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Abstract

Tanks are storage vessels for liquids. They can have different appearances; some are short and wide, others
are tall and slim, some are small, others are large. In this thesis a tank of 6 m in both diameter and height
has been used to obtain numerical results of the stresses in the tank. Tanks are most often thin-walled with
stepwise variable shell thickness with thicker wall sections at the bottom of the tank and thinner at the top.
Since they are thin walled they are susceptible to buckling and there are conditions the shell construction must
meet. The conditions that has to be met are determined by the laws and regulations that govern tank design.
The National Board of Housing, Building and Planning (Boverket) is the new Swedish authority for rules of
tank design and the Eurocodes are the new family of standards that should be followed. Sweco Industry AB
is the outsourcer of this thesis and wants to clarify what rules that apply now when the Eurocodes are to be
followed. The thesis project has produced a calculation document in Mathcad for tank shell design according
to the Eurocodes with stress calculations according to membrane theory and linear elastic shell analysis. This
thesis has also produced a comparison of stresses calculated using membrane theory, linear elastic shell analysis
and finite element method (FEM). The comparison has been made for numerical results given for an arbitrarily
designed tank wall.

The loads acting on the tank included in the description were self-weight, internal and hydrostatic pressure
as well as wind and snow loads. The loads were described in accordance with the Eurocodes. Some assumptions
had to be made where the standard was vague or deficient in order to make calculations by hand possible. For
example, the wind load had to be described as an axisymmetrically distributed load rather than an angularly
varying. The stresses in the tank wall were calculated through creating free-body diagrams and declaring
equations for force and moment equilibrium. The loads and boundary conditions were set in a corresponding
manner in the FEM software Ansys as in the calculation document in order to obtain comparable results. When
compared, the stress results calculated with membrane theory and FEM were quite similar while the stresses
calculated with linear analysis were a lot larger. The bending moments were assumed to be too large which
make the results of the linear analysis dominated by the moments. The arbitrarily dimensions set for the tank
did thus not fulfill the conditions when linear analysis was used but did so for membrane theory and FE-analysis.

Since the results calculated with membrane theory were very close to FEM in most cases, even without
expressions for local buckling, it was assumed to be an adequate method in this application. Expressions for
local buckling are although needed for the meridional normal stress. The conclusions of the results obtained are
that membrane theory is a simple and adequate method in most cases. Linear analysis thus becomes redundant
since it is more complicated and more easily leads to faulty results. Furthermore it cannot be used for higher
consequence classes than membrane theory. FEM, with a computer software such as Ansys, is although the
most usable calculation method since it can conduct more complicated calculations and is allowed to be used
for all consequence classes.
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Sammanfattning

Cisterner &r behallare for lagring av vitska. De kan se ut pa olika séitt; vissa ar korta och breda, andra &r
héga och smala, vissa &r sma, andra ar stora. I detta arbete har en cistern med 6 m i bade diameter och hojd
anvants for att erhalla numeriska resultat av spénningarna i cisternen. Oftast dr cisterner tunnviggiga med
stegvis variabel manteltjocklek déar vaggen &r tjockare nertill an upptill. Eftersom att de ar tunnvaggiga ar de
ocksa bendgna att buckla, vilket det finns villkor som skalkonstruktioner ska uppfylla for att undvika. Vilka
villkor som ska uppfyllas bestdms av de lagar, regler och forordningar som finns fér cisterner. Boverket ar den
nya myndigheten som skriver de férordningar som cisterndesign ska folja. Eurokoderna ar den nya samling av
standarder som ska f6ljas. Sweco Industry AB &r uppdragsgivare till uppsatsen och vill reda ut vad som géller
i och med att Eurokoderna nu ska foljas. Uppsatsen har tagit fram ett berdkningsdokument i Mathcad for cis-
ternvaggsdesign enligt Eurokoderna med spanningsberékning enligt membranteori och linjarelastisk skalanalys.
Uppsatsen har dven framfort en jamforelse mellan spénningarna berdknade av membranteori, linjaranalys och
finita elementmetoden (FEM). Jamforelsen har gjorts for numeriska resultat givna for en godtyckligt dimen-
sionerad cisternvagg.

Lasterna pa cisternen som togs fram var egenvikt, inre tryck och hydrostatiskt tryck samt vind- och snolast.
Lasterna togs fram i enlighet med Eurokoderna. En del antaganden fick goras dar standarden var otydlig eller
for att gora handberikning mdojlig, bland annat att beskriva vindlasten som en jamnt fordelad last istéllet for
angulért varierande. Spénningarna i cisternviggen berdknades sedan genom friliggning och uppstéllning av
kraft- och momentjamvikt. Laster och granstillstand bestdmdes pa liknande satt i FEM-programmet Ansys
som i berdkningsdokumentet for att fa jamforbara resultat. Vid jamforelse av resultatet var resultaten fran
membranteori och FEM ganska lika medan linjaranalys var mycket storre. Momenten antogs vara alldeles for
stora vilket gor att resultaten fran linjaranalys dominerades av momenten. Den godtyckligt dimensionerade
cisternen uppfyllde darfor inte villkoren nér linjdranalys anvindes medan den uppfyllde villkoren med rage for
membranteori och FE-analys.

Eftersom membranteori i de flesta fall var mycket ndra FEM, &ven utan uttryck for lokal buckling, antogs det
darfor vara en tillrackligt bra metod i denna tillampning. Det beh6vs dock forenklade uttryck for lokal buckling
for normalspanningen i generatrisled. Slutsatsen av de resultat som erholls &r att membranteori ar enkelt att
anvanda och ger tillrackligt bra resultat i de flesta fall. Linjaranalys blir darfér 6verflodig eftersom den &r mer
komplicerad och orsakar dérfor lattare fel, dessutom kan den inte tillampas vid hogre konsekvensklasser &n
membranteori. FEM, med datorprogram som Ansys, dr dock den mest anvindningsbara berdkningsmetoden
eftersom att den kan utféra mer komplicerade berdkningar och far anvéndas for alla konsekvensklasser.

Nyckelord: Cistern, Eurokod, Membranteori, Linjérelastisk skalanalys, Finita elementmetoden
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1 Introduction

1.1 Background

Tanks are normally used for storing fluids, water or oil for example [1]. Being in possession of a tank leads
to the responsibility of ensuring that the tank does not affect the environment, through for example leakage
[2]. Tanks that contain flammable fluids have to be inspected regularly by an accredited control organization
and have to follow the rules of several actors [2]. The rules are all laws written by the Parliament combined
with regulations written by the Government and regulations written by several authorities. They all have to be
applied when designing tanks as well as the directives from EU [3].

The research on storage tanks containing oil and fuels has increased significantly the last 20 years [4]. This
is due to the huge economic, environmental and social losses caused by failures due to accidents or natural
disasters [4]. In Figures 1-4 some examples are shown of what tanks can look like. They come in all sizes and
are adapted to the task at hand. Some tanks are tall and slim like the tank in Figure 1 and some are short
and wide like the tank in figures Figure 3 and 4. The trend has been the last decade to build fewer tanks with
a larger diameter and thus higher capacity than before [4]. Tanks in China have reach a diameter of 100 m
with a capacity of 100 000 m? and in France the tanks have reach a diameter of 80 m and volume capacities of
100 000 m3, 10 000 m3 and 1000 m? [4].

Vertical aboveground tanks are used in many industries to store water, oil, fuel, chemical and other fluids
[4]. The materials used varies depending on the fluid stored and the industry [4]. Metals have been used almost
exclusively in the oil industry and are most often short cantilever shells [4]. Silos and pressure vessels tend to
be taller than storage tanks [4]. The oil tanks are constructed of curved steel sheets that are welded together
to form a cylinder and are prone to fail by buckling due to their slenderness [4].

Figure 1: A slim tank [5]. Figure 2: Cross section view of tank [6].

Figure 2 shows a cross-section of a tank with three layers. Tanks usually consists of a cylindrical steel shell
of stepwise variable thickness [4] with insulation and some kind of weather protecting layer around the shell.
Some tanks are designed with a uniform thickness of the shell but this is not as common as a variable thickness
[4]. Tanks are also designed with a circular plate at the base and with a roof [4] which can be conically or
spherically shaped where the spherically shaped roofs are better suited for tanks with higher internal pressure
above the liquid level [8]. The tank in Figure 3 has poles inside the tank to support the roof while the tank in
Figure 2 has a self-supporting roof with no poles inside the tank. It is thus clear that tanks are constructed for
the task at hand and can have very different appearances, what they all have in common is that they’re used
for storing liquids. The liquid they’re storing divides the tanks into three different consequence classes, where
consequence class 1 is the lowest and least restrictive class and consequence class 3 is the highest and most
restrictive class. The governing standard of tanks defines tanks within consequence class 3 as tanks storing
toxic or potentially explosive liquids [8]. Consequence class 3 also includes large size tanks, with a volume larger
than 50 m? [9], containing lammable or water-polluting liquids located in urban areas [8]. Consequence class 2
applies to tanks of medium size with flammable or water-polluting liquids in urban areas and consequence class



Figure 3: The inside of a large tank [7]. Figure 4: The outside of a large tank [7].

1 applies to agricultural tanks or tanks containing water [8].

Partial vacuum occurring due to operational problems during the discharge of the liquid contents is a
common cause of buckling of tanks with uniform external pressure [4]. This type of collapse usually leads to the
destruction of the tank [4] and can have catastrophic consequences. A failure analysis of a collapsed tank roof
is an example of a failure due to partial vacuum, or under pressure, causing the roof to collapse [10]. The under
pressure was caused by an increased discharging of water from the tank and the control system that should
have prevented this to happen was not functioning properly [10]. During the failure analysis it was discovered
that the tank had some faulty welds, some parts that was not designed correctly and was exposed to corrosion
[10]. These factors contributed to the failure of the roof [10].

National Board of Housing, Building and Planning (Boverket) has taken over as one of the authorities
that governs the rules controlling construction and inspection of tanks in Sweden after the Swedish Work
Environment Authority (Arbetsmiljéverket). This authority change has resulted in that the Eurocodes, the
European standards for structural design, now have to be followed. The Eurocodes refers to each other and are
therefore more difficult to read than the previous regulations. Sweco Industy AB in Stockholm wants to sort
out what this regulatory change means, what rules apply now? This thesis will also make a comparison between
three calculation methods described by this new standard to determine which method that is preferred when
designing tanks. The Eurocode for tanks suggests membrane theory with factors and simplified expressions for
local bending for the lowest consequence class, tanks within consequence class 1 [8]. Membrane theory can be
used for the second consequence class if elastic bending theory for local effects is used and as long as the load
is axisymmetric, but a numerical analysis such as finite element method (FEM) is also suggested [8]. For the
highest consequence class, consequence class 3, a validated analysis like FEM should be used [8]. Linear elastic
shell analysis is a method slightly more complex than membrane theory and includes bending moments as well
as the membrane stresses [11]. This method can thus be used for the first and second consequence class but
is not suggested as much as membrane theory. Of the many research articles written about storage tanks [4,
10, 12] only one attend the topic of comparing calculation methods [12]. This article compares methods based
on membrane theory with linear analysis as design methods for cylindrical liquid storage tanks to fulfill the
American standard API 650 [12]. The article concludes that membrane theory should be used for tanks with
a maximum diameter of 15 m in order to obtain the best solution based on the US standard [12]. For tanks
larger than 15 m in diameter both membrane theory and linear analysis can be used [12].

The hypothesis for this project is that the stresses calculated with linear elastic shell analysis will be closer
to the result of the finite element analysis conducted with Ansys than the result from membrane theory. The
justification to this hypothesis is that the linear elastic shell analysis unlike membrane theory takes the bending
moments into account and is thus not as restricted in its application areas.

1.2 FEurocodes

In this thesis project the Eurocodes, a family of standards, are used along with regulations from National
Board of Housing, Building and Planning (Boverket) as the sources of information. The Eurocodes are an
action program produced by the Commission of the European Community with the goals of eliminating the
technical obstacles to trade and to harmonize the technical specifications [8]. When first produced the idea
with the program was to eventually replace the national rules in the Member States. Today it is the European
Committee for Standardization (CEN) that are preparing and publishing the Eurocodes [8]. The Eurocode
programme consists of several standards, Eurocode 0-9 where Eurocode 3 describes design of steel structures,
in which tanks are a part [8]. Other important Eurocodes are Eurocode 0 that describes the basis of structural
design and Eurocode 1 that describes actions on structures. Eurocode 7 and 8 could also be of interest for tank



design as they describe geotechnical design and design of structures for earthquake resistance, respectively. All
the Eurocode groups are listed in Table 1.

Table 1: The family of Eurocodes [13]

Designation Eurocode Title

EN 1990 0 Basis of Structural Design

EN 1991 1 Actions on Structures

EN 1992 2 Design of Concrete Structures

EN 1993 3 Design of Steel Structures

EN 1994 4 Design of Composite Steel and Concrete Structures
EN 1995 5 Design of Timber Structures

EN 1996 6 Design of Masonry Structures

EN 1997 7 Geotechnical design

EN 1998 8 Design of Structures for Earthquake Resistance
EN 1999 9 Design of Aluminium Structures

The Eurocodes are used to prove that buildings and plants fulfill the essential requirements of the Council
Directive, especially the requirements for mechanical resistance and stability as well as safety in case of fire [8].
The Eurocodes are followed up by a national annex that in some cases changes some equations or variables
in the Eurocodes. The national annex is published by the National Board of Housing, Building and Planning
(Boverket) and the current governing Swedish annex is called EKS 10 [9].

The most essential Eurocodes for this application, tank shell design, are the Eurocodes in Table 2. These
are the ones that will be referred to in this thesis. SS-EN 1990 describes the basis for structural design and
will be used to formulate the forces as design forces with their partial and combination factors. It is the design
forces that is used to load structures and are therefore relevant for all kinds of structural design, not just tanks
or shells. SS-EN 1991-1-1 describes the classification of loads, what loads that are classified as self-weight and
imposed loads. It also contains tables of densities for construction materials such as masonry, wood and steel
and stored materials such as sand, water, oil and beer. This standard will be used for the density of steel and
an arbitrarily chosen liquid.

Table 2: The relevant standards for tank shell design used in this work

Designation Title Alternative name
EN 1990 Basis of Structural Design
EN 1991-1-1  Actions on structures - General actions - Densities, self-

weight, imposed loads for buildings

EN 1991-1-3  Actions on structures - General actions - Snow loads Snow standard
EN 1991-1-4  Actions on structures - General actions - Wind actions Wind standard
EN 1991-4 Actions on structures - Silos and tanks
EN 1993-1-1 Design of steel structures - General rules and rules for build-
ings
EN 1993-1-6  Design of steel structures - Strength and Stability of Shell ~Shell standard
Structures
EN 1993-4-2  Design of steel structures - Tanks Tank standard
EKS10 Boverkets forfattningssamling BFS 2015:6, EKS 10 National annex

The snow and wind standards describes how to determine the snow and wind actions acting on structures.
These standards are describing the snow and wind actions for different kind of structures and geometries and
will in this thesis be used to describe the snow and wind actions on a tank. The standard for actions on silos
and tanks has been used to determine the hydrostatic load and the standard for general rules of steel structures
has been used to retrieve recommended material properties of the steel. The shell standard describes different
calculation methods that can be used for shell design and the conditions that has to be met for the stresses
in the shell. This standard will thus be used extensively in this project. The tank standard is obviously very
relevant for this thesis but it does not contain much useful information. It most often refers to other parts of
the Eurocodes. The tank standard does although describe the consequence classes specific for tanks and what
methods that are allowed to use for the different consequence classes. Lastly the national annex of Sweden will
be used when any of the Eurocodes makes it possible for each nation to change the Eurocodes and the Swedish
national annex has chosen to change a constant, equation or a condition to suit the conditions in Sweden.



1.3 Purpose, goal and method

The purpose of the thesis is to clarify what rules govern tank shell design and to understand the differences
between calculation methods for handbook calculations and FEM-calculation. The goals of this thesis project
are to:

e Provide a calculation document for the shell of storage tanks according to the Eurocodes with stresses
given by both membrane theory analysis and linear elastic shell analysis,

e Provide a comparison of the stresses given by membrane theory analysis, linear elastic shell analysis and
a software using finite element method.

In order to accomplish the first goal, provide a calculation document for the shell of storage tanks according
to Eurocodes the relevant Eurocodes will be read, i.e. the Eurocodes for tanks, shells and loads. The relevant
information from these Eurocodes will be used to create a Mathcad-document for tank shell design where both
membrane theory and linear elastic shell analysis will be used. In order to fulfill the second goal a tank shell
with arbitrary dimensions will be analyzed in Ansys with the loads described in the Mathcad-document. The
result of the analysis will then be compared with the result given by the calculation document for membrane
theory and linear elastic shell analysis.



2 Theory

The shell of tanks should be designed after four limit states; plastic limit, cyclic plasticity, buckling and fatigue
[11]. In this thesis work calculations will be made for the first and third limit states, plastic limit and buckling.
These have been chosen since they are needed in all consequence classes. Cyclic plasticity and fatigue can be
neglected for the lowest consequence class, the first consequence class [8]. Among the possible methods for
analysis of the plastic limit described by the shell standard are membrane theory and linear elastic analysis
[11]. These analysis methods are also among the possible analysis methods for buckling [11]. These two analysis
methods can be used for direct design of plastic limit and buckling [11] and have therefore been chosen to be
analyzed deeper. FEM is also a possible method to analyze both the plastic limit and buckling limit and can
be used for all consequence classes.

2.1 Membrane theory

The description of the methods given by the Eurocodes are very short but concludes that membrane theory
can be used as long as the geometry of the shell and the loads vary mildly without any discontinuity or locally
concentrated loads [11]. The boundary conditions should be suitable for transfer of stresses in the shell into
support reactions without causing significant bending effects if the membrane theory is to be used [11]. A
mechanics handbook describes like the Eurocodes that membrane theory can be used if the load is applied
without any discontinuities and if the boundary conditions are suitable [14]. A deviation from the membrane
state is represented by bending state, which is always linked to membrane state in the general shell equations
[14]. The mechanics handbook remarks that only normal forces, N, and Ny, are allowed to be transferred at
the boundary if membrane state should reign [14], see Figure 5. The bending moments can be neglected if the
flexural stiffness is very low or if the changes in the curvature and twist of the middle surface are very small
[15]. The flexural stiffness depends on the stiffness of the material and the second moment of inertia [14], i.e.
the geometry of the shell. A thinner shell and/or a lower stiffness material results in a lower flexural stiffness
[14].
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Figure 5: Membrane stresses, N; and Ny, and bending moments, M, and Mpy, in a shell.

If the membrane theory is used for plastic limit design the two dimensional field of stress resultants IV, gq,
Ny gq and Ny pq are represented by an equivalent design stress oeq pq given by Equation 1 [11]. ¢ is the
thickness of the wall.

1
Oeq,Bd = 3 '\/NiEd + N g — Nopa - No,pa +3N2y g (1)

2.2 Linear elastic shell analysis

The shell standard of the Eurocodes concludes that linear elastic shell analysis is based on the assumption
of a linear elastic material and that the deformations are small [11]. If the linear elastic shell analysis is
used for plastic limit design Equation 2 should be used to calculate the equivalent design stress [11]. The
transverse stresses, Tyn, g4 and T, g4, can in most cases be neglected [11] and a simplified equivalent design
stress, Equation 4, can therefore be used. The negligible transverse shear stresses can be seen in Figure 6. The
design stresses in meridional and circumferential direction should be calculated using Equation 3 [11].
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Figure 6: Transverse shear stresses in a shell.

2.3 Finite element analysis

Engineering simulation softwares such as Ansys enables a quick and easy way to solve complex structural en-
gineering problems. Ansys uses tools for finite element analysis [16]. The finite element method (FEM) is a
numerical technique for the approximate solution of partial differential equations [17]. The method were intro-
duced as early as 1943 but was was forgotten and not rediscovered until the early 1950’s [17]. The development
of the method came through the generalization of known calculation methods within the structural mechanics
for constructions composed by simple beam elements [18]. The method is based on the sectioning of the model
into finite elements [18], see Figure 7. Shell elements combine the properties of the 2D-solid elements that
handle membrane or in-plane effects with plate elements that handle bending or off-plane effects [19]. The plate
and shell elements are more tedious to solve than 2D-solid elements since they involve more degrees of freedom
[19]. There are six degrees of freedom for a shell element; three translational displacements in x-, y-, z-direction
and three rotational deformations with respect to x-, y-, z-axis [19]. In a 2D-solid element there are only two
translational displacements corresponding to displacement in x- and y-direction and thus only two degrees of
freedom [19]. But with computer software executing these tedious calculations even shell elements can be cal-
culated fast. With FEM it is possible to solve complex problems, even non-linear problems, numerically and
has been used extensively to simulate collisions between vehicles [18]. Conventional experimental testing has in
many cases been replaced by computerized simulation and has thus decreased cost and time spent on testing
[18].

The principle of FEM is to solve Equation 5 where  is an area in the plane with the edge T' [18], see
Figure 8. f is a given function and u is the sought after solution [18]. Equation 5 should be solved for the
u that minimizes the total potential energy in Equation 6 over the volume V of functions with finite energy
a(v,v) that is zero on I' [18]. The static structural analysis in Ansys uses FEM to determine the stresses in the
model but does this under the assumption of steady loading and response [20].

—Au=f in Q u=0 at T (5)

F(u) = % a(u,u) — L(u) where a(v,w) / Z (;9;3 gxu; L(v) = /Qf vdx (6)

Q

Figure 7: Sectioning of a model into finite elements. Figure 8: Principial element of finite element method.



3 Method

In this section of the thesis the procedure of creating a Mathcad-document for tank shell design and the
calculation of the stresses with membrane theory and linear elastic shell analysis will be described. Since tanks
consists of many parts when a closer study of them is made this thesis will only focus on the tank shell and
leave the design of the roof or manhole etc for potential future thesis projects or projects within the company.
The project is further limited by the standards it follows; the tank shell design will only be applicable to tanks
that are vertical, cylindrical and axisymmetric tanks. The calculation document is also only applicable to
tanks made of steel that are placed above ground and that serves as a container for storage of liquid products.
Further delimitations have been set and they can be seen in the calculation document in Appendix B. These
delimitations have been made in order to keep the Mathcad-sheet in the framework of the tank, wind and snow
standard of the Eurocodes.

The calculation document is also limited to tanks with conical roofs but will not be limited in other dimen-
sions. Arbitrary dimensions will although have to be set in order to determine the loads and retrieve numerical
results from the calculations that can be compared. The dimensions of the tank used for the numerical calcula-
tions and comparisons can be seen in Figure 9 and 10. The thickness of the tank shell is stepwise variable and
have been divided into six sections in this work. Note that Figure 10 is not made to scale. The thicknesses of the
roof plate, the insulation and weather protection layer can be seen in Table 3. They have been arbitrarily set in
order to obtain numerical results. The material properties used are stiffness, transverse contraction and yield
strength which can be seen in Table 4. The stiffness and transverse contraction was set as the recommended
values given by the standard for general rules of steel constructions [21], the yield strength was set at the value
of one of the materials recommended by the same standard [21].
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Figure 9: The numerical dimensions of the tank used. ~ Figure 10: Numerical values of the stepwise variable

shell thickness of the tank used.

Table 3: Thicknesses of roof, insulation and weather protection cover

Designation Thickness [mm] Description

troof 10 The thickness of the roof plate

Lins,roof 140 The thickness of the insulation on the roof
tins,shell 140 The thickness of the insulation on the shell
Leover,roof 3 The thickness of the cover on the roof
teover,shell 3 The thickness of the cover on the shell

Table 4: Material properties.

Designation Value Description

E 210 GPa  Stiffness, Young’s modulus

v 0.3 Transverse contraction, Poisson’s ratio
fy 235 MPa  Yield strength

The procedure of the FEM-analysis with Ansys has been conducted to give a comparable result to the result



of membrane theory and linear analysis. This procedure will be described more thoroughly in Section 3.6 after
the limit conditions and stress calculations by hand have been described. The stress results calculated with the
calculations by hand and by Ansys will be presented in the result section before they are compared with the
limit conditions.

3.1 Actions

A description of the actions is needed for all analysis methods. There are many possible actions that can act
on the tank shell, but only self-weight, internal pressure, hydrostatic pressure, wind load and snow load have
been included in the calculation document. Other loads that can act on tanks are for example thermal loads,
accidental loads and seismic loads.

3.1.1 Self-weight

The shell wall of the tank constitutes a self-weight but it also carries the weight of the roof. In addition the tank
is covered by insulation and a layer of weather protection, which add to the weight of the whole construction.
The self-weight of the roof was calculated by multiplying the volume of the roof plate with the density measured
in force per volume, see Equation 7. The weight of the insulation on the roof and the weather protection cover
was calculated in the same way and added to the total weight of the roof, see Equation 8, 9 and 10. The
force Fiyeight,roor Was calculated adding the weights of the roof plates, insulation and weather protection per
circumferential unit. The areas of the roof, insulation and cover can be seen in Appendix A and the densities
can be seen in Table 5. The density of the steel was taken from Appendix A of SS-EN 1991-1-1 as the tank
standard described that one should [8]. The density of the insulation was although not taken from SS-EN
1991-1-1 since the density of insulation materials were not present. The density of the insulation was assumed
to be the value of Table 5 and the cover was assumed to be of the same steel that the shell of the tank. The
design value of the self-weight of the roof adds a reduction factor, &yeignt, and a partial factor for permanent
loads, 7¢, to the load, see Equation 11 [13]. The reduction factor is a user defined constant which was set to 1
and the partial factor, which works as a safety factor, is 1.35 [9].

Table 5: The density of the steels and insulation

Designation Value [kN/m?3] Value [kg/m3] Description

Vshell 77.75 [22] 7930 The density of the shell plates

Vroof 77.75 [22] 7930 The density of the roof plates

Yins 1.3 133 The density of the insulation (assumed)

Yeover 77.75 7930 The density of the cover plates (assumed)
Wroof - WroofArooftroof (7)
Wins,roof = ’YinsAins,rooftins,roof (8)
Wco’uermoof = ’YcoverAcover,rooftcover,roof (9)

kN
Fweight,roof = Toof (Wroof + Wins,roof + WCO’U@’I‘J‘OOf) = 3.68 W (10)
Sroof
kN

Fweight,roof,Ed =G gweight . Fwez’ght,roof =4.97 W (11)

The weight of the shell was calculated through multiplying the density of the steel with the volume of
the shell, see Equation 12. The volume of the shell was calculated with the average thickness t,,. which was
determined to 19 mm. The weight of the insulation and cover around the shell was calculated in the same way,
see Equation 13 and Equation 14. Since it is unknown how the insulation and cover are attached to the shell it
was assumed that the weight of the insulation and the cover could be added to the weight of the steel in order



to simplify the problem, see Equation 15. The design value of the self-weight of the shell was calculated the
same way as the roof, with the same reduction and partial factor.

Wihett = YsheuHomD - tave (12)
Wins,shell = ’YinsHOﬂ—(D + tave + tins,shell)tins,shell (13)
Wcover,shell - 'YcoverHOﬂ-(D + tave + 2tins,shell + tcover)tcover (14)
1 kN
Fweight,shell = 7(Wshell + Wins,shell + Wcover,shell) =10.5 — (15)
D m
kN
Fueight,shell,Ed = VG * Eweight - Fweight,shett = 14.1 ry (16)

3.1.2 Internal and hydrostatic pressure

The internal pressure was designed to be an input variable given by the user of the calculation document.
The pressure should be given relative the atmospheric pressure and positive for overpressure, see Figure 11.
The internal pressure was set on 0.001 bar, which is a small overpressure relative atmospheric pressure. The
hydrostatic pressure was however calculated through Equation 17 which was given by the Eurocode for loads
on silos and tanks [23]. The density of the was set to 10.0 £ or 1 020 %, which is the density of water [22].
The maximum design height of the hydrostatic pressure is at the top of the shell [8], the hydrostatic pressure
has therefore been limited to only act on the shell, not the roof.
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Figure 11: The internal pressure relative atmospheric ~ Figure 12: The hydrostatic pressure acting positively

pressure is equal all around and has a positive outwards. The pressure caused by the liquid increases
direction outwards. further down the tank, with the highest pressure at
the bottom.
kN
p(Z) = Yiquid (HO - Z) = 100@ . (6m — Z) (17)

The internal and hydrostatic pressure have in some figures been combined into P(z), see Equation 18, in
order to make the figures easier to interpret. In the calculations the pressures have although been separated.
The pressures need to be separated in order to have different combination factors. The combination factors,
Yint and Ypyq, are user defined constants that was set to 1 for both the internal and hydrostatic pressure, this
in order to include both loads at their full value in the calculation of the stresses in the shell. The partial factor
~r, which works as a safety factor, is 1.4 [9]. See the design value of the loads in Equation 19 and 20.

P(z) = p(z) + p: (18)



Pi.Ed = VF - Yint - i = 140 Pa (19)

kN
PEd(2) = VF - Yhyd " Viguid(Ho — 2) = 140@(6 m — z) (20)

3.1.3 Wind load

The wind pressure acting on the external surfaces was calculated though Equation 21 given by the wind standard
[24]. The external wind pressure consists of two constants, the first one is the peak velocity pressure, ¢,(z), given
by the national annex. The peak velocity pressure was determined through several factors which are described
by Appendix B but can be shortly described as factors determined for the terrain type and the basic wind
velocity. The terrain type was chosen as a terrain with regular cover of vegetation or buildings, for example a
forest or village. The basic wind velocity depends on the geographical location where the coastal areas generally
have a higher basic wind velocity than further in the country [9]. The location was in this case set in the area of
Stockholm. The height of which the external pressure should be calculated at, z., is the reference height given
by the wind standard [24], see Equation 22. The other constant in Equation 21, ¢y, is the pressure coefficient
for the external pressure given by the wind standard [24]. This constant is also described by Appendix B but
can be shortly described as a factor determined for the Reynold’s number and the geometry and slenderness
of the tank. This constant varies with the angle around the tank as can be see in Figure 13. It was although
problematic to describe this wind load distribution with hand-calculations with no available guidance from the
standard. The wind load was therefore calculated at the angle around the tank that would lead to the wind
load adding to the other loads, in this case the hydrostatic load and internal overpressure. The angle of which
the wind load was calculated was thus 75° which gave the largest outward wind load, see Figure 14. The design
value of the wind load with this simplified distribution can be seen in Equation 23.

We = qp(2e) - cpe = —493 Pa (21)
2e =0.6-Hy=3.6m (22)
We, Ed = VF * ql)wind . Qp(ze) * Cpe = —690 Pa (23)
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Figure 13: The wind distribution around a cylinder Figure 14: Wind distribution used was set to act
[24]. outwards to add to the other loads, giving cpe and we
a negative value. The positive direction is inwards.
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The external wind acting on the roof was calculated with Equation 24 where the peak velocity pressure
was calculated at height z. r.0f, see Equation 25, given by the wind standard [24]. Cpe,roof 1S the pressure
coefficient determined by the height of the roof, the height of the shell and the diameter of the tank, see and
Appendix B. The wind standard does not describe the pressure coefficient for conical roof, but it does for a
dome. It was therefore assumed that the pressure coefficient for a conical roof could be approximated by the
pressure coefficient of a dome.

We,roof = qp(ze,roof) * Cpe,roof = —227 Pa (24)
Zeroof = Ho+h=6.11m (25)
We,roof,Ed = YF * '(/)wind . q;o(ze,roof) * Cpe,roof = —317 Pa (26)
!
We,roof : We,roof —
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Z —>1 | [
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Figure 15: The wind load axisymmetrically distributed with positive values in inward direction.

3.1.4 Snow load

The snow load was given by the snow standard [25] as described by Equation 27. p; is the snow load shape
coefficient given by the snow standard for the slope of the roof. C, is the exposure coefficient determined for
the topography; windswept, normal or sheltered, where the sheltered topography leads to a larger exposure
coefficient [25]. A normal topography was chosen. C} is the thermal coefficient given by a handbook on snow
and wind load by the Swedish National Board of Housing, Building and Planning (Boverket) [26]. The thermal
coefficient depends on heat transfer coefficient, temperatures in the surroundings and whether or not the roof
has a snow guard, i.e. the probability of the snow staying on the roof. sj is the characteristic value of snow load
on the ground which was determined by the national annex for the geographical location of the tank [9]. The
location was chosen as Stockholm and si. A closer description of the calculations can be seen in Appendix B.
The snow load was then assumed to act vertically to the horizontal plane, at an angle for a roof with a slope,
see Figure 16.

Ssnow — Mi * Ce . Ct + S = 749 Pa (27)

Ssnow,Ed = VF * wsnow 7 Ce . Ct Sk = 1 050 Pa (28)

11



Ssnow Ssnow

Figure 16: The snow load has been assumed to act vertically, at an angle of a sloped roof.

3.2 Limit states

There are four limit states; plastic limit (LS1), cyclic plasticity (LS2), buckling (LS3) and fatigue (LS4) [11].
All of these should be used when designing the shell of a tank of the higher consequence classes but for the
lower one, consequence class 1, cyclic plasticity and fatigue can be neglected [11]. This thesis have been limited
to the limit states needed for all consequence classes, plastic limit and buckling.

3.2.1 Plastic limit condition

The condition that has to be met for the plastic limit can be seen in Equation 29 where the equivalent design
stress should be lower than the characteristic value of the yield strength divided by the partial factor for plastic
limit a0 [11]. The characteristic value of the yield strength was assumed to be equal to the yield strength,
which was set arbitrary to 235 MPa according to the material properties set in Table 4. The partial factor was
given by the national annex and set to 1 [9].

Oeq.pd < vk _ 935 Arpa (29)

YMO

3.2.2 Buckling conditions

For buckling there are several conditions that has to be met. Since the tank has a stepwise variable shell
thickness verifications have to be made for an equivalent cylinder as well as every section of the shell. The
equivalent cylinder with an effective length and thickness can be seen in Figure 17. The equivalent thickness,
t,, was calculated to 15 mm, which equals the average thickness of the two top sections of the wall. The effective
length, l.¢ s, was calculated to 3.636 m which is more than half the wall height of 6 m. The calculations can be
seen in Appendix B. The verifications that has to be met for this equivalent cylinder can be seen in Equation 30
and 31, where the design stress, ogqg.ess, has to be lower than the design buckling stress, orgq.err [11]. The
design buckling stresses were determined for geometrical dimensions, yield strength, f,, stiffness, I, and the
partial factor for stability, yas1. The stiffness was set arbitrary to 210 G Pa and the partial factor was given by
the national annex as 1. The calculations of the design buckling stress can be seen in Appendix B.

00,Edeff < 00,Rd,eff = 28.2 MPa ogono ogo (30)

Te0,Ed,eff < Tzo,Rd,cff = 85.3 M Pa (31)

12
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Figure 17: Transformation of stepwise variable thickness to equivalent uniform thickness. The transformation is done in
two steps where the stepwise variable thickness, left, is transformed to an equivalent cylinder with three sections,
middle, before transformed again to an equivalent cylinder with uniform wall thickness, right.

The verifications that have to be made for every section of the wall can be seen in Equation 32, 33 and 34

The design stresses cannot exceed the design buckling stress, o, ra; or the critical buckling stresses, g, rer;
and T;0,rer; [11]. The design buckling stresses were calculated for geometrical dimensions, the stiffness, yield

Strengti as well as the partial factor for stability. 1he critical bUcKIing Stresses were calculated for geometrical
dimensions and the stiffness, see Appendix B. The design stress in the circumferential direction, oy g4, and
the design shear stress, 7,9, pq;, in Equation 33 and 34 should be calculated with Equation 35 [11] and is thus
not linked to the calculation methods compared in this document. These should be calculated for the largest
circumferential membrane stress resultant and membrane shear stress resultant in the shell. The membrane
stresses and membrane shear stress will be calculated in the next section, see Section 3.3.

154
153
152 00 (000000 0o00)

Oz,Ed; So—z, d; = MPa
F r }% <Qooooo

150

(32)

60.3

52.8
46.9 OO (oboo ooo)

< o=
UO,Ed] —_ UG,RCTJ 422 M-Pa’ < |:| |:| |:| |:| |:| |:|
38.4

35.2

(33)

203
178
158
T20,Bd; < Tab,Rer; = | {49 | MPa (34)
129

118

NG,maz,Ed Naze,mam,Ed

09,Ed = Tz0,Ed = p
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3.3 Free body diagrams and force equilibrium

The force equilibrium was used in order to determine the unknown forces acting on the shell wall and sectioning
was used to determine the stresses in the wall. A free body diagram was created for the wall, displaying it in the
zr-plane, see Figure 18. The equations for the case of axisymmetric condition in a cylinder shell get the same
form as beams [14] and this was used to create the free body diagram in Figure 18. Observe that the bottom
of the wall does not have a reaction moment. For an anchored tank the bottom should be free to move in an
angular direction but not in radial or axial direction [11]. The base will thus not absorb moment. The internal
and hydrostatic pressure as well as the wind load has already been determined but the reaction forces from the
r0of, Tro0f,r and Troof,2, have not. In order to determine T7.40¢, & moment equilibrium was established around
point A at the bottom of the shell wall, see Figure 18 and Equation 36. The equation for T;.,.¢,» can be seen in
Equation 37 and the design value of it can bee seen in Equation 38.

Troof,x
Troof,r l
» < —
H
Fweight 1 0
foHO P(z) foHO We
» - z
Xl
P > - L -
A T Tbase,r

Tbase,x

Figure 18: Actions on shell wall, seen in the zr-plane. The left side, with the combined internal and hydrostatic
pressure P(z), is the inside of the tank and the right side, with the wind load we, is the outside of the tank. Troos,5 is
the load from the roof in the direction of the generatrix and Ti..of, is the load from the roof in the radial

direction. Fiyeignt is the self weight of the shell and Thase,» and Thase,r are reaction forces from the base.

% HO 1 HO 1 Ho 1
A / p(Z)dZ : 7H0 +/ pde : 7HO + Troof r° HO - / wedZ . *HO =0 (36)
0 3 0 2 ’ 0 2
Ho I 1 1 kN
Trao r = cd'ff dz - - — id'*:* 2 —
7l /0 wedz - 3 /0 p(2)dz 3 /0 pidz - 5 59 - (37)
flo 1 o 1 Ho 1 kN
Troof,r,Ed = 7F7/]1uind/ wedz 5 ’-Ythyd/ p(Z)dZ e ’-YquZ)int/ pldz co = —829 — (38)
0 2 0 3 0 2 m
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The vertical force from the roof, Troof,., Was determined by creating a free body diagram of the roof, see
Figure 19. The loads in the radial direction cancels each other out so a force equilibrium was only written for
vertical loads, see Equation 39. The force equilibrium was used to create an expression for the last unknown
force Tro0f,» and its design value, see Equation 40 and 41. The line surface of which the wind and snow loads
as well as the internal pressure are applied to, S,,0f, Was calculated through the known diameter and height of
the roof, see Equation 42.

1 1
§Fweight §Fweight

X Troof,x TTOOfJC

0 r

Figure 19: Actions on the roof. Wind and snow load as well as the self weight from both the roof as well as the
insulation and cover have been taken into account. Ty roof and T roor are counter forces from the tank shell that
carries the loads of the roof. s;.0f is the line of the roof of which the lineloads are applied.

1
T: _2wesroof Cos(aroof) - 2Ssnowsroof + 2pi87‘oof Cos(aroof) - 2§Fweight,roof + 2Troof7z =0 (39)
1 kN
Troof,;v = WeSroof COS(aroof) + SsnowSroof — PiSroof COS(aroof) + §Fweight,roof =3.11 W (40)
kN
T7'oof,ar:,Ed = We,EdSroof Cos(a'r'oof) + Ssnow,EdSroof — Pi,EdSroof Cos(aroof) + 5 weight,roof,Ed — 4.26 W (41)
2
D
Sroof = (2) + h? (42)
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In order to determine the stresses in the shell the wall was sectioned at height z, see Figure 20. The force
and moment of interest, N, and M,, were determined by force equilibrium and moment equilibrium around
the point A, see Equation 43 and 45. The stress resultant N, and bending moment M, has been written as
dependent of the height z since the weight depends on this height and the lever of the moment decreases just
like the hydrostatic load with height, see Figure 21 and 22 as well as Equation 44 and 46. As Figure 21 displays
the absolute value of the meridional stress resultant decreases with height above ground. The maximum value
is thus at the very bottom of the tank. The meridional bending moment is although not highest at the bottom
but at 2.545 m above ground as can be seen in Figure 22. The index Ed indicates that the stress resultant and
bending moment are the design values including the combination and partial factors.

Troof,w
Troof,r l
» —~
l—
|-t—
Ho
fz We
Ho—
Fweightjo.li.f || ]
Hy \ B =
~
M,
v
N, Z
X
4 —
0 T

Figure 20: Sectioning of the shell, seen in the zr-plane. The normal force N, and the moment M, at the surface of the
cut at height z.

Hy— 2z
T: _Nw - Troof@ - Fweight,shell (.;;I =0 (43)
0
Hoy—z
N:v,Ed(Z) = _Troof,z,E'd - Fweight,shell,Ed (}{ (44)
0
~ Ho 1 fo 7 fo g
A M, +/ p(z)dzg(Ho —2) —|—/ pii(Ho —2) + Troof,r(Hy — 2) — / weg(Ho —2)=0 (45)
Hy 1 Hy 1 Hy 1
Maga®) = [ syt -2~ [ pea)dg(Ho =2 = [ piag(Ho =) = TrogalHo = 2) (40
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Meridional stress resultant

i Meridional bending moment
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Figure 21: Meridional stress resultant as a function of Figure 22: Meridional bending moment as a function of
height above ground. height above ground.

Ny was taken forth by sectioning the shell in the z6-plane, see Figure 23. The load acting on the shell due to
wind has been assumed to act on an area as wide as the outer diameter, i.e. the width of the shell with insulation
and cover, but absorbed only by the shell. The outer diameter can be seen in Equation 49. This wind force was
then used when an equation for force equilibrium was written to determine Ny, see Equation 47 and 48. The
moment, My was determined through multiplying Poisson’s ratio with M, see Equation 50. This description
of My is based on the assumption that the material obeys Hooke’s generalized law [14]. The circumferential
membrane stress resultant is the highest at the bottom of the tank and decreases with height above ground as
can be seen in Figure 24. The bending moment increases with height until it reaches z = 2.545 m where it
reaches its maximum value and then decreases to zero at the top of the tank, see Figure 25.

Mg <

Ny 4—6 -

weDout D

X 0

Figure 23: Sectioning of the shell, seen in rf-plane. The normal force Ny and the moment My at the surface of the cut.
The structure is thin walled, but the walls have been thickened in this figure in order to see the surface of the cut.

—:p(2)D + piD — 2Ng — we Doyt = 0 (47)
Noy.ga(z) = %((pEd(Z) + pi.gd)D — We, EaDout) (48)
Dout = D + tshet + 2tins + teover (49)
Mo ga(z) = vM, ga(2) (50)
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Circumferential stress resultant Circumferential bending moment
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Figure 24: Circumferential stress resultant as a Figure 25: Circumferential bending moment as a
function of height above ground. function of height above ground.

3.4 Stresses calculated by membrane theory

The absolute value of the membrane stress resultants increases further down the wall of the tank, see Figure 21
and 24. The membrane stresses at the bottom of each section were therefore retrieved in order to obtain the
highest equivalent design stress for every section. The value of the membrane stresses at each section can be
seen in Equation 51 where section 0, the top section, is the top value in Equation 51 and the bottom value is the
membrane stress at the very bottom. These membrane stresses were then be used to calculate the equivalent
stress in Equation 52 for every section with the sections’ thickness given in Table 3. The membrane shear
stress resultant, V., was set to zero since there’s no torsion of the cylinder. The design stresses, 09 gq.cfr and
Tz0,Ed,ef f» Were calculated as described by Equation 54.

—6.61 44.6
—8.97 86.6
—11.3| EN 129 | kN kN
Nopa = | 137 r No,pa = | 171 ry Nzo,pa =0 e (51)
—16.0 213
—18.4 255
1
Oeq,Bd = 3 '\/Nac2,Ed + Nj g — Nopa - Nosa +3N2p g4 (52)
N,
Oz, Ed = T)Ed (53)
N, Ny
00,BEd,eff = 9.Bd Te0,Ed,eff = % (54)

3.5 Stresses calculated by linear analysis

The equations of the moments M, gq and My gq calculated in Equation 46 and 50 resulted in the largest
moments of each section as described by Equation 55. The largest moment was retrieved at the bottom of
the three uppermost section, at approximately the middle of the section 3 (at z = 2.545 m) and at the top
of the two bottommost sections, see the diagrams of the moments in Figure 22 and 25. There is no torsion
acting on the cylinder so the twisting shear moment is thus zero. The membrane stress resultants, IV, gq and
No.gq had to be retrieved at the same heights as the bending moments and the values of these can be seen
in Equation 56. The stress, o, gq Was calculated through subtracting the moment from the membrane stress
resultant. This gave a larger stress than if the moment would be added to the membrane stress resultant. The
stress o9 pq was calculated by subtracting the moment to the membrane stress resultant for the use in the
equivalent stress Equation 58 to avoid irrational numbers and to obtain the largest possible equivalent stress.
For 0¢ ga,ff the moment was added to the membrane stress resultant in order to obtain the largest stress
possible, see Equation 59. For 7.9 pq and 7.9 g4,crs the choice between adding or subtracting did not matter

18



STANK
사각형


since the moment is zero due to that no twisting act on the tank shell.

83.7 25.1
153 45.8
193 kN 57.8 kN EN
My pqg = 198 | ™ My pa = 50.3| ™ Mo, pa =0 m-—— (55)
190 57.0
130 39.1
—6.61 44.6
—8.97 86.6
—11.3| EN 129 | kN
—13.7 171
—-16.0 213
Nu Eda My ga No g4 My ga Nygpa | Mgy Ed
= 22 (+) d = 24 (+) > = J 2 57
Ox,Ed ¢ i t2/4 00,Ed P L t2/4 Tx0,Ed P t2/4 ( )
Oeq,Ed :\/Ua%,Ed + U(%,Ed + 0z,Ed " 09,Ed + 37—952,0,Ed (58)
No,ga | My pa Neo,pd | Moo, Ed
e == ’ — ’ T e = ’ + -
09,Ed.cff O 2 Tw,Edeff i 12/1 (59)

3.6 Simulation with finite element method (FEM)

The tank shell was modeled as a solid with the arbitrary dimensions in Figure 9 and 10. The solid model can
be seen in Figure 26 where the stepwise variable thickness was modeled with the midsurfaces of the sections
alined, see Figure 27. The solid was then converted into a shell model using the midsurfaces of the sections,
see Figure 28. Every section of the tank has a thickness but they are not visible in the shell model. Since the
model was converted into a shell it was easy to adjust the shell’s thickness which had to be done in order to
obtain the effective stresses corresponding to the ones in Equation 54 and 59. When the tank was modeled
it was given the material properties in Table 4 and the density was set to 12 620 %. Note that the density
set in Ansys is far higher than the density of the steel plate. The density set in Ansys was calculated through
adding the weight of the insulation and weather protection cover to the density of the shell. The gravitational
acceleration used was the one preselected by Mathcad, g = 9.807 3. This acceleration constant has been used
for all calculations including the gravitational acceleration. The density was also multiplied with the partial
and reduction factor in order to obtain the design value of the density, see Equation 60.

1 (Wshell + Wins,shell + Wco’uer,shell

kg
PEd = G - gweight; ) = 12620 ﬁ (60)

Vihell

With the sections of the tank modeled and given material properties the tank had to be given boundary
conditions. The boundary conditions that had to be set were;

e Contact conditions for the sections,
e Symmetry conditions since only half the shell was modeled,

e Boundary conditions at the top and bottom for the contact with the roof and the ground.
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Figure 26: The solid model of the Figure 27: Close-up on solid model. Figure 28: Close-up on shell model

tank with stepwise variable shell The sections are placed on top of where the midsurfaces are alined.
thickness. each other with the midsurfaces Every section has a thickness but
alined. they are not visible in the shell
model.

The sections were bonded together using the bonded contact condition at the edges, see Figure 29. This
contact resembles a weld. Since only half of the tank was modeled the symmetry conditions were described as
a displacement condition with zero displacement in the circumferential direction, see Figure 30, and a rotation
condition. Fixed rotation was set at the circumferential edges, see Figure 31. The boundary conditions given by
the Eurocodes for anchored tanks with roofs were set to the model, i.e. zero displacement in radial direction at
the top and zero displacement in radial and axial direction and the bottom [11], see Figure 32 and 33. Rotation
should be allowed at both the top and the bottom according to the Eurocodes [11]. When all the boundary
conditions were set a fine mesh was created with an element size of 50 mm and mostly rectangular elements,
see Figure 34. A closer view of the mesh can be seen in Figure 35.

&
0,00 1000,00 (mm) Li. “
[

500,00

Figure 29: Bonded edge contact between sections. The figure shows the contact setting between the two topmost
sections.
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Figure 30: Symmetry condition limiting displacement  Figure 31: Symmetry condition limiting rotation at
in circumferential direction, the models z-axis, at the  the circumferential edges.
circumferential edges.

Figure 32: Boundary condition at the top was set as Figure 33: Boundary condition at the bottom was set
zero displacement in radial direction. as zero displacement in radial and axial direction.

=

Figure 34: The mesh with an element size of 50 mm. Figure 35: Close-up on the mesh with an element size
of 50 mm and mostly rectangular elements.

0,000 2,000 4,000 ¢m)
1,000 3,000

The loads were set as lineloads and pressures, except the self-weight of the shell which was added simply by
defining the acceleration constant g = 9.807 7 since the density of the shell already had been specified. The
self-weight can be seen in Figure 36. The load from the roof was added as a lineload and represents the resulting
load of self-weight of the roof, the internal pressure, wind action and snow load acting on the roof. The load
from the roof was set at the top edge, in the negative axial direction, at a magnitude of 4 262 %, see Figure 37.
The hydrostatic load was set as a hydrostatic pressure with the design density of the liquid, see Equation 61,
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and the gravitational acceleration used for the self-weight.

kg

- (61)

Pliquid,Ed = YF * Yhyd

. Viiquid — 1498
g

Figure 36: Self-weight of the shell including the Figure 37: Load from roof in the axial direction

weight of the insulation and weather protection cover. ~ combined self-weight of the roof with internal
pressure, wind action and snow load acting on the

roof.

Min ‘

Figure 38: Hydrostatic pressure acting outwards on the shell. The hydrostatic load decreases with height, being zero at
the top of the shell.

The internal pressure was added as a pressure in the radial direction with magnitude of 140 Pa, which equals
the design value of the internal pressure determined by Equation 19. The wind action was set as a pressure
acting on the shell in the radial direction with a magnitude of 690 Pa determined by Equation 23 as the design
value of the external wind action. A static structural analysis was then run in order to obtain the von Mises
equivalent stress and the stresses were plotted along a meridional path, see Figure 41 in order to see how the
stresses vary with height. The path starts at the top of the shell and will thus create graphs plotting stresses
as a function of the distance from the top.
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Figure 39: Internal pressure set to the inside of the Figure 40: Wind action as a pressure acting on the
tank shell as an overpressure relative atmospheric shell outwards.
pressure.

Figure 41: Meridional path used to plot stresses against the distance from the top of the shell.
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4 Results

This chapter has been divided into three sections, the first for the result of the calculations by hand with
membrane theory and linear analysis, the second for the result of the FEM-calculations in Ansys and the third
section for a summary of the results and comparison of the calculation methods.

4.1 Membrane theory and linear analysis

The equivalent stress used to check the plastic limit conditions, calculated with membrane theory using Equa-
tion 52, resulted in the stresses seen in Equation 62 where the first number, 3.45 M Pa, is the stress at the
bottom part of the top section. The second value, 5.71 M Pa, is the stress at the bottom of the second top section
etc. This equivalent stress is thus the largest stress for membrane theory since the membrane stress resultants
are largest at the bottom of each section. The equivalent stress for linear elastic analysis was calculated with
Equation 58 at the height where the moment was largest in each section in order to obtain the largest value of
the equivalent stress, see Equation 63. The stresses were largest at the bottom of the three topmost sections,
in approximately the middle of the lower middle section and at the top of the two bottommost sections.

3.45]
5.71
7.45
Teq,EA.MT = |g g MPa (62)
10.0

11.0|

1520]
2120
2120
Oeq,Ed,LA = 1760 MPa (63)
1400
808

The values of the design stresses in axial and circumferential direction used for validation against the buckling
conditions can be seen in Equation 64 for membrane theory and in Equation 65 for linear analysis. The stresses
calculated with membrane theory decreased with height above ground, having the maximum at the bottom of
the tank, while the stresses calculated with linear analysis show highest stresses at the middle of the tank. The
stresses were therefore retrieved at the different heights for membrane theory and linear analysis as described
earlier. The design stresses for the effective cylinder could be plotted against the height above ground and can
be seen in Figure 42 and 43 for membrane theory and in Figure 44 and 45 for linear analysis. These figures
shows the same things as Equation 64 and 65, that the stress varies linearly for membrane theory with maximum
stress at the bottom and with a maximum at about half the tank for linear analysis. The shear stress, shown
in Figure 43 and 45, is zero for both membrane theory and linear analysis since there is no torsion acting on
the tank.

—0.472 2.97 0
—0.560 5.77 0
—0.629 8.57 0
02, EdMT = | _( 623 MPa 09,Edeff,MT = |11 37 MPa Tuo,Edef f,MT = | MPa (64)
—0.728 14.17 0
—0.765 16.97 0
—1710 450 0
—2390 820 0
—2380 1040 0
T2,Bd,LA = | _]gg0 MPa T0,5d.eff,LA = | 1090 MPa oo, Bdeff,LA = | M Pa (65)
—1570 707 0
—906 14.2 0
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Figure 42: Diagram of the circumferential design stress for Figure 43: Diagram of the shear design stress for the
the effective cylinder as a function of height above ground effective cylinder as a function of height above ground
calculated with membrane theory. calculated with membrane theory.
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Figure 44: Diagram of the circumferential design stress for Figure 45: Diagram of the shear design stress for the
the effective cylinder as a function of height above ground effective cylinder as a function of height above ground
calculated with linear analysis. calculated with linear analysis.

4.2 Finite element analysis

The result of the static structural finite element analysis can be seen in Figures 46 - 48 for the equivalent stress.
Note that the deformation is heavily exaggerated in Figure 47 and 48 and shows a deformation scaled 3000
times the true deformation. The von Mises equivalent stress increases further down the tank wall to reach a
maximum of 11.1 M Pa at the middle of the lowest section, see Figure 49. The deformation of the tank is
negligible relative the size of the 6 m-diameter tank, with a maximum at the bottom of the tank wall with
0.148 mm.

The meridional design stress obtained from Ansys can be seen in Figures 50 and 51. In Figure 50 the blue
area shows compressive stresses of 5.73 M Pa at the most on the inside of the tank and the red area shows
tensile stresses at the outside of the tank at 6.45 M Pa. The green area corresponds to stresses close to zero.
At the meridional path the meridional stress reaches 5.98 M Pa at the highest but is close to zero otherwise.
The lowest, most negative, values has been chosen in each section for comparison since it’s the compressive
stresses that cause buckling. The values of the circumferential design stress and shear stress for the effective
cylinder used for validation against buckling can be seen in Figures 52-55. The circumferential stress increases
towards the bottom of the tank, which can be seen in Figure 52 as colors changing from blue to green to yellow
and red. It can also be seen in Figure 53 as a steady increase towards the bottom until it drops drastically at
the lower part if the bottom section. The shear design stress for the effective cylinder displayed in Figure 54
as a consistent yellow stress which in this case is the color closest to zero. The maximum shear reaches only
0.108 M Pa and the minimum shear is —0.246 M Pa. The shear along the meridional path can be seen in
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Figure 46: Equivalent von Mises stress result for static structural analysis with true deformation.

0,02290
0016451
0

Figure 48: Deformation of static structural analysis.
Figure 47: Equivalent von Mises stress result for Note that the deformation is scaled by a factor of
static structural analysis with scaled deformation. 3000.

Figure 55, which shows stresses close to zero with peaks at the welds connecting the sections.
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Figure 49: Diagram of the equivalent stress calculated with FEM along an axial path where 0 mm is at the top of the
tank shell and 6000 mm is at the bottom of the tank.
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Figure 50: Meridional design stress.  Figure 51: Diagram of meridional design stress along an axial path where 0 mm is
at the top of the tank shell and 6000 mm is at the bottom of the tank.
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Figure 52: Circumferential design Figure 53: Diagram of circumferential design stress in effective cylinder along an
stress for effective cylinder. axial path where 0 mm is at the top of the tank shell and 6000 mm is at the

bottom of the tank.
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Figure 54: Shear design stress in Figure 55: Diagram of shear design stress in effective cylinder along an axial path
effective cylinder. where 0 mm is at the top of the tank shell and 6000 mm is at the bottom of the
tank.
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4.3 Summary and comparison of results

The highest von Mises equivalent stress of each section calculated with FEM in Ansys can be seen in Table 6
where the von Mises stresses calculated with the handbook formulas can be seen as well for comparison between
the calculation methods. Note that the equivalent stresses calculated with the three methods are not necessarily
at the same height of each section. The result of the membrane theory locates the maximum at the bottom of
each section whilst the linear analysis and FEM not necessarily locates the maximum at the bottom for every
section. The result of the stresses for comparison against the buckling conditions can be seen in Table 7 for
all calculation methods. The result of the calculations for g gq and 7,9 gq that were calculated with a special
method can be seen in Equation 66. Tables 6 and 7 shows that the membrane theory and FEM produce similar
results whilst the linear analysis results in much larger stresses, except for the shear stress. The assumption of
no shear due to no torsion produces the same result for linear analysis as membrane theory, which is similar to
that of FE-analysis.

Table 6: Comparison of plastic limit results for the three calculation methods; membrane theory (MT), linear elastic
shell analysis (LA) and finite element method (FEM). The equivalent stresses are the largest in each section

Equivalent stress [M Pal]

Section MT LA FEM
0 3.45 1520 3.06
1 5.71 2120 5.11
2 7.48 2120 6.71
3 8.89 1760 8.04
4 10.0 1400 9.09
5 11.0 808 11.1

Table 7: Comparison of buckling results for the three calculation methods; membrane theory (MT), linear elastic shell
analysis (LA) and finite element method (FEM)

Ua:,Ed [MPa] UO,Ed,eff [MPa] Tz(),Ed,eff [MPG]
Section MT LA FEM MT LA FEM MT LA FEM
0 -0.472 -1710 -0.248 2.97 450 2.95 0 0 0.00197
1 -0.560 -2390 -0.235 5.77 820 5.75 0 0 -0.0104
2 -0.629 -2380 0.281 8.57 1040 8.54 0 0 -0.0150
3 -0.683 -1980 0.408 11.4 102 11.3 0 0 0.00571
4 -0.728 -1570 0.483 14.2 707 14.1 0 0 -0.0239
5 -0.765 -906 5.98 17.0 14.2 18.1 0 0 0.00245
18.2 0
15.9 0
14.1 0
09,Ed = 12.7 M Pa Tx0,Ed = 0 M Pa (66)
11.6 0
10.6 0
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5 Discussion

The discussion has been divided into a few sections discussing limitations of this project, the description of the
loads and the assumptions made. The loads and assumptions effect all calculation methods and will thus not be
seen in the comparison of the calculation methods. They will therefore be in need of discussion instead. With
the conditions discussed the results from the three calculation methods will be analyzed and then compared
with the plastic limit and buckling limit conditions.

5.1 Limitations of this thesis project

The project was limited to only evaluating one tank with a certain wall thickness, height and diameter. The
thickness of the wall was set quite thick, with a highest thickness of 24 mm. The thickness was set quite thick
since it was first thought that the tank would not hold without any stiffeners. The thickness could although
not be set too thick if the steel plates were to be manufacturable. The thickness of the sections can be adjusted
in order to fulfill the conditions without over dimensioning. If stiffeners are introduced the thickness can be
reduced further and less material can be used. This although requires recalculations, for example in Ansys,
since the calculation document produced in this thesis work does not contain calculations for stiffened walls.

The thesis work was further limited in the number of loads accounted for. Only the most common loads; self-
weight, hydrostatic load and internal pressure as well as wind and snow load have been used in the calculation
document. Other loads that have not been accounted for are temperature loads, accidental loads, geotechnical
loads and sesmic loads etc. There are one or several standards describing each of these loads, if they all would
have been accounted for this thesis work would not be completed in four months. Some assumptions that have
been made in this project have been made in order to complete some kind of comparison in the available time
given the project. In order to complete a fully usable calculation document that accounts for the whole tank
further work has to be put in. Calculations should be done to the roof of the tank, the circular bottom plate
and stiffeners. Rafters should be introduced as well. The question is if the work is worth while? A calculation
document for hand calculations is only applicable for tanks within the first consequence class or the second
consequence class as long as they do not exceed a size of 50 m? [8]. It has been reported that tanks have
increased in size the past decades [4] and the trend might continue. The tank in this project is not very large
but still reaches a volume of 170 m?2. It would therefore be classed as either the first or the third consequence
class, depending on its contents. The tank in this project can therefore only be calculated with the calculation
document if it is designed to store water or another non-hazardous liquid.

5.2 Loads and assumptions

Possible faulty assumptions that will not be apparent in the comparison of the calculation methods are the
description of the loads that has been used for all calculation methods. The Eurocodes are difficult to interpret
in some cases and some assumptions have been made along the way. The snow load was assumed to act vertical
to the horizontal plane and not vertically to the roof as the wind load. This is an assumption that was easy to
make but was not described by the Eurocodes. Other assumptions that had to be made was how to apply the
wind load to the shell when performing hand calculations. It did not seem possible to make a calculation by
hand with a wind load that varied around the shell since the loads already varied with height above ground. It
was therefore assumed that the wind load could be applied with its most unfavorable value. The wind load was
applied in the same way for the FEM-calculations made in Ansys even if more complex calculations are possible
to do with a FEM-software compared to by hand. Further assumptions had to be made for both the wind and
snow load on the roof since the Eurocodes are insufficient in their description of roof types. Coefficients used in
the calculations of wind and snow load are not described for conical roofs and it therefore had to be assumed
that coefficients for spherical roofs could be used.

5.3 Comparison of obtained results

The results from the membrane theory and the FE-analysis are very similar for the equivalent stress and the
stresses for the effective cylinder as can be seen in Table 6 and 7. The results for the meridional stress, o, gq,
is although of different signs and in some sections doubled in the absolute value. The stress calculated with
membrane theory is easy to follow. The stress becomes negative since the meridional membrane stress resultant
becomes negative and thus compressive due to the load case. The result of the FE-analysis on the other hand
starts off negative and increases further down the tank. At the bottom section of the tank the meridional stress
increases significantly and then drops. A possible reason for the difference between the result of the membrane
theory and FEM is that the FE-analysis most likely take the moments into account while the membrane theory
does not. As can be seen in Figure 50 there is compressive stresses on the inside of the tank and tensile stresses
on the outside of the tank. These stresses can be explained by a moment that is not taken into account by the
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membrane theory. At the bottom of the tank the shell is forced to a certain line by the boundary conditions
probably causing larger moments and thus a larger meridional stress. The membrane theory is thus not sufficient
to describe the bending effect that occurs in meridional direction. Membrane theory does although describe the
other stresses very well without factors and expressions for local buckling effects.

The results of the linear analysis are a lot larger compared with membrane theory and FEM. Since the
difference between membrane theory and linear elastic analysis is that the bending moments are taken into
account for the linear elastic analysis and the result of membrane theory comes very close to that of FEM it is
assumed that the bending moments calculated for linear analysis are too large. The calculation method used for
the bending moments is probably not usable for cylinders, even though available expertise could not see where
the calculation is wrong and cannot come up with a better calculation method. As can be seen by comparing the
bending moments in Equation 55 with Equation 56, M, gq is more than ten times larger than N, gq and My gq
not much smaller than Ny 4. This leads to the bending moments being the major part of the o stresses in both
the meridional and circumferential direction. Since the standard proposes membrane theory as the method to
use when it is valid the faulty bending moments in the linear analysis was not given more attention. Especially
since an article [12] comparing the two methods concluded that membrane theory was better to use for tanks
with a maximum diameter of 15 m. If this conclusion is assumed to be suitable for the Eurocodes as well as
the American standard it would mean that the linear analysis is redundant. Membrane theory is recommended
for the lowest consequence class by the Eurocodes and can be used for the second consequence class as well. A
FE-analysis, or an equivalent method, should be used when the tanks in the second consequence class exceeds
a volume of 50 m3 and thus becomes classified as tanks in the third consequence class. A tank with a diameter
of 15 m exceeds a volume of 50 m? at only 3 dm height. This means that all tanks in the second consequence
class exceeding 15 m and is thus not a part of the tanks where the membrane theory is can be used, should not
be calculated by hand either way. The linear analysis thus appear to be redundant. The hypothesis states in
the beginning of this thesis thus appear to be wrong, membrane theory seems to be better than linear analysis
rather than the opposite.

The stresses in the sections have been taken at the location where the stresses are the highest. This location
varies depending on the calculation method. For membrane theory it is very easy to conclude that the stresses
are the highest at the bottom of each section just by analyzing the diagrams of the membrane stress resultants
in Figure 21 and 24. The location of the maximum stress calculated with linear analysis is although at the
top of the bottom sections and at the bottom of the top sections. In section 3 the stress is the highest at the
lower middle of the section. This is due to that linear analysis combines the membrane stress resultant and the
bending moments resulting in higher stresses closer to the middle of the tank shell due to the large bending
moment. The FE-analysis locates the maximum in the lower part of each section, but not necessarily at the
very bottom of the section. This can most easily be seen in the diagram of the equivalent stress in Figure 49
and in the diagram of the meridional stress in Figure 51. In the diagram of the meridional stress there is a
clear peak just before the bottom of the section. This is probably due to the bending moment that pushes
the location of the maximum towards the middle of the section. The bending moment seems, by comparing
the diagrams of the meridional and the circumferential stress, to be larger in the meridional direction. The
diagram of the circumferential stress shows that the stress is largest at the bottom of each section, except the
bottom section, and is not offset by the bending moment to a significant degree. The circumferential bending
moment thus seems to be less than the meridional bending moment relative their membrane stress resultants.
This corresponds to the bending moments calculated for linear elastic analysis; the meridional bending moment
is larger than the circumferential bending relative their membrane stress resultants. For the equivalent stress
where the meridional, circumferential and shear stresses are combined the maximum is thus at the bottom of
each section, except the bottom section, but does not show the straight line as the membrane theory does nor
the maximum at the middle of the tank shell. This corresponds to the theory that there are bending moments
in the shell but not as large as calculated by the linear analysis.

The shear stress is very close to zero even with FE-analysis. There are although a few positive and negative
peaks as can be seen in Figure 55. The larger peaks are at the heights where the sections are bonded together
with a weld-like constraint and the amplitude of the peaks increases further down the tank. The load on the
shell increases further down the tank and is most likely the reason why the shear stress peaks are larger at the
bottom compared to the top. The peaks are located at the heights of which the sections are bonded probably
due to that the bonded constraint forces the sections together causing shear stresses. These shear stress peaks
are although very small, not even a hundredth of the equivalent stress. To apply zero to 7,9 does thus seem
reasonable.

5.4 Comparison against the plastic limit and buckling limit conditions

The shell standard provides six conditions that had to be met for the tank. The condition for the plastic limit
is that the equivalent stress should not exceed the yield strength of the material, as described by Equation 29.
As can be seen in Table 8 the yield strength is far from exceeded for the result from membrane theory and
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FEM. FE-analysis which results in slightly larger stresses at the bottom and top compared to membrane theory
reaches 5 % of the maximum allowed stress at the most. The result from the linear analysis does although not
meet the condition, it exceeds it with a factor of nine. The buckling condition for the meridional stress o, gq,
described in Equation 32, is also met for membrane theory and FEM, but not for linear analysis, see Table 8.
For linear analysis the condition is exceeded by a factor 16. The stresses calculated with membrane theory is
slightly larger than those calculated with FEM, except at the bottom section where the FEM gives a much
larger meridional stress than membrane theory. The stresses does although not reach higher than 0.5 % and
4 % of the maximum allowed stress for membrane theory and FEM respectively. The same trend can be seen
for the effective cylinder with the conditions for the circumferential stress 0g gq,cfr in Table 9. The condition
is met for membrane theory and FEM but the margin is not as large as for 0.4, gq and o, g4. Membrane theory
reaches to 60 % of the maximum allowed value and FEM to 64 %. The tank shell thickness is although still over
dimensioned. The shear stress T,¢,rd,ers is equal for both membrane theory and linear analysis since both the
shear stress resultant and the torsion moment was set to zero. Since the FE-analysis showed the same result
the condition is easily met, reaching only 0.03 % for the shear stress of the effective cylinder.

Table 8: Comparison of equivalent stresses and meridional stresses with plastic limit (P) condition and buckling limit
(B) condition. The stresses are results from membrane theory (MT), linear elastic shell analysis (LA) and finite
element method (FEM)

Oeq,Ed [MPa] Ox,Ed [MPCL]
Section MT LA FEM P Condition MT LA FEM B Condition
0 3.45 1520 3.06 < 235 -0.472 -1710 -0.248 < 155
1 5.71 2120 5.11 < 235 -0.560 -2390 -0.235 < 153
2 7.48 2120 6.71 < 235 -0.629 -2380 0.281 < 152
3 8.89 1760 8.04 < 235 -0.683 -1980 0.408 < 151
4 10.1 1400 9.09 < 235 -0.728 -1570 0.483 < 151
5 11.0 808 11.1 < 235 -0.765 -906 5.98 < 151

Table 9: Comparison of stresses for effective cylinder with buckling conditions. The stresses are results from membrane
theory (MT), linear elastic shell analysis (LA) and finite element method (FEM)

060,Ed,cff [MPa] T20,Ed,eff [MPal
Section MT LA FEM Condition MT LA FEM Condition
0 2.97 450 2.95 < 28.2 0 0 0.00197 < 85.3
1 5.77 820 5.75 < 28.2 0 0 -0.0104 < 85.3
2 8.57 1040 8.54 < 28.2 0 0 -0.0150 < 85.3
3 11.4 1020 11.3 < 28.2 0 0 0.00571 < 85.3
4 14.2 707 14.1 < 28.2 0 0 -0.0239 < 85.3
5 17.0 14.2 18.1 < 28.2 0 0 0.00245 < 85.3

The stresses 0g,gq and 79 gq that were not calculated with neither membrane theory, linear analysis nor
FEM but with an equation given by the shell standard also met the conditions as can be seen in Table 10. The
circumferential stress reaches only 30 % of the maximum allowed stress, which demonstrates that the tank shell
is over dimensioned.

Table 10: Comparison of circumferential and shear stresses with buckling conditions

00,54 [MPa] Tz0,E4 [MPa)
Section Stress Condition Stress Condition
0 18.2 <604 0 < 204
1 15.9 < 52.8 0 < 178
2 14.1 <47.0 0 < 159
3 12.7 <423 0 <143
4 11.6 < 384 0 < 130
5 10.6 < 35.2 0 < 119

It is evident that the tank meets both the plastic limit and buckling limit conditions and will hold for the
applied loads, at least when comparing with the results from the membrane theory and FE-analysis. The stress
that comes closest to its condition is 09 ga.erf at 60 % and 64 %, which is a buckling condition. The stress that
comes second closest to its condition is oy gq which also is a buckling condition. It thus appears as if buckling
is the most limiting condition. This corresponds with the statement that tanks tend to fail through buckling
due to their slenderness explained in the introduction.
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6 Conclusions

Three calculations methods have been used to calculate the stresses in a tank and comparison of the results have
been made. The comparison of the stresses show that membrane theory gives similar results to FEM and that
linear analysis give stresses much larger than FEM and membrane theory. The conclusions of the comparison
of the calculation methods are that;

e Membrane theory is a simple and acceptable method that can be used for tanks in the first consequence
class and small tanks within the second consequence class. In some cases it might although need factors
or simplifications for local buckling effects.

e Linear elastic shell analysis is redundant, it is more complicated and faults are more easily made. It
cannot be used in more application areas than membrane theory either.

e FE-analysis can make complex calculations and is a valid method for all consequence classes. With new
tanks growing larger this will become the only approved method when liquids that can potentially damage
the environment are stored.
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Appendices

A Geometry of conical roof

To fully describe the geometry of the tank, the shape of the roof has to be described. In order to determine the
geometry of the conical roof some geometrical expressions can be taken forth. For a conically shaped roof, see
Figure A.1, the slope of the roof, cuoof, is expressed by the user of the Mathcad-sheet, along with the diameter
D of the tank. The height of the roof can then be determined as described by Equation A.1 and the area of the
roof can be described by Equation A.2, which is a reformulation of the equation for surface area of a circular
cone given by Physics Handbook for Science and Engineering by Carl Nordling and Jonny Osterman.

h= gtan(amof) (A1)
s =22 (2Y e (A.2)
roof — T 9 9 .
I Qroof
k D I3
1 1

Figure A.1: Geometry of a conically shaped roof for a tank. The diameter of the tank, D, as well as the angle of the
roof, areof, are known variables while the height of the roof, h, can be calculated through D and auoof-

The surface area of the insulation placed on a conical roof can be described with the height of the insulation
above the top of the shell, h;,,, see Figure A.2, as well as the diameter of the insulation, D;,s. These variables can
be determined through the input variables troof, tins,roof (thickness of roof insulation) and D, see Equation A.3
and Equation A.4. The surface area of the insulation can thereby be calculated as described by A.5.

1 1
hins ~h 7t7‘oo 7tins T00 A3
+ gtroos F glinsroof (A-3)
Dins ~ D+ troof + tins,roof (A4)
Dins Dins ? 2
Aroof =T B B + hins (A5)

hins,roof

D/2

y
D 2 |
zns/ L

=l

Figure A.2: The diameter, D;,s, and height, hi,s, of insulation on a conically shaped roof. The diameter of the roof,
D, the thickness of the roof, t,.0f, and the thickness of the insulation, tins, are input variables.
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B The calculation document

Dimensioning of Tanks According to Eurocode

Contents

Limitations of this document
Note
Geometry of the tank
Stepwise variable shell thickness
The roof
Material properties
Calculation of loads
Self-weight
Internal pressure
Hydrostatic load
Wind load
Snow load
Partial factors and combination of actions
Calculation of stresses
Active force diagram of the roof
Active force diagram of the shell
Limit states
Plastic limit (LS1)
Buckling (LS3)

Limitations of this document

This document calculates only the stesses in the shell wall of the tank when the following loads are

applied;

o self-weight,

e internal pressure,
e hydrostatic load,

e wind load and/or

show load.

This calculation document does not take accidental loads, loads occuring due to depletion etc into
account, but can be altered in order to add these loads. The document does not treat cyclic
plasticity or fatigue. This calculation document is also only applicable to tanks that;

e are anchored at the bottom (clamped boundary condition),

e have a roof (pinned boundary condition at the top) and

e have conically shaped roof.

This calculation document is further limited by the standards that has been followed. In order to
follow the tank standard, SS-EN 1993-4-2, this calculation document is only applicable to tanks
that;

e are vertical, cylindrical and axisymmetric,

are constructed in steel,

are placed above ground,

are used for storing liquids,

have a characteristic internal pressure above the liquid between -100 and 500 mbar,

have a maximum design liquid level not higher than the shell and

have a design metal temperature of -165 - 300 degrees Celcius if not fatigue loaded, then the
upper limit should be 150 degrees Celcius

In order to follow the wind standard, SS-EN 1991-1-4, and the snow standard, SS-EN 1991-1-3,
this document is only applicable to tanks that;

¢ have a maximum height of 200 m and

e are placed not higher than 1500 m
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Note

The Eurocodes that have been used to create this document are;
SS-EN 1991-1-1 (edition 1, approved 2002-06-28, published 2011-01-26),
SS-EN 1991-1-3 (edition 1, approved 2003-08-29, published 2015-10),
SS-EN 1991-1-4: 2005 (edition 1, approved 2005-04-22, published 2008-10-16),
SS-EN 1991-4: 2006 (edition 1, approved 2006-06-01, published 2014-10-21),
SS-EN 1993-1-6: 2007 (edition 1, approved 2007-03-07, published 2015-10-28) and
SS-EN 1993-4-2: 2007 (edition 1, approved 2007-03-07, published 2015-06-10)
hey are in this document simply referred to as;
SS-EN 1991-1-1,
SS-EN 1991-1-3,
SS-EN 1991-1-4,
SS-EN 1991-4,
SS-EN 1993-1-6 and
SS-EN 1993-4-2

® 06 06 0 0 0 O 0 0 0 o o

This calculation document is conformed to Swedish conditions, following the Swedish national
annex EKS 10. The equations and values chosen by the Swedish annex have been marked in
order to make it possible to change back to the original equations and values of the Eurocodes or
adapt the document for another national annex.

Some simplifications and assumptions have been made in order to produce this calculation
document. These simplifications and assumptions have been marked with N.B., make sure to
read these notes in order to control that they are applicable to your situation.

This calculation document should only be used for tanks of consequence class 1 or 2 when
dimensioning a tank. For consequence class 3 a validated analysis, for example finite element
shell analysis, should be used in order to follow the demands given by SS-EN 1993-4-2 for
consequence class 3 (SS-EN 1993-4-2 4.2.2.4(1)).

Note: The consequence classes as described by SS-EN 1993-4-2 2.2(3):

"Consequence class 3: Tanks storing liquids or liquefied gases with toxic or explosive potential and large size tanks
with flammable or water-polluting liquids in urban areas. Emergency loadings should be taken into account for these
structures where necessary, see annex A.2.14.

Consequence class 2: Medium size tanks with flammable or water-polluting liquids in urban areas.

Consequence class 1: Agricultural tanks or tanks containing water"

EKS 10 chapter 3.4.2 part 2.2(3) 3§ adds a size limit of the tanks for the third consequence class. Consequence

class 3 applies only to tanks with a volume of 50 m3 or larger.
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Geometry of tank

‘] [Gtoot h
+
Insert D :=6m Diameter of tank
Variable 0<(<h Height above the shell
”ﬂ
Variable 0<z<Hp+h Height above ground
E
ke n L
Stepwise variable shell thickness ! !
4 = t.
£ T ofen afefa | g Al
Y e 13 Fofi
I
L ! Sile ™ (4
41 i I
1]
1. |4 I
1]
— fn
(&) Cylinder of siepwise variabla (b Equivalent cylinder (c) Equivalent single cylindar

wall thickness

comprising three sections

with uniform wall thickness

Figure D.5: Transformation of stepped cylinder into equivalent cylinder

Note: L in Figure D.5 is the shell height H,. Figure D.5 has been taken from SS-EN 1993-1-6.

Insert

| .=
W

Im
Im
Im
Im

im

im

The lengths of the plates that the shell consists of, see
Figure D.5 above.

Note: The number of input variables in |, the number of rows, can be changed to suit the number of plates used but
then there are some vectors further down the document that have to be updated.

Insert

j=0

n:

.n-1

6

HO::ZIj:Bm
]

The number of rows in |

The shell height

2
Volume := 11(%) ‘Hg = 169.646~m3 The volume of the tank
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An interative process has to be done for the plate thicknesses, insert probable thicknesses:

14mm
16mm
18mm
Insert t:=
20mm

22mm

24mm

The thicknesses of the plates that the shell consists of,
see Figure D.5 above.

The number of plates, or rows in |, for the upper part, a,
see Figure D.5 above.

The length of the upper part. This length should be from
the top of the shell to the top of the plate that exceeds a
thickness 1.5 times the smallest thickness as long as this
length does not exceed half of the shell height Hy. See
description in D.2.3.1(4) of SS-EN 1993-1-6 and Figure
D.5ifnotclear.

The equivalent thickness for the upper part, a (equation

a i D.58 of SS-EN 1993-1-6).
O]
Ip=2m The length of the middle part (equations D.56 and D.57
of SS-EN 1993-1-6)
lc=2m The length of the lower part (equations D.56 and D.57 of

Insert n.:

J=ng+np.ng+ny+n.-1

to = I—lc[z (Ij~tj):| = 23-mm

j

SS-EN 1993-1-6)

The number of plates used for the middle part, b, see
Figure D.5 above.

The equivalent thickness for the middle part, b (equation
D.59 of SS-EN 1993-1-6).

The number of plates used for the lower part, c, see
Figure D.5 above.

The equivalent thickness for the lower part, ¢ (equation
D.60 of SS-EN 1993-1-6).
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tpell =t = 15-mm The equivalent shell thickness
j=0.n-1

ave * H .

1 .
t _[Z ('j'tj)} = 19-mm The average shell thickness
J

Note: This t,,,, will only be used for calculating the weight of the shell.

The roof
Insert troof = 10mm Probable roof plate thickness. The thickness needs to
be iterated when roof plate thickness has been given at
the end of the document.
Insert Orgof = 2° The roof angle for a conical roof
Il
h =0.105m The height of the roof
Hiot = Hp+h = 6.105m The height of the tank
D

Height_requirement_of 1991 1 4 = "Met"
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Material properties

Insert E = ZIOOOOL2 Young's modulus, stiffiness of the steel
mm

Insert v:=03 Poisson's ratio

Insert fy = 235MPa Yield strength of steel

Partial factors and combination factors for actions

g =14 The partial factor for variable actions from liquids (EKS
10 chapter 3.4.2 part 2.9.1(1)P 4§ and chapter 1.4 part
B.3(2) 48)

Vg =135 The partial factor for permanent loads (EKS 10 chapter

3.4.2 part2.9.1(1)P 48§)

Ymo = 1.0 The partial factor for resistance of welded or bolted shell
wall to plastic limit state, cross-sectional resistance
(EKS 10 chapter 3.4.2 part 2.9.2.2(3)P 68§)

M1 =10 The partial factor for resistance of shell wall to stability
(EKS 10 chapter 3.4.2 part 2.9.2.2(3)P 6§)

Insert reduction factor and combination factors for relevant combination of actions. If a
combination factor is set to 0 the load will not be applied, if set to 1 the whole load will be applied
without any reduction.

Insert iweight =1 Reduction factor for self-weight

Insert Pipt =1 Combination factor for the internal pressure above liquid
level

Insert ‘bhyd =1 Combination factor for the hydrostatic pressure caused
by the liquid

Insert Ygnow = 1 Combination factor for the snow load

Insert Vwind = 1 Combination factor for the wind load

Note: SS-EN 1993-4-2 2.10, 1990 6.4-6.5 and 1991-4 A.4 might be useful.
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Calculation of loads

Self-weight
kN _

Insert Yshell = 77-75— The density of the shell steel, see Annex A of SS-EN
m 1991-1-1

Vshell = Ho ™ D-fyye = 2.149~m3 The volume of shell

Wshell = ’\{She"-vshe” = 167.073-kN Weight of tank shell

Insert Yroof = 77.75k—N The density of the roof plate, see Annex A of SS-EN
me 1991-1-1
o
Vioof = Aroof troof = O.283-m3 The volume of the roof plate
Wioof = Yroof Vroof = 21.997-kN Weight of roof
e =1 Sk—N The denisty of the insulation
Insert Yins = - 3 ty
m
Insert tins shell ©= 140mm The thickness of the insulation around the shell
Insert tins_roof = 140mm The thickness of the insulation on the roof
[

The volume of the insulation around the shell:
3
Vins_shell = Ho'tins_shell"(D + tshell * tins_shell) = 16:243-m

Wins_shell = 'Yins’vins_shell = 21.115-kNThe weight of the insulation around the shell

The volume of the insulation on the roof:

Vins_roof = Aroof_ins'tins_roof =4.173-m

Wins_roof = Yins Vins_roof = 5.425-kN The weight of the insulation on the roof
kN . .

Insert Ycover = 77.75—3 The density of the weather protection cover
m

Insert teover = 3mMm The thickness of the weather protection cover
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[+
The volume of the weather protection cover around the shell:
3

Veover shell = HO'tcover'(D +tshell + 2'tins_shell + t(:over) =0.113'm
The weight of the cover around the shell:

w Vv | = 8.814-kN

cover_shell = Ycover Vcover_shel

The volume of the weather protection cover around the shell:

3

\Y = 0.094-m

cover_roof = tcover'Aroof_cover

The weight of the cover on the roof;

Wcover_roof = ”fcover'Vcover_roof = 7.29-kN

The force occuring due to the combined weight of the shell, insulation and weather protection
around the shell:

1 kN
Fweight_shell = E(Wshell +Wins_shell +Wcover_shel|> = 10-451'?

N.B: It has been assumed that the shell carries the entire weight of the shell, insulation and cover around the shell.

The design value of the force occuring due to the combined weight of the shell, insulation and
weather protection around the shell:

N
Fweight_shell_Ed = Sweight VG Fweight_shell = 14-109'F

2
Sroof = D— + h2 =3.002m The line of which the wind and snow load as well as
| 4 internal pressure is applied

Note: See free body diagram of the conical roof in chapter for calculation of stresses.

The force occuring due to the combined weight of the roof, insulation and weather protection on the
roof:

1 kN
Fweight_roof = Aroof ’(Wroof + Wins_roof * Wcover_roof) = 3583'?
Sroof

The design value of the force occuring due to the combined weight of the roof, insulation and
weather protection on the roof;

kN
Fweight_roof_Ed = VG- Eweight Fweight_roof = 4972~
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Hydrostatic load

Insert Viquid = 10.0k—N The density of the liquid, densities in Annex A of SS-EN
me 1991-1-1 should be used.
p(z) = Wliquid'(HO - z) The hydrostatic pressure (SS-EN 1991-4 equation 7.1)

Hydrostatic load

6x10” . .
‘T
= aL
© 410 p(0) = 0.06-MPa
; p(2) .
2 2x10"F T NH@:OM%
o
0 | |
0 2 4 6
z
Height above the ground [m]
PEq(2) = WF-mbhyd-p(z) The design value of the hydrostatic pressure
Wind load
Zg == 0.6-Hy=3.6m The reference height for the external pressure
(SS-EN 1991-1-4 7.9.1(1), figure 6.1)
zj:=Hp=6m The reference height for the internal pressure

(SS-EN 1991-1-4 7.2.9(8))

N.B. An assumption has been made that the height of the structure is equal to the height of the shell, see SS-EN
1991-1-4 figure 6.1 and 7.2.9(8).

The reference height for the external pressure on the roof

Zg roof = Hp+h=6.105m (SS-EN 1991-1-4 7.2.8(1)ANM)

The roughness length, determined by the terrain type 0-1V (SS-EN 1991-1-4 Table 4.1):

Insert Zy =

Description of the terrain categories of SS-EN 1991-1-4 Table 4.1:
"0 Sea or coastal area exposed to the open sea

I Lakes or flat and horizontal area with negligible vegetation and without obstacles

Il Area with low vegetation such as grass and isolated obstacles (trees, buildings) with separations of at least 20
obstacle heights

Il Area with regular cover of vegetation or buildings or with isolated obstacles with separations of maximum 20
obstacle heights (such as villages, suburban terrain, permanent forest)

IV Area in which at least 15 % of the surface is covered with buildings and their average heights exceeds 15 m"
Illustrations of the terrain categories can be seen in A.1 of SS-EN 1991-1-4.

Dl

ZO =0.3m
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Insert cp(2) =1

1

Iy(2) = ————<
Z
(co(z)- In[Z—D
0
ZO“ = 0.05m
0.07
)
kp == 0.19-| — = 0.215
Z
ol
nsert vy, == 240
S
kg
p = 1.25—3
m

qb = %~p~Vb2 = 360Pa

The orography factor, determine it through annex A.3 of
SS-EN 1991-1-4

The turbulence intensity (EKS 10 chapter 1.1.4 part
45(1)Anm.178)

The roughness length of terrain category Il (SS-EN
1991-1-4 4.3.2(1)note)

The terrain factor (SS-EN 1991-1-4 equation 4.5)

The basic wind velocity, determine it through figure C-4
of EKS 10

The air density (SS-EN 1991-1-4 4.5(1) note 2)

The basic velocity pressure (SS-EN 1991-1-4 equation
4.10)

The peak velocity pressure (EKS 10 chapter 1.1.4 part 4.5(1) Anm.1 7§ replaces equation 4.8 of

SS-EN 1991-1-4 with this):

2
ap(@) = (1+6: Iv(z)){krln(z—zo)-co(z)) ap

Insert cpo =-14

The external pressure coefficient without free-end flow,
determine it through Figure 7.27 of SS-EN 1991-1-4 for
the following Reynolds number.

Insert Q= T75°

Insert min = 75°

Insert ap = 105°

Insert Py, = 0.92

v(ze)
Vair

The Reynolds number (SS-EN 1991-1-4 equation 7.15)

Re := D- — 9.495x 10°

Choose an angle between 0 and 180, see Figure 7.27
of SS-EN 1991-1-4.

Determine through Figure 7.27 of SS-EN 1991-1-4 for
the Reynolds number above.

The position of the flow separation, determine it through
Figure 7.27 of SS-EN 1991-1-4 for the Reynolds number
above.

The end-effect factor , determine it through Figure 7.36 of
SS-EN 1991-1-4 with solidity ratio and slenderness given
below
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A=70 The slenderness given by table 7.16 of
SS-EN 1991-1-4 for circular cylinders

p:=1 The solidity ratio (SS-EN 1991-1-4
equation 7.28)

Py = 1 The end-effect factor, determined by equation 7.17 of
SS-EN 1991-1-4

Cpe = CpO"chx =-14 The pressure coefficient for the external pressure
(SS-EN 1991-1-4 equation 7.16)

Insert 0.5 The pressure coefficient for the external pressure acting
on the roof, determine it through Figure 7.12 of SS-EN

1991-1-4 for f/d and h/d below.

Cpe_roof =~

h h
X-axis, f/d — = 0.017
D
HO
Ho
Curve, h/d —=1
D

—_—

D

N.B: An assumption has been made that the pressure coefficient for the external pressure acting on the roof can be
determined by figure 7.12 of SS-EN 1991-1-4, even if the shape of the roof is not a dome. The pressure coefficient for a
conically shaped roof is not described by SS-EN 1991-1-4.

Insert j :=-040 The pressure coefficient for the internal pressure acting
on vented tanks with small openings (SS-EN 1993-4-2

A.2.9(2)b)

‘p

Note: The pressure coefficient for the internal pressure acting on vented tanks with small openings applies to both the
shell and the roof (SS-EN 1993-4-2 figure A.1b)

The external wind pressure acting on the shell:

W = qp(ze)'cpe = —492.988-Pa The wind pressure acting on the external surfaces
(SS-EN 1991-1-4 equation 5.1)

We Ed = YEVwind We = —690.183Pa  The design value of the wind pressure acting on the
external surfaces

The external wind pressure acting on the roof:

The wind pressure acting on the external surfaces of the

W f = anl Z f -C f
e_roo p( e_roo ) pe_roo roof

W roof = —226.776-Pa

We roof Ed = 'YF"bwind’We_roof The design value of th wind pressure acting on the
external surfaces of the roof

W roof Ed = ~317.487Pa
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The internal wind pressure:

wj = qp(zi)'cpi = -180.032-Pa The wind pressure acting on the internal surfaces of a
structure (SS-EN 1991-1-4 equation 5.2)

Wi Ed = YEVwing'Wj = —252.045-Pa  The design value of the wind pressure acting on the
internal surfaces of a structure.

Internal pressure

Insert Vented_tank := Insert whether or not the tank is vented.

The internal pressure above the maxiumum liquid level, relative atmospheric pressure if tank not
vented. Over pressure is positive and under pressure is negative.

Insert Pint = 0.001bar = 100-Pa

Note: The maximum allowed characteristic internal pressure above the liquid level is between -0.1 bar and 0.5 bar
or -0.01 - 0.05 MPa.

Pint Ed = YF Vint Pint = 140-Pa The design value of the internal pressure for tanks that are
- not vented.
D
pj = 100-Pa The internal pressure
Pj g = 140-Pa The design value of the internal pressure

N.B: It has been assumed that the wind pressure acting on the internal surfaces acts when the tank is vented and that
there are not any other internal pressure in the tank then. For a tank that is not vented the internal pressure becomes
the user defined internal pressure p;;.

Snow load

Note: The exceptional cases in Annex A of SS-EN 1991-1-3 have not been considered since exceptional cases are not
relevant for Swedish conditions (EKS 10 chapter 1.1.3 part 1.1(3) 3§)

Insert Sk = 2k—N The characteristic value of snow load on the ground,
m2 determine it through Figure C-2 of EKS 10.
Insert Snowguard := Does the roof have a snowguard?
w .
Insert U= 12— Heat transfer coefficient of the roof
m K
Insert Rg:=0 External thermal transition resistance
Insert Twinter = -8°C Lowest expected inner temperature during winter
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Insert T 5°C The mean temperature of the coldest month of the year

m_winter == ~

Dl

The thermal coefficient, determined through BSV 97 2:nd edition on command of EKS 10
(chapter 1.1.3 part 5.2(8) 128).

1.001 T T
1=
o
k) 1.0005}- -
-
T Cy0) =1
8 G 1
g Cy(h) =1
S 0.9995( —
<
|_

0.999 ' '

0 0.05 0.1
¢

Height above shell [m]

Note: The thermal coefficient depends on the slope of the roof among other things. For conical roofs the angle of the
slope is constant and the thermal coefficient will therefore always be constant, but for spherical roofs the slope
changes with height above the shell and the thermal coefficeint might therefore change with height above the shell.

D
Agnow = 28.292 m2 The size of the area on which the snow stays on the roof
and causes a snow load, determined with the conditions
for C; given by BSV 97 2:nd edition and EKS 10 and y;
given by SS-EN 1991-1-3.
Asnow
— =100-% The proportion of the roof that the snow stays on.
Aroof
Insert Ce = The exposure coefficient (Table 5.1 of SS-EN 1991-1-3.

This value cannot be less than 1 accordning to EKS 10
chapter 1.1.3 part 5.2(7) 11a8§).

SS-EN 1991-1-3 Table 5.1:

"Windswept topography: flat unobstructed areas on all sides without, or little shelter afforded by terrain, higher
construction works or trees.

Normal topography: areas where there is no significant removal of snow by wind on construction work, because of
terrain, other construction works or trees.

Sheltered topography: areas in which the construction work being considered is considerably lower than the
surrounding terrain or surrounded by high trees and/or surrounded by higher construction works."

Ce=1

D

pj = 0.375 The snow load shape coefficient (SS-EN 1991-1-3
equation 5.5)

N.B An assumption has been made that the shape coefficient for a conically shaped roof can be calculated in the
same way as dome shaped roof as desribed by SS-EN 1991-1-3 5.3.5. The shape coefficient for a conically shaped
roof is not described by SS-EN 1991-1-3.
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Snow load on roof:

Ssnow (©) = Kj Ca C(Q)-s grﬁ snow load on the roof (SS-EN 1991-1-3 equation
750 T T
g
— 749.5 n
= Ssnow (0) = 749.208-Pa
o Ssnow(C) 7491 -
é a5 | Sqnow () = 749.208 Pa
(2]
748 ' '
0 0.05 0.1

G
Height above shell [m]

Note: The snow load depends on the slope of the roof among other things. For conical roofs the angle of the slope is
constant and the snow load will therefore always be constant, but for spherical roofs the slope changes with height
above the shell and the snow load might therefore change with height above the shell.

ssnow_Ed(C) = Y Wsnow Ssnow (©) The design value of the snow load on the roof
Agnow = 28.292 m2 The area on which the snow is applied (see calculation
above)

B
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Calculation of stresses

Free body diagram of a conical roof

WeSroof

5 1
‘chi_rfhl '_qul'gh!

bal =

1 1 1 1 kN
Troof x = EFweight_roof + Eanow + EFwind_roof'Cos(o‘roof) - EFint'COS(O‘roof) = 3'11'?

N.B: It has been assumed that the roof is well jointed together at the top so that it supports itself in the radial direction.

1
Troof x Ed = E(Fweight_roof_Ed +Fsnow Ed * Fwind_roof_Ed'cos(o‘roof) - Fint_Ed'Cos(O‘roof))

kN
Troof_x_Ed - 4262';

Free body diagram of the shell

Traaf e

Tewof s l

-y
Frpeight 1 Ho
My o, My
R ”:V R
F
* /
& . L
g T
A I -
r,lhlm.i‘

P@) = @) +Py

D
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The reaction force from the roof in radial direction:

Ho Ho Ho

1 1 1 1 kN
Troof r =17~ V%dZ—Ho—J p(z) dz-—~Hp - pjdz-=Hq | = -61.779-—
Ho 2 0 3 2 m
0 0
The design value of the reaction force from the roof in radial direction:
Ho Ho Ho
1 1 1 1 kN
Troof_r_Ed = 1~ J We Eq92-Ho - J PEd(?) dz-ZHo - J Pi_Eqd2Ho | = ~86.491.——

I[”" we

Hy

| (Ho-7)
Ny(2) = _Troof_x - Fweight_shell' Ho

Note: The weight of the shell is described as the weight per circumferential unit at the height z. The weight of the shell
decreases with height above the ground.

M, (2) = %(HO—Z)Z—%(HO—Z)Z—éj p(2) dZ(Ho_Z)_Troof_r'(HO_Z)

My —

Plz) WedDgaat n

Ny Q—G -

My

o

X8

D D =6.301m

out *= Dcover * tcover
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Ng(2) = if[z < Hoé(P(Z)D ~ W -Doyy) é(P(Ho)D ~We Doy) + Troof_r}

Mg (2) = v-My(2)

Nyg(2) =0 The membrane shear stress resultant

Nyo max Ed =0 The maximum value of the membrane shear stress
- - resultant

Myg(2) =0 Twisting shear moment per unit width

N.B: N,g=0, M, 4=0 assuming that there's no torsion acting on the shell.

O
Meridional stress resultant
0 T T
kN
. N (0) = -18.371.-—
E ~5x10° X Ed m
Z
= 4
§ Nx_Ed(Z) —1x10 NX_Ed(HO) _ _4.262,k?N
s - 1.5x10°"
Note: A negative sign of N,
— 2% 104 implies compression and
0 2 4 6 buckling as a possible failure
z cause.
Height above ground [m]
Circumferential stress resultant
3><105 T T
=" 5
2x10
§ ) Ng £q(0) = 254504 <N
= - m
" NO_Ed (2) 1><105
[ 70 JE—
) kN
= 0 Ng_gd(Ho) = ~83.896-
~1x10° ' '
0 2 4 6
Z
Height above ground [m]
Insert

Ne_max_Ed = Ne_Ed(O) The maximum value of the circumferential stress resultant
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Meridional bending moment

2x10° |
— 50 .
% 1.5x10 . om W
é x Ed@)  1x10°F . x_Ed m
e 4 _ kN
5x10
= g My_gd(Ho) = 0m-—
0 | |
0 2 4 6
z
Height above ground [m]
Circumferential bending moment
6><104 T
Z 4
= 4x107 = kN
= M 0) =0m-—
& Mg gd(@ 0_ed(©) m
E — 2x10%+ = N
= Mg_gd(Ho) = om-——
0 | |
0 2 4 6
z
Height above ground [m]
Limit states

Plastic limit (LS1)

fyk
M0

Ogq Ed < The condition of the design stress (SS-EN 1993-1-6

equations 6.5 and 6.6)
fyk = fy = 235-MPa

The characteristic value of the yield strength

N.B: It is assumed that the characteristic value of the yield strength equals the yield strength.

D

3.446
5.713
7.478
%eq_Ed_mt = | ggg1 -MPa
10.047

11.011

The equivalent design stress according to membrane
theory analysis (equation 6.1 of SS-EN 1993-1-6)

N.B: If the stresses are not highest at the bottom of each section the location of which the stresses are calculated
needs to be changed. This is done in the hidden area above.

The extent of which the design stress fulfills the plastic limit for membrane theory analysis:
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사각형


Oeq _Ed_mt
fyk

MO0

ratio_plastic_limit_mt :=

1.466
2431
3.182
3.783
4.275
4.685

%

Note: If ratio_plastic_limit exceeds 100 % the plastic limit has been exceeded and the thickness of the plate where
the plastic limit has been exceeded has to be increased.

The equivalent design stress according to linear elastic shell analysis (equation 6.2 of SS-EN

k=

1993-1-6);
1518 x :I.O3
2.118 x :I.O3
2.113 % :I.O3

Oeq Ed_lal = 3 -MPa
1.754 x 10
1.393 x :I.O3

802.347

Oeq Ed_la2 =

1.52 x 103
2.122 x 103
2.117 x 103
1.759 x 103

1.398 x 103
807.609

The extent of which the design stress fulfills the plastic limit:

ratio_plastic_limit_lal :=
fyk

MO0

ratio_plastic_limit_la2 :=
fyk

MO0

%q Ed lal

%q Ed la2

645.893
901.397
899.025
746.554
592.875
341.424

-%

646.887
902.89
900.905
748.473
594.866
343.664

-%

-MPa

Note: If ratio_plastic_limit exceeds 100 % the plastic limit has been exceeded and the thickness of the plate where
the plastic limit has been exceeded has to be increased.
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Buckling (LS3)

Note: In order to determine the design buckling stress there are many factors that has to be determined. The following
line gives a hint of how the factors relate to each other and will hopefully give an understanding of what has to be
determined in order to reach the design buckling stress.

Org(Ym1:ORK) > oRk(xfyk) -> x()\,)\o,)\p,a,B,n) --> a(Tolerance_class) , )\(fyk,oRcr) =-> ORe(W)

4.88
4.564
| 4.303 o
wi=——= The length parameter for each section j of the shell
/gt 4.082 (SS-EN 1993-1-6 equation D.1)
2 3.892
3.727
B :=0.60 The plastic range factor (SS-EN 1993-1-6 equation D.16,
D.26, D.39)
n:=1.0 The interaction exponent (SS-EN 1993-1-6 equation

D.16, D.26, D.39)
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Insert K = 0.55 Determine from Figure D.6 of SS-EN 1993-1-6 for the
following variables:

Ia:2m Ib:2m IC:2m

| 1 t

2 _0333  2_1267 S_1533
HO ta ta

Note: k is dependent on the thicknesses and has therefore to be updated if the thicknesses, or lengths, are changed.

|
leff = 2. 3.636m The effective length for the stepwise variable wall
K thickness shell (equation D.61 of SS-EN 1993-1-6)

I

Weff = eff = 17.142 The length parameter for the effective length
D
2

Insert Tolerance_class :=

Note: Geometrical tolerances relevant for buckling are described by SS-EN 1993-1-6 8.4.

B

Q=16 The fabrication quality parameter (SS-EN 1993-1-6 Table
D.2)

First condition:

%% Ed. < 9% Rd. The buckling strength verification in the generatrix
- - direction (SS-EN 1993-1-6 equation 8.18 with
modification according to D.2.2(1))
Ik
1
1
1 . . .
Cy = A factor depending on the height of the tank (equations
1 D.3-D.10 of SS-EN 1993-1-6)
1
1

The elastic critical meridional buckling stress
(SS-EN 1993-1-6 equation D.2 with corrections for
stepwise variable wall thickness according to
D.2.2(1))

O Rer; 0.605-E~ij~

N|U|£."
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사각형


592.9
677.6
762.3
O%_Rer = 847

931.7

1.016 x 103

-MPa

0.63
0.589
0.555
0.527
0.502
0.481

The relative slenderness parameter in generatrix
direction (SS-EN 1993-1-6 equation 8.17)

0.363
0.303
0.259
X 10226
0.2
0.179

The unpressurised elastic imperfection reduction factor

Note: The calculation of the unpressurised elastic imperfection reduction factor is very long and has therefore been
hidden in the area above.

A

«0 = 0.20

The meridional squash limit slenderness determined from
equatio D.16 of SS-EN 1993-1-6

N.B: An assumption has been made that none of the wall sections is seen as a long cylinder. To varify that this
assumption is valid please look in the hidden area below.

[+
0.953
0.87
e 0.805
>‘xp = X _ The plastic limit relative slenderness (SS-EN 1993-1-6
1-8 ]0.751 equation 8.16)
0.707
0.669
=
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0.658

0.652
0.648
Xx = The buckling reduction factor in generatrix direction
0.644 (calculated from equations 8.13-8.15 of SS-EN
0.642 1993-1-6)
0.641
154.574
153.209
f 192189 MP The characteristic buckling stress in th tri
Oy Rk = Xxfyk = -MPa e characteristic buckling stress in the generatrix
X X YK 151,437 direction (SS-EN 1993-1-6 equation 8.12)
150.895
150.526
154.574
153.209
Oy Rk 152.189 . . . o
Oy Rd=—" = -MPa The design buckling stress in the generatrix direction
- M1 151.437 (SS-EN 1993-1-6 equation 8.11)
150.895
150.526
Il
—0.472
—-0.56
N _
X Ed 0.629
o == -MPa
X_Ed_mt t ~0.683
—-0.728
—-0.765
-0.306
-0.366
o -0.413
utilizedy g 1t = —x_Ed_mt = % The extend of which the 1st conditions
- Ox_Rd -0.451 has been utilized
—-0.483
—-0.509
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Ox_Edl_la*=

Ox_Ed2_la =

utilizedlst_1_|a =

utilizedlst 2 1a=

Nx_Ed_Ia M

x_Ed

Nx_Ed_Ia M
+

—_
N

|

x_Ed

—_
N

ol

Ox_Edl la

Ox_Ed2 la

—1.709 x 103
—2.386 x 103
—2.38 x 103
-1.977 x 103

-1.571x 103
-906.284

1.709 x 103
2.385 x 103
2.379 x 103

1.976 x 103

-MPa Equation 6.3 of SS-EN 1993-1-6

-MPa Equation 6.3 of SS-EN 1993-1-6

-1.106 x 103
—1.557 x 103
—1.564 x 103
—-1.305 x 103

-1.041 x 103
—602.078

1105 x 10°
1556 x 10°
1563 x 10°
1305 x 10°

1.04% 10°

1.57 x 103
904.949

601.192

-% The extend of which the 1st conditions
has been utilized

-% The extend of which the 1st conditions

has been utilized

Note: If the ratio_buckling exceeds 100% the condition for the buckling is not fulfilled and the thickness of the tank wall
has to be increased, or the tank has to be stiffened.

Second condition:

09 _Ed _eff < 99 Rd_eff

Co_eff =1

The buckling strength verification in the direction of the
circumference for an equivalent single cylinder with
uniform wall thickness and effective length l¢¢, see Figure

D.5 (SS-EN 1993-1-6 equation D.66)

A factor that should be 1 for stepwise variable wall
thicknesses (SS-EN 1993-1-6 D.2.3.1(7))
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The elastic critical circumferential buckling stress (SS-EN 1993-1-6 equations D.20-D.23 with
corrections for stepwise variable wall thickness according to D.2.3.1(7)):

C t
0_eff
oo Rer eff = 0.92-E—=1.—% _ 56.353.MPa
-~ Weff =
2
fyk
Ng eff = | =2042 The relative slenderness parameter in circumference
- %0 _Rer_eff direction (SS-EN 1993-1-6 equation 8.17)
v
og =05 The circumferential elastic imperfection reduction factor,
determined for the chosen tolerance class (SS-EN
1993-1-6 Table D.5)
Ngp = 0.40 The circumferential squash limit slenderness (SS-EN
1993-1-6 equation D.26)
)
>‘9p = |—— =1.118 The plastic limit relative slenderness (SS-EN 1993-1-6
-B equation 8.16)
v
Xo eff = 0-12 The buckling reduction factor in circumference

09 Rk_eff = Xo_eff fyk = 28.176-MPa

direction (calculated from equations 8.13-8.15 of
SS-EN 1993-1-6)

The characteristic buckling stress in the circumference
direction (SS-EN 1993-1-6 equation 8.12)

g
o9 Rd eff = ZO_Rkeff = 28.176-MPa The design buckling stress in the circumference
- M1 direction (SS-EN 1993-1-6 equation 8.11)
k=
ky = 0.65 Determined from equation D.29 of SS-EN 1993-1-6
Cp0_max = 1 The maximum external pressure coefficient without

Cpe_max = p0_max Yra

We max = qp(ze)'cpe_max

Ow_max = We_max = 352.134-Pa

Ueq = kw'qw_max = 228.887Pa

Ug = min(O,pi) = 0-MPa

free-end flow (Figure 7.27 of SS-EN 1991-1-4).

The maximum pressure coefficient for the external
pressure (equation 7.16 of SS-EN 1991-1-4 for cpg_max)

The maximum wind pressure acting on the external
surfaces (SS-EN 1991-1-4 equation 5.1)

The maximum wind pressure

The equivalent uniform external wind pressure (equation
D.28 of SS-EN 1993-1-6)

The internal suction (see SS-EN 1993-1-6 D.1.3.2(5))
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= 0.046-MPa The circumferential design stress for the effective cylinder
calculated with the equivalent wind (SS-EN 1993-1-6
equation D.30)

D
2
%0_Ed_eff = (qeq + qs)t_a

09 _Ed_eff ) -

———— =0.162-% The extend of which the 2nd conditions

09 Rd_eff has been utilized for the equivalent
wind

UtiIiZEdZHd_eq_Wind =

Dl

2.973
5.773
N
e _Ed 8.573
T6_Ed_eff mt’= " =| ;373 ‘MPa
: .
14.173

16.973

10.551
20.489

o 30.426
M = -% The extend of which the 2nd conditions
%0 _Rd_eff 40.363 has been utilized

50.301
60.238

utilizedan_rnt =

—443.652
—-808.382

3
N M _
6_Ed_la Mo _Ed 1.019 x 10 ,
%0 Ed effl = — T 5 oo 16 -MBquation 6.3 of SS-EN 1993-1-6
a —1. X

—684.141
14.173

449.598
819.928

3
N M
6 Edla Mo Ed |1036x10 .
o9 Ed_eff2_la = 5 = -MFE&quation 6.3 of SS-EN 1993-1-6

ta 1.023x 10°
706.887
14.173
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o 99 _Ed_effl_la
Utl'lZEdznd_l_la =— =
09 Rd_eff
o %9 Ed eff2_la
Ut'I'ZEdan_Z_Ia =— =
09 Rd_eff

-1.575x 103
—2.869 x 103

3
—3.618x 10 .%  The extend of which the 2nd conditions

3561 x 10° has been utilized

—2.428 x 103
50.301

1.596 x 103
2.91 x 103
3.679 x 103 Y The extend of which the 2nd conditions
3 70 has been utilized

3.631x 10

2.509 x 103
50.301

Note: If the ratio_buckling exceeds 100% the condition for the buckling is not fulfilled and the thickness of the tank wall
has to be increased, or the tank has to be stiffened.

Third condition:

Tx0_Ed_eff < Tx0_Rd_eff

The buckling strength verification for shearing in the
direction of the circumference for an equivalent single
cylinder with uniform wall thickness and effective length
leff, See Figure D.5 (SS-EN 1993-1-6 equation 8.18)

A factor that should be 1 for stepwise variable wall
thicknesses (SS-EN 1993-1-6 D.2.3.1(7) with
modification according to D.2.4.1(2))

The elastic critical shear buckling stress (equation D.32 of SS-EN 1993-1-6 with corrections for
stepwise variable wall thickness according to D.2.4.1(2)):

0.75E-C. off 1t
Tx6_Rcr_eff = o
y Weff g

fyk

= 190.204-MPa

V3 _ 0845 The relative slenderness parameter for the shear
>"r_eff I - stress in circumference direction (SS-EN 1993-1-6
x6_Rer_eff equation 8.17)
v
o =05 The shear elastic imperfection reduction factor,

determined for the chosen tolerance class (SS-EN
1993-1-6 Table D.6)
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Ao = 0.40 The shear squash limit slenderness (SS-EN 1993-1-6
equation D.39)

>"rp = =1.118 The plastic limit relative slenderness (SS-EN 1993-1-6
1-8 equation 8.16)
D
Xt eff = 0.628 The buckling reduction factor for the shear stress in
- circumference direction (calculated from equations
8.13-8.15 of SS-EN 1993-1-6 )
Xr_eff fyk . . .
Ty0 Rk eff = —— = = 85.273-MPa The characteristic buckling shear stress in the
- - \/5 circumference direction (SS-EN 1993-1-6 equation 8.12)
Tx0_Rk_eff . . . N
Ty Rd eff = —— —— = 85.273-MPaThe design buckling shear stress in the direction of the
- - M1 circumference (SS-EN 1993-1-6 equation 8.11)
Il
0
0
N
x0 Ed |0
T = = = -MPa
x6_Ed_mt t 0
0
0
0
0
T 0
utilizedgq mt = _x0_Ed_mt = -% The extend of which the 3rd conditions
- Tx6 Rd eff |0 has been utilized
0
0
0
0
N M
x0_Ed x0_Ed 0 .
Tx0_Ed_effl la = 0 - 2 = 0 -MPa Equation 6.4 of SS-EN 1993-1-6
a
0
0
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Tx0_Ed eff2_la =

Uti“ZEdSrd_l_la =

utilized3rd_2_|a =

Tx0_Ed_effl la

Tx0_Rd_eff

Tx0_Ed_eff2 la

Tx0 Rd_eff

o O o o o o

o O o o o o

-MPa Equation 6.4 of SS-EN 1993-1-6

o O o o o o

-% The extend of which the 3rd conditions
has been utilized

-% The extend of which the 3rd conditions
has been utilized

Note: If any of the ratio_buckling exceeds 100% the condition for the buckling is not fulfilled and the thickness of the
tank wall has to be increased, or the tank has to be stiffened.

The following two conditions should be checked as an addition to the conditions above (SS-EN
1993-1-6 D.2.3.2(1):

Fourth condition:

O'G_Edj < f’e_Rcrj

Equation D.66 of SS-EN 1993-1-6

v
60.378
52.831
46.961 . . ] .
09 Rer = -MPa The critical circumferential buckling stress of each
- 42.265 cylinder section j (equations D.62 and D.65 of SS-EN
38.422 1993-1-6)
35.221
0.049
D 0.043
2 0.038 . ) . .
o = (Oag + Ue)— = -MPa The circumferential design stress for each section of a
6_Ed ( eq s) t , ; ’ ,
0.034 cylinder calculated with the equivalent wind pressure
0.031 (SS-EN 1993-1-6 equation D.30)
0.029
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0.081
0.081

. . %0 E 0.081
ratio_buckling_6 := —= d = %
0.081

0.081

18.185
15.912

No max Ed | 14.144
BT T T 1073
11.572
10.608

-MPa Equation D.68 of SS-EN 1993-1-6

30.119
30.119
%9 Ed 30.119 . o -

= = -% The extend of which the 4th conditions has been utilized
30.119

30.119

utilized4th =

Note: If the ratio_buckling exceeds 100% the condition for the buckling is not fulfilled and the thickness of the tank wall
has to be increased, or the tank has to be stiffened.

Fifth condition:

%0 Ed: < Tx0 Rer- Equation D.66 of SS-EN 1993-1-6 with modification
-G O according to D.2.4.1(2).
)
%0 Rer. = t—TXe Rer eff The elastic critical shear buckling stress of each section j
- J H - —

(equation D.62 with corrections for according to
D.2.4.1(2) SS-EN 1993-1-6)

203.79
178.316
158.503
TXORer = | 40 655 | M0
129,685

118.878
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0
0
Nxo max Ed 0
TYWOEd=———— = Equation D.68 with modification according to D.2.4.1(2)
- t 0 of SS-EN 1993-1-6
0
0
0
0
. Tx6_Ed 0 . o .
utlllzed5th =—= -% The extend of which the 5th conditions has been utilized
Tx0 Rer |0
0
0

Note: If the ratio_buckling exceeds 100% the condition for the buckling is not fulfilled and the thickness of the tank wall
has to be increased, or the tank has to be stiffened.
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