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1 Introduction

Many flat bottom tanks of the oil industry have been built in the 1960s and 1970s, which are still in

operation. Being usually designed for 25 years of operation, this time is by far exceeded. In this

context it is discussed, if there could be a low cycle fatigue problem at the tanks bases.

In this paper investigate some aspects of low cycle fatigue with tank base joints are investigated.

2 Terms, Definitions and Abbreviations

CVG

DBF
ECO0, ECI1, EC3, etc.

EDC

FEA
full filling cycle

hysteresis

isotropic hardening

kinematic hardening

ratcheting

SCF

cyclic void growth model

only for T > 1 (see e.g. Habig Fig. 2-24 [12])
design by formula (= “hand design™)
short form of EN 1990, EN 1991, EN 1993 [1], etc.

effective damage concept
cannot predict failure for high-low loading history (see e.g. Hibig

2.4.7[12))
finite element analysis
full — empty — full (as opposite to full — partial empty — full)

characteristic stress-strain-curve of a material under cyclic load-

ing with symmetric reversed strains (see Fig. 1)

only significant for strain reversal
yield surface extends symmetrical to center (see e.g. Hébig Fig.
4-2[12))

see kinematic hardening

only significant for strain reversal
yield surface keeps size but shifts from centre (see e.g. Hibig Fig.
4-2[12))

see isotropic hardening

progressive collapse when the loading is altered between two

load levels (see Fig. 3)

stress concentration factor
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shakedown starting like a ratcheting phenomenon, but with decreasing strain
amplitudes, so that a closed loop develops after e.g. 30 cycles [3]
(see Fig. 3)

SWD stress weighted damage model
more accurate then CVG by including Lode angle to describe

stress state more precisely (see e.g. Habig 2.4.7 [12])

Triaxiality T = sigma,m / sigma,v
(also denoted as triaxiality parameter n, e.g. [4])
hydrostatic stress tensor / deviatoric stress tensor
sigma,m = (sigma,l + sigma,2 + sigma,3) /3
sigma,v = V(1/2) * \[(sigma, ] — sigma,2)? + (sigma,2 — sigma,3)?
+ (sigma,3 — sigma, 1)?]
where sigma,i are principal stresses
T=0  pure shear
(all components same magnitude)
T =+1/6 3D — biaxial tension/compression
T =+1/3 1D — tension/compression
T =+2/3 2D — tension/compression
T==1 1D - tension/compression with blocking of lateral con-
traction

T =400 3D —tension/compression
WRS welding residual stresses

yield condition after Hubert/Mises/Hencky

describes a cylindrical yield surface

3 Material Behaviour in Cyclic Loading

In the following figures some typical stress-strain-curves of plastic material behavior under cyclic

loading are given.
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Figure 1: Closed Load-Elongation-Loops (hysteresis) under symmetric reversed strains
up to gradual degradation during the last cycles and subsequent rupture
(experimental data, Fig. 3-19 from [12])
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Figure 2: Open Load-Elongation-Loops under unsymmetric reversed strains
(experimental data, Fig. 3-14 from [12])
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(a) Elastic shakedown (b) Plastic shakedown (c) Ratcheting

Figure 3: Sketches of shakedown and ratcheting (schematic, taken from [16])

The main differences of the plastic material behavior of a sample is coming from being load con-

trolled (ratcheting or shakedown) or deformation controlled (open- or closed-loop hysteresis).

Another important feature comes from the fact, if after being plastified the load or deformation re-
versal is big enough to cause another plastification, which is associated with the term “Bauschinger-
Effect” (see e.g. [9]). However, when there is a load or deformation reversal, but without plasticity

(elastic unloading), neither of ratcheting or shakedown will happen (see Fig. 4).
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Figure 4: Sketch of repeated loading with elastic unloading

According to a hypothesis in material science, reversed plasticity takes place, if the unloading path
is double the size of the yield limit. Other than sketched in Fig. 4, where a low yield limit is associ-
ated with high hardening potential, this is not the case for ordinary structural carbon steels. Thus,

even if the tank should suffer plastic deformations during test filling, lowering the liquid level down
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to zero will produce only elastic unloading without reversed plasticity. Consequently, subsequent

filling will go up the elastic unloading path, but not produce any new plastic deformation.

When doing a “full” FEA, i.e. capturing fracture within the structural analysis, so called damage
models are needed. These could be e.g. CVG, EDC, SWD, for a short explanations see the Terms

and Definitions chapter. However, these are not used in the present study.

4 Filling Level Spectra (exemplary)

41 General

In order to tackle possible fatigue effects, information on the number of variations of stresses and
the associated magnitudes are needed. In case of a tank, the circumferential membrane stresses, as
well as the meridional bending stresses in the base joint area are proportional to the filling level of

the stored liquid.

This first approximation assumption holds for ordinary tank design on basis of membrane stresses.
It gets more complicated, if plastic deformations occur. These produce residual stresses after un-
loading (spring back), so that the resulting stress pattern — or more accurate: the resulting stress var-

iations — are no longer proportional to the liquid level.

However, if not stated in more detail later in this paper, we will remain on this first approximation
level. Thus, the stresses are proportional to the liquid level, and so are the stress variations. There-
fore it is sufficient to provide a normalized filling level spectrum, which can be derived from the
operators data. This normalized filling level spectrum holds also for the stress variations in the

shell.

Although pretty many tank experts reject the idea of plastic tank design, Knddel, Ummenhofer and
Ruckenbrod (2017) [14] showed, that this was an implicit part of tank design ever since.

Generally, tanks are not designed for spectrum loading. Rather, a tank has a specified nominal fill-
ing level, for which the quasi-static design is performed. Considering variations of load (i.e. empty-
ing the tank and filling again), which could raise a fatigue issue (low cycle fatigue: LS2 acc. to
EC3-1-6 [1] or high cycle fatigue LS4 acc. to EC3-1-6 [1]) is generally avoided by stating the num-
ber of load changes should not exceed 10.000.

For typical industrial vessels this seems to be a reasonable assumption. If you consider a design-

lifetime of 25 years and one full filling cycle per day, you end up with 9.125 cycles. However, tanks
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in the oil industry or in municipal fresh water supply, are much longer in operation, e.g. in excess of

50 years. Thus, arguing in favor of non-fatigue can only be done if

a) the stress level is small

which is not the case in typical tank design

b) there is robust information on the number of filling cycles being still smaller than 10.000

c) the total number of cycles is in excess of 10.000, but due to spectrum loading much of these
cycles are not “full”, leading to a considerable longer design life than given by the SN-

curve.

During the research for this paper we had support through the German and Austrian industry, which
gave us the opportunity to present exemplary but real tank loading spectra, which we present in the

subsequent subchapters.

4.2 Exemplary Oil Tanks Level Spectrum
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Figure 5. Example tank T3 — time history of filling level evaluated for 1998
(courtesy of Bayernoil, Vohburg, Germany)

level [m]

Tank 3 is a floating roof tank. It has a diameter of 51,20 m and an eaves height of 18,30 m. The
nominal filling level of the tanks is app. 17,30 m.

In Fig. 5 we see 36 emptying cycles in 1998. Roughly, the level is alternating between 12,80 m and
1,50 m. A closer look to the drop downs to zero level in the bottom part of the figure shows, that

these seem to be due to data error, because vertical lines would not match to the physical possibili-

ties of the piping.
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Thus we have a level range of
Ah = 12,80m — 1,50m = 11,30 m (1)
compared to a design level of 17,30 m.

From the frequency of emptying cycles we can conclude, that even if these were full cycles, the

tank could have a service life of
N = 10.000 cycles / 36 cycles/year = 278 years (2)

to reach the magic number of 10.000 cycles.

T031 1998

level [m]

5' + ll'l ||'v' g

0 10 20 30 40 50
operating time [weeks]

s T031 1998
g {ﬂunu _1\\/“\4 L val a
P mY RV ASY,
035 36 37 38 39 40 41

operating time [weeks]

Figure 6. Example tank T31 — time history of filling level evaluated for 1998
(courtesy of Bayernoil, Vohburg, Germany)

Tank 31 has a diameter of 19,50 m and an eaves height of 18,30 m. Filling height at nominal vol-

ume is 18,10 m.

In Fig. 6 we see 63 emptying cycles in 1998. There is something like a long-time trend with app. 4
global waves along the year, which may be neglected in fatigue considerations. The remaining
higher-frequency variations are having a range from app. 5 m (or smaller) to (not much more than)
8 m, compared to a design level of 18,10 m. If we exclude the rang of > 5 m due to being insignifi-
cant for the loading spectrum, we have a regular (or “high-frequency”) variation of 5 m correspond-

ing to 28 % of the nominal level.
Again, the drops down to zero level in the bottom part of the figure can be attributed to data error,
From the frequency of emptying cycles we can conclude, that even if these were full cycles, the

tank could have a service life of
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N = 10.000 cycles / 63 cycles/year = 159 years 3)

to reach the magic number of 10.000 cycles.

4.3 Exemplary Fresh Water Tank Level Spectrum

HBT 2018
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Figure 7. Example tank HBT — time history of filling level evaluated for 2018
(courtesy of eww ag, Wels, Austria)
<<< HBT level-time-history 2019-06-26 a.tif >>>

HBT is a fresh water tank near Traunleiten, Austria, which is operated by the water department of
Elektrizitaitswerke Wels AG, Austria, since 2016/17. The structural analysis was done in 2016 by
IPU Karlsruhe, Germany, with the first author being the structural engineer and the third author be-

ing owner of the design office.

The tank has diameter of 28.000 mm and an eaves height of 8.500 mm and a design filling height of
8.200 mm.

In Fig. 7 we see 56 emptying cycles during weeks 39-46 in 2018, i.e. 8 weeks. Mostly, a level be-
tween app. 5,50 m and app. 7,00 m is maintained, with rare peaks up to 8,00 m (only 4 throughout
2018). Thus, we have a range of app. 1,50 m with a frequency of 7 per week, making 1 per day or
365 per year.

This range of 1,50 m compares to the above given design level of 8,20 m, corresponding to 18 %.

From the frequency of emptying cycles we can conclude, that if these were full cycles, the tank

could have a service life of

N = 10.000 cycles / 365 cycles/year = 27 years (4)
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to reach the magic number of 10.000 cycles. It is obvious however, that due to the small actual level

range (comparing to a small stress range), the tank can have a much longer service life.

5 Exemplary Tank Design

5.1 Geometry and Material

45m 45m ., 2,5m

6 m

H=15m

H=75m

D=20m

T E“ m
m-
=
@
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~
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I“ -- \ /
D=60m
Figure 8. Three example tanks (not to scale), in [23])
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We use a medium (20 m dia, 15 m eaves height, fixed roof) and a large tank (60 m dia, 25 m eaves
height, floating roof), on which we worked within a research project for the German Building Au-
thority DIBt (previously, these tanks were reported in [15]). Additionally, we use the Riimlang tank
(Switzerland; 30 m dia, 26,3 m eaves height, fixed roof) given in [21], [22].

The stored liquid was considered to be water, operational filling level was at the eaves. Conven-
tional membrane design according to EC3-4-2 [1] in comparison with DIN 4119 [2] gave the fol-

lowing results for the bottom strake:

medium tank
7,0 mm; S355;

large tank;
25,0 mm; S460;

Riimlang

15,5 mm; S355

this tank is operated with a liquid of 8 kN/m?, but in the present study we use water as well
The constraints at the base joint are taken as

- bottom edge is radially fixed (zero-displacement condition)

- meridian of bottom edge is free to rotate (“pinned”) or alternatively rotation fixed (zero-tan-

gent-inclination condition, “clamped”)

5.2 Characteristic Stress State — DBF

Characteristic values

medium tank:

hydrostatic pressure (5)
p = 15m* 10 kN/m* = 150 kN/m?

membrane hoop stress according to Barlow's formula (“Kesselformel”)

¢ = 150 kN/m?* 10 m /7,0 mm = 214 N/mm?

safety margin to nominal yield limit

S = 355 N/mm?/214 N/mm? = 1,66

theoretical radial expansion

AR = 10.000 mm * 214 N/mm?/ 2,1*¥10° N/mm? = 10,2 mm
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large tank:

hydrostatic pressure (6)
p = 25m* 10 kN/m® = 250 kN/m?

membrane hoop stress according to Barlow's formula (“Kesselformel™)

¢ = 250 kN/m?* 30 m /25,0 mm = 300 N/mm?

safety margin to nominal yield limit

S = 460 N/mm? /300 N/mm? = 1,53

theoretical radial expansion

AR = 30.000 mm * 300 N/mm?/2,1*¥10° N/mm? = 42,9 mm

Riimlang tank

hydrostatic pressure (7)
p = 26,3m* 10 kN/m® = 263 kN/m?

membrane hoop stress according to Barlow's formula (“Kesselformel™)

¢ = 263 kN/m?* 15m/ 15,5 mm = 255 N/mm?

safety margin to nominal yield limit

S = 355 N/mm? /255 N/mm? = 1,39

theoretical radial expansion

AR = 15.000 mm * 255 N/mm?/ 2,1*¥10° N/mm? = 18,2 mm

For the above mentioned constraints of the base joint, the resulting meridional bending stresses can
be taken from EC3-1-6 Annex C [1] by means of a factor, which relates the meridional bending
stresses to the circumferential hoop stresses.

clamped: 1,82

pinned: 0,585

Riimlang

clamped: o,x,b = 1,82 * 255 N/mm? = 464 N/mm?

length of bending half-wave: 2,44 * \/(R*T) = 2,44 * \/(15.000 mm * 15.5 mm) = 1.178 mm

to tackle the bending half wave in FE with linear elements this requires a maximum element length
of 1.178 mm / 5 = 236 mm (see Knddel/Ummenhofer/Ruckenbrod 2017 [14]), or, more modern,
1.178 mm / 10 = 118 mm

In order to capture the pronounced stress peak with a clamped bottom strake, we recommend to use
the effective width with 5 elements:
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0,778 * N(R*T) = 0,778 * (15.000 mm * 15.5 mm) = 375 mm,

thus 375 mm /5 = 75 mm (in this study we chose app. 50 mm)

With this element size we receive a maximum bending stress of ~398 N/mm? at the base

with an element size of app. 10 mm we receive —443 N/mm? at the base, which is still 5 % smaller

than the analytical value.

5.3 Plastic Strains at First Filling

In conventional tank design (meaning hand design using formulae derived from structural mechan-
ics) we cannot account for the flexibility of the tanks foot. Thus, doing design “on the safe side” we
assume the tank’s foot to be clamped in order to get maximum meridional bending moments. If ra-
dial displacements would be an issue, we would alternatively assume a hinged tank’s foot in order

to get maximum radial displacement of the tank’s wall.

The former assumption results in high meridional bending stresses which suggest yielding of the
inner and outer surface of the tank’s wall. In a previous paper this effect has been discussed in de-
tail. It was suggested that the a priory assumption of a plastic hinge around the tanks foot is bene-

fitial, because it shortens the design process, still leading to safe results.

Another issue is the topic of partial safety factors. We are used from metal structures design, that
we assume factorized loads on the action side, comparing these with the plastic (or stability) capac-
ity of the component on the resistance side. From the perspective of reliability, the partial safety

factor on the action can be seen as

- measure for the unlikely event of an actual load exceeding the nominal load;

- a number for controlling the probability of failure of the component (e.g. app. 1 over 1 mil-

lion per year) within the given loading scenario;

As discussed only recently in the different Eurocode committees for load models (ECO and EC1)
and shell structures design (EC3-1-6 [1]), the liquid loads of a tank are far from being stochastic
like e.g. wind loads. Rather, liquid levels (or filling volumes) are part of a controlled (industrial)
process. Thus, we have close-to-deterministic loads, where even a partial load factor of e.g. yr=1,2

is over-conservative compared to the physical possibilities.

Therefore, when discussing plasticity and low cycle fatigue, the authors consider it simpler to refer
to the nominal stress states. Only in an additional, second step we will look at what would happen,

if the loads happen to be bigger than assumed in design.
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5.4 Characteristic Stress State — FEA

Back to the question of realistic boundary conditions at a tank base. In a recent joint research pro-
ject of the Universities Lausanne, Graz and Karlsruhe (KIT), low cycle fatigue at a tank base was
investigated in the context of seismic loading. One of the outcomes was a PhD thesis of Tappauf
(2018) [22] under the supervision of the second author, who was the project leader of the Graz’

part. While this project was governed by highly dynamic response of the tank structure as well as by
fully reversed loading, it is different with the present paper: looking only at operational conditions
we have quasi-static loading, and we don’t have load reversals. The question of possible strain re-

versals will be discussed later.

So we studied the quasi-static stress state under realistic boundary conditions, which implies the
footplate lifting off the foundation. This was done by Zachmann (2019) in a Bachelor thesis [24].
Exemplary results are given in Fig. 9. As plausibility check we can see, that the maximum value for
the radial displacement off the pinned model is short of 19 mm, which corresponds to the above an-
alytical solution for the membrane state of 18,2 mm. As well we can see, that the circumferential
membrane stress for the pinned model is short above 250 N/mm?, which corresponds to the above

analytical solution for the membrane state of 255 N/mm?.

An interesting feature is seen with the comparison of the boundary conditions. In giving the bottom
plate only vertical restraints to the foundation, it shows, that we have a radial displacement of some
4,5 mm, which is usually neglected in hand design. In turn, this leads to the fact, that the circumfer-
ential stresses are not going down to zero, as assumed in hand design, but remain at a value of app.
60 N/mm?. Still, the maximum values of radial displacements and membrane hoop stresses for the
realistic boundary conditions are between the pinned and the clamped version, as would be ex-

pected.
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Figure 9: Riimlang Tank Base with different boundary conditions

clamped (= eingespannt); pinned (= gelenkig); contact (= ansys); analytical (= girkmann [8])

top: radial displacements; middle: circumferential membrane stress

bottom: meridional bending stress (outer face of shell)
(FEA, Fig. 2.17 from [24])

Also, as expected, the meridional bending stresses are between the pinned and the clamped version.

A value of 200 N/mm? compared to a clamped value of app. 450 N/mm? indicates, that the real
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clamping moment at the base of the shell is less than half the value of an assumed clamped tank

foot.

Minor variations are controlled by the activated stiffnesses, such as tank wall bottom strake and
thickness of annular footplate. Also, the outstand of the footplate produces only a variation of the
equivalent stresses in the tank wall from 100 N/mm? (75 mm outstand) to app. 50 N/mm? (0 mm
outstand). We expected a higher influence of the outstand length. It seems however, that the lift of
the inner part of the footplate, which is relaxing the shell wall’s bending stresses is not very much

dependent of the outstand length.

Thus we can assume, that these findings are also valid for anchored tanks, because the location of

the anchors is typical well over 50 mm off the tank wall.

In his parametric study with a realistic parameter range, Zachmann did not find equivalent stresses
bigger than 230 N/mm? in the tank wall or the foot plate of a tank with a reference hoop stress of
147 N/mm? [24]. For a rough estimate we can assume that the stress pattern of a tank with typical
geometry of the base joint is such, that the equivalent stresses do not exceed the nominal circumfer-

ential membrane stresses by a factor of

k,est = 230 N/mm?/ 147 N/mm? = app. 1,6 (8)

6 Welding Residual Stresses

Recently, Gkatzogiannis et al. are working on the FEA simulation of WRS (e.g. [10]).

The primary deteriorating effect of WRS is induction of high tensile stresses due to post-weld
shrinkage. This corresponds to a mechanical prestressing of the weld area which, at cyclic loading,

corresponds to an increase of the mean stress level.

Exemplary distributions of longitudinal and transverse WRS are given in Fig. 10. Basically, these
can be compared with the situation at a tank base. As expected, longitudinal WRS are have the

magnitude of the yield limit.
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Figure 10: Longitudinal (top) and transverse (bottom) WRS

7 Local Concepts

FEA and measurements from [11]

Other than nominal stress concepts in the previous chapter, which are dealing with mean stresses,

local concepts are looking for actual hot spot stresses due to stress concentrations from variations in

stiffness.

In the present component of a tank base we are looking of the SCF of a T-joint, where the “leg” is

subjected to bending. This corresponds to EC3-1-9:2010 Table B1 Detail 7 [1], where a reference

value of stress range of 90 MPa is given.

If the local stress state is known the evaluation of bearing capacity can be derived directly from the

hysteretic material behavior.
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This concept is mentioned here only for completeness, but will be not be investigated in further de-

tail.

8 Conclusions

Conclusions from the above results and discussions can be drawn as follows. Note, that these con-

clusions refer to operational states from variable filling levels in the tank, not to seismic loading.

- If tank walls are designed according to the present rules, the characteristic circumferential

membrane stress is by a factor of 1,35 to 1,5 (or more) under the nominal yield limit.

- This factor will be smaller, if tanks would be designed by a deterministic approach, as pro-
posed by Knédel/Ummenhofer 2018 [15].

- Due to meridional bending at the tank base, typically there will be equivalent stresses, which

are by a factor 1,6 above the circumferential membrane stress.

- Due to the actual rotation of a tank base the clamping moment is reduced. The bending

stresses are only half as much as calculated with the assumption of a clamped tank base.

- Along with residual stresses, there might be plastic deformations during first loading.

- In subsequent loading, no additional plastic strains will occur for two reasons:
a) there will be no filling level higher than first fill up to max;
b) due to the fact, that the hardening potential (relation of engineering ultimate stress and
engineering yield stress) of structural steels is only app. 1,5, the stress range during unload-

ing cannot be as much as 2 fy. Thus, no reversed plastic deformations can occur.

- From the previous bullet point follows, that all deformations within the service life of the
tank will be elastic.

- The evaluation of realistic filling level spectra for medium to big tanks show, that
either the tank has only very few emptying cycles, so that 10.000 cycles are not reached
within the service life of the tank

or the tank has frequent variations in the filling level, but only with a small range.
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- Both cases of the previous bullet point let assume, that with an elaborate loading spectrum, a
fatigue check for the tank can be done without being governing compared to the original de-

sign for static loads.

In summary we conclude, that flat bottom storage tanks, which have been built in the 1960s and
1970s, have no a priori low cycle fatigue problem due to the long service life. Of course, the above
conclusions are based on the typical examples used. There might be a different situation when tanks

having other filling histories.

Finally it should be noted, that in this study only the mechanical behavior of the Shell-to-Base

Joints was studied. Inadequate corrosion protection might lead to shorter service life.
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