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Abstract: On the course of the soil stabilization activities by GEO, the need for a new water storage 

solution capable to be hand-assembled without recurring to any kind of tool and that would be lighter 

and easier to transport than the conventional steel silos arose. This solution was reached, designed 

and produced, but needs now to be studied to check whether it fulfils the project requirements: not to 

topple when subject to winds of 7.5, 15 and 30 m/s, containing fluids with densities of 1000, 1200 or 

1500 kg/m3 until the height of 0.3, 1.5, 3 or 6 m on the reservoir. 

As such, the first step taken consisted on adapting the silo's CAD files to the FEA software - Abacus® 

- aiming at having a functional model to realize the analyses accordingly to the project requirements. 

This process relied on a thorough study of simulation parameters, such as the adequate size and types 

of meshes and contact definitions between components. 

Once the model was concluded, the second step consisted on simulating the different scenarios 

proposed on requirements. However, only the scenario in which the silo is filled with 0.3 m of water at 

the density of 1000 kg/m3 under wind velocities of 30 m/s was simulated - the most critical. 

Obtained results state that the silo will not topple on the studied situation, meaning it will not topple on 

any other condition. 
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1. Introduction 

In construction sites, fluid containers are 

necessary for water supply. The size of this 

containers can be relatively large, depending 

on the construction area size and its water 

needs. This implies that the structure is solid 

and robust, so it withstands all kind of loads it 

can be subject to with concern to its equilibrium 

and stability. 

 

 

 

2. Background 

The soil stabilization operations performed by 

GEO require large amounts of water, to which 

is then added a polymer so the liquid density 

and viscosity increases. When the polymer is 

fully solved, this liquid is then injected to the 

ground, for stabilization purposes. After the 

drilling operations are concluded, the cement is 

then injected to the ground and the polymer 

liquid is then retrieved, with even higher density 

than when injected. 



Until this day, all operations are performed 

either on tall metal silos or large tanks, that are 

hard to move and may stay on the working site 

for different time spans, that can range from a 

few days to one or two months. The operations 

are performed either wide areas such as open 

fields or narrow sites as small streets in cities. 

 

3. Case Study Description 

This thesis’ objectives are to determine and 

parametrize the equilibrium and toppling point 

of a silo. This silo is based on a modular 

structure, developed by GEO aiming at cost 

and weight reduction and transportation ease. 

This kind of structure is intended to provide 

scalability, flexibility, faster transportation and 

installation and reduced storage space.  

To study this silo’s structural integrity, a set of 

considerations were made, so load case 

scenarios and structure imperfections could be 

surveyed. Finally, analyses were made 

recurring to a modelling software, considering 

the following scenarios: 

A) Fluid height of 0.3 m; 

B) Fluid height of one quarter of total silo 

height; 

C) Fluid height of half of total silo height; 

D) Fluid height of total silo height. 

This study must also contemplate the following 

variables: 

• Fluid density 

o 1000 kg/m3; 

o 1200 kg/m3; 

o 1500 kg/m3. 

• Wind Load 

o 7.5 m/s 

o 15 m/s 

o 30 m/s  

Having the prototype’s CAD (Computer Aided 

Design) model and the constraints it will be 

subject to in construction sites, the goal of this 

work is to verify its safety and usability through 

an accurate definition of its equilibrium and non-

return points. 

 

4. Methodology 

In order to properly answer the questions that 

rose in relation to the silo, it was opted to 

perform Finite Element Analysis – FEA – on the 

silo, simulation the real-life work conditions 

prescribed on the goals of this work. Such 

analysis requires the modelling of the silo on a 

computer with Abaqus ® software installed. The 

FEA were then split and organized accordingly 

to Figure 1.  

 

Figure 1: Work Methodology Chart 

 

5. Finite Element Method 

The Finite Element Method – FEM – is the key 

tool for this work. The FEM is a method that 

discretises a given structure into a mesh of 

smaller, well-defined and elastic sub-structures 

designated as finite elements [1]. To this set of 

elements, boundary conditions – which are the 



set of features of the part of which it is known 

the behaviour, typically regions that are 

grounded for instance – and loads are set, so 

the stiffness matrix of the structure can be 

defined and the problem formulated. Once this 

is attained, it is possible to compute the 

predictable stresses or displacements obtained 

on each element of the structure, among other 

results.  

This method began to be developed on the 40’s 

by Hrenikoff, Courant and other investigators, 

who sought to approach the behaviour of 

continuum solids subject to stresses on a mesh 

of beam and bar elements [2, 3]. Over the 

course of time, this method was target of 

extensive studies by many investigators to what 

is known today as the fast and reliable FEM. Its 

range of applications is also becoming broader, 

as it allows for the processing of fluid dynamics 

and heat transfer problems, among others. 

 

6. Equilibrium points 

The main concern of project engineers when 

designing most upright structures is precisely to 

guarantee that the structure will not topple. For 

that matter, it is necessary to know exactly what 

defines this toppling point and how can it be 

controlled.  

A rigid body standing on a horizontal plane 

subject to an external load, as described on 

Figure 2,  can either topple, slide or have no 

reaction at all.  

 

 

Figure 2: Rigid Body standing on a horizontal plane 

To predict its behaviour, it is necessary to 

review the rigid body mechanics.  

The body will topple around its bottom left hinge 

if the balance of moments is positive [4]. The 

sum of moments in the hinge is described on 

(1).  

∑𝑀 = −𝑃 ∙ 𝑦 +𝑊 ∙
𝑥

2
= 0 ⇔ 𝑃 = 𝑊 ∙

𝑥

2𝑦
(1)

Where P is the external load and y the distance 

from the ground at which it is applied, W the 

body’s weight and x the length of the base of 

the body.  

Simultaneously, sliding could occur instead of 

toppling. The occurrence of sliding depends on 

the sum of horizontal forces on the body (2) 

∑𝐹𝑥 = 𝑃 − 𝐹𝑓 (2) 

Where Ff is the friction force, equal to the 

normal reaction N times the friction coefficient  

of the body-ground interface. As such, the body 

will slide if the load P overcomes the friction 

force Ff. 

From (1) and (2), the necessary condition for 

toppling can be rewritten (3) and (4). 

𝑃 > 𝑊 ∙
𝑥

2𝑦
(3) 

𝑃 < 𝜇𝑁 (4) 

 

7. Finite Element Modelling and 

Analysis 

Before any modelling was done on Abaqus®, a 

theoretical study accordingly only to the rigid 



body mechanics of body composed by a 

reservoir and different fluids subject to wind 

loads was performed, so the critical condition of 

fluid height, fluid density and wind load could be 

found. 

Once the critical conditions were known, the 

silo was modelled on Abaqus® on a bottom-up 

approach.  

On a first step, each set of interconnected parts 

(apart from ropes) was loaded, meshed, 

connected and had loads and boundary 

conditions applied. Some parts were also 

subject to geometry modifications on features 

that were compromising meshing, due to their 

relatively small size in relation to the remaining 

part’s size. 

This step aimed at knowing the appropriate 

simulation parameters to be used, namely 

mesh types and sizes and contact definitions 

between parts. The resulting mesh sizes and 

types are displayed on Table 1. 

Part name 

Mesh size 

[mm] Mesh type 

Bottom Insert 2.8 Tetrahedral 

Extender 5.7 Tetrahedral 

Fixer 2,8 Tetrahedral 

Horizontal Tube 3.5 Hexagonal 

Reservoir 310 Tetrahedral 

Sheath 18 Hexagonal 

Top Insert 2.4 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 1: Mesh size and types obtained 

In terms of connections between parts, the 

results obtained have shown that while tie-

constraints allow the simulation to conclude 

faster, the interaction contact models the 

problem more properly, as it allows parts to 

slide across a single surface. 

The second step consisted on assembling the 

full silo gradually, aiming at having a full silo 

ready for the simulations under the critical 

conditions. This step started out by assembling 

a single horizontal tube with two fixers and 

performing one simulation with the meshing 

and connections defined on the first step.  

If the simulation was successful, more parts 

should be assembled, and the tests should 

proceed. In case the simulation failed to provide 

results, the meshing and/or connection 

definitions should be modified and tested again.  

This process was performed until the final 

model and solution for meshing and contact 

was obtained.  

Before the final model was concluded, the 

ropes were also introduced on the assembly, as 

well as parts simulating the fluid and the floor. 

The fluid was modelled as a solid deformable 

part with a Young’s Modulus of 1MPa and the 

floor was modelled as a rigid part.  

The bottom-up approach adopted was very 

helpful through this step, as it improved the 

tracking of errors related to contacts and 

meshing. In terms of meshing, the results for 

sizes and types are displayed on Table 2. 

 

Part Mesh Size 

[mm] 

Mesh Type 

Bottom insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Floor 200 Hexagonal 

Fluid 300 Hexagonal 

Horizontal Tube 38 Hexagonal 

Reservoir 100 Hexagonal 

Ropes 5 Tetrahedral 

Sheath 18 Hexagonal 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexagonal 

Table 2: Mesh size and types obtained and used on the 
critical condition simulation. 



In terms of connection, the second simulation 

was unable to conclude when interaction 

contact properties were set between connected 

parts. As such, further simulations were 

performed under the tie-constraint definition 

between connecting parts.  

The third step consisted on simulating the 

effects of 30 m/s wind on the reservoir, while it 

contained a fluid height of 0.3 m with 1000 

kg/m3 density. This assembly assumed that one 

point of one of the bottom fixers was grounded 

and an interaction contact between the bottom 

of the reservoir and the floor part. 

The grounding of one point of one fixer was 

necessary for the simulation to be successful, 

since the lack of it would result in insufficient 

boundary conditions and would lead the silo to 

have infinite displacements. The floor part and 

its interaction contact with the reservoir part 

was also necessary to avoid the silo from 

penetrating the ground. Even though former 

studies have shown the impossibility to 

successfully run simulations when using the 

interaction contact definitions, this definition 

was successful, perhaps due to the fact that 

only one of the parts can be moved, the 

reservoir.  

This simulation was repeated without the fluid 

part, to compare the displacements obtained 

when the silo had fluid and was empty. 

The results obtained show that, when 

containing a fluid height of 0.3 m of 1000 kg/m3 

and is subject to wind loads of 30 m/s, the fixer 

opposing the grounded one is lifted 4.7 mm 

from the ground, whereas when the silo is 

empty, the same fixer is lifted 45.5 mm from the 

ground. 

These results clearly highlight the influence the 

water weight has on the silo and confirm that 

the load case considered is in fact the most 

critical, as when the wind velocity is reduced so 

is the wind load and when the fluid height or 

density are increased, so is the weight of the 

water, and the fixer is less lifted. 

Due to time constraints, no further simulations 

were performed. 

 

8. Conclusions 

On the first step of modelling, which consisted 

on finding the simulation parameters, it was 

noticeable a significant decrease in terms of 

simulation time and memory required when 

using tie-constraint definition instead of non-

penetrative interaction contact definitions to 

connect parts.  

The second step of modelling confirmed the 

difficulties on setting the interaction contact 

definitions between connecting, as this 

compromised the success of simulations just on 

the second sub-assembly, which was 

composed by 16 parts. As such, the tie-

constraints were assumed for connecting parts 

on further simulations. 

For the third step of modelling, the full silo was 

considered and studied and the results state 

that on the critical conditions the silo does not 

topple. It was also confirmed that the load case 

with the highest wind velocity, lowest fluid 

height and lowest fluid density is in fact the most 

critical, and as such, it is expected that the silo 

will not overcome its equilibrium point under 

any other circumstance taken into 

consideration. 

The final solution achieved represents a 

modelling solution for the silo in study but does 

not match the reality as it is the result of some 

approximations that needed to be done, to 

achieve a final model. Further work should rely 

on studying more thoroughly ways of modelling 

the connections between parts to replace the 



tie-constraints. The amount of data involved in 

this model should also be reduced, namely by 

reducing the number of nodes on the parts 

across the silo, which can be attainable by 

simplifying the more complex geometries and 

using larger elements. 
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