept low when welding 

ferritic stainless steels [21].  

 

The weldability of duplex stainless steels is better than for ferritic stainless steels, but not as good as 

for austenitic stainless steels. Modern duplex stainless steels are easy to weld, but the weldment 

properties are affected by the welding process, which is why it is important to follow correct 

welding procedure, such as heat input range. When welding duplex stainless steels it is not 

recommended to weld without a filler metal. Filler metals designed for duplex stainless steels have 

a higher content of nickel to produce a phase balance similar to that of the base material. This is 
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because rapid cooling from high temperatures might imply in high levels of ferrite in the welded 

metal. The weld temperature should not exceed 150
°
C for standard duplex stainless steel because 

they are more sensitive to the effect of subsequent passes compared to other stainless steel types. 

Filler metals are mostly recommended when welding, but for some materials filler metals are not 

needed. However, when a filler metal is needed, the filler material has to be tailored to the steel 

being welded to ensure that the weld meets the right chemical composition and mechanical 

properties. Filler metals mean extra weight of the steel intended to be welded [21]. 

 

Figure 6 shows an example of a welded storage tank, how the courses are numbered and how to 

measure the dimensions of the storage tank. The darker lines are the weldments to join the steel 

plates together. 

 

 

 

 

2.2.2. Bolting as Joining Method 

Bolting is a common fastening method, which require overlapping of the materials and also gives an 

extra weight due to the bolts used for fastening the steel plates [20]. 

 

2 m 

Course #1 

#2 

#3 

#4 

#5 

#6 

#7 

#8 (Top course) 

D 

H 

Figure 6. Example of welded storage tank 
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Börger [22] describes their procedure of how to build bolted storage tanks. As Figure 7 to Figure 10 

shows, bolted storage tanks are joined together, stabilized and attached to the ground with bolts 

[22]. Not only are bolts used in the horizontal line, but also in the vertical line with one, two or 

three rows of bolts [9]. Figure 10 shows a vertical line with two rows of bolts. 

 

Figure 7. Example of bolted storage tank [22] 

 

 

Figure 8. At the top of the tank, 1 [22] 

 

 

Figure 9. Horizontal overlapping of 

segments, stabilizes the tank shell, 2 

[22] 

 

Figure 10. Tank attached to the ground, 

3 [22]

 

 

Note: This is not the procedure used in API 12B, except for the vertical rows of bolts shown in 

Figure 10. In API 12B the steel plates are deflected and bolts are connected outside the storage 

tank in the horizontal rows. No bolts (except for those in the vertical seams) go through from the 

outside to the inside of the storage tank. 

Horizontal row 

 

 Vertical row 
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2.3. Standards Used in the Design of Storage Tanks 

The American Petroleum Institute provides two convenient standards when designing storage tanks, 

API 650 for welded storage tanks and API 12B for bolted storage tanks. To compare design for 

welded storage tank solutions, the European standard EN 14015 is of interest. These documents 

provide estimations of the minimum cylindrical shell thickness of the storage tanks. Included are 

also the allowable design stresses for carbon steels, austenitic and duplex stainless steels [5, 9, 23].  

 

2.3.1. API 650 for Welded Storage Tanks 

Generally calculations for carbon steel are used in the standard API 650, while equations for 

austenitic and duplex stainless steels are found in the appendices S and X of this standard. As stated 

in the scope of API 650 [5] it “establishes minimum requirements for material, design, fabrication, 

erection, and testing for vertical, cylindrical, aboveground, closed- and open-top, welded carbon or 

stainless steel storage tanks in various sizes”. The main section used for this study is the design 

section of API 650. Due to the time limit of the project and the delimitations, only stiffening rings 

and wind loads will be investigated apart from the shell thickness [5]. 

 

Different requirements for the material studied are specified in the standard, for example the 

material needs to be suitable for fusion welding, which is given in Section 4 of API 650. The 

systems of units provided are both SI-units and US Customary units [5]. 

 

Calculations for storage tanks up to 60 m in diameter can be designed, which gives opportunities to 

build large sizes of storage tanks. There are three different ways of calculating the minimum 

thickness of the cylindrical storage tank shell according to API 650, either by the One-Foot Method, 

by the Variable-Design-Point-Method or by Elastic Analysis. In this project, the One-Foot Method 

will be used. The minimum thickness is calculated for each course, which is every sweep of steel 

plates in the cylindrical shell of the tank. The steel plates in every course are located with the longer 

side horizontal to the ground. Equations according to API 650 are presented in Section 3.1 [5]. 

 

2.3.2. API 12B for Bolted Storage Tanks 

This standard provides requirements and calculations for bolted storage tanks in carbon steel. What 

differs API 12B from API 650 is that the volumes with allowed thicknesses, diameters and heights 

of the storage tanks are given in API 12B, which means that no further calculations need to be done 

[9]. As stated in the scope of API 12B [9], “the specification covers material, design, fabrication, 

and testing requirements for vertical, cylindrical, aboveground, closed and open top, bolted storage 

tanks in various standard sizes”.  
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Due to the standard sizes used in the document, only bolted storage tanks up to a certain volume can 

be compared to welded storage tanks. Every sweep in this standard is named “ring” instead of 

“course”. The steel plates in every ring are located with the longer side vertical to the ground and 

one steel plate is named one “stave”. API 12B does not have different thicknesses in the tank shell 

depending on if carbon or stainless steel is used. The minimum thickness of each ring will be the 

same even if stainless steel is used instead of carbon steel. Equations according to API 12B are 

presented in Section 3.2 [9]. 

 

Just because API 12B only calculates the thickness of storage tank size up to a certain volume does 

not mean that it is not possible to build larger bolted storage tanks. According to Börger [22] they 

can build bolted storage tanks from 30 up to 5000 m
3
, which is larger than the volume 1 625 m

3
 that 

is allowed for API 12B [9]. The bolted storage tanks provided by Börger [22] are only in stainless 

steel and it is possible to choose from two different stainless steel grades, but as stated on the 

homepage, tanks can be supplied in other material grades on request. None of the two stainless steel 

grades provided by Börger [22] is LDX 2101®, 1.4307 or 1.4404. 

 

What is also stated in API 12B is that if a material with a higher strength than the materials listed 

will be used, the minimum thickness provided in API 12B shall not be reduced. However, materials 

with other mechanical properties than the material listed may be used. The calculations provided in 

the specification have been performed by established engineers to determine the minimum thickness 

and bolting requirements to assure stability for the specific tank sizes filled with water [9].  

 

Moreover, the finish of the storage tanks includes mill finish, painting, galvanizing or factory 

applied coating for corrosion control. Depending on size, the tanks must be supported by structural- 

or pole-type centre supports. The larger standard sizes also have to be furnished with rafters 

attached to each radial deck joint. Special conditions and bolt requirements are described in API 

12B in Section 4, where the design requirements are given [9].  

 

A description on how to put together roof, bottom and shell is also given in the document, 

depending on the chosen size of the storage tank. The system of units given in API 12B is only US 

Customary units, no equations using SI-units are given [9]. 
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3. Work Procedure 

3.1. Welded Storage Tanks, API 650 

3.1.1. Minimum Thickness Calculations 

To be able to reach the aim, that is to get a better understanding of how optimal weight savings of 

the cylindrical shell plates can be reached using higher strength duplex material, the first 

calculations carried out are the minimum thickness required of each shell course of the cylindrical 

part of the storage tank. This equation is given in API 650 [5], p.S-3, and is the same for both 

austenitic and duplex stainless steel, 

 

   (1) 

where, 

 

 

 

 
 

 

 

Note that the dimensions of the units used in the equations are different depending on if it is, for 

example, the height or the thickness. 

 

The design liquid level is the height from the bottom of the course to the top of the shell.  The joint 

efficiency is a measure of weld quality and has been chosen to 1.0 in the calculations, i.e. it is 

expected that the joints are well performed [5]. As mentioned in Section 1.5, no corrosion 

allowance will be taken into account for stainless steels. 

 

Another requirement according to API 650 [5], p.5-11, is shown in Table 4. The shell plate 

thickness should not be smaller than the values listed in the table. The calculated minimum 

thickness of Equation (1) should be rounded upwards to the next integer. 
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Table 4. Minimum shell thickness 

Tank Diameter [m] Shell Plate Thickness [mm] 

< 15 5 
15 to < 36 6 
36 to 60 8 

> 60 10 

 

3.1.2. Weight and Volume Calculations 

The weight in tons is calculated by the following equation, 

 

  (2) 

where, 

 

 

 

 

 

The following well known equation gives the volume of a cylinder,  

  

 (3) 

where,  

 

 

 

An interesting parameter to investigate is the weight per volume, which is calculated by the 

following equation, 

  (4) 

where,  
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3.1.3. Cost Calculations 

The cost of the material depends on the cost range, which is low, medium or high. The cost 

distribution Table 5 below shows the relation between the material grades. The equations used to 

calculate the cost per storage tank (i.e. cost per weight) and cost per volume of tank are presented 

below, 

  (5) 

  (6) 

where,  

 

 

 

 

 

Table 5. Cost distribution of material grades [€/kg] 

 

3.1.4. Instability Calculations 

There are equations to find out if none, one or at least two wind girders are required. These 

calculations are presented in Section 5.9 in API 650. For the top wind girder, the section modulus is 

calculated by the following equation, given in API 650 [5], p.5-56, 

 

  (7) 

where,  

 

 

 

 

 

 

 LDX 2101® 1.4307 1.4404 
Low 1 0.81 1.16 
Mean 1.16 1.08 1.77 
High 1.34 1.58 2.48 
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The maximum height of an unstiffened shell shall be calculated as the following equation, given in 

API 650 [5], p.5-57, 

  (8) 

where,  

 

 

 

 

 

Mentioned in API 650 [5], p.5-6, is that the design wind speed shall be 190 km/h, therefore this 

velocity is used in all calculations that requires wind speed details. 

 

To calculate how many intermediate wind girders that are required, the transposed width of each 

shell course needs to be calculated according to the following equation, [5], p.5-58, 

 

  (9) 

where,  

 

 

 

 

 

The following criteria indicate if one or at least two intermediate wind girders are required [5],  

p.5-59. If none of the criteria are met, no intermediate wind girder is required. 

 

If   One intermediate wind girder is required 

If    At least two intermediate wind girders are required 

where, 
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If wind girders are needed, the required minimum section modulus of an intermediate wind girder is 

determined by the following equation, [5], p.5-59, 

 

  (10) 

where, 

 

 

 

 

 

It is also needed to calculate if any anchors are required. The following equations will show 

whether anchor is needed due to wind load or sliding occurrence. At first an approximate weight of 

the roof is calculated, assumed a cone roof with a 20°-angle from the horizontal line. According to 

API 650 [5], p.5-65, the thickness of the roof plates will be calculated as follows, 

 

  (11) 

 

with the following requirement,  

 

  

where, 

 

 

 

 

 

T is the greatest pressure load of the two following equations, [5], p.R-1, 

 

  (12) 

 (13) 

where, 
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The two following equations are not presented in the standard, it is only an approximation of the 

roof weight and volume. The volume of the cone roof is calculated as the following equation, 

  (14) 

where, 

 

 

 

 

The weight of the roof is then calculated by multiplying the roof volume with the density of the 

material used. 

  (15) 

where,  

 

 

 

An annular bottom plate thickness table is presented in API 650 [5], p.5-10, where different 

conditions of the first cylindrical shell course thicknesses are found. Table 6 presents the different 

bottom thickness conditions for annular bottom plates. 

 

Table 6. Annular bottom plate thickness in mm 

 Stress in first cylindrical shell course [MPa] 

Thickness of first 
shell plate [mm]     

 6 6 7 9 

 6 7 10 11 

 6 9 12 14 

 8 11 14 17 

 9 13 16 19 

 

If the two uplift criteria below not are satisfied, the tank needs to be anchored to the ground [5],  

p.5-67, 

  (16) 

   (17) 
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where, 

  

     

   

    

   

    

   

    

and where,  

  (18) 

  (19) 

  (20) 

  (21) 

where, 

   (22) 

where,  
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where the equations for the vertical and horizontal wind pressure are given in API 650 [5], p.5-6, 

 

  (23) 

  (24) 

where, 

   

The shell-to-bottom joint for the moments is described in Figure 11 below. 

 

 

Figure 11. Overturning check for unanchored tanks [5], p. 5-67 

 

3.1.5. Welded Storage Tanks, EN 14015 

The calculations required in EN 14015 looks almost the same as for API 650. No calculations have 

been performed according to the European standard EN 14015, only the equations specified in EN 

14015 have been compared to the equations specified in API 650. 

 

The EN 14015 standard only mention stainless steels, no specific austenitic stainless steels or 

duplex stainless steels are found. Due to this, it is not known whether the requirements consider 

austenitic or duplex stainless steels. 
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Table 7. Minimum specified thicknesses according to EN 14015 

Tank diameter  
[m] 

Carbon and carbon  
manganese steels [mm] 

Stainless steels  
[mm] 

 5 2 

 5 3 

 5 4 

 6 5 

 8 6 

 8 - 

 10 - 

 12 - 

Note: For stainless steel tanks of diameter 45 m and greater, EN 14015 refer to an Appendix. The 

Appendix refers back to the same table, therefore no minimum thicknesses for larger storage tanks 

than 45 m in diameter have been found in the standard. 

 

The yield strength specified for stainless steels in room temperature in EN 14015 should be the 

minimum values of 1.0% of the proof strength. The joint efficiency factor, E, shall be 1.0. The 

thickness of the cylindrical shell must not be greater than 40 mm. When calculating the cylindrical 

shell thickness according to the standard, the storage tank is assumed to be filled to the top of the 

shell. The required minimum thickness of the shell plates are calculated according to Equation (25). 

The minimum thicknesses shall not be smaller than the thickness specified in Table 7, [23], p.48. 

  

 (25) 

 

Equation 26 is not included in API 650. The thickness of the upper cylindrical shell course shall be 

calculated with a modified equation, [23], p.49, 

  

 (26) 

where, 
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The required minimum section modulus of the first intermediate wind girder is calculated according 

to Equation (27), [23], p.51. 

 

  (27) 

where,  

  

 

 

 

 

Note that the wind speed shall be 45 m/s in EN 14015 and that the unit is m/s and not km/h as 

proposed according to API 650. 

 

3.2. Bolted Storage Tanks, API 12B 

As mentioned in Section 2.3.2, the standard for bolted storage tanks calculates the thickness 

differently in accordance to welded storage tanks and does not allow larger volumes than 10 000 

bbl, approximate 1 625 m
3
.  

 

3.2.1. Minimum Thickness Calculations 

Table 8 is given in API 12B [9], p.6. The original table shows one column with nominal capacity in 

barrels and one column with calculated capacity in cubic meters. The calculated capacity from the 

original values is here converted to SI-units with the conversion values below. 
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Table 8. Shell thickness requirements, API 12B 

Nominal 
capacity 

[bbl] 

Converte
d 

capacity 
[m3] 

No. of 
Rings 

No. of 
Staves 

per 
Ring 

Thickness of 
Staves [mm] 

No. of Rows of 
Bolts in Vertical 

Seams 

D  
[m] 

H 
[m] 

 

Approx. 

 

 

1
st R

in
g

a 

2
n

d R
in

g 

3
rd R

in
g 

1
st R

in
g

a 

2
n

d R
in

g 

3
rd R

in
g 

  

100 16 1 6 2.7 - - 1 - - 2.7 2.4 
200 33 2 6 2.7 2.7 - 1 1 - 2.7 4.9 
300 49 3 6 2.7 2.7 2.7 1 1 1 2.7 7.3 
250 41 1 10 2.7 - - 1 - - 4.6 2.4 
Highb 500 81 2 10 2.7 2.7 - 1 1 - 4.6 4.9 
750 122 3 10 3.4 2.7 2.7 1 1 1 4.6 7.3 
Lowb 500 81 1 14 2.7 - - 1 - - 6.4 2.4 
Highb 1 000 163 2 14 2.7 2.7 - 1 1 - 6.4 4.9 
1 500 244 3 14 2.7 2.7 2.7 2 1 - 6.4 7.3 
Lowb 1 000 163 1 20 2.7 - - 2 - - 8.8 2.4 
2 000 325 2 20 2.7 2.7 - 2 2 - 8.8 4.9 
3 000 488 3 20 3.4 2.7 2.7 2 2 2 8.8 7.3 
5 000 813 3 26c 3.4 3.4 2.7 2 2 2 11.6 7.3 
10 000 1 625 3 37c 4.8 3.4 3.4 3 2 2 16.5 7.3 

Note: Values are converted to SI-units, which give a slight deviation to the original table, the inside 

diameter is also an approximate dimension.
 

a
 The first ring is the bottom ring 

b
 High and Low have approximate the same volume, but different heights and diameters. High 

means high and narrow tank, while Low means low and wide tank. 

c
 Two piece segments 

 

To compare Table 8 to the sizes of bolted storage tanks found on Börger‟s [22] homepage, see 

Table 18 in Appendix A. 

 

3.2.2. Weight and Volume Calculations 

Volumes for the different bolted storage tanks are already given in Table 8. The weight of bolted 

storage tanks is calculated in the same way as for welded storage tanks, taking the diameter and 

height of the cylindrical shell into account. The only weight difference will be due to the different 

densities of the grades. 

 

  (2) 

where, 
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The number of bolts required in the vertical and horizontal seams in the bolted storage tanks will 

provide an additional weight to the shell. This will be calculated approximately depending on how 

many vertical rows of bolts in every stave and how many horizontal seams there are, as seen in 

Table 8. Assumed is that the space between every bolt is 5 cm (2 in). 

 

  (28) 

  

 (29) 

where, 

 

 

 

 

 

 

 

 

Figure 12. Stainless bolt and nut [24] 

 

Table 9. Bolt and nut specification 

Weight/100 [kg] b [mm] d [mm] e [mm] k [mm] l [mm] m [mm] s [mm] 
7.8 32 12.7 21.34 7.9 51 11.1 19 

 

Bolts used are assumed to be stainless steel bolts [24], where 100 bolts intended to be used weigh 

6.2 kg and corresponding nuts 1.6 kg. 
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  (30) 

where, 

 

 

 

 

3.2.3. Cost Calculations 

The cost calculations will be performed as for welded storage tanks in Section 3.1.3, Equations (5) 

and (6). The total shell weight of the tank will be multiplied with the cost range values given in 

Table 5. 
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4. Results 

4.1. Welded Storage Tanks, API 650 

4.1.1. Volumes and Thicknesses 

Figure 13 shows the constant volumes for different diameters and heights of storage tanks. By 

following these volume lines the volume can stay the same while the height and diameter is 

changed along the curves. The black line represents the region within the volumes of bolted storage 

tanks are provided by Börger [22]. The red dots represent the standard sizes given in API 12B [9], 

p. 5. 

 

Figure 13. Constant volumes. The thicker dotted lines show constant volumes. The red dots show the standard sizes of bolted 

storage tanks according to API 12B, while the black thick dotted area shows the dimensions of bolted storage tanks that Börger [22] 

provides. 

 

Figure 14 to Figure 17 show a different thickness variation depending on height and diameter. 

Every white line for constant height (in  

Figure 14 and Figure 16) represents one course that is two meters high. The upper course is always 

represented by the thickness given at height 0 m in the figures. Otherwise, the figures show the 

thickness of the first course for every tank dimension. The tank is showed “up-side-down”, so that 

the last and upper course always is at the bottom of the figures. 
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At 15 m in diameter and 36 m in diameter, the figures presented will have new levels, this is due to 

the minimum thickness requirement according to API 650, presented in Table 4. 

 
 

 

Figure 14. Thickness variations of storage tank LDX 2101®, 

3D 

 

Figure 15. Minimum thickness variations of storage tank  

LDX 2101®, 2 

 
 

Figure 16. Thickness variations of storage tank 

1.4307/1.4404, 3D 

 

Figure 17. Minimum thickness variations of storage tank 

1.4307/1.4404, 2D 

 

 
 

Figure 18. Thickness difference between LDX 2101® and 

1.4307/1.4404, 3D 

 
Figure 19. Minimum thickness difference between LDX 

2101® and 1.4307/1.4404, 2D 
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Figure 18 and Figure 19 show the thickness difference between austenitic and duplex stainless steel. 

The white area in Figure 19 shows that the thickness is the same for both austenitic and duplex 

stainless steel, i.e. the thickness difference is zero and the only contribution to the weight difference 

is the density of the grades. Both Figure 18 and Figure 19 show how much larger the minimum 

thickness is in mm for grades 1.4307 and 1.4404 than for grade LDX 2101®. Below, Figure 20 and 

Figure 21 show an example how the minimum thickness of each course and the mean thickness 

vary between austenitic and duplex stainless steel.  

 

Figure 20. Mean shell thickness of a tank with dimensions H = 30 m and D = 30 m 

 
Figure 21. Mean shell thickness of a tank with dimensions H = 30 m and D = 60 m
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The thickness of each course in the shell is different depending on the course number. The 

first course is the thickest, located at the bottom of the shell, see Table 10. All thicknesses are 

rounded up to nearest integer, except for the mean thickness. 

 

The mean thickness of each storage tank size is illustrated in Figure 22 and Figure 23. 

 

 

Figure 22. Mean thicknesses of each storage tank size, 

LDX 2101® 

 

Figure 23. Mean thicknesses of each storage tank size, 

1.4307/1.4404 

 

The difference in mean cylindrical thickness between LDX 2101® and 1.4307/1. is shown in 

two dimensions in Figure 24.  

 

Figure 24. Difference in mean shell thickness between LDX 2101® and 1.4307/1.4404 
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4.1.2. Weight 

In Figure 25 and Figure 26, a large weight difference is shown between the austenitic stainless 

steel and the duplex stainless steel. The larger storage tank the larger weight difference. The 

exact difference of some chosen volumes is shown in Table 11. 

 

 

Figure 25. Weight of storage tank shell LDX 2101® 

 

Figure 26. Weight of storage tank shell 1.4307/1.4404 

 

 

The weight difference in ton between duplex, LDX 2101®, and austenitic stainless steel, 

1.4307/1.4404, is shown in Figure 27. Grades 1.4307 and 1.4404 are always heavier than 

LDX 2101®, both due to the larger cylindrical shell thicknesses but the higher density of the 

grades. 

 

Figure 27. Weight difference in ton between LDX 2101® and 1.4307/1.4404. 
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Table 11. Weight difference in ton between LDX 2101® and 1.4307/1.4404, API 650 

Height  
[m] 

D  
[m] 

Volume  
[m3] 

LDX 2101® 1.4307/1.4404 
Weight difference 

[ton] 

10 

10 785 12.252 12.566  0.314 
15 1 767 22.054 22.619  0.565 
25 4 909 36.757 42.726  5.969 
40 12 566 78.414 98.520  20.11 
60 28 274 129.38 193.02  63.64 

14 

10 1 100 17.135 17.593  0.458 
15 2 474 30.876 32.421  1.545 
25 6 872 52.685 70.372  17.69 
40 17 593 117.62 168.89  51.27 
60 39 584 217.60 349.85  132.3 

18 

10 1 414 22.054 23.625  1.571 
15 3 181 39.697 45.239  5.542 
25 8 836 73.513 106.81  33.30 
40 22 619 168.59 261.38  92.79 
60 50 894 332.28 554.93  222.7 

22 

10 1 727 26.955 31.165  4.210 
15 3 888 49.254 61.073  11.82 
25 10 799 99.243 152.05  52.81 
40 27 646 231.32 375.99  114.7 
60 62 204 473.43 808.27  334.8 

26 

10 2 042 31.856 40.212  8.356 
15 4 595 60.281 81.430  21.15 
25 12 763 129.87 206.09  76.22 
40 32 673 305.82 512.71  206.9 
60 73 513 641.04 1115.9  474.9 

30 

10 2 356 37.737 50.768  13.03 
15 5 301 72.778 104.80  32.02 
25 14 726 164.18 268.92  104.7 
40 37 699 392.07 671.55  279.5 
60 84 823 835.11 1471.8  636.7 

 

Further the weight per volume, α, has been investigated. The differences are shown in  

Figure 28 and Figure 29. As seen, α is increasing in height for storage tanks with large 

diameters and decreasing with increasing diameter. 

 

 

Figure 28. Cylindrical shell weight per volume liquid 

stored, LDX 2101® 

 

Figure 29. Cylindrical shell weight per volume liquid 

stored, 1.4307/1.4404 
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The difference in cylindrical shell weight per volume is relatively small between the two 

material grades. Not shown in the figures is that for storage tanks with a diameter less than  

10 m, the weight per volume is larger than 150 kg/m
3
. The difference in cylindrical shell 

weight per volume between LDX 2101® and 1.4307/1.4404 is smaller the higher the tank is 

and larger the wider the tank is. 

 

4.1.3. Material Cost 

The total cost of the material for a storage tank with the dimensions used is presented below. 

The cost is from an arbitrary time and the cost range will be different for the grades LDX 

2101®, 1.4307 and 1.4404. As mentioned in Section 3.1.3, the three different cost ranges are 

low, mean and high. Table 5 describes how the cost ranges relate to each other, see  

Sections 3.1.3. Table 12 shows that grade 1.4404 is more expensive than both 1.4307 and 

LDX 2101® in every cost range (low, mean and high). Grade 1.4307 on the other hand is less 

expensive for some volumes of storage tanks depending on cost range, although the high cost 

range for 1.4307 is always more expensive than the high cost range for LDX 2101®. The 

Figure 30 and Figure 31 below illustrate when it is advantageous to use LDX 2101® instead 

of 1.4307. The blue area in the figures shows that LDX 2101® is cheaper than 1.4307 

for those storage tank dimensions.  

 

 

Figure 30. Cost difference between LDX 2101® and 

1.4307 at low cost range. 

 

Figure 31. Cost difference between LDX 2101® and 

1.4307 at mean cost range. 
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Table 12. Price difference in k€ between LDX 2101®, 1.4307 and 1.4404, API 650 

H 
[m] 

D 
[m] 

 
Low 

LDX 2101® 
Mean 

 
High 

 
Low 

1.4307 
Mean 

 
High 

 
Low 

1.4404 
Mean 

 
High 

10 10 12.2 14.5 16.4 10.2 13.6 19.9 14.6 22.24 31.2 

 

15 22.1 25.6 29.6 18.3 24.4 35.7 26.2 40.04 56.1 
25 36.8 42.6 49.3 34.6 46.1 67.5 49.6 75.63 106.0 
40 78.4 91.0 105.1 79.8 106.4 155.7 114.3 174.4 244.3 
60 128.4 150.1 173.4 156.3 208.5 305.0 223.9 341.6 478.7 

14 

10 17.2 19.9 23.0 14.3 19.0 27.8 20.4 31.14 43.6 
15 30.9 35.8 41.4 26.3 35.0 51.2 37.6 57.39 80.4 
25 52.0 61.1 70.6 57.0 76.0 111.2 81.6 124.6 174.5 
40 116.0 136.4 157.6 136.8 182.4 266.8 195.9 298.9 418.8 
60 212.9 252.4 291.6 283.4 377.8 552.8 405.8 619.2 867.6 

18 

10 22.1 25.6 29.6 19.1 25.5 37.3 27.4 41.82 58.6 
15 39.7 46.1 53.2 36.6 48.9 71.5 52.5 80.07 112.2 
25 71.3 85.3 98.5 86.6 115.4 168.8 123.9 189.1 264.9 
40 165.3 195.6 225.9 211.7 282.3 413.0 303.2 462.6 648.2 
60 323.9 385.4 445.3 449.5 599.3 876.8 643.7 982.2 1376 

22 

10 27.0 31.3 36.1 25.2 33.7 49.2 36.2 55.16 77.3 
15 49.3 57.1 66.0 49.5 66.0 96.5 70.8 108.1 151.5 
25 99.2 115.1 133.0 123.2 164.2 240.2 176.4 269.1 377.1 
40 231.3 268.3 310.0 304.6 406.1 594.1 436.1 665.5 932.5 
60 473.4 549.2 643.4 654.7 872.9 1277 937.6 1430 2004 

26 

10 31.9 37.0 42.7 32.6 43.4 63.5 46.7 71.18 99.7 
15 60.3 69.9 80.8 66.0 87.9 128.7 94.5 144.1 201.9 
25 129.9 150.6 174.0 166.9 222.6 325.6 239.1 364.8 511.1 
40 305.8 354.6 409.8 415.3 553.7 810.1 594.7 907.5 1271 
60 641.0 743.6 859.0 903.9 1205 1763 1294 1975 2767 

30 

10 37.7 43.8 50.6 41.1 54.8 80.2 58.9 89.86 125.9 
15 72.8 84.4 97.5 84.9 113.2 165.6 121.6 185.5 259.9 
25 164.2 190.4 220.0 217.8 290.4 424.9 311.9 476.0 666.9 
40 392.1 454.8 525.4 544.0 725.3 1061 779.0 1188 1665 
60 835.1 968.7 1119 1192 1589 2325 1707 2605 3650 

Only the cost for the cylindrical shell is included in the table (no weldments) and calculated according to the cost 

distribution in Table 5. 
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4.1.4. Instability 

Some of the results of the instability calculations are presented in Table 16 and Table 17 for 

the evaluation of the software TANK
TM

. Figure 32 to Figure 34 show when anchors due to 

wind and sliding are required and also how many wind girders that are required for the 

different storage tank dimensions in LDX 2101® and 1.4307/1.4404. In Figure 32 and Figure 

33, the blue area shows that no anchor is required, while the red area shows that an anchor is 

required. The exact results are presented in tables in Appendix B. 

 

Figure 32. Anchor requirement for LDX 2101®  

 

Figure 33. Anchor requirement for 1.4307/1.4404 

 

Figure 34 and Figure 35 show how many intermediate wind girders except from the top wind 

girder that are required. As seen, not more than one intermediate wind girder is required for 

storage tanks built with grade 1.4307 or 1.4404. 

 

Figure 34. Intermediate wind girders required for  

LDX 2101® 

 

Figure 35. Intermediate wind girders required for 

1.4307/1.4404 

4.2. Bolted Storage Tanks, API 12B 

In this section bolted storage tanks will be investigated. The result will show if bolted storage 

tanks are advantageous instead of welded for small tank designs. 
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4.2.1. Volumes and Thicknesses 

The only bolted storage tank volumes that are of interest to compare to welded storage tanks 

are volumes up to 1 625 m
3
. The thickness for each volume is given in Table 8, Section 3.2.1. 

4.2.2. Weight 

For bolted storage tanks, the only contribution to weight differences is the density of the 

different grades. Table 13 shows the differences in weight between the cylindrical shell of the 

storage tanks in LDX 2101® and 1.4307/1.4404. 

 

Table 13. Weight difference in kg between LDX 2101® and 1.4307/ 1.4404, API 12B 

D  
[m] 

H  
[m] 

Approx. 
Capacity  

[m3] 
LDX 2101® 1.4307/1.4404 

Weight difference 
[kg] 

2.7 
2.44 15 440 450 10 
4.88 30 870 900 30 
7.32 45 1 310 1 350 40 

4.6 
2.44 42 730 750 20 
4.88 85 1 460 1 490 30 
7.32 127 2 390 2 460 70 

6.4 
2.44 83 1 020 1 050 30 
4.88 166 2 040 2 090 50 
7.32 249 3 060 3 140 80 

8.8 
2.44 150 1 410 1 440 30 
4.88 315 2 820 2 890 70 
7.32 474 4 630 4 750 120 

11.6 7.32 800 6 590 6 760 170 
16.5 7.32 1 625 11 430 11 720 320 

 

The weight of the bolts and nuts intended to be used is presented in Table 14. The total weight 

of both shell and bolts is also shown. 

 

Table 14. Weight of bolts, nuts and cylindrical shell in kg 

D [m] H [m] Bolts LDX 2101®+ Bolts 1.4307/1.4404 + Bolts 

2.7 
2.44 27 467 477 
4.88 120 990 1 020 
7.32 267 1 577 1 617 

4.6 
2.44 42 772 792 
4.88 190 1 650 1 680 
7.32 421 2 811 2 881 

6.4 
2.44 57 1 077 1 107 
4.88 260 2 300 2 350 
7.32 576 3 636 3 716 

8.8 
2.44 160 1 570 1 600 
4.88 682 3 502 3 572 
7.32 1 525 6 155 6 275 

11.6 7.32 1 962 8 552 8 722 
16.5 7.32 3 197 14 627 14 917 
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4.2.3. Material Cost 

The total cost of the material for a bolted storage tank with the dimensions used is presented 

in Table 15. The cost is from an arbitrary time and the cost range will be different for the 

material LDX 2101®, 1.4307 and 1.4404. As mentioned in Section 3.1.3, the three different 

cost ranges are low, mean and high. Table 5 describe how the cost ranges relate to each other, 

Sections 3.1.3. 

 

Table 15. Price difference in k€ between LDX 2101®, 1.4307 and 1.4404, API 12B 

D 
[m] 

H 
[m] 

 
Low 

LDX 2101® 
Mean 

 
High 

 
Low 

1.4307 
Mean 

 
High 

 
Low 

1.4404 
Mean 

 
High 

2.7 

2.4 0.44 0.51 0.58 0.36 0.49 0.72 0.52 0.80 1.11 

4.9 0.87 1.01 1.17 0.73 0.97 1.44 1.04 1.59 3.34 

7.3 1.31 1.52 1.75 1.09 1.45 2.16 1.56 2.39 3.34 

4.6 

2.4 0.73 0.84 0.97 0.61 0.81 1.20 0.87 1.33 1.85 

4.9 1.46 1.69 1.95 1.21 1.62 2.40 1.74 2.65 3.71 

7.3 2.39 2.77 3.20 1.99 2.65 3.94 2.85 4.36 6.09 

6.4 

2.4 1.02 1.18 1.36 0.85 1.13 1.68 1.22 1.89 2.59 

4.9 2.04 2.36 2.73 1.70 2.26 3,36 2.43 3.72 5.19 

7.3 3.06 3.54 4.09 2.55 3.39 5.04 3.65 5.57 7.78 

8.8 

2.4 1.41 1.63 1.88 1.17 1.56 2.32 1.68 2.57 3.58 

4.9 2.82 3.26 3.77 2.35 3.12 4.64 3.36 5.13 7.17 

7.3 4.63 5.36 6.19 3.85 5.13 7.62 5.51 8.43 11.8 

11.6 7.3 6.59 7.63 8.81 5.49 7.31 10.9 7.85 12.0 16.8 

16.5 7.3 11.4 13.2 15.3 9.51 12.7 18.8 13.6 20.8 29.1 
Only the cost for the cylindrical shell is included in the table (no bolts) and calculated according to the cost 

distribution in Table 5. 

 

It is shown that 1.4404 is the most expensive alternative in all cost ranges. For the low and 

mean cost range, LDX 2101® is more expensive than 1.4307, although for high cost range, 

1.4307 is more expensive than LDX 2101®.  
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5. Evaluation of TANKTM 

TANK
TM

 is used to perform calculations of welded storage tanks and not for bolted storage 

tanks. In the main menu of the software different input tabs are found where required design 

information will be given by the user. To start with, different material and unit files can be 

chosen depending on if SI-units or, for example, US Customary units are preferred. It is also 

possible, for a preferred storage tank volume, to calculate the height and diameter of the tank 

and the thickness of the shell for a minimum cost under the tab named “Tank Sizing/Costing 

Scratchpad”. A calculation of the minimum thickness of the shell courses and the cost for 

each tank shell is done by clicking on the tab “Scratchpad Calculator”. The computed values 

for the dimensions that give the minimum cost for the shell can afterwards be implemented in 

the general tank data tab by clicking on the tab “Transfer scratchpad results”. When these 

calculations are implemented in “General Tank Data”, more information about the tank is 

required by the user to calculate the rest of the necessary results. 

 

The user may also specify the thicknesses of each cylindrical shell course without using the 

tab “Tank Sizing/Costing Scratchpad”. If preferred, the number of courses is specified under 

the tab “General Tank Data/Tank Data”. Afterwards the heights and the thicknesses of each 

course can be specified under the tab “General Tank Data/Shell Courses”. For a simple 

analysis, the two tabs mentioned are the only two necessary to fill in. For a more complex 

analysis, the software needs more input data, such as wind details, roof parameters, seismic 

data specifications, nozzle stiffness and external pressures for example.  

 

Under the tab “General Tank Data/Tank Data”, it is possible to choose “Design” or “Analyze” 

as run objective. Depending on what is chosen, the software uses different inputs when 

performing the calculations. If choosing “Design”, the software calculates the minimum 

thickness required for each cylindrical shell course and uses these computed thicknesses for 

the continued calculations of the rest variables. If, instead, “Analyze” is chosen, the software 

still calculates the minimum thickness required for each shell course and informs if some 

specified thicknesses given by the user are too small. Even though the specified thicknesses 

might be too small according to TANK
TM

, it performs the calculations of the rest variables 

with the specified thicknesses given by the user. This will, for example, result in a different 

weight of the shell depending on what thicknesses are used in the calculations. 

 

The material intended to be used in the shell, roof or other applications in the tank is needed 

as input information. To do this, it is only possible to right-click in the material box and 
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choose desired material. The software has a material database with several grades and it is 

also possible to create an own grade, but this has to be done before the analysis. It is not 

possible to put the grade in the material box, it has to be chosen by right-clicking in the 

material box and then choose “material database”. Different grades can be chosen in different 

shell courses. 

 

It is not possible to see how TANK
TM

 performs the calculations in details. All the results and 

outputs given by the calculation are given in a report. The report includes the sections: “Table 

of Contents”, “Job Title Page”, “User Input Data”, “Error Checker .LOG File” and “Wind, 

Material, Thickness & Weights”. If more input data has been given by the user, more sections 

will be included in the report. This report can be printed and the first page may be named with 

date and time if preferred.  
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5.1. Comparison of Results 

This section will provide a comparison between the result given in TANK
TM

 and the result 

given by equations implemented in Matlab®. Some random storage tank dimensions are 

chosen for the comparison. 

 

Table 16. Comparison between TANKTM and Matlab® in LDX 2101®. Thicknesses are in mm. 

Grade LDX 2101® TANKTM  Matlab® TANKTM  Matlab® TANKTM  Matlab® 

Storage Tank Dimension
 H = 30 m 

D = 20 m 
H = 20 m 
D = 20 m 

H = 10 m 
D = 20 m 

Annular Base Plate thickness  8.73 9.00 8.73 9.00 8.73 9.00 

Thickness of Roof Plate  12.2 12.5 12.2 12.5 12.2 11.3 

Weight of Shell [kN] 1 073 1 069 602 601 290 290 

Weight of Roof [kN] 322 328 322 328 322 295 

wa [N/cm] 430 617 351 504 234 356 

Mw [kNm] 12 248 12 264 7 795 7 964 5 365 5 384 

Mpi [kNm] 0 0 0 0 0 0 

Mf [kNm] 26 994 38 765 22 040 31 652 14 726 22 381 

Mdl [kNm] 10 733 13 994 6 016 9 307 2 902 5 876 

Anchor required No No No No No No 

Maximum height of 
unstiffened shell [m] 

9.34 9.34 9.34 9.34 9.34 9.34 

Number of required 
intermediate wind girders 

2 2 1 2 1 1 

Required Section Modulus of 
Top Girder [cm

3
] 

693 706 462 471 231 235 

Required Section Modulus of 
First Intermediate Wind 
Girder [cm

3
] 

216 220 216 220 116 220 

Thickness of shell course #1 11.3 11.2 7.48 7.43 6.00 6.00 

Thickness of shell course #2 10.5 10.4 6.72 6.67 6.00 6.00 

Thickness of shell course #3 9.75 9.69 6.00 6.00 6.00 6.00 

Thickness of shell course #4 8.99 8.93 6.00 6.00 6.00 6.00 

Thickness of shell course #5 8.23 8.18 6.00 6.00 6.00 6.00 

Thickness of shell course #6 7.48 7.43 6.00 6.00 - - 

Thickness of shell course #7 6.72 6.67 6.00 6.00 - - 

Thickness of shell course #8 6.00 6.00 6.00 6.00 - - 

Thickness of shell course #9 6.00 6.00 6.00 6.00 - - 

Thickness of shell course #10 6.00 6.00 6.00 6.00 - - 

Thickness of shell course #11 6.00 6.00 - - - - 

Thickness of shell course #12 6.00 6.00 - - - - 

Thickness of shell course #13 6.00 6.00 - - - - 

Thickness of shell course #14 6.00 6.00 - - - - 

Thickness of shell course #15 6.00 6.00 - - - - 
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Table 17. Comparison between TANKTM and Matlab® in 1.4307/1.4404. Thicknesses are in mm. 

Grade 1.4307/1.4404 TANKTM  Matlab® TANKTM  Matlab® TANKTM  Matlab® 

Storage Tank Dimension
 H = 30 m 

D = 20 m 
H = 20 m 
D = 20 m 

H = 10 m 
D = 20 m 

Annular Base Plate thickness  6.00 6.00 6.00 6.00 6.00 6.00 

Thickness of Roof Plate  12.2 12.5 12.2 12.5 12.2 11.4 

Weight of Shell [kN] 1 656 1 681 812 825 296 301 

Weight of Roof [kN] 322 336 322 336 322 306 

wa [N/cm] 266 253 218 206 154 146 

Mw [kNm] 12 248 12 264 7 946 7 964 5 365 5 384 

Mpi [kNm] 0 0 0 0 0 0 

Mf [kNm] 16 744 15 884 13 671 12 969 9 667 9 171 

Mdl [kNm] 16 558 20 172 8 116 11 607 2 959 6 072 

Anchor required No No No No No No 

Maximum height of 
unstiffened shell [m] 

9.34 9.34 9.34 9.34 9.34 9.34 

Number of required 
intermediate wind girders 

1 1 1 1 1 1 

Required Section Modulus of 
Top Girder [cm

3
] 

693 706 462 471 231 235 

Required Section Modulus of 
First Intermediate Wind 
Girder [cm

3
] 

151 220 143 220 111 220 

Thickness of shell course #1 20.2 20.1 13.4 13.3 6.59 6.56 

Thickness of shell course #2 18.8 18.7 12.0 12.0 6.00 6.00 

Thickness of shell course #3 17.5 17.4 10.7 10.6 6.00 6.00 

Thickness of shell course #4 16.1 16.0 9.30 9.26 6.00 6.00 

Thickness of shell course #5 14.7 14.7 7.94 7.91 6.00 6.00 

Thickness of shell course #6 13.4 13.3 6.59 6.56 - - 

Thickness of shell course #7 12.0 12.0 6.00 6.00 - - 

Thickness of shell course #8 10.7 10.6 6.00 6.00 - - 

Thickness of shell course #9 9.30 9.26 6.00 6.00 - - 

Thickness of shell course #10 7.94 7.91 6.00 6.00 - - 

Thickness of shell course #11 6.59 6.56 - - - - 

Thickness of shell course #12 6.00 6.00 - - - - 

Thickness of shell course #13 6.00 6.00 - - - - 

Thickness of shell course #14 6.00 6.00 - - - - 

Thickness of shell course #15 6.00 6.00 - - - - 

 

The thicknesses and most of the other results from Matlab® and TANK
TM

 agree. The largest 

difference between the results is the moments Mf, the moment from the weight of the shell 

and roof supported by the shell, and Mdl, the moment from liquid where weight of liquid is 

wa, the resisting force of tank contents per unit length of shell circumference that may be used 

to resist the shell overturning moment. The total roof weight affects Mdl and wa affects Mf. 

How the results have been computed is not shown step by step in TANK
TM

 and only the final 

result has been provided.  
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6. Discussion 

6.1. Welded and Bolted Storage Tanks 

When comparing the two American Petroleum Institute standards API 650 and API 12B, only 

storage tanks up to 1 625 m
3
 can be included in the comparison. It is seen that bolting might 

be preferred for smaller storage tanks (up to 1 625 m
3
), while welding provides both weight 

and cost savings for larger storage tanks. This gives difficulties in comparing bolted and 

welded storage tanks as they are preferable for small and large tanks, respectively. API 12B 

for bolted storage tanks might not be the best standard when comparing welded and bolted 

storage tank solutions due to the volume restriction. 

 

For welded storage tanks the minimum thickness is 5 mm for tanks with a diameter less than 

15 m. For bolted storage tanks the minimum thickness is barely 3 mm, which is more than  

2 mm less than for welded storage tanks. The maximum thickness for bolted storage tanks 

according to API 12B is about 5 mm, but it is still smaller than the minimum thickness for 

welded storage tanks. With this obvious difference in cylindrical shell thickness, conclusions 

about the weight can be drawn. The material used for bolted storage tanks weigh less than the 

material used for welded storage tanks in the same size. If the trend for bolted storage tanks 

continue for larger sizes, bolting will be preferred in front of welding, depending on the costs 

for bolts and welds. 

 

As shown in the result Sections 4.1.2 and 4.2.2 the weight difference is significant between 

bolted and welded storage tanks that almost have the same volume with only slightly 

differences in diameter and height. By comparing the weights it can also be told that the 

weight difference between LDX 2101® and 1.4307/1.4404 is larger for welded storage tanks 

than for bolted ones, which is further discussed in Section 6.2. 

 

It is not possible to compare the exact storage tank volumes or the exact height or diameters 

for bolted and welded storage tanks. In cost perspectives though, one conclusion is that the 

material for bolted storage tanks are cheaper than welded storage tanks, due to the thinner 

shell needed for volumes up to 1 625 m
3
. Tested is the approximate weight of the bolts and 

nuts needed to fasten the metal plates to each other. This weight implies in heavier storage 

tanks and will be larger the larger the storage tank volume is because more bolts then are 

needed. This extra bolt weight does however not make the bolted storage tanks heavier than 

welded storage tanks in the same size. 
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Even though bolts give the cylindrical shell a larger weight, it does not mean that the cost of 

the total bolted storage tank will be cheaper than a welded storage tank. No costs for bolting 

or welding are known, therefore the cost for each bolt is not included in the cost calculations 

and the welding costs are not included in the costs for welded storage tanks. Thus only a 

comparison of the cost between the material needed in the cylindrical shell of bolted and 

welded storage tanks is equitable. For bolting sealing is probably necessary, which might not 

be necessary for welded storage tanks. These considerations have not been addressed in this 

thesis. 

 

All units in API 12B for bolted storage tanks are US-Customary units, no SI-units are to be 

found. This could mean that it is not common to use the American standard for bolted storage 

tanks on other continents than America. As discussed, due to the given standard sizes in API 

12B, a comparison between bolted and welded storage tanks is not preferred, then another 

standard that provides equations to calculate the tank dimensions (as done in API 650) might 

be of interest. A comparison between an American standard for welded storage tanks and 

another standard (for example an European standard) for bolted storage tanks might not be the 

best comparison either. In that case, an European standard for welded and bolted storage tanks 

could be compared to see if bolting or welding is preferable. Further, to see whether the 

American or the European standard codes are preferable, the standards could be compared for 

welded storage tanks and then for bolted storage tanks.  

 

Another consideration of bolted storage tanks is that they might be more exposed to crevice 

corrosion due to the holes made for the bolts in the vertical and horizontal seam. This may 

give rise to needs for extra maintenance during the years to avoid crevice corrosion, which 

might not be needed for welded storage tanks to the same extent.  

6.2. Austenitic and Duplex Stainless Steel 

API 650 for welded storage tanks gives the best possibility to compare duplex stainless steel  

(LDX 2101®) to austenitic stainless steel (1.4307/1.4404). A clear difference can be seen for 

each comparison of the grades. As expected, duplex stainless steel results in thinner 

cylindrical shell walls due to the higher strength, while austenitic stainless steel storage tanks 

require thicker cylindrical shell walls. 
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The larger the sizes (diameter and heights) of the storage tanks, the larger the cylindrical shell 

thicknesses need to be. LDX 2101® requires much smaller mean thicknesses compared to 

1.4307 and 1.4404, see Figure 20 to Figure 23. What also influence the difference in thickness 

is the density of the grades, but this difference is relatively small in comparison to the strength 

difference. 

 

As it is not possible to get a smaller thickness depending on material grade for bolted storage 

tanks in API 12B, the thickness will be the same for carbon and stainless steels, i.e. no 

difference between austenitic or duplex stainless steels either. This means that the weight 

difference only depends on the density of the different material grades and the cost depends 

on the different cost ranges and the small weight difference due to the density of the grades. If 

an addition to API 12B with requirements for austenitic and duplex stainless steel had been 

available, a better comparisons could have been carried out.  On the other hand, the thickness 

for bolted cylindrical shell already is very small, so a smaller thickness may not be possible 

even for stainless steel grades, but the maintenance cost would be improved if stainless steel 

was used.  

 

As mentioned in Section 2.1.4, when 1.4307 not reaches the requirements for corrosion rate, 

grade 1.4404 can be used instead. In this project it is shown that LDX 2101® is preferred 

instead of 1.4404, therefore LDX 2101® may be a better choice of stainless steel if 1.4307 

does not reach the requirements. 

 

Another point of discussion is the transportation cost of the different material. Even though 

1.4307 is cheaper than LDX 2101® for some smaller dimensions of storage tanks, it is also 

heavier due to the thicker cylindrical shell needed in welded storage tanks. This means that 

the transportation cost for austenitic grades might increase compared to the transportation cost 

of LDX 2101®. This approach is not included in this project but might be interesting to 

investigate further along with what environmental impact it would have. 

 

Further no attachments, such as stairways or ladders, have been taken into account in the 

calculations. These attachments imply more material and therefore heavier storage tanks, so 

the total weight calculated in this project will not be the total weight of the whole finished 

storage tank. However, the weight of the attachment would not give a larger difference 

between welded and bolted storage tanks because it would weigh the same whether attached 

to the bolted or to the welded storage tank. 
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6.3. Instability of Welded Storage Tanks 

The wind speed acting on the storage tank does not influence the thickness of the cylindrical 

shell, as was thought from the beginning of the project. As seen in Equations (7), (8), (10) and 

(19), the wind speed only has impact on how large the section modulus of the wind girders are 

required to be, on what height they need to be placed (the maximum height of an unstiffened 

cylindrical shell) and also how large the overturning moment will be. Even though there are 

no equations on how the cylindrical shell thicknesses will vary depending on the wind speed, 

it is seen that if the thickness of the top course would increase, the maximum height of an 

unstiffened shell should be different and thereby also the section modulus for the intermediate 

wind girders. If the maximum height of an unstiffened shell would be different, the numbers 

of intermediate wind girders might be different as well, i.e. the equations follow each other. 

 

Another aspect is that the wind speed already is predetermined to be 190 km/h by the standard 

used. If a higher or lower wind speed would be used, the result would be different as well. But 

as 190 km/h is proposed in the equations, other wind speeds might not be suitable for the 

equations used.  

 

The moments calculated, Equations (18) to (22), could be better specified in API 650. Two of 

these are very different in size when computed by TANK
TM

 and Matlab®. Therefore a better 

description on how to calculate them would be needed. In the criteria that determine if an 

anchor is needed or not to stabilise the tank, the moments are the main elements. If the 

moments are incorrectly calculated, the anchor criteria may give the wrong result. 

 

If the first or some of the first courses were made thicker, perhaps the higher weight would 

imply in a more stable storage tank and therefore no anchor would be necessary. 

6.4. TANKTM by Intergraph 

Some results given by the TANK
TM

 vary compared to the results found by the Matlab® code. 

Due to this, it would be of interest to see how TANK
TM

 performs the calculations. The reports 

with the results give all information about the input given by the user and the output 

computed by TANK
TM

, but not how the detailed calculations are performed. As mentioned, 

some assumptions and approximations have been done when the calculations in Matlab® are 

carried out. This means that some variables get a value that not matches the value in the result 

report by TANK
TM

. The roof weight for example, is needed in Equation (20) for MDL, which 

is the moment about the shell to bottom joint from the weight of the shell and the roof 
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supported by the shell. The difference of the roof weight is however not that large when 

calculating in TANK
TM

 or Matlab®. 

 

There are no equations provided in API 650 on how the different moments,  

Equation (18) to (21), should be calculated, only text is givenas explanation.  Therefore a 

thought is that MDL might be computed incorrectly in Matlab® or that some variable is taken 

into account or is left out that TANK
TM

 is taking into account. Due to that, it would be of 

interest to find out which equations TANK
TM

 are using. That would give useful information 

on how TANK
TM

 works and also give the user a possibility to analyse what variables are most 

interesting. 

 

TANK
TM

 provides a lot of information and most of the information matches the calculations 

implemented in Matlab®. As mentioned, only the approximated calculations differ in the 

comparison presented in Section 5.1. Therefore there is no reason to think that the result 

computed in TANK
TM

 are incorrect, but depending on what purpose the software will be used 

for, it might be of interest to consider what information the software to provides. To be able to 

understand the result, it would also be of interest to have some parameters explained by 

figures and not only by text in the result files given by TANK
TM

. 

 

It is preferable to be able to choose the correct material grade, which is possible in TANK
TM

. 

A detailed list of grades is provided in the material database. It is easy to either choose an 

already existing grade given in the database or to add a new grade to the database. 

6.5. Comparison of American and European Standard 

The main equations that calculate the thicknesses of the cylindrical shell courses and the 

section modulus of the wind girders are the same in both API 650 and EN 14015. A 

difference is that API 650 has an appendix for both austenitic stainless steels and duplex 

stainless steels. In EN 14015, stainless steel is only mentioned as “stainless steels”, therefore 

it is not known what kind of stainless steel that is to be used. The European standard has a 

comparison between carbon steel and stainless steel when the minimum thickness 

requirements are given. The stainless steel minimum thickness is less than the carbon steel 

due to that the corrosion allowance is included for carbon steel. The thickness of stainless 

steels is already reduced, therefore a question is if it is possible to have even smaller 

thicknesses for duplex stainless steels. 
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Probably, EN 14015 assumes stainless steels as austenitic stainless steels and not duplex 

stainless steels. A reason to believe that is the 1.0% proof strength for stainless steels, since 

duplex stainless steels only have 0.2% proof strength. This is also the reason why the different 

proof strengths are given as 0.2% and 1.0% in Table 3. Thus, the standard could be more 

specific on what material it is to be used for. Another finding is that for larger diameters than 

45 m, as seen in Table 7, EN 14015 refers to the appendix to find the requirement of 

minimum thicknesses and the appendix refers back to Table 7. No minimum thickness 

requirements for stainless steel tanks with larger diameter than 45 m is therefore to be found. 

This makes the standard unreliable.  

6.6. Future Work 

Some of the work areas that could be of interest are instability due to seismic motion and 

further comparisons between American and European standards. Most interesting would be to 

compare bolted storage tanks to welded storage tanks based on another standard for bolted 

storage tanks than API 12B. Such a comparison would provide a better comparison between 

bolted and welded storage tanks of larger volumes.  

 

Bolted storage tank standards that could be further investigated are for example  

AWWA D103-09 (bolted carbon steel tanks for water storage) or NFPA-22 (welded storage 

tanks and bolted storage tanks up to 1 893 m
3
 for water storage) [25]. IHS Standards Store 

[26] is a webpage possible to search for global standards used for different applications. 

 

All results, like thicknesses, weights and costs, have been plotted in different figures in this 

report. To improve the visualisation, it might be preferable to show several results in the same 

plots and thereby be able to compare different results in relation to each other only by looking 

at only one or two figures.  

 

The evaluation of TANK
TM

 showed that approximations of some dimensions and features can 

give quite large differences in the results. As mentioned in Section 6.4, it would be good to be 

able to follow the calculations performed in TANK
TM

. Since this not is possible an evaluation 

of another tank software could be of interest. 

 

Sealing of bolted storage tanks could also be interesting to look further into, i.e. to see what 

extra costs it will bring up. Depending on sealing material the weight might be influenced as 

well. More parameters need to be assessed in bolted storage tanks that affect both the cost and 
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the weight for bolted storage tank shells. Welding material and costs might also be of interest 

to include in such a comparison. 

 

Another important aspect that may be interesting to look further into is the transportation cost 

of the material depending on what grade is used in the storage tank. Heavier tanks would 

imply larger impact on the environment. Lifting of the steel plates is also interesting to 

investigate. Lower weight would also imply in easier lifting. 

 

An investigation about how the stability of the storage tanks will differ if the first or some of 

the first courses change to a larger thickness would also be good. Would it be possible to skip 

the anchor for some storage tank sizes if the first course was one or two mm thicker? 

 

One optional task of this project was to investigate buckling and implement some sizes of 

storage tanks into a Finite Element Method software to analyse instability phenomena. Due to 

the time limit of the project, this was not possible to conduct, but would be interesting to 

investigate in a future study. 
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7. Conclusions 

 Duplex stainless steel gives a smaller mean cylindrical shell thickness than austenitic 

stainless steel for larger storage tank sizes. For most dimensions of storage tanks it is 

desirable to use duplex instead of austenitic stainless steel in a cost perspective as  

Figure 30 and Figure 31 show. There are also dimensions where duplex and austenitic 

stainless steel give the same mean shell thickness and therefore the same weight. 

 

 Welded storage tanks need thicker cylindrical shell than bolted. For bolted storage tanks 

up to 1 625 m
3
, the weight is lower than for welded storage tanks in the same size due to 

the difference in mean cylindrical shell thickness. The cost of the material needed in the 

cylindrical shell is therefore also lower for bolted storage tanks than for welded ones. 

 

 As seen in Figure 28 and Figure 29, the larger diameter and the smaller height, the larger 

the cylindrical shell weight savings will be. That gives a lower cost per volume for the 

material needed to build the storage tanks.  

 

 The only difference in weight for bolted storage tanks in duplex or austenitic stainless 

steel is the density. API 12B has predetermined thicknesses of the cylindrical shell, 

therefore it will be no difference in thickness depending on material grade used. Some 

tank dimensions will however be cheaper for the austenitic stainless steel grade 1.4307 

than the duplex stainless steel grade LDX 2101® due to the given cost range. 

 

 The standards used could have better descriptions and specifications for the equations to 

better understand what values to be used in the calculations. Some parameters are not 

fully explained in the standards. 

7.1. Answers to Questions 

1.   What are the benefits and constraints of welding or bolting as joining method? Is one 

of the joining methods more convenient than the other? 

The benefits of welding are that no bolts or extra attachments need to be connected to the 

cylindrical shell of the storage tanks and therefore there will be no extra weight included in 

the shell calculations. On the other hand, the extra filler material in the welds might give an 

extra weight. The main cylindrical shell of bolted storage tanks up to 1 625 m
3
 weigh less 

than the same size of welded storage tank shells, even if the weight of the bolts is included. If 

the same thickness trend of the cylindrical shells continues for larger bolted storage tanks, 
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they will be preferred over welded storage tanks in a weight perspective, depending on how 

many bolts are needed for the building of bolted storage tanks. In bolted storage tanks, 

stiffening rings are already included due to the horizontal bolt rows (the flanges), while extra 

wind girders are required for welded storage tanks. 

 

It is difficult to say what joining method is to be preferred, since exact comparisons have not 

been conducted. The cost of welding and bolting is not known, therefore only the weights of 

the cylindrical shells can be compared (up to 1 625 m
3
). From a weight perspective, bolted 

storage tanks are preferable at volumes up to 1 625 m
3
. 

 

2.  What is the main difference in storage tank designs between use of duplex stainless 

steels and austenitic stainless steels? 

For welded storage tanks, the weight difference is of large interest due to the much lower 

mean cylindrical shell thickness needed. In addition the cost is also less for duplex stainless 

steel tanks than austenitic stainless steel tanks.  

 

For bolted storage tanks, the cylindrical shell thickness is the same for both duplex and 

austenitic stainless steel. Therefore the only weight difference between the grades used is due 

to the different density of the material grades. Hence, the cost difference is not that large, only 

depends on the density and the cost range. 

 

3.  What impact will the wind speed have on the stability of the storage tanks? 

If an anchor of welded storage tanks is needed or not partly depends on the wind speed. The 

wind speed also has influence on how many wind girders that are required and the section 

moduli of these. It also determines at what height the wind girders need to be placed. 

 

4.   How do the results from TANK
TM

 agree with the results from the Matlab® calculations 

according to the standard API 650? 

The results mostly agree with each other, but it would be preferable to see how the 

calculations are performed in TANK
TM

. The software is good in the aspect to calculate the 

thicknesses of each cylindrical shell course, weights and to see if anchor is needed or not. 

TANK
TM

 is a good application program, depending on what it will be used for. It is not that 

detailed and the calculations can easily be done by implementing the corresponding equations 

in Matlab® instead. 
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Appendix A – Storage Tank Sizes According to Börger [22] 

 

Table 18. Bolted storage tank sizes according to Börger [22] 

Height of cylindrical 
shell [m] 

1.5 3 4.5 6 7.5 9 10.5 12 

D [m] Area [m²]         

3.7 11 - 32 49 65 81 97 114 130 

4.6 17 - 51 76 101 126 152 177 202 

5.6 24 36 73 109 146 182 219 255 291 

6.5 33 49 99 148 198 247 297 346 396 

7.4 43 65 129 194 259 323 388 453 517 

8.3 55 82 164 246 328 410 492 574 656 

9.3 67 101 202 303 404 505 606 707 808 

10.2 82 122 245 367 489 612 734 856 979 

11.1 97 146 291 437 583 728 874 1020 1165 

12.0 114 171 342 512 683 854 1025 1195 - 

13.0 132 198 396 595 793 991 1189 1387 - 

13.9 152 227 455 682 909 1136 1364 - - 

14.8 173 259 517 776 1035 1294 1552 - - 

15.8 195 292 584 877 1169 1461 1753 - - 

16.7 218 327 655 982 1310 1637 1964 - - 

17.6 243 365 730 1095 1460 1825 2190 - - 

18.5 270 405 809 1214 1618 2023 2427 - - 

19.5 297 446 891 1337 1783 2228 - - - 

20.4 326 489 979 1468 1957 2447 - - - 

21.3 356 534 1069 1603 2138 2672 - - - 

22.3 388 582 1164 1747 2329 2911 - - - 

23.2 421 632 1264 1896 2528 3160 - - - 

24.1 456 683 1366 2049 2732 3416 - - - 

25.0 491 737 1474 2211 2948 3684 - - - 

25.9 528 793 1585 2378 3171 3964 - - - 

26.9 567 850 1700 2550 3400 4250 - - - 

27.8 606 910 1820 2729 3639 4549 - - - 

28.7 648 971 1942 2913 3884 4855 - - - 

29.6 690 1035 2070 3105 4140 5175 - - - 

30.6 734 1101 2202 3303 1.4404 - - - - 

31.5 779 1167 2335 3502 4670 - - - - 
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Appendix B – Instability Results 

Table 19 and Table 20 show the result whether the storage tanks need anchors or not. “1” 

indicates that anchor is required, while “0” indicates that no anchor is required. 

 

Table 19. Anchor requirement LDX 2101® 

H [m] 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

D [m] 

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

14 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 

16 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

18 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

20 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

38 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

40 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

42 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

44 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

46 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

48 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

50 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

52 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

54 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

56 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

58 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

60 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 20. Anchor requirement 1.4307/1.4404 

H [m] 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

D [m] 

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

14 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

16 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

18 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

32 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

34 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

36 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

38 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

40 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

42 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

44 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

46 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

48 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

50 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 

52 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 

54 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 

56 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 

58 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 

60 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
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Table 21. Number of intermediate wind girders required for LDX 2101® 

H [m] 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

D [m] 

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 

10 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 

12 0 0 0 0 0 0 1 1 1 1 1 1 1 2 2 

14 0 0 0 0 0 1 1 1 1 1 2 2 2 2 2 

16 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 

18 0 0 0 0 0 1 1 1 1 1 1 1 2 2 2 

20 0 0 0 0 1 1 1 1 1 2 2 2 2 2 2 

22 0 0 0 0 1 1 1 1 2 2 2 2 2 2 2 

24 0 0 0 1 1 1 1 2 2 2 2 2 2 2 2 

26 0 0 0 1 1 1 2 2 2 2 2 2 2 2 2 

28 0 0 1 1 1 2 2 2 2 2 2 2 2 2 2 

30 0 0 1 1 1 2 2 2 2 2 2 2 2 2 2 

32 0 0 1 1 2 2 2 2 2 2 2 2 2 2 2 

34 0 0 1 1 2 2 2 2 2 2 2 2 2 2 2 

36 0 0 0 1 1 1 1 1 1 1 2 2 2 2 2 

38 0 0 0 1 1 1 1 1 1 2 2 2 2 2 2 

40 0 0 0 1 1 1 1 1 2 2 2 2 2 2 2 

42 0 0 0 1 1 1 1 2 2 2 2 2 2 2 2 

44 0 0 1 1 1 1 2 2 2 2 2 2 2 2 2 

46 0 0 1 1 1 1 2 2 2 2 2 2 2 2 2 

48 0 0 1 1 1 2 2 2 2 2 2 2 2 2 2 

50 0 0 1 1 1 2 2 2 2 2 2 2 2 2 2 

52 0 0 1 1 2 2 2 2 2 2 2 2 2 2 2 

54 0 0 1 1 2 2 2 2 2 2 2 2 2 2 2 

56 0 0 1 1 2 2 2 2 2 2 2 2 2 2 2 

58 0 1 1 1 2 2 2 2 2 2 2 2 2 2 2 

60 0 1 1 2 2 2 2 2 2 2 2 2 2 2 2 
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Table 22. Number of intermediate wind girders required for 1.4307/1.4404 

H [m] 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

D [m] 

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

10 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 

12 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 

14 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 

16 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 

18 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 

20 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 

22 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 

24 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

26 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

28 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

30 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

32 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

34 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

36 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 

38 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 

40 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

42 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

44 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

46 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

48 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

50 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

52 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

54 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

56 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

58 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

60 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

 


