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Abstract

The article presents the types of the most common underground or partially sunken tanks used on farms.
The analyzed tanks were designed for the storage of zoonotic fertilizers. Solid or semi-liquid fertilizers
should be stored in livestock premises in sealed tanks, protected from leakage into the ground. Basic
static schemes of tanks and types of loads acting on tanks were considered. The durability and leak-
tightness of the tanks were also addressed, and the insulation used to protect the walls and bottom plate
of the tanks was discussed. A computational example presents the values of loads acting on the various
elements of the tank at two computational schemes, and compares the results obtained by two
computational methods, i.e., the separated plate method and the finite element method. The
discrepancies in the obtained results were pointed out. Recommendations were formulated for the design
of tanks in terms of meeting the tightness criterion. FEM calculations were made for two cases: with
and without consideration of the soil stiffness.
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1 Introduction

One of the European Union's requirements for farms is to reduce soil and groundwater pollution caused by nitrates
from agricultural sources and to prevent further such pollution. Among the many environmental hazards arising on
the farm, special attention should be paid to solid and liquid animal excrements. Natural fertilizers in solid form
should be stored in livestock housing or on impermeable slabs, protected from leakage infiltration into the ground
and equipped with a system that drains leakage into sealed tanks. Natural fertilizers in liquid form (slurry) should be
stored only in sealed tanks. Each made tank needs a document confirming its good quality, especially in terms of its
tightness.

The main requirements for the construction of the tank are as follows (according to Eurocode 2 [1], BN-84/8814-07
[2], PN-B-03264:2002 [3]):
- the tank should be designed in a way that ensures its tightness and durability [1, 4, 5],

- liquid manure is a medium or weakly aggressive environment towards concrete, which corresponds to exposure
class XAl or XA2 [4],
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- materials used for the construction of the tank should meet the requirements of relevant standards or technical
approvals,

- the minimum class of concrete for the environment XAL and XA2 according to (PN-EN 206:2014) [5] is C30/37,
according to (PN-B-03264:2002) [3] for XAl - C25/30, XA2 - C35/ 45, while according to (BN-84/8814-07) [2]
it is C16/20 (recommended C20/25), and according to the Announcement of the Minister of Agriculture and Rural
Development [6] class C16/20,

- the minimum required degree of waterproofness is W,

- contacts between components of prefabricated tanks should be properly secured and sealed,

- structural reinforcement in the form of bars made of steel class A-11IN, the ductility class C is recommended,
- reinforcement cover for XAl and XA2 exposure class due to corrosion protection should be at least 40mm,

- permissible crack widths according to (PN-B-03264:2002) for elements operating in the XA1, XA2 environment
to protect against corrosion are 0,2 mm, and for tanks that are required to be tight they are 0,1 mm,

- permissible crack widths according to (PN-EN 1992-3:2008 Eurocode 2) for tightness class 1 depend on the height
of the water column ho and the wall thickness h (wi=0,2 mm for h¢/h<5; wiu=0,05 mm for ho/h<35) and
deformation fluctuations resulting from changes in load and temperature Ae<150-10°,

The work will present the currently used types of tanks for organic fertilizers, basic static schemes, types of loads
acting on the tank, tank insulation solutions and a calculation example of a monolithic tank with variant consideration
of the soil stiffness.

2 Currently used tank solutions

For the storage of animal manure in liquid form on farms, underground or partially buried tanks are most often
used. The advantage of these tanks is the possibility of gravity discharge of manure from buildings and manure slabs
into the tank. The ceiling above the underground tank can be used as an area for manure storage. In such a case,
ventilation and inspection hatches should be provided in the upper plate and slopes of min. 1% to allow liquid feces
to be discharged. The difficulty in the construction of these tanks is the fact that in the case of a high level of
groundwater, it is necessary to lower their level for the period of the tank construction, as well as to make appropriate
seals, which is associated with additional costs. Tanks for storing natural fertilizers can have the shape of a rotating
solid - a cylinder with a vertical axis of rotation, the so-called cylindrical tanks or they can be rectangular tanks. The
slab covering the tank intended for manure storage should be provided with retaining walls located on the edge of
the slabs. The analyzed tanks are made of various materials and can be divided into monolithic reinforced concrete,
prefabricated reinforced concrete, steel, PVC-based plastics or reinforced fiberglass. The most common are
monolithic and prefabricated reinforced concrete tanks.

3 Computational static schemes and loads of monolithic reinforced concrete tanks

The following computational static schemes of underground tanks for animal waste can be distinguished:
distribution scheme (Fig. 1a), spatial scheme (Fig. 1b).
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Figure 1. Distribution diagram (a) and spatial diagram with finite element mesh (b)

In the distribution scheme, the calculations are carried out using the isolated plate method. The analysis consists
in considering the structural elements of the tank (walls, bottom plate, top plate) as bidirectionally bent plates,
assuming, depending on the expected technology of execution, free support, or complete fastening of the relevant
edges. Thanks to this method, it is possible to determine the bending moments and deflections of rectangular slabs
with different support conditions resulting from the adopted design solution. It is also important to remember about
the need to equalize the edge moments in the case of rectangular tanks with different dimensions of the adjoining
walls.

Monolithic rectangular tanks should be calculated using methods that allow for considering their spatial static
work [7] as well as actual dimensions and material data. Finite difference method (FDM) or finite element method
(FEM) can be used here. Using the finite element method (FEM), a finite element mesh is created and, by performing
a computational analysis, the values of forces, bending moments and deflections are determined at any point in the
structure (Fig. 2).

a) b)

Figure 2. Scheme of a two-chamber tank: a) spatial arrangement of elements, (b) diagram of bending moments

When calculating the tank using the finite element method (FEM), one should consider the soil stiffness, supports
with one-sided constraints, differentiation of stiffness, change in stiffness caused by cracking, stiffness degradation,
various types of loads [8], including possible explosion loads [9].

For both static schemes, the following types of connections can be distinguished between structural elements of
the tank (Fig. 3):
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Figure 3. Types of connections between structural elements of a monolithic tank:

wall

a) rigid connection of the tank walls with the bottom plate and the top plate, b) rigid connection of the tank walls
with the bottom plate and hinged connection of the tank walls with the top plate, ¢) rigid connection between the
tank walls

When designing underground tanks for liquids, we can consider two main load schemes. The first scheme
concerns an uncovered tank filled with liquid, while the second one concerns an empty tank covered with soil. For
the first scheme, the following loads acting on the tank should be considered:

- load of the cover plate with its own weight,

- liquid (slurry) load on the walls of the tank and the bottom plate,

- loading of the bottom plate with the ground resistance caused by the tank's own weight.

For the second scheme, the following loads must be considered:

- loading the top plate with its own weight,

- loading the top plate of the tank with soil (if the top plate of the tank is buried in the ground),

- operating load, and in the case of vehicle traffic, the load caused by vehicles according to [10], the standard [11]
is also helpful,

- load of the top plate with snow,

- load on the walls of the tank with backfill soil, in the calculations, it is assumed that resting pressure acts on the
tank,

- load of the bottom plate with soil resistance.

In the case of high groundwater levels, it is very important to check the tank for its stability due to water buoyancy.
In addition, the load on the bottom plate and walls caused by water pressure should also be considered [12].

An important factor causing additional forces that should be considered when designing tanks is concrete
shrinkage and ambient temperature fluctuations [4, 7, 13, 14, 15 18, 19]. Higher class concretes are characterized by
greater shrinkage. This is important for the proper selection of reinforcement. It should be noted that according to the
standard [5] slurry tanks should be made of concrete of at least C30/37 class, and according to the Announcement of
the Minister of Agriculture and Rural Development [6] of concrete of C16/20 class.
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4 Solutions that ensure durability and tightness

The external and internal protection of the structural elements of the tank depends primarily on the exposure class,
the degree of aggressiveness of groundwater, ground and water conditions and the type of stored liquid.

To ensure adequate durability and tightness of the tanks, the basic activity is to determine the exposure class
depending on the environmental conditions according to [5], and then select the concrete class and cover thickness
according to [1]. In addition, the standard [5] indicates the minimum amount of cement, and the standard [4] specifies
the maximum crack width. These issues are described in [16].

It should be noted that the requirements set in [4, 5] due to the durability of tanks are much more stringent than
in [2, 10] or [6]. The construction of tanks based on the requirements set out in [1, 4, 5] ensures longer durability of
the objects, which was discussed in the article [17, 20, 22].

To ensure durability and tightness, in addition to the standard requirements, it is worth following the rules [23]:

a) protection against penetration: ensuring adequate concrete tightness, impregnation, application of coatings,
transmission of cracks through joints, use of membranes, and in the case of damaged tanks, surface crack closure,
crack filling,

b) limiting moisture,
) increased resistance to physical factors: possible abrasion, impacts,
d) resistance to chemical agents.

The basic action to ensure adequate durability and tightness of tanks is to limit the width of cracks or prevent their
formation [24, 25]. A detailed method of checking cracks is given in [26].

In tanks buried in the ground, coatings applied to structural elements can be used, which can provide additional
protection or protection of the structure against the aggressive impact of the environment. The inner surface of the
tank is protected by various types of reactive resins, which form a tight coating on the inside of the tank. The cured
coating is flexible, abrasion resistant and resistant to weathering and chemicals, especially slurry. On the outside, two
coats of bitumen are generally sufficient. When the ground water table is high, waterproofing compounds are used.

If gravity drainage is possible, drainage around the tank and the entire bottom is generally used. Drainage is used
to drain groundwater seeping from the ground level and rainwater. Drainage is necessary when you want to
permanently lower the level of ground water or protect against its periodic rise above the level of the tank bottom
[26].

A particularly dangerous situation may arise when the tank is located on cohesive soils and the backfill of the tank
is made of non-cohesive soils. The incoming groundwater can completely fill the space between the cohesive soil
and the tank, filling the pores in the backfill soil, so that the tank, which does not consider the additional pressure on
the walls and bottom plate caused by groundwater, may be damaged or pushed upwards.

5 Example of the calculation of the tank in the monolithic version

Calculations were made for a tank completely submerged in the ground of a monolithic structure with the
following axial dimensions: width 4,5 m, length 6,0 m, height 2,0 m. A retaining wall 1,5 m high made on the top
plate of the tank was also provided. The structural elements of the tank: the top plate, walls and retaining wall are 20
cm thick, and the bottom plate is 30 cm thick. It is a slurry tank. The foundation level of the reservoir was set at
-2,00 m below ground level. The tank is placed on dusty clay in a plastic state with a degree of plasticity I, = 0,43.
After the tank is completed, the walls will be covered with medium sand with I, = 0,49. The tank was calculated by
two methods. Two load schemes were adopted when calculating the tank using the separated plate method (Fig. 4a).
In the finite element method (FEM), the elastic work of the subsoil was additionally considered for the tank walls
and the bottom plate (Fig. 4b).

When calculating for scheme I, the following load values were considered:

- top plate (snow load, dead weight of the top plate),
-26 -
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- walls (pressure of liquid - slurry),

- bottom plate (snow load, dead weight of the top plate, liquid-slurry pressure, load from the dead weight of the
retaining wall, load from the dead weight of the tank walls).

The method of application of loads is shown in (Fig. 5a).

When calculating for scheme 11, the following load values were considered:
- top slab (dead weight of the top slab, manure load),
- walls (ground load from a motor vehicle, soil push load),

- bottom plate (dead weight of the top plate, load from the dead weight of the retaining wall, load from the dead
weight of the tank walls, manure load),

- retaining wall (manure load).

The method of applying loads is shown in (Fig. 5b).
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Figure 4. Structural elements of the tank in the isolated plate method (a) and discretization of the finite element
method (b)
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Figure 5. Loads acting on the tank in the I and Il load schemes

For the calculations, the height of the manure was 15 m and the volumetric weight
p = 10kN/m?3. The volumetric density of the backfill soil is p = 17kN/m3.

In the case of the second load scheme, a uniformly distributed load with a constant value over the entire surface
of the top plate was assumed.

Calculations were carried out using the separated plates method with the equalization of edge moments using the
appropriate separation coefficients [27].

A plate fixed at the perimeter was taken as the static schemes when calculating walls, A, B, the top plate and the
bottom plate. Slab C was calculated as a slab fixed on three edges with a fourth free, while slabs D were calculated
as fixed on two edges with the other two free.

To compare the obtained results, the comparisons shown in tables 1 and 2 were made.

M, [kNm] M, [kNm]
support moment span moment support moment span moment
No. | Element
separated separated separated separated
plates FEM plates FEM plates FEM plates FEM
method method method method
I load scheme 1
-10,74 -5,58
1. WALL -A | -2,88 -3,24 +0,50 +1,22 -8,25 -
-4,70 +2,11
-6,81 -1,59
2. WALL -B | -2,88 -3,36 +0,50 +1,34 -6,51 -
-3,20 +3,67
3 Top -6,81 -6,67 +4,72 +5,26 -10,74 -7,23 +9,59 +6,25
. PLATE y ) L L l y 1 y
BOTTOM
4. PLATE -3,20 -4,72 +0,60 +1,62 -4,70 -5,22 +1,99 +2,63
5. WALL -C | -0,09 -2,08 +0,07 +0,65 -0,06 -2,06 +0,04 -
6. WALL -D | -0,09 -2,03 -0,04 +0,32 -0,05 -2,42 +0,03 -
Il load scheme
7. WALL-A | -7,72 +5,23 +3,17 +2,64 -29,27 -46,48 | -11,39 -
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45,01 -24,24
18,71 -0,83
8. | WALL-B |-7,72 +5,16 | +0,87 | +1,42 -33,29 -
-28,56 -7,89
9. |IOP 1871 | -2012 | +11,66 | +12,87 |-2927 |-24,08 |+2425 | +18,38
. PLATE ’ 1 ’ ’ 1 1 ) H
BOTTOM
10. | o aTp | 2856 | -3297 |+1939 | 42080 | -4501 | -4554 | +3950 | +42,65
11. [WALL-C [ -1,75 225 | +036 | +116 |-2,91 317 |+120 |-
12. [WALL-D [ -1,75 220 |+032 | +061 |-239 460 | +086 | -

Table 1. Summary of moment values calculated by the separated plate method and by the finite element method
without taking into account the soil stiffness

M, [kNm] M, [kNm]
support moment span moment support moment span moment
No. | Element FEM FEM FEM FEM
FEM soil FEM soil FEM soil FEM soil
stiffness stiffness stiffness stiffness

I load scheme

1. WALL-A | -3,24 -4,63 +1,22 +1,30 -8,25 -9,12 - +4,59
2. WALL-B | -3,36 -4,61 +1,34 +1,31 -6,51 -7,64 - +3,63
3. Top -6,67 -8,26 +5,26 +6,73 -7,23 -6,21 +6,25 | +4,22

PLATE ' ' ' ' ' ' ' '

4 | ooar™ ama | 248 |+162 |+013 |52 |93 |+263 | +009
5. WALL-C | -2,08 -2,62 +0,65 +1,00 -2,06 -2,92 - -1,23
6. WALL-D | -2,03 -2,63 +0,32 +0,42 -2,42 -3,32 - -1,13
Il load scheme

7. WALL-A | 45,23 -1,85 +2,64 +0,07 -46,48 | -2,60 - -0,20
8. WALL-B | 45,16 -1,73 +1,42 +0,05 -33,29 | -2,31 - -0,24
o. |TOP -2012 | -36,32 | +12,87 | +1694 | -24,08 | -2907 |+18,38 | +10,04

PLATE ' ’ ’ ' ' ’ ' '

10. SI(_);'-I[I(E)M -32,97 | -0,06 +20,80 | -0,02 -4554 | +0,41 +42,65 | -0,08
11. |WALL-C |[-225 |-197 +1,16 | +0,13 317 [ 581 |- +0,15
12. | WALL-D | -2,20 -1,97 +0,61 +0,22 -4,60 -3,77 - +0,32

Table 2. Summary of the values of moments calculated by the finite element method with and without taking into
account the soil stiffness
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Graphically, the results obtained using different methods for the top plate and the bottom plate are shown in Fig. 6.
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Figure 6. Comparison of moment diagrams calculated by the separated plate method and the finite element method
(FEM) without taking into account the soil stiffness: a) top plate | scheme (it was assumed that the retaining walls
are unloaded), b) top plate 11 scheme (it was assumed that the retaining walls are unloaded), c) bottom plate |
scheme, d) bottom plate 11 scheme

6 Summary

Comparing the values of moments calculated by the separated plate method and the finite element method without
considering the soil stiffness, the results differed by about 10-15%. This difference is because the calculation methods
are different, and in addition, different values of Poisson's ratio (v=0,00 according to [28] and v=0,20 in the computer
program) are included in the calculation program and in the tables [27]. On the other hand, in the second case of
finite element calculations without consideration and when the soil stiffness is considered, it is noted that in the
elastically supported elements the support moments have reduced their values mainly in the bottom plate by about
30-35%. For safety reasons, it is necessary to design tank elements adopting higher values of moments. Considering
the elasticity of the soil substrate significantly alters the strain on these elements and regroups the internal forces.
Similar observations can be found in the work of [7] and [8, 28]. It may be difficult to adopt the appropriate
parameters regarding the stiffness of the soil under the tank. The right approach will be to calculate the internal forces
for several variants, considering different parameters of the subsoil, and then to analyze the impact of the variability
of the subsoil parameters on the obtained results.

Acknowledgments

This work was supported by Polish financial resources on science under projects no. WI/WB-I11L/17/2023.

References

1. PN-EN 1992-1-1:2008 Eurokod 2 Projektowanie konstrukcji z betonu Czgs¢ 1-1: Reguty ogoélne i reguty dla
budynkow.

2. BN-84/8814-07 Zbiorniki zelbetowe na gnojowice. Projektowanie, warunki wykonania i badania techniczne
przy odbiorze.

3. PN-B-03264:2002 Konstrukcje betonowe, zelbetowe i sprezone. Obliczenia statyczne i projektowanie.

-30-



Inzynieria Bezpieczenstwa Obiektow Antropogenicznych 1 (2023) 22-32

10.
11.
12.

13.

14.

15.

16.
17.

18.

19.

20.

21.
22.

23.
24,

25.
26.

PN-EN 1992-3: 2008 Eurokod 2 Projektowanie konstrukcji z betonu. Cze$¢ 3: Silosy i zbiorniki na ciecze.
PN-EN 206:2014 Beton: wymagania, wtasciwosci, produkcja i zgodnos¢.

Obwieszczenie Ministra Rolnictwa i Rozwoju Wsi z dnia 1 sierpnia 2013r. w sprawie ogloszenia jednolitego
tekstu rozporzadzenia Ministra Rolnictwa i Gospodarki Zywnosciowej w sprawie warunkéw technicznych,
jakim powinny odpowiada¢ budowle rolnicze i ich usytuowanie.

Buczkowski W. (1998). Obliczenia statyczne w zbiorniku prostopadtosciennym przy uwzglednieniu
przestrzennej pracy statycznej ustroju oraz wspotpracy konstrukcji z podtozem winklerowskim. Gospodarka
Wodna, 4: 143-137.

Starosolski W. (2022). Komputerowe modelowanie betonowych ustrojow inzynierskich. Gliwice:
Wydawnictwo Politechniki Slaskiej.

Krentowski J., Ziminski K. (2019). Consequences of an incorrect assessment of a structure damaged by
explosion. Engineering Failure Analysis, 110: 135-144.

PN-EN 1991-2:2007 Oddziatywania na konstrukcje - Czgs¢ 2: Obcigzenia ruchome mostow.
PN-82/B-02004 Obciazenia budowli. Obcigzenia zmienne technologiczne. Obcigzenie pojazdami.

Lewinski P. (2011). Zasady projektowania zbiornikéw zelbetowych na ciecze z uwzglednieniem wymagan
Eurokodu 2. Przyktady obliczen. Warszawa: Instytut Techniki Budowlane;.

PN-EN 1991-1-5:2005 Oddzialywania na konstrukcje. Czgs¢ 1-5: Oddzialywania ogolne. Oddziatywania
termiczne.

Buczkowski W. (1993). Obciazenie temperatura zbiornikow prostopadiosciennych zaglebionych w gruncie.
Inzynieria i Budownictwo, 12.

Buczkowski W. (1992). Momenty zginajace w monolitycznych zbiornikach prostopadto$ciennych obcigzonych
temperatura. Inzynieria i Budownictwo, 5.

Scislewski Z. (1999). Ochrona konstrukcji zelbetowych. Warszawa: Arkady.

Barytka A. (2019). Zagadnienie zdatnosci obiektow budowlanych do uzytkowania w problematyce inzynierii
bezpieczenstwa tych obiektow. Inzynieria Bezpieczenstwa Obiektow Antropogenicznych, 4(2019). str. 1-11.

Barytka A., Obolewicz J. Technical diagnosis as an important engineering tool of electrical power facilities,
Rynek Energii nr 6 (151), 2020 (str. 65-70)

Fic S., Barytka A., Jarosz-Hadam M. Udarno$¢ betonu jako miara odpornosci konstrukcji na zewnetrzng energie
niszczaca.  Inzynieria  Bezpieczenstwa  Obiektow  Antropogenicznych,  3(2022).  str.  1-9.
https://doi.org/10.37105/iboa.144

Owczarek M., Barylka A., Estimation of thermal diffusivity of building elements based on temperature
measurement for periodically changing boundary conditions, Rynek Energii nr 5(144), 2019 (str. 55-59).

Obolewicz. J. (2021). Cykl zycia obiektu budowlanego. Przeglad Budowlany, 9: 24-31.

Czarnecki L., Lukowski P., Garbacz A. (2017). Naprawa i ochrona konstrukcji z betonu. Komentarz do PN-EN
1504. Warszawa: PWN.

Halicka A., Franczak-Balmas D. (2020). Zelbetowe zbiorniki na ciecze i materiaty sypkie. Warszawa: PWN.

Kobielak S., Hutnik E. (2009). Projektowanie i budowa betonowych silosow na kiszonki. Wroctaw:
Dolnoslaskie Wydawnictwo Edukacyjne.

Knauff. M. (2019). Obliczanie konstrukcji zelbetowych wedtug Eurokodu 2. Warszawa: PWN.

Kobiak J., Stachurski W. (1991). Konstrukcje zelbetowe. Tom 4. Warszawa: Arkady.

-31-


https://doi.org/10.37105/iboa.144

Inzynieria Bezpieczenstwa Obiektow Antropogenicznych 1 (2023) 22-32

27. Ciesielski R., Mitzel A., Stachurski W., Suwalski J., Zmudzinski Z. (1966). Zbiorniki, zasobniki, silosy, kominy
i maszty. Budownictwo Betonowe t.XI11. Warszawa: Arkady.

28. Starosolski W. (2012) Konstrukcje zelbetowe wedtug Eurokodu 2 i norm zwigzanych. Warszawa: PWN.

-32-



