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Research paper

Analysis of deflections of reinforced concrete slab
in the rectified water-storage tank

Krzysztof Gromysz1

Abstract: The presented analysis concerns deflections of the reinforced concrete slab in the fire-fighting
water storage tank with volume of 950 m3. It was built on human-altered soil which led to deflection
of the tank. When water was pumped out from the tank, rectification was performed. The tank and its
slab foundation were non-uniformly elevated by means of hydraulic jacks. These jacks were installed
under the slab, on foundation made of concrete block stacks, which were pressed into the ground. The
computational analysis was conducted for displacements and deflections of the slab supported on the
jacks. The number of jacks under the slab and stiffness of jack supports on the stacks were the variable
parameters of the model. Stiffness of the jack supports was found to have non-significant impact on
deflections of the foundation slab of the rectified tank. On the other hand, the number of jacks under the
tank affected both deflections of the slab and displacements of the whole tank. The greatest deflection
of the tank slab supported on three jacks was 15.233 mm, and the smallest one was 10.435 mm at 32
jacks.
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1. Introduction

Vertical deflection is a common defect found in constructions [1], which is usually
caused by insufficient load-bearing capacity of subsoil [2]. This problem refers to different
types of constructions:, such as residential buildings [3], historic towers [4], churches [5],
as well as grain elevators. Vertical deflection of the construction can be also the effect of the
non-uniform depression of mining areas [6], which is caused by compression of the voids
left after underground extraction works [7]. Deflection can damage constructions with wall
building structure [8], frame structures [9], can increase the risk of building operation [10],
and the risk of the collapse [11]. Deflected constructions are usually stabilized by rein-
forcing their foundation with piles [12]. The deflected single elements of the structure are
stabilised in a new position [13]. In particular situations, structural elements [14] or whole
constructions [15] are rectified. It can be done by removing soil from the building parts that
are situated too high [16] or by elevating some parts of the building that are situated too
low [17]. The paper [18] describes how the parameters of the rectified tankwere determined
from the in-situ tests. This paper describes the analysis of displacement and deflection of
the reinforced concrete slab in the tank, which was performed on the basis of the numerical
calculations. Displacements and deflections of this element were caused by changes of the
tank structural arrangement. The tank was placed on the system of flexible supports com-
posed of hydraulic jacks and their bearings made of stacks of concrete blocks introduced
into the ground. The researchers conducted so far has been focused mainly on the impact
of: substrate stiffness [19], type of reinforcement [20] or the presence of ribs [21] on their
deflection.

2. Description of the tank and its rectification

The fire-fighting steel tank for water storage with a capacity of 950 m3, has a cylindrical
shape with an inner diameter of 12.221 m (Fig. 1a) and a height of 8.520 m (Fig. 1b). Its
shell is made of 3 mm thick metal sheet and reinforced with corner brackets placed at four
levels. The roof framing is composed of steel bars made of cold-formed profiles supported
on the reinforced edge of the shell and on two columns placed inside the tank. A three-layer
panel with polyurethane core is used as the roofing material. Inside the tank, there are
water supply systems and components of the fire-fighting system used to pump out water.
Tightness is ensured by PVC film of 1.5 mm in thickness, which is inside the tank.
The structure is placed on the reinforced concrete slab which has a regular hexagonal

shape with a side length of 5.413 m. The slab has a thickness of 300 mm (Fig. 2a).
However, the thickness increases gently up to 600 mm at the edges and the reinforced

concrete beam formed around the slab has a cross section (𝑏/ℎ) 800 mm/600 mm (Fig. 2b).
A layer of 70 mm thick lean concrete is placed under the slab. The 2-way top and bottom
reinforcement of the slab is composed of rebars with a diameter of 12 mm and the spacing
of 150 mm. The bottom reinforcement of the beam around the slab contains six rebars
having a diameter of 16 mm and stirrups made of bars with a diameter of 8 mm and the
spacing of 250 mm.
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(a)

(b)

Fig. 1. Tested steel water tank: (a) tank view, (b) cross-section, 1 – centre of rotation during
the rectification, 17.8‰ – resultant deflection, 14% – component of deflection [20]

The tank was deflected by 17.8 mm/m in the south-east direction, and therefore it
was rectified [20]. For that purpose, stacks of concrete blocks were pressed into the ground
under reinforced concrete beams which were part of the foundation. Hydraulic piston jacks,
which took the tank weight after pumping out water from the tank and generating the force
inside, were placed on such supports (Fig. 3).
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(a) (b)

Fig. 2. Reinforced concrete slab foundation of the tank: (a) detail “A” form Fig. 1, (b) detail “B”
from Fig. 1

(a)

(b)

(c)

Fig. 3. The tank during rectification: (a) the tank on the jacks, (b) the jacks placed on the supports
made of concrete block stacks pressed into the ground, (c) space created between the slab base and

the ground after elevating the tank, which is placed on the jacks

The tank was non-uniformly elevated with the jacks by rotating it around the axis 1
(Fig. 1), which led to vertical position. The minimum elevation 𝑢obj was 200 mm, and the
maximum one – 431 mm (Fig. 1). Space between the slab base and the ground arranged
after the rectification was filled with concrete, while stacks of concrete blocks pressed
under the slab were kept.
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3. Research programme
The analysis focused on the reinforced concrete slab foundation of the tank placed on

the supports. These supports were the jacks placed on the foundation made of concrete
block stacks, which were pressed into the ground. The tank was emptied and its self weight
was the only load. Then, the force 𝑄𝑔,𝑖 , whose value resulted from dead load and stiffness
of individual components of the structure, was generated in each 𝑖-th jack. The tank placed
on the jacks was subjected to displacements 𝑢obj−𝑔 caused by its self weight (Fig. 4).

Fig. 4. Displacements 𝑢obj−𝑔 of the reinforced concrete slab and force 𝑄𝑔,𝑖 in the supports while
the tank was placed on the temporary supports: 1 – elevated tank, 2 – jack, 3 – jack foundation, 4 –
position of the tank before installing the jacks, 5 – position of the tank when the jacks took the tank

weight; 𝑘jack – jack stiffness, 𝑘fou – foundation stiffness

The discussed analysis was aimed at testing the effect of the model variables, which
include the 𝑛 number of the supports under the tanks and the foundation stiffness 𝑘fou, on
the slab displacement. The analyses were conducted for the 𝑛 number of the jacks equal
to 3, 4, 8, 16, 32 (Fig. 5) and six different values of the foundation stiffness equal to:
50 MN/m, 100 MN/m, 150 MN/m, 200 MN/m, 250 MN/m and the rigid foundation.

Fig. 5. The analysed variables for the model: 𝑛 number of the supports equal to 3, 4, 8, 16, and 32 and
the foundation stiffness 𝑘fou of the jacks equal to: 50 MN/m, 100 MN/m, 150 MN/m, 200 MN/m,

250 MN/m, and 𝑘fou =∝ (rigid)
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The analysed model (Fig. 6a) consisted of the reinforced concrete slab, the steel tank,
the jacks and their foundation. A slab of variable thickness in accordance with the survey
(Fig. 1 and Fig. 2) having elasticitymodulus 𝐸𝑐 = 32 GPa, shearmodulus𝐺𝑐 = 13.33 GPa,
the Poisson’s ratio a = 0.2 and weight density 𝛾𝑐 = 25 kN/m3, was used as the model of
reinforced concrete foundation slab (Fig. 6b). The steel tankwasmodelledwith a 3 mm thick
coating of the material having the following parameters: elasticity modulus 𝐸𝑐 = 200 GPa,
shear modulus 𝐺𝑐 = 76.9 GPa, the Poisson’s ratio a = 0.3, and weight density 𝛾𝑐 =

78.5 kN/m3. The hinged connection was used as the connection between the foundation
slab and the tank. The supports were modelled with two stiffness values 𝑘 jack of the jack
and the foundation 𝑘fou connected in series (Fig. 6c). Stiffness 𝑘 jack determined during the
tests [20] was constant and equal to 105 MN/m. Stiffness 𝑘fou of the foundation depended
on the length of the concrete block stacks pressed into the ground.

(a)

(b)

(c)

Fig. 6. The tank model: (a) general view, (b) foundation slab, (c) stiffness values 𝑘jack and 𝑘fou
which form the supports

4. Analysis of test results
The analysis of the results was carried out in relation to the deflections of the foundation

slab and force values in the jacks.

4.1. Deflections of the foundation slab

When the tankwas placed on the jacks, it was subjected to displacements 𝑢obj−𝑔 (Fig. 4).
Figure 7 presents displacements of the tank model 𝑢obj−𝑔,𝛼 in the 𝛼–𝛼 section crossing the
opposite corners of the slabs calculated for two extreme values of the analysed values of the
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foundation stiffness 𝑘fou = 50 MN/m (Fig. 7a) and the rigid foundation (𝑘fou =∝, Fig. 7b).
Relevant lines in Figure correspond with the number 𝑛 of the jacks equal to 𝑛 = 3, 4, 8, 16,
and 32 at the arrangement of the jacks shown in Fig. 5. The value of displacements 𝑢obj−𝑔,𝛼
comes from stiffness values 𝑘fou and 𝑘 jack connected in series and the slab deflection, which
is its stress-strain measure. Hence, the analysed effect of the number 𝑛 of the jacks and the
stiffness 𝑘fou on the net deflection of the slab is described below. The net deflection was
defined as the maximum distance between the line running through the opposite corners
of the slab and the deflection line determined through the section 𝛼 − 𝛼 (Fig. 8). The net
deflection value was marked as 𝑢obj−𝑔−max,𝛼, and these values for the analysed range of
variables 𝑛 and 𝑘fou are shown in Table 1.

(a) (b)

Fig. 7. Displacements 𝑢obj−𝑔,𝛼 of the foundation slab resulting from dead weight after placing 𝑛
jacks under the slab: (a) displacements at the foundation stiffness 𝑘fou = 50 MN/m, (b) displacements

at the rigid foundation of the jacks

Table 1. Net deflection 𝑢obj−𝑔−max,𝛼 of the slab, in mm, depending on the number 𝑛 of the jacks and
the stiffness 𝑘fou of the jack foundation

𝑘fou, MN/m 50 100 150 200 250 Rigid

𝑛 = 3 11.961 11.961 11.961 11.961 11.961 11.961

𝑛 = 4 15.222 15.222 15.222 15.223 15.222 15.223

𝑛 = 8 13.496 13.496 13.497 13.496 13.496 13.496

𝑛 = 16 11.907 11.777 11.681 11.642 11.608 11.451

𝑛 = 32 10.966 10.824 10.751 10.704 10.671 10.435

Graphical presentation of 𝑢obj−𝑔−max,𝛼 is shown in Fig. 8a and Fig. 8b. For 𝑛 = 3, 4, 8,
the value 𝑢obj−𝑔−max,𝛼 did not depend on the support stiffness. When 𝑛 = 3, then the
statically determined system occurred. When 𝑛 = 4 and 8, all the jacks were symmetrically
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(a) (b)

Fig. 8. Maximum values of the net deflection 𝑢obj−𝑔−max,𝛼 of the slab: (a) deflections depending on
the number 𝑛 of the supports for different values𝑘fou, (b) deflections depending on 𝑘fou for various

numbers of the 𝑛 supports

built in corners of the regular hexagonal slab. For 𝑛 = 3 𝑢obj−𝑔−max,𝛼 was 11.961 mm,
for 𝑛 = 4 𝑢obj−𝑔−max,𝛼 was 15.222 mm, and for 𝑛 = 8 𝑢obj−𝑔−max,𝛼 took the value of
13.496 mm. When 𝑛 = 16 and 32, the net deflection value depended on the foundation
stiffness and was decreasing with an increasing value 𝑘fou.
For 𝑛 = 16 𝑢obj−𝑔−max,𝛼 ranged from 11.451 mm at the infinite stiffness of the foun-

dation 𝑘fou to 11.907 mm when 𝑘fou was 50 MN/m. For 𝑛 = 32 𝑢obj−𝑔−max,𝛼 ranged from
10.435 mm at the infinite stiffness of the foundation 𝑘fou to 11.966 mm when 𝑘fou was
50 MN/m. Thus, taking into account the stress-strain measure for the slab, placing the tank
on four jacks was the least favourable foundation, while 32 jacks with rigid foundation were
found to be the most favourable foundation.

4.2. Force values in the jacks

After installing jacks on the foundation under the tank, the forces 𝑄𝑔,𝑖 resulting from
dead weight of the tank were generated in these new supports. When 𝑛 = 3, the reaction
forces did not depend on the foundation stiffness as the structure was statically determinate.
Then, the reaction forces were 𝑄𝑔,1 = 431.30 kN, 𝑄𝑔,2 = 𝑄𝑔,3 = 457.80 kN (Table 2).
When 𝑛 = 4 and 8, all the jacks were built in corners of the regular hexagonal slab. Then,
the reaction force 𝑄𝑔,𝑖 , as the analysed above net deflection, were the same for a given 𝑛
and did not depend on stiffness of the foundation 𝑘fou. For 𝑛 = 4 the reaction force 𝑄𝑔,𝑖

was 336.72 kN (Fig. 9a), and for 𝑛 = 8 𝑄𝑔,𝑖 was 168.35 kN (Fig. 9b). When 𝑛 = 16 and
𝑛 = 32, the reaction forces varied, and this variation was greater at the greater number of
the supports. Higher values of the reaction forces were observed in the jacks placed in the
mid-length of the foundation side and at more rigid supports (Fig. 9c, Fig. 9d). The values
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𝑄𝑔,𝑖 for 𝑛 = 16 ranged from 45.50 kN to 66.65 kN for the jacks in the corners, and from
101.69 kN to 122.82 kN for the jacks in the mid-length of the sides. For 𝑛 = 32 the values
𝑄𝑔,𝑖 were from ca. 0 to 21.33 kN at the jacks in the corners, from 46.21 kN to 51.51 kN
for the jacks in the mid-length of the sides, and from 54.60 kN to 69.42 kN for the jacks in
1/4 length of the side. The performed analysis indicates that lower values of the reaction
forces were in the corners, and these lower values were observed for higher values 𝑘fou.
Horizontal axes shown in Figure 9 represent distance 𝑑𝑖,1 between the 𝑖-th jack and the
first one.

(a) (b)

(c) (d)

Fig. 9. The reaction force 𝑄𝑔 in the jacks caused by dead weight depending on the 𝑛 number of the
jacks and stiffness 𝑘fou of jack foundation: (a) 𝑛 = 4, (b) 𝑛 = 8, (c) 𝑛 = 16, (d) 𝑛 = 32
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Table 2. The reaction force𝑄𝑔, , kN, in the jacks depending on the 𝑛 number of the jacks and stiffness
𝑘fou of the jack foundation

𝑛 𝑄𝑔,𝑖

𝑘fou, MN/m

50 100 150 200 250 rigid

3
𝑄𝑔,1 431.30 431.30 431.30 431.30 431.30 431.30

𝑄𝑔,2 457.80 457.80 457.80 457.80 457.80 457.80

4 𝑄𝑔,1 336.72 336.72 336.72 336.72 336.72 336.72

8 𝑄𝑔,1 168.35 168.35 168.35 168.35 168.35 168.35

16
𝑄𝑔,1 66.65 60.05 56.59 54.46 52.90 45.50

𝑄𝑔,2 101.69 108.28 111.74 113.86 115.43 122.82

𝑄𝑔,1 21.33 13.49 9.37 6.83 4.96 –3.89 (ca. 0)

32 𝑄𝑔,2 46.21 47.83 48.69 49.22 49.62 51.51

𝑄𝑔,3 54.60 59.27 61.70 63.19 64.28 69.42

5. Conclusions

Rectifying by non-uniform elevation of the deflected tank required the prior installation
of jacks under its foundation. For the rectified water storage tank with volume of 950 m3,
whose foundation was made from the reinforced concrete slab in the shape of regular
hexagonal and the side length of 5.413 m, the jacks were supported on stacks of concrete
blocks pressed into the ground. The rectangle with sides of 500 mm and 380 mm in length
were the stack base, and stiffness of the jack foundation was greater for higher stacks.
Displacement of the tank slab on the jacks was caused by stiffness of the jacks connected

in series, stiffness of the jack foundation placed on the stacks, and the slab deflection which
is its stress-strain measure. The maximum deflection of the slab against its corners was
defined as the net deflection.
When the number of jacks under the slab was 3, 4 and 8, the net deflection did not

depend on the foundation stiffness. The calculated net deflection was equal to 11.961 mm,
15.222 mm, and 13.496 mm, respectively. When the number of supports was greater than
8, then the net deflection depended on the foundation stiffness and was decreasing with an
increasing stiffness of the stack. When the number of supports was 16, the calculated net
deflection ranged from 11.451 mm at the infinite stiffness of the foundation to 11.907 at
the stiffness equal to 50 MN/m. For 32 supports, the net deflection values for the relevant
stiffness of the supports ranged from 10.435 mm to 11.966 mm.
These calculations were the base for the rectification process of the empty tank for

water storage using 16 jacks installed under the slab, with the foundation stiffness for each
jack equal to 150 MN/m.
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Analiza ugięć żelbetowej płyty fundamentowej rektyfikowanego
zbiornika na wodę

Słowa kluczowe: ugięcie płyty fundamentowej, rektyfikacja konstrukcji budowlanych, sztywność
podpór

Streszczenie:

Przedmiotem analizy są ugięcia żelbetowej płyty fundamentowej przeciwpożarowego zbiornika
na wodę o pojemności 950 m3 spoczywającego na siłownikach hydraulicznych. Zbiornik został
posadowiony na gruncie nasypowym, wskutek czego uległ wychyleniu od pionu. W związku z
tym, po wypompowaniu wody ze zbiornika, przeprowadzono rektyfikację obiektu polegającą na
jego nierównomiernym podnoszeniu, wraz z fundamentem, za pomocą siłowników hydraulicznych.
Siłowniki zostały zabudowane pod fundamentem na oparciach wykonanych ze stosów elementów
betonowych wprowadzonych w grunt. Przeprowadzono obliczeniową analizę przemieszczeń oraz
ugięć płyty spoczywającej na siłownikach. Zmiennymi parametrami modelu była liczba siłowników
zabudowanych pod płytą oraz sztywność oparć siłowników na stosach.
Przemieszczenia płyty zbiornika spoczywającego na siłownikach wynikają z połączonych sze-

regowo sztywności siłownika, sztywności oparcia siłowników na stosach oraz ugięcia płyty, które
jest miarą jej wytężenia. Maksymalne ugięcie płyty względem jej naroży zdefiniowano jako strzałkę
ugięcia.
W przypadku, gdy liczba siłowników zabudowanych pod płytą wynosi 3, 4 i 8 wartość strzałki

ugięcia nie zależy od sztywności oparcia. Wyznaczone w sposób obliczeniowy strzałki są równe
odpowiednio 11,961 mm, 15,222 mm i 13,496 mm. Gdy liczba podpór jest większa od 8 wartość
strzałki zależy od sztywności oparcia i maleje wraz ze zwiększaniem sztywności stosu. W przypadku
liczby podpór wynoszącej 16 obliczona wartość strzałki wynosi od 11,451 mm, gdy sztywność opar-
cia jest nieskończona, do 11,907 mm w sytuacji, gdy sztywność ta wynosi 50 MN/m. W przypadku
liczby podpór wynoszącej 32 wartości strzałek ugięć dla odpowiednich sztywności oparć wynoszą
od 10,435 mm do 11,966 mm.
Na podstawie przeprowadzonych obliczeń została przeprowadzona rektyfikacja opróżnionego z

wody zbiornika za pomocą 16 siłowników zabudowanych pod płytą, przy czym każdemu siłownikowi
zapewniono sztywność oparcia wynoszącą 150 MN/m.
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