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Extended Abstract 

 

The main objective of this work is the analysis and design of an elevated tank, also known as Intze tank, 

taking into account its geographical location. 

The original structure, which was the basis for this study, was originally designed by Santarella [1] 

around the middle of the last century. 

On the first hand the generated forces on each type of membrane are analyzed, due to the effect of the 

actions of their own weight and hydrostatic pressure. 

The membrane forces are primarily obtained from analytic expressions as presented by Montoya [2]. 

Subsequently, the inner forces are compared with those obtained using a software based on FEM [3]. 

This analysis is performed locally, independently of each membrane type, in order to validate the results 

obtained using FEM. The validation of these models is discussed by comparing the obtained results. 

In the second phase, the structural design is performed, supported by the Eurocodes. 

To achieve the durability of the project, particular protective measures are taken. Thus, there is a brief 

analysis of materials and minimum cover of reinforcement.  

The seismic response is discussed by analyzing three dynamic models. Two simplified models are 

considered and the third is obtained by using FEM [3]. 

The opening of cracks is also verified in the structural parts of the tank in contact with water 
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 A water tank is a container for storing liquid. The need for a 

water tank is as old as civilization and it provides storage of 

water for the use in many applications such as: irrigation, 

agriculture, fire suppression, drinking water, etc. 

In Portugal, it has been common practice to use reinforced or 

pre-stressed concrete tanks. The base of this study is an Intze 

tank conceived originally by Santarella. The structure is 

represented in Figure 1. There can be found many examples 

of this kind of tanks in Portugal. 

This work’s main objective is to cover the most relevant 

matters of analysis and design of membranes with a 

revolution symmetry, and the design of the Intze tank in light 

of the new regulations, the structural Eurocodes. 

 
 

 

2.1. Membrane theory 

The membrane shell theory is used extensively in designing of such structures as flat-bottom tanks, 

pressure vessel components and dome roofs. 

This theory assumes that equilibrium in the shell is achieved by having the in-plane membrane forces 

resist all applied loads without any bending moments. This principle gives accurate results as long as 

the applied loads are distributed over a large area of the shell such as pressure and wind loads. The 

membrane forces by themselves cannot resist local concentrated loads. To resist such loads is 

necessary bending moments.  

The basic assumptions made in deriving the membrane theory are [4]: 

 The shell is homogeneous and isotropic; 

 The thickness of the shell is small compared to is radius of curvature; 

 The bending strains are negligible and only strains in the middle surface are considered; 

 The deflection of the shell due to applied loads is small. 

 

2.2. Behaviour of each membranes types 

The tank is constituted by an association of five membranes, two cylindrical, tow conical and one open 

spherical. 

In this study three distinct membranes are analysed taking into account two distinct kind of loads, the 

dead load and the hydrostatic pressure generated by the retain water.  

The general case associated to the spherical membrane was not considered. The expressions are 

based on the Montoya’s [2] assumptions. The demonstration of this final equations can be consulted on 

[2] or [5]. 

The expressions of the axial forces NI and NII are provided on the following equations, taking into account 

the membranes shape and the correspondent load. 

Figure 1 – Tank conceived originally by 

Santarella. [1] 
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For the different types of membranes and their respective load there was obtained the respective 

diagrams associated to the axial forces. These diagrams are compared in the section 4 against the 

obtained results by the FEM in section 3. 

2.3. Spherical membrane 

2.3.1. Dead load 

𝑁𝐼 = −
𝑃

2𝜋 ∙ 𝑟2 ∙ 𝑠𝑒𝑛
2(𝜑)

 (1) 

𝑁𝐼𝐼 =
𝑃

2𝜋 ∙ 𝑟1 ∙ 𝑠𝑒𝑛
2(𝜑)

− 𝑟2 ∙ 𝑍1 
(2) 

2.4. Spherical membrane - open 

2.4.1. Dead load (PP) 

𝑁𝐼 = −𝑟 ∙ 𝑔 ∙
cos(𝜑0) − cos(𝜑)

𝑠𝑒𝑛2(𝜑)
 (3) 

𝑁𝐼𝐼 = −𝑟 ∙ 𝑔 ∙
cos(𝜑0) − cos(𝜑)

𝑠𝑒𝑛2(𝜑)
 

(4) 

2.4.2. Hydrostatic pressure (PH) 

𝑁𝐼 = [
𝑟2

3
∙
𝑐𝑜𝑠3(𝜑0) − 𝑐𝑜𝑠3(𝜑)

𝑠𝑒𝑛2(𝜑)
−
𝑟. ℎ

2
(1 −

𝑠𝑒𝑛2(𝜑0)

𝑠𝑒𝑛2(𝜑)
)] ∙ 𝑝 (5) 

𝑁𝐼𝐼 = [
𝑟 ∙ ℎ

2
∙ (1 +

𝑠𝑒𝑛2(𝜑0)

𝑠𝑒𝑛2(𝜑)
) +

𝑟2

3
∙ (
𝑐𝑜𝑠3(𝜑0) − 𝑐𝑜𝑠3(𝜑)

𝑠𝑒𝑛2(𝜑)
− 3 cos(𝜑))] ∙ 𝑝 

(6) 

2.5. Conical membrane 

2.5.1. Dead load 

𝑁𝐼 = −g ∙
(𝑎2 − 𝑥2)

𝑥 ∙ 𝑠𝑒𝑛(2𝛼)
 (7) 

𝑁𝐼𝐼 = 𝑔 ∙ 𝑥 ∙ 𝑐𝑜𝑡𝑔(𝛼) (8) 

2.5.2. Hydrostatic pressure 

𝑁𝐼 = −
(𝑎 − 𝑥)2 ∙ (𝑎 + 2𝑥)

6 ∙ 𝑥 ∙ cos(𝛼)
∙ 𝑝 (9) 

𝑁𝐼𝐼 =
𝑥 ∙ (𝑎 − 𝑥)

cos(𝛼)
∙ 𝑝 (10) 

2.6. Cylindrical membrane 

2.6.1. Dead load 

2.6.2. Hydrostatic pressure 

 

Taking into account the different type of membranes previously analysed, distinct types of models were 

studied to achieve approximately the same results obtained by the theoretical formulas. The 

𝑁𝐼 = −(h − z) ∙ 𝑔 (11) 

𝑁𝐼𝐼 = p ∙ (h − z). r (12) 
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approximation made by the software is always linear with four nodes having six freedom degrees, 

independently of the geometry of the membrane. 

The analysed membranes were model like thin-plates, this formulation follows the Kirchhoff application, 

which neglects transverse shear deformation. 

For each type of membrane a general model was created. In each one of them different types of 

parameters were studied until the best approximation was obtained in comparison of the theoretical 

results.  The influence of the variation on the following parameters were studied: 

 Poisson Coefficient; 

 Freedom degrees; 

It is illustrated on Figure 2 the dome membrane with the respective discretisation characterized by 10º 

spaced meridians. It´s also represented the respective boundary conditions and the system off local 

axis essential to obtain the best results compared to the theoretical. The blue axis represents the 

principal direction I, and the green represents the II, associated to the principal forces NI and NII 

respectively.  

These models perform a linear elastic analyses, which considers that small deflections caused by 

exterior actions are much smaller when compared with the components dimensions. 

Figure 2 – Dome Membrane – (a) Discretisation adopted with 10 º spaced meridians; (b) Boundary conditions detail and system 

of local axis.  

Figure 3 – Dome Membrane – (a) Force NI caused by dead load; (b) Force NII caused by dead load; (c) Force NI caused by 

hydrostatic pressure; (d) Force NII caused by hydrostatic pressure. 

(a) Membrane I – NI - PP (b) Membrane I – NII - PP 

(c)      Membrane I – NI - PH (d)   Membrane I – NII - PH 

(a) (b) 
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The results obtained for the dome are illustrated on Figure 3 and as expected the map of forces present 

revolution symmetry.  

Taking into account the previous results and their symmetry was possible to reduce the mathematical 

problem from a 3d-problem to a 2d-problem. Due to this simplification it is possible to illustrate these 

results on the theoretical graphics and compare them. 

 The other results obtained by the FEM for all the analysed membranes can be consulted on the original 

document [5]. The parallelism and validation between the theoretical and FEM results are illustrated on 

section 4. 

 

The FEM results were validated by comparing them with the ones obtained from the theoretical 

expressions of Montoya. 

In this section, only the results of Membrane I, II and IV are presented, associated respectively to the 

dome, conical and cylindrical geometries. 

The following figures represent theoretical and FEM results for each type of membrane and the 

respective load. 

4.1. Spherical membrane (open)  

The FEM results obtained for the forces dome, in comparison to the others membranes, were the worst. 

However, the obtained values using the FEM are considered conservative compared to those achieved 

by the theoretical expressions based on [2].  

4.1.1. Dead load (PP) 

Figure 4 – Forces caused by dead load (PP) – Montoya vs FEM – Membrane I.  

4.1.2. Hydrostatic pressure (PH)  

Figure 5 – Forces caused by hydrostatic pressure (PH) – Montoya vs FEM – Membrane I. 
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4.2. Conical membrane 

4.2.1. Dead load (PP) 

Figure 6 – Forces caused by dead load (PP) – Montoya vs FEM – Membrane II. 

4.2.2. Hydrostatic pressure (PH) 

Figure 7 – Forces caused by hydrostatic pressure (PH) – Montoya vs FEM – Membrane II. 

4.3. Cylindrical membrane 

4.3.1. Dead load (PP) 

Figure 8 – Forces caused by dead load (PP) – Montoya vs FEM – Membrane IV. 

Figure 9 – Forces caused by hydrostatic pressure (PH) – Montoya vs FEM – Membrane IV. 
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4.1. Discussion and analysis of the results   

The comparison made between the theoretical formulations and the FEM method, allow to conclude 

that for most of the cases analysed, the numerical tools used are appropriate for the design of the 

structure. 

Given this fact, it’s possible to obtain good approximations through numerical formulations for 

geometries not covered by theoretical solutions, which is the greatest advantage of this methodology. 

The slight differences obtained are justified by the usual approximations of FEM approaches. That level 

of approximation is justified mainly by the domain discretization or the discrete representation of the 

boundary conditions, and referring that conservative results were obtained.  

 

When the objective is the stability project, in addition to the structural calculations, it is also necessary 

to take into account the possible deterioration mechanisms of the structure in question. Therefore, when 

the design process is performed it becomes necessary to analyze the surrounding conditions, with the 

intents of characterizing these mechanisms. 

The Portuguese norm Esp. LNEC E464 and [6], classifies environment actions into six categories which 

are based on the type and severity of exposure that the construction will experience. The considered 

classes, taking into account the design of the structure, are the represented on Table 1. 

The considered classes, taking into account the design of the structure, are the represented on          

Table 1. 

Table 1 – Exposure classes considered in the project design. 

Category Classes Designation 

(2) XC4 Corrosion induced by carbonation 

(4) XS1 
Corrosion induced by chlorides 

Corrosion from sea water 

(6) XA2 Chemical Attack 

Based on this information, the same norm defines the protective measures that need to be taken into 

account. The measures are traduced by considering a minimum concrete cover for the reinforcement 

and the concrete mix. The main specifications for design are represented on Table 2 

Table 2 – Composition for the concrete mix adopted. 

 

The seismic response is discussed by analyzing three dynamic models two simplified models and one 

by FEM [3]. 

Maximum rate 

 (W/C) 

Concrete strength  

(MPa) 

Minimum dosage of cement  

(Kg/m3) 

Cover 

(cm) 

0.5 C30/37 320 5.0 
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The considered models are represented on Figure 10. The calculation made for these models was 

based on the dynamic response and the justification adopted for the structural design is justified mainly 

on the type of response and the respective stiffener. 

Figure 10  - Considered models for the seismic analysis: (a) Model A; (b) Model B; (c) Model C [FEM - Model].  

From the three analysed models the first one was excluded, corresponding to Model A. Having regard 

to the eccentricity of the piles in relation to the gravity joint centre, the presence of a rigid member at the 

upper end (the tank) it´s unlikely that the structural deformed shape is the preconized for the real 

structure. The stiffener associated to this model is very low compared to the others, and this fact is 

observed by the deformed shape, the explicit calculation is represented on the long version of this work.   

The deformed shape associated to model B and C are similar, so in order to decide which model has 

the best approximation to the real behaviour, it is necessary to obtain the stiffener associated to both 

and discus some considerations. 

The obtained results were conclusive as expected. Both models are very similar, but the simplified model 

B only counts with the horizontal displacement, and model C counts with the same horizontal 

displacement and also with the rotation. As expected the stiffener associated to model C was lower than 

the model B. This aspect is justified by the higher level of freedom degrees, so the model C is always 

more flexible than the simplified. 

The design of this structure is adopted to the cracked stiffness in order to take into account the non-

linear effects. 

Both models are very good approximations of the real structural behaviour but model B has a slightly 

higher stiffness, which translates also in slightly higher forces, opposing to model C. In case of 

occurrence an earthquake, the mode B is actually the conservative option, so that one was considered 

to obtain the lateral equivalent force associated to the earthquake.  

 

Eurocode [7] introduces specific design provisions for liquid 

retaining tanks and classify them based on its leakage 

requirements. 

The Intze tank was classified as class 1 of tightness, according to 

regulation, leakage should be limited to a small amount and some 

surface staining or dam patches are acceptable. In this class, any 

cracks which can be expected to pass through, the full thickness 

of the section should be limited to Wk1. The considered value was 

WK1 = 0.2 mm. 

The explicit calculation of cracks opening was considered for the 

membranes in contact with water. 

 

 

Figure 11 – FEM model of the tank. 

(b) (a) (c) 
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Table 3 – Explicit value for the opening cracks and stresses. 

  wk,lim wk Verify σ 

MEMBRANE Direction mm mm (wk,lim ) MPa 

I 
I 0.2 0.05 OK 50 

II 0.2 0.07 OK 77 

II 
I 0.2 0.02 OK 20 

II 0.2 0.08 OK 88 

III 
I - - - - 

II * * * * 

IV 
I - - - - 

II 0.2 0.08 OK 90 

V 
I - - - - 

II 0.2 0.04 OK 34 

* The explicit calculation of cracks opening is not relevant because this membrane is not in contact with liquid. 

It was also delivered   the design referent to foundation piles and beams. The structural design is based 

on the Eurocodes taking also in account the obtained results in durability and seismic analysis chapters. 

 

The original structure, which was the basis for this study, was originally designed by Santarella [1] 

around the middle of the last century. 

The comparison made between the theoretical formulations and the FEM method allow to conclude that 

for most of the cases analysed, the numerical tools used are appropriate for the design of the structure. 

Given this fact, it’s possible to obtain good approximations through numerical formulations for 

geometries not covered by theoretical solutions, which is the greatest advantage of this methodology. 

The slight differences obtained are justified by the usual approximations of FEM approaches. That level 

of approximation is justified mainly by the domain discretization or the discrete representation of the 

boundary conditions denoting that conservative results were obtained. 

Note that the main change to the original geometry was the increase in thickness of some of the 

membranes. Only a reinforcement layer was considered contrary to the usual assumptions, which are 

two, one upper and one lower. This solutions was adopted to accomplish the reinforcement covering 

value duo to the durability analysis.  The assumption of two layers, would lead to a thickening of the 

membranes and consequent loss of validity of the membrane behaviour. 

According to [7], the explicit calculation of cracks opening were made, and this was the main design 

criteria of this tank. The guaranty of tightness results a limit of opening cracks amount of 0.1mm. This 

criteria conducted to low stresses, in general around of 50 to 90 MPa installed on the reinforcement.  
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