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ABSTRACT
Horizontal impacts on the steel vertical cylindrical tanks can cause their lifting,
overturning and/or horizontal movement. One way to prevent the complete displacement of
these facilities is to place anchors. The standards for design of steel tanks API Std 650 and
EN14015 show detail for the appropriate shape of the anchor bolts and their chairs. The author
believes the suggested detail is not the best and it could be improved, and its bearing capacity
can be increased.

1. Introduction
The vertical steel tanks are technological facilities that bear the impacts of wind,
overpressure and earthquake. As a result, the tanks could be lifted, overturned and/or shifted.
Against these destabilizing forces act self-weight of the shell, the fixed roof and a part of the
liquid, located in the immediate vicinity to the shell. In case, where the stabilizing forces are
insufficient to prevent the whole lifting and/or overturning of the tank, the following measures
or combination of them must be undertaken [2]:
a) to increase the thickness of the bottom plates under the shell (annular plates);
b) to increase the thickness of the shell courses;
c) to change the proportions of the tank– to increase the diameter D and decrease the
height Н;
d) the tank is anchored.
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Many companies in the field of tank design and building recommend to use anchors as
the last option, just when all other constructive solutions could not achieve the necessary effect.
The reason for this can be generalized to:
- the anchors require reliable transmission forces length, that can be assured by a deep
reinforced ring or a whole foundation plate beneath the tank;
- when the attaching of the anchors to the shell is not well designed and detailed, it is
possible a tearing of the shell and/or joint bottom-shell. As a result, the bottom could be
separated from the shell and the product will be lost [7];
- placed on-site anchors, before mounting the steel structure of the tank, makes the
erection of the tank more difficult.
Sometimes the designers do not have a choice and using of anchors is inevitable as
evidenced by their realization into practice, see fig. 1.

Fig. 1. Executed anchors – variants

In the leading standards for design of steel vertical cylindrical tanks API Std 650 [4] and
EN14015:2004 [6] is shown a detail for the necessary shape of the anchor bolts and their chairs,
see fig. 2. Unfortunately in the standard ЕN 1998-4:2006 [5], part of the structural system
“Eurocodes”, such detail is missing.
The author sustains that the shown in the API Std 650 and EN14015 constructive
solution is not the best and it could be optimized in the following directions:
a) to increase the capacity of the anchor bolt to dissipate the seismic energy;
b) to increase the bearing capacity of the anchor’s chair.
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Fig. 2. Necessary shaping of the anchors according to the API Std. 650 and EN14015
1. Anchor bolt
2. Stiffening elements
3. Anchor plate

4. Washer
5. Nut

2. Possibilities for increasing the bolt’s capacity to dissipate seismic
energy and the bearing capacity of its chair
Suggested by API Std 650 [4] and EN14015 [6] detail can be improved in several
directions:

2.1. Increase of the anchor bolt capacity to dissipate seismic energy
To be dissipated energy, due to seismic impact, one element or a group of elements must
work to do. It could be done in the steel structures by plasticising of sections and large
deformations in the selected uncritical elements. The shell of the steel tanks could not be
dissipating elements because it will lose stability before that the stresses within the shell will
reach the yield strength. For this purpose can be used annular bottom plates, anchors and/or
their chairs. When the anchor bolts are used, the plasticization will be done in the zone where
the cross-section is smaller, i.e. in the thread. When the thread of bolts reach almost the
foundation, see fig. 3, the length of the zone in which the sections could be plasticized is bigger
than the recommended in the standard API Std 650 and EN14015, where the thread has
minimum length. As a result, the capacity for dissipation of the energy increases considerably.
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Fig. 3. Change of the shape of the anchors and their chairs
1. Anchor bolt
2. Stiffening elements
3. Anchor plate
4. Washer

5. Nut
6. New stiffening element
7. Plate
8. Back of the chair

Furthermore, the increased length of the thread is related to increased elongation of the
anchor bolts. So it is easier to match the noticed in the standard ЕN 1998-4:2006 [5]
requirement that the anchors should have capacity to elongate till R/200 without collapse. Here
R is the radius of the cylindrical shell.

2.2. Increasing the number of supports of the anchor plate
A new stiffening element will be placed between the two vertical stiffening plates, see
fig. 3. The purpose is to increase from 3 to 4 the number of supports of the anchor plate. On this
way it will be decreased the values of the bending moment in the anchor plate and therefore its necessary thickness.

2.3. Additional plate between the anchor plate and the washer
In the middle of the anchor plate is drilled an oval hole. Its form is required by the
necessity of free radial movement of the shell without bending the anchor bolts. As a result,
each time when the tank is filled or emptied, the shell, respectively the rigidly attached to the
tank chair, are displaced in the radial direction. To prevent the jamming of the washer in one of
the edges of the oval hole, it is good to place additional, sufficiently wide plate between the
frictional elements, see fig. 3. Furthermore, this additional plate will lead to less deformation
and stress in the anchor plate. Therefore, its thickness can be decreased.
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3. Numerical modelling and results
Using the graphical interface Workbench of the software product ANSYS v.19 [3], the
author is created several spatial numerical models of the real anchor bolts М27 and chair to it.
They are detailed according to the standard API Std 650 [4] and EN14015 [6]. After that in
each of the models is imported the relative modification, which according to the author, could
increase the capacity of the anchor bolt to dissipate energy and the carrying capacity of its
chair. The common between all models is the following:
a) the material for the elements of the chair and the anchor bolt is steel S235 with
mechanical properties according to the standard БДС EN 10025-2 [1]:
- initial modulus of elasticity – Е = 210 000 МРа;
- yield strength – fy = 235 MPa;
- tensile strength - fu = 360 MPa;
- relative elongation in point of destruction – εu = 0.26;
- relative elongation at the beginning of yielding – εy1 = 0.00112;
- relative elongation at the end of yielding – εy2 = 0.0173;
- relation σ-ε is three linear and it is shown on the fig. 4.

Fig. 4. Idealized relation σ-ε of steel S235

b) in the upper end of the anchor bolt, see position 3 of the fig. 2 and 3, there is thread
М27;
c) vertical stiffening elements, see position 2 on the fig. 2 and 3, have a thickness equal
to 12 mm and the clear distance between them is 102 mm;
d) the anchor plate, see position 3 on the fig. 2 and 3, has thickness equal to 18 mm;
e) in the middle of the anchor plate is drilled elliptical hole with a distance between
centres 30 mm and radii of the two semicircles R14 mm;
f) the chair and anchor bolt are simulated through solid elements;
g) Workbench automatically creates connections between different elements that can
have different characteristics. In this research is accepted that the connection between the chair
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and the anchor bolt is frictional with friction coefficient 𝜇 = 0.5. The maximum sliding of the
parts in contact is 1 mm;
h) finite element SOLID187, defined by 10 nodes, is used. It is suitable for simulation of
plasticizing and large displacement;
i) the maximum dimension of the finite element of the mesh is limited to the 5 mm, and
on the surface of the elliptical hole – till 1 mm;
j) numerical solution has one step, divided into substeps It is accepted their initial
number is 30, minimum – 25, maximum - 50;
k) control option for force convergence is activated.

3.1. Influence of the length of the thread of the anchor bolt
In this research the thread in the upper end of the anchor bolts has a different length.
Short – 75 mm and long – 245 mm. An axial force is applied in the bolt with a value Fz = 110
kN. If the net section is Ab,net = 4.59 cm2, normal tensions in the threaded part will be:

σ

Fz
110

 23.96 kN/cm 2  f y ,
Ab, net 4.59

(1)

i.e. the threaded part of the anchor bolt will yields.
The accounted deformations in the anchor bolts and their chairs are shown on the fig. 5.
The displacement on the bolts on the vertical axe z is:
a) when the thread has length 75 mm – Δz = 1.07 mm;
b) when the thread has length 245 mm – Δz = 6.36 mm.
Quantity of energy for plasticization of the threaded section of the bolt, accounted by
ANSYS, is as follow:
a) when the thread has length 75 mm – А = 27.34 mJ;
b) when the thread has length 245 mm – A = 209.92 mJ.

a) bolt with a length of the thread 75 mm

b) bolt with a length of the thread 245 mm

Fig. 5. Deformation of the anchor bolts and their chairs
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The zone with longer thread, where the section of the bolt is decreased, leads to bigger
plastic deformation. The quantity of done work is bigger and this is a premise for more
considerable dissipated energy during an earthquake.

3.2. The influence of the number of the supports on the deformations and
stresses in the anchor plate
In this research the anchor plate is supported by two ways - on three sides as is a
classical detail and on four sides, as is the author’s suggestion. The accounted deformations and
stresses are shown on the fig.6 and fig. 7.

a) vertical deformation

b) equivalent (by von Mises) stresses
Fig. 6. Deformations and stresses in anchor plate, supported on three sides

415

a) vertical deformations

b) equivalent (by von Mises) stresses
Fig. 7. Deformations and stresses in the anchor plate, supported on four sides

As it can be supposed, as the deformations, as well as equivalent stresses, are smaller
when the plate is supported on four sides.

3.3. The influence of the additional plate on the deformations and stresses
in the anchor plate
In this research, between the anchor plate and the bolt’s washer is placed a plate with a
thickness t = 10 mm, and dimensions in plan 100x100 mm, see position 7 on fig. 3. The
opening in its middle is with diameter Ø28 mm. The calculated deformation and stresses are
shown on the fig. 8.
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a) vertical deformations

b) equivalent (by von Mises) stresses
Fig . 8. Deformations and stresses in anchor plate, supported on three sides
Above it is placed an additional plate, with a thickness t = 10 mm

Comparing the shown on the fig. 6 and fig. 8 results, we can see that as the deformations
such as equivalent stresses in the anchor plate with additional plate above it, are smaller.

4. Conclusion
Sometimes the details shown in the leading standards for design of steel structures are
not the best and they could be improved. Such an example is the detail for attaching of the
anchor bolt to its chair, worked out in the API Std 650 [4] and EN14015 [6]. The good
theoretical background and engineer logic allow with small additional costs to increase its
capacity for dissipation of the seismic energy and its bearing capacity. Therefore, civil
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engineers should not blindly thrust the proposed solutions. It is needed to consider details and
joints in their structures and, if necessary, to change them.
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