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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 using 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 - Abaqus® 

- 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. 

 

Key words: Finite Element Method; Wind Load; Articulated structures; Fluid Containers.  
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Resumo 

 

No decorrer das atividades de estabilização de solos por parte da GEO, surgiu a necessidade para 

uma nova solução para armazenamento de água que fosse capaz de ser montada à mão sem recurso 

a nenhum tipo de ferramenta e que fosse mais leve e mais fácil de transportar do que os convencionais 

silos de metal. Esta solução foi alcançada, desenhada e produzida, necessitando agora de ser 

estudada a sua capacidade para cumprir os requisitos de projeto: não tombar quando sujeita a ventos 

de 7.5, 15 e 30 m/s, contendo fluidos com densidades de 1000, 1200 ou 1500 kg/m3 e quando estes 

fluidos preenchem 0.3, 1.5, 3 ou 6 m do reservatório. 

Para tal, o primeiro passo tomado neste trabalho consistiu em adaptar os ficheiros CAD ao software 

de FEA – Abaqus® - com o objetivo de ter um modelo funcional para realizar as análises de acordo 

com os requisitos de projeto. Este processo contou com um profundo estudo aos parâmetros de 

simulação, tais como os tipos e dimensões de malha apropriados e as definições de contacto entre 

componentes. 

Uma vez concluído o modelo final, o segundo passo tomado consistiu em simular os diferentes 

cenários propostos nos requisitos. Contudo, apenas a simulação em que o silo está sujeito a ventos 

com velocidades de 30 m/s, contendo uma altura de fluido de 0.3 m com a densidade de 1000 kg/m3 

foi efetuada. 

Os resultados obtidos afirmam que na situação estudada – a mais crítica – o silo não tomba.  

 

Palavras Chave: Método dos Elementos Finitos; Carga de vento; Estruturas Articuladas, 

Reservatórios.  
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1. Introduction 

In construction sites, fluid containers are necessary for water supply. The size of these 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. 

1.1. Motivation 

Ground Engineering Operations – GEO – is a global company whose mission is to improve the 

efficiency of drilling and excavation in the foundation industry. Their range of operations is broad, with 

several construction activities taking place in Europe, Asia, America and Africa based on soil 

stabilization. On this topic, and given the variety of places where GEO operates, the need for an 

improved solution to the currently used silos arose. 

Shortly, the soil stabilization operations performed by GEO initially require a silo containing 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. 

Operating worldwide, it is very important for GEO to have a silo that is light and transportable and can 

be disassembled without any power tool, while being resistant enough to withstand any kind of 

environment in terms of ground irregularity or external loads. 

The silo solution designed by GEO consists on a frame structure, with trussed octagonal sections 

forming a prism with an interior watertight shell. However, given the considerable volume and weight 

this structure needs to withstand, this structure must be strong and stable enough not to topple, 

especially when subject to external factors like the wind, the construction site topography and 

irregularities or even human errors. Knowing construction terrains are irregular, there must be found a 

solution to the silo’s construction that can assure its stability on any kind of terrain, under any kind of 

possible external load. 

1.2. Objectives and work method 

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, easy 

transportation and installation and reduced storage space.  

The intellectual property of the silo belongs to GEO, where all of its parts were studied and designed 

prior to the development of this study. For the purpose of this master’s programme, GEO disclosed all 

elements related to the silo. 

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 using a modelling software, 

considering the following scenarios: 

A) Fluid height of 0.3 m; 



2 
 

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. 

Given how specific this work is, the guideline to be followed is based on a deep research of each factor 

by itself initially. After gathering all the information needed, protocols should be written and a battery of 

numerical tests should be planned, for computational analysis to start. Here begins an iterative process: 

from each computational analysis, results will be registered and evaluated, therefore new and refined 

computation analysis can be performed. Finally, knowing all the variables and behaviours in concern, 

a real-life solution model should be built and verified. 

1.3. Strategy 

After the present section, the thesis is divided in four other sections. 

In Section 2, the state of the art is presented, where the tools used over this study are presented. 

In Section 3, materials and methods are presented, featuring the planning and design of the protocols 

followed during the course of this work. 

In Section 4, the results obtained for each protocol are presented and discussed. 

In Section 5, the final simulations on the model are presented and performed. Results and their 

discussion are also presented, along with final conclusions. 

1.4. Confidentiality Remark 

Due to confidentiality issues related to the company and the project itself, the images related to this 

work that may show the silo will not be present. 
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2. State of the Art 

2.1. Silos 

2.1.1.  History 

The need to store water to supply populations is probably as old as the first civilizations themselves. 

Although there is a certain tendency for developed cities to be located near rivers, ever since humans 

became able to build more complex and strong structures, water and food storage and distribution has 

been one of the main concerns and topics for development. The first found solutions were probably the 

Neolithic water wells, dug around 6500 BC [1]. In ancient Greece, water storage relied on small flows 

of clean water, such as rain or flood waters, and was accumulated on ground cisterns made of stone 

[2]. Romans were also very innovative on this topic with their pioneering aqueducts that brought water 

from distant sources to cities centres, providing water for public baths, latrines or private households 

[3]. In 1752, Chelsea Waterworks, a company founded in the 18th century in London, installed two 

engines pumping water from Thames to reservoirs [2].  

This was the first approach to a solution still found nowadays in various places: a water reservoir to 

pump water. With the high development of the water distribution network, reservoirs are essential to 

regulate water flows and grid’s pressure and to manage emergency reserves (for fire-fighting or sudden 

unpredictable supply interruption). These reservoirs are typically tall to increase the piezometric 

pressure, avoiding the use of another pump from the reservoir to the final user. An example of such 

reservoirs can be found in Figure 1. Most reservoirs have a circular section, as this is the best method 

to withstand hydrostatical pressure [4].  

 

 

Figure 1: Water reservoir in Vale da Telha, Aljezur [5] 

The use of a circular sectioned reservoir is not exclusive to liquids. All around the world, silos are widely 

used as the solution to store all kind of products in various industries: in agriculture to store grains and 

seeds, in construction to store cement, woodchips or sawdust or in mining, to store coal and other 

minerals. Currently, there are three main types of silos: tower, bunker and bag silos. A fourth type – 

Fabric Silos – are composed of a fabric bag supported by a rigid structure as shown in Figure 2. These 
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silos have the main advantage of being able to disassemble and transport, when compared to others 

[6]. 

 

Figure 2: Example of a Fabric Silo [7]. 

Vertical silos have several advantages, as its loading is very fast, it is easy to unload their contents, 

require less land area than other storage solutions and have a low rate of storage losses. However, as 

silos are generally approachable to thin shell cylinders which are prone to buckle, the design of a stable 

and reliable silo is very difficult [8]. 

2.1.2.  Structural Characteristics 

Silos’ behaviour is very hard to predict, as there are many factors that can influence it and cause failure. 

These factors must be well pondered and analysed before the silo is designed and are enumerated 

below: 

• Soil Foundations. Silos are meant to store in substantial amounts and usually in slender 

geometries, which is of concern due to two factors: toppling and subsoil failure. Toppling is a 

possibility in silos if not properly fixed to the ground, given they are usually subject to eccentric 

loads when filling and subject to wind loads. On the other hand, the ground or structure in which 

the silo will be installed must be well studied beforehand, in order not to collapse when subject 

to the silo’s maximum loads [9, 10]. 

• Friction forces and discharge overpressures. When discharging grains, silos generate a funnel 

effect, in which grains flow from top to bottom in consecutively smaller areas as the grains 

closer to the walls remain static due to friction. This generates an overpressure in the silos wall 

that can cause failure [11, 12]. 

• Pressure on bottom. Hydrostatic pressure on a vessel increases linearly form the top to the 

bottom of a reservoir, as it only depends on piezometric height [13]. For this matter, wall to floor 

joints and the wall shell must be strong enough to withstand hydrostatic pressures at the silo’s 

maximum capacity [9]. 

• Irregular outlets. For various applications, outlets may be eccentric or installed on the silo wall, 

rather than in the centre. As mentioned on the second topic of this list, overpressures are 

generated during discharge. Naturally, if the outlet is not radially centred, the generated 
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overpressures will not be radially homogenous, rearranging the material distribution inside the 

silo – displacing its centre of gravity – potentially causing instability and eventually sliding or 

toppling [9]. 

2.2. Toppling point versus sliding point 

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. For static equilibrium to, the sum of all forces applied to a 

structure must be null, accordingly to Newton’s second law [14, 15].  

As so, from these basic principles, the evaluation of the structure’s behaviour can be performed as a 

force and moment equilibrium balance across the body’s centre of mass and toppling hinge, 

respectively. Assuming a non-zero resultant load as horizontal, the structure will either slide or topple 

[16, 17]. In case the force of gravity is applied between the structure’s edge and the base’s centroid 

vertical projection, the structure will slide; However, if the force of gravity is applied outside the 

structure’s edge, it will topple. The occurrence of sliding or toppling depends on the resultant load, the 

body’s characteristics and the friction coefficient of the body and ground interface [18]. This is of interest 

for both structural engineering, as present on this thesis, and rock engineering and mechanics [19, 20], 

for instance. 

In Mechanics, the force of gravity is applied on the body’s centre of gravity [21]. The centre of gravity 

of a homogenous body coincides with its centroid, whose cartesian coordinates (�̅�, �̅�, 𝑧̅) are given by: 

�̅�𝑉 = ∫x 𝑑𝑉          �̅�𝑉 = ∫y 𝑑𝑉          𝑧̅𝑉 = ∫𝑧 𝑑𝑉 (2.1) 

Where V is the volume of the body, x and y are the body’s side lengths and z the body’s height [22]. 

For a composite body, the centre of gravity depends on each body component’s mass and centre is 

gravity. As so, the cartesian coordinates (�̅�, �̅�, �̅�) of a composite body’s centre of gravity are defined as 

�̅� =
∑ �̅�𝑖  𝑚𝑖
𝑖
0

𝑀
      Y̅ =

∑ �̅�𝑖  𝑚𝑖
𝑖
0

𝑀
      �̅� =

∑ 𝑧�̅�  𝑚𝑖
𝑖
0

𝑀
(2.2) 

Where �̅�𝑖, �̅�𝑖 and 𝑧�̅� are the cartesian coordinates of the ith body component centre of gravity; wi is the 

weight of the body component I, M is the composite body’s total mass (which is equal to the sum of all 

mi). As the fluid volume is considered to be homogenous and the structure axially and vertically 

symmetric, this approximation is valid [22]. 

2.2.1.  Load on horizontal plane 

Consider a solid prismatic body with side length x, standing on a horizontal plane at rest, about to topple 

due to the action of a point horizontal force P, at a distance y from the ground [15], as shown in Figure 

3.  
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Figure 3: Body on a rough plane subject to an external horizontal force. Adapted from [23]. 

The normal force N acts vertically upwards on the body’s hinge, while the gravitational force due to its 

weight acts vertically downwards on the body’s centre of mass. It is also known that the body cannot 

move vertically, so the sum of forces is [15]: 

∑𝐹𝑦 = 𝑁 −𝑊 = 0 (2.3) 

Where N is the normal reaction and W is the body’s weight. As the normal force N is equal to the 

gravitational force W, it is necessary to evaluate the sum of moments in the hinge corner to determine 

the critical value for P that causes the body to topple over [15]: 

∑𝑀𝑜 = −𝑃 ∙ 𝑦 +𝑊 ∙
𝑥

2
= 0 ⇔ 𝑃 = 𝑊 ∙

𝑥

2𝑦
(2.4) 

However, slide can occur instead of toppling. This depends on the sum of horizontal forces [15]: 

∑𝐹𝑥 = 𝑃 − 𝐹𝑓 = 0 (2.5) 

Where Ff is the friction force. Friction is defined as the resistance to relative motion of the surfaces of 

contacting bodies and its magnitude is expressed as the dimensionless coefficient of friction, µ. This 

coefficient is defined as the ratio between the force that must be applied to a given body parallelly to 

the ground and its normal force pressing the two surfaces together [24, 25]. 

As so, friction is given by:  

∑𝐹𝑓 = 𝜇𝑁 (2.6) 

The necessary condition for toppling is then, simultaneously [20, 26]: 

𝑃 > 𝑊 ∙
𝑥

2𝑦
(2.7) 

𝑃 < 𝜇𝑁 (2.8) 

2.2.2.  Free body on inclined plane 

Assuming the same solid prismatic body with side length l and height h, now standing on a rough plane 

inclined at α degrees with the horizontal at rest with no loads applied other than the gravity [15], as 

shown in Figure 4.  
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Figure 4: Body on an inclined rough plane about to topple. Adapted from [27] 

In this condition and assuming a friction coefficient  between the surfaces of the body and the plane, 

the sum of forces in the plane’s local direction (x’) is [15]: 

∑𝐹𝑥′ = −W ∙ sin(α) + 𝜇𝑁 (2.9) 

Since N is the normal reaction and is given such that 𝑁 = 𝑊 ∙ cos (𝛼), the condition for sliding is [15]: 

∑𝐹𝑥′  > 0 ⇔ −W ∙ sin(α) + 𝜇 ∙ W ∙ cos(𝛼) > 0 ⇔ 𝜇 >
sin(𝛼)

cos(𝛼)
= tan(𝛼) (2.10) 

On the other hand, there is again a chance the body topples before sliding. This occurs when the force 

of gravity is applied on the same line of action than the hinge over which the body will topple [28]. In 

this case, the sum of moments must be calculated: 

∑Mo = −W ∙ cos(α) ∙ (
𝑥

2
− 𝑧̅ ∙ 𝑠𝑒𝑛(𝛼)) + 𝑁 ∙

𝑥

2
(2.11) 

Assuming the centre of mass is at a height of h and a length of l, 

tan(𝛼) =
𝑙

ℎ
(2.12) 

This angle α is also known as the friction angle. So, in conclusion, on an inclined plane with no loads 

applied, the condition for toppling to occur before sliding is 

𝑙

ℎ
< 𝜇 (2.13) 

Knowing this, it is now possible to compute the maximum slope structure can be placed at before 

toppling [27, 29]. 

2.2.3.  Load on inclined plane 

Now assuming the worst-case scenario, in which the same cubic body stands on a rough plane inclined 

at α degrees with the horizontal while subject to a certain load, as shown in Figure 5. As in the two 

previous examples, toppling or sliding can occur depending on the body’s characteristics, the loads and 

the friction coefficient. Again, this can be computed through the moment balance over the hinge [15]. 
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Figure 5: Body on inclined rough plane subject to wind load. Adapted from [28]. 

In case the wind load Fw is applied in favour of the slope, and considering the sum of forces across the 

vertical direction from the equation (2.3), the condition for sliding not to occur is given based on the sum 

of forces in the plane direction [30]: 

∑𝐹𝑥′ = −W ∙ sin(α) + 𝜇𝑁 − 𝐹𝑤 = 0 ⇔ 𝐹𝑤 = 𝑊 ∙ (−sin(𝛼) + 𝜇 ∙ cos(𝛼)) (2.14) 

Where w is the body’s weight, the angle α is the plane’s skew angle,  is the plane’s friction coefficient, 

N is the normal reaction and Fw the wind load. 

Similarly to what was computed before, the condition for toppling not to occur is given by the sum of 

moments at the hinge [30]: 

∑𝑀𝑜 = −𝑊 ∙ cos(𝛼) ∙ (
𝑥

2
− 𝑧̅ ∙ 𝑠𝑒𝑛(𝛼)) + 𝑁 ∙

𝑥

2
+ Fw ∙ y = 0 (2.15) 

Where x is the body’s length, 𝑧̅ is the centre of mass’s height and y is the distance from the inclined 

plane to the point at which Fw, the wind load, is applied. Given the weight W, the cube length x and the 

centre of mass’ height 𝑧̅ are all constant, the equation 2.15 can be written in terms of the wind load Fw 

in the following way [30]: 

𝐹𝑤 =
𝑊 ∙ cos(𝛼)

𝑦
∙ (
𝑥

2
− 𝑧̅ ∙ 𝑠𝑒𝑛(𝛼) −

𝑁

𝑊
∙
𝑥

2
) (2.16) 

In conclusion, the condition for toppling to occur before sliding is: 

𝐹𝑤 >
𝑊 ∙ cos(𝛼)

𝑦
∙ (
𝑥

2
− 𝑧̅ ∙ 𝑠𝑒𝑛(𝛼) −

𝑁

𝑊
∙
𝑥

2
) (2.17) 

2.3. Wind profiles 

The movement of air masses against bluff bodies – the term used in aerodynamics to describe a body 

which causes disturbances in the air flow, is of significant concern to the correct design of a 

silo. Symmetrically, the air flow across a bluff body also represents an applied load to the body, 

which is of severe concern to the project of a silo, as most of them are thin-walled structures 

and because of that, prone to buckling [31]. 

Typically, wind profiles are defined at a given location as function of height and time, such that: 

𝑢(𝑦, 𝑡) = �̅�(𝑦) + 𝑢′(𝑦, 𝑡) (2.17) 

Where �̅� is the quasi-stationary term of velocity, that only depends on the distance from the ground y 

for each location, and u’ quantifies the longitudinal variation of wind velocity across time t due to 
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turbulent fluctuations [32]. The variation of the mean term of velocity across the height is defined through 

the Atmospheric Boundary Layer – ABL. The ABL is used in meteorology to measure wind profiles and 

it is defined as height over which the wind profiles are constant. In other words, it is the same as saying 

that it corresponds to the lowest part of the atmosphere, where the wind velocity changes vertically 

according to factors like ground surface, heat sources or the amount and geometry of urban buildings 

or other considerably tall objects like trees [33]. This effect is represented in Figure 6. 

 

Figure 6: Influence of buildings on the Atmospheric Boundary Layer [34] 

The wind velocity can be defined as function of an exponential term such that: 

𝑢(𝑦) = 𝑢(𝑦0) (
𝑦

𝑦0
)
𝑎

(2.18) 

Where y0 is a reference height (10 meters above the ground is the most common) and a a dimensionless 

constant that depends on the surface type, typically equal to 1/7 on urban regions [35]. 

Over a certain height, the effect of ground friction becomes negligible and wind velocity begins to be 

constant. Typical values for this height for various places can be found on Table 1 [36]. 

Location Large cities Suburbs Open terrain Open sea 

ABL height 457 m 366 m 274 m 213 m 

Table 1: Typical Atmospheric Boundary Layer height for various places. 

As shown on Table 1, the values over which wind velocity can be assumed as constant are considerably 

high. Evaluating expression (2.18), assuming the difference between y and y0 is unitary, it is possible 

to verify that for decreasing heights, the difference between consecutive wind velocities increases, 

which suggests wind profiles are not constant for near ground heights. Alternatively, some researchers 

use the logarithmic law below [32]: 

𝑢(𝑦) =
1

𝑘
𝑢∗ ln (

𝑦

𝑧0
) (2.19) 

𝑢∗ = (
𝜏0
𝜌𝑎𝑖𝑟

)

1
2

(2.20) 

Where k is the dimensionless von Karman constant (equal to 0.4), z0 the aerodynamic roughness 

length, u* the friction velocity, 0 the shear stress on surface in and ρ the air density. 

The pressure applied by wind on the bluff body is then given by [35]: 
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𝑝𝑤 =
1

2
𝜌𝑢2𝐶𝐷 (2.21) 

𝐶𝐷 =
2𝐹𝑑
𝜌𝑢2𝐴

(2.22) 

Where CD is the drag coefficient, Fd is the drag force and A the bluff body area in square meters.  

2.4.  Computational model 

2.4.1.  Linear and Non-linear analysis 

The mechanical design process is divided in 5 phases [37]:  

• Identification of needs; 

• Design process planning; 

• Engineering requirement development; 

• Concept development; 

• Product development.  

Within the concept development phase, there is one very important iteration for the success of the 

product: verifying if all project requirements are accomplished. This drives the project engineer to 

perform iterative testing and analysing until achieving one final form of the product, ready to fulfil its 

purpose [38]. 

Mechanically speaking, there are several ways to evaluate the quality of a certain product and measure 

its future performance. If the product is a very simple body – so simple that it can serve as an example 

on textbooks or articles – its behaviour when subject to external factors can be predicted by the 

fundamental laws of mechanics (as stated on section 2.2). However, if the body has a more complex 

geometry, if it is composed by anisotropic materials or if it is a multi-body structure, it is no longer 

possible to approach to the simpler models and a more efficient analysis is required [39]. 

Structural materials have limits on their linear behaviour and factors like the structure’s geometry, 

material and loads are not always moderate. For instance, as soon as the material is subjected over its 

yield stress and reaches the plastic region, its behaviour will stop being linear and much more complex 

models should be used in the engineering analysis – the nonlinear models. Other factors on material 

models like orthotropy or anisotropy, unusual geometries or high loads or deformations will also lead to 

nonlinear behaviour [40]. 

A structure’s behaviour can be defined in terms of its geometry, material, loads and constraints through 

four types of equations: equilibrium equations, constitutive relations, kinematic relations and 

compatibility equations [41]. Linear analysis assumes that all the former equations are linear, which is 

the same as saying the relationship between input (loads, for instance) and output response 

(displacements) is linear. Particularly, it is the same as assuming all materials are elastic and linear, 

neglecting deformations in the structure along the load (equilibrium equations written about the 

undeformed configuration) and that all displacements are small, for the sake of kinematic linearity. 

Concretely, the theory behind linear equations assumes that [40]: 

• The displacement gradients/strains are infinitesimal; 

• Displacements are small with respect to a characteristic length of the body; 
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• Internal and external loads are set in the undeformed configuration; 

• Material’s behaviour is defined by linearly elastic or viscoelastic constitutive laws; 

• Geometric and/or mechanical boundary conditions are linear in the generalized displacements 

and/or stress resultants. 

However, if one of the previous assumptions is not verified, linear theory is no longer valid and a non-

linear analysis must be performed. This type of analysis uses to nonlinear differential equations to 

characterize the structure’s behaviour regarding the unverified assumption [41]. 

For instance, consider a beam of length L supported on both ends subject to a transversal load at half-

span, as shown on Figure 7. 

 

Figure 7: Beam with transversal load at half-span. 

While the linear analysis assumes that the beam remains undeformed during the whole load, and so its 

length will continue to be L as well as the span, nonlinear analysis accepts a change in the beam’s 

shape along the load. Assuming now that one of the supports remains still a while after the load began 

the distance between supports is L-∆xb, where ∆xb is [41]: 

Δ𝑥𝑏 = 2
𝑑𝑥

𝑑𝑠
= 2 cos(𝜃) (2.23) 

Where θ is the angle between the deflected beam and the horizontal. Due to this discrepancy, the 

results obtained for linear and nonlinear analysis are different, even if deformations in the structure are 

neglected and assuming small displacements [42]. Another example can be found on Figure 8, which 

features the results of a numerical test of a flat plate under linear and nonlinear models. 

 

Figure 8: Comparison between Linear and Non-linear stress and displacement curves. Adapted from [43]. 

The curves for the linear analysis are linear, while nonlinear analysis’ curves have a linear initial part 

but also contemplate sudden changes in the material’s behaviour, which correspond to the point where 
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linear assumptions stop being fulfilled. This difference shows that both models are different, and each 

has its own range of application, so the choice between which model to adopt must be done with caution 

[44]. 

2.4.2.  Finite Element Method 

These structural analyses are very interesting since they can predict how a given body or structure will 

behave without the need to test it in a real-life experiment. This allows companies, research facilities or 

other engineering corporations to save reasonable amounts of time and money in experimental labs to 

test if a certain product will succeed: rather, they can perform these calculations and predict how it will 

behave [45, 46]. However, solving differential equations is a very exhaustive and time-consuming 

process. As a solution, it is possible to use numerical analysis based on the Finite Element Method - 

FEM. The FEM is a method that discretises a given structure model region into a mesh of smaller, well-

defined sub-structures designated as elements [47].  

FEM started to be developed in the 40’s with focus on structural mechanics 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 [48, 49, 50]. The method was target of extensive studies by many 

investigators at the time, with special concern to aircraft design, during World War II. At that time, there 

were no computers or software that could solve problems so quickly and precisely [51]. Fortunately, 

over the course of time computers and the method itself have been developed further, to what is today 

known as the reliable and fast FEM. Fortunately, its range of applications is becoming broader and its 

results improved both numerically and graphically, as shown in Figure 9, establishing the FEM as an 

engineering tool for many years to come [52, 53]. 

 

Figure 9: Example of a impact analysis in Abaqus® [54]. 

In structural mechanics nowadays, engineers perform computational analysis through the FEM to solve 

boundary value problems. For this matter, it is firstly assumed that each body behaves as a continuous 

elastic structure to be divided into the aforementioned elements. These elements split in three main 

groups: line, surface or solid, depending on their application. Line elements are used for models where 

cross-sectional dimensions are much smaller than its length and are shown in Figure 10. Surface 

elements can be used in 2D analysis or to model surfaces in 3D analysis where the surface thickness 

is much smaller than the other dimensions, and finally, solid elements are used to model general 

volumes or regions of material [55].  
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In some elements, there are also interior nodes not belonging to the element’s boundaries but cannot 

be connected to other elements [56]. There are some other elements that do not quite fit this three main 

groups, as their nodes interact with each other differently. Examples of these elements are the gap or 

the rigid connection [57, 58].  

 

 

a) 

 

b) 

Figure 10: Example of a) a Truss element in local coordinates and b) global coordinates [59] 

 

Figure 11: Example of a Beam Element [60] 

Each of the nodes in an element has a certain number of degrees of freedom, defined by the element 

itself and its application. Constraining a certain part of the structure in study is nothing but removing (or 

nullifying) certain degrees of freedom of elements adjacent to the constrained area. Naturally, being the 

other nodes free, they will move freely accordingly to the structure’s stiffness [56]. The degrees of 

freedom of a certain element can be expressed by means of a displacement vector x. For instance, the 

displacement vector x for a Beam element such as the one on Figure 11 [47]: 

xe =

{
 
 

 
 
𝑢n1
𝑤n1
𝜃n1
𝑢n2
𝑤n2
𝜃n2}

 
 

 
 

(2.24) 

Where uni is the horizontal displacement for the node i, wni the vertical displacement for the node i and 

ni the rotation of the node i. Depending on the body’s material and geometrical characteristics, 

elements are well-defined by using polynomial functions, which are assembled together into a system 

of algebraic equations, defining the mesh. Once this mesh of discrete elements is defined, loads and 

constraints are applied to their respective nodes [61]. So, if the problem in study is built around an 

elastic body to which forces are applied and displacements should be computed, the best way to 

approach and solve it is through Hooke’s Law [61]: 

Fe = xeK (2.25) 

Where Fe is the applied load, xe the displacement and K the structure’s rigidity. 

As mentioned before, the body is modelled as an elastic continuous body, to which forces are applied 

and displacements computed. As so, the best way to solve this problem is to approximate the body to 

a spring of rigidity K [61]. This matrix depends too on the elements used, which are defined by factors 
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such as the elasticity modulus E, the element’s area A, length L and inertia Iz for 2D elements. For 

instance, the rigidity matrix Ke of a beam element such as the one on Figure 11 [47] is:  

Ke =

[
 
 
 
 
 
 
 
 
 
 
 
 

𝐴𝐸

𝐿
0 0

0
12𝐸𝐼𝑧
𝐿3

6𝐸𝐼𝑧
𝐿2

0
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𝐿2

4𝐸𝐼𝑧
𝐿

−
𝐴𝐸

𝐿
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2𝐸𝐼𝑧
𝐿

−
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12𝐸𝐼𝑧
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𝐿

𝐴𝐸

𝐿
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𝐿2

0
6𝐸𝐼𝑧
𝐿2

4𝐸𝐼𝑧
𝐿 ]

 
 
 
 
 
 
 
 
 
 
 
 

(2.26) 

Where A is the element’s area, E is the material’s elasticity modulus, L the element’s length and IZ the 

element’s inertia. 

Naturally, to evaluate a structure’s behaviour it is necessary to define the mesh’s boundary conditions, 

which correspond to the fixed nodes which will not be displaced. After the structure is well characterized, 

applied loads and supports that are constraining the structure must be defined [56]. 

Besides its wide range of applications, as will be shown further, the principal advantage of this method 

is precisely this sub-division of a structure in simpler elements, which can give results for more complex 

geometries, loadings or constraints. However, the major limitation of this method is that the results are 

always approximate. Also, it is necessary that the problem is very well defined, so a well-trained user 

is required [62, 63]. 

This method is not only strict to structural analysis. The FEM can also be used to solve fluid dynamics, 

heat transfer or magnetic and electric fields problems, among others [61, 64, 65].  

2.4.3.  Computer Aided Engineering software 

Since the computational simulations (through FEM) are a very extensive and resource consuming 

process, it is usually of the interest of the user to reduce the time spent during simulations. This can be 

achieved either by using faster computer processors or simplifying the model (for instance, using a 

coarse mesh increasing the elements size).  

One method usually used for this is simplifying the mesh used for each part. 

To perform this kind of analysis quickly and precisely, a Computer Aided Engineering – CAE – software 

should be used on a computer. A CAE software is a program used to solve a Finite Element problem 

for either structural, thermal and fluid dynamics purposes. There are several commercial CAE 

software’s available on the market, some of them available at Instituto Superior Técnico – IST – for 

CAE analysis incluing Siemens NX®, Abaqus®, Ansys® and Autodesk Nastran ®. 

Siemens NX® is a CAD, CAM and CAE software developed initially by UGS Corp. and launched in 

1973. It has been developed by Siemens PLM Software since 2007, when Siemens acquired UGS [66] 

and [67]. Being a toolset for design, manufacturing and engineering, Siemens NX is particularly useful 

and reliable because “(…) takes us from concept to production tools within a single environment, and 

avoids long revision loops.”, said the designer Andrew Fayle. [68]. In terms of CAE, Siemens NX’s 

interface is also ready for thermal and flow simulations, which sets its large versatility. This is also the 
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software currently used in the courses of computational and structural mechanics at IST, being the 

software where most undergraduate students learn how to perform Finite Element Analysis. 

Abaqus® is a CAE software that was firstly released in 1978 by Abaqus Inc. It has been developed by 

Dassault Systèmes since 2005, when Abaqus Inc was acquired by Simulia, the brand that involves 

simulations and solutions within Dassault Systèmes [69, 70].  

Abaqus® emphasises optimum product performance, as it offers robust and advanced analysis. Not 

being a CAD software itself, it is possible to model geometries with focus on the mesh to be used on 

the Finite Element Analysis – FEA. It is also integrated with CAD programs like SolidWorks or Catia, 

also from Dassault Systèmes. This makes editing and reiterating a CAD project much easier, which is 

of interest to automotive, aerospace and industrial products industry. It is particularly strong for multi-

body dynamics and contact simulations, as it was initially designed to address nonlinear physical 

behaviour [71, 72, 73]. 

To perform a structural analysis, Abaqus® has three software that can be used [74]: 

• Abaqus/CAE: used in pre-processing and post-processing, where 2D and 3D geometries can 

be loaded as CAD files, meshes are applied and results can be inferred; 

• Abaqus Standard: used for nonlinear static analysis and low speed dynamics via implicit 

integration; 

• Abaqus Explicit: uses explicit integration to solve more complex problems, including high-speed 

contacts or hydrodynamic events like sloshing. 

 

Ansys Inc. is a company founded in 1970 with the purpose to develop and market a FEA software to 

solve static, dynamic and thermal problems. With its business growing in parallel with computer 

technology, Ansys quickly became a reference in FEA [75]. Nowadays, the software ranges fluid 

dynamics, structural mechanics and electromagnetics simulations. Ansys has now many renowned 

customers, like Lufthansa Teckhnik AG, Cummins Inc. or the Red Bull Racing Team [76]. 
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3. Materials and Methods 

3.1. Silo Model 

The model in study is a tall circular silo and can be divided in two sub-assemblies: The reservoir and 

the frame structure. 

The reservoir is a 6 m tall, 2.2 m diameter and 1.2 mm thickness cylindric reservoir, made of a GEO-

Fabric. This reservoir’s purpose is to be used on working site to contain the polymeric fluids used for 

soil stabilization activities. 

The outer framed structure is meant to withstand the reservoir in its upright position and resembles the 

edges and vertices of an octagon prism, with six levels across the reservoir’s height. At the “vertices” 

of this prism are connector parts named fixer, made of GEO-Plastic, to which the horizontal hollow 

GEO-Carbon tubes are assembled, as well as the vertical parts sub-assembly - each composed by a 

vertical tube similar to the horizontal tubes, a bottom insert in GEO-Metal tightly mounted to the vertical 

tube and assembled to the inferior fixer by hand, a top insert in GEO-Metal tightly mounted to the vertical 

tube and bolted to the extender part, also in GEO-Metal, which will then be assembled to the superior 

fixer. Each fixer is also connected to opposite fixers with a rope made of GEO-Rope. 

Both the reservoir and the outer structure are assembled as displayed on Figure 30. 

The connection between the reservoir and the outer structure is assured by a set of sheaths heat sealed 

to the reservoir, distributed equally over the height and the perimeter, through which the horizontal 

tubes will be assembled. These parts are made of the same GEO-fabric used for the reservoir. The 

materials used in this model are displayed in Table 2. 

Name Density [kg/m3] Young’s Modulus [MPa] Poisson’s Ratio 

GEO-Carbon 1800 246000 0.35 

GEO-Fabric 1800 320/2091 0.3 

GEO-Metal 2700 68900 0.33 

GEO-Plastic 1600 16500 0.38 

GEO-Rope 717 11000 0.3 

Table 2: Material properties 

3.2. Materials 

The mechanical verification of a certain product can be performed in two methods: the experimental 

and the computational. The experimental requires the creation of multiple full-size or scale3 models to 

be tested under the same conditions it will be subject in its lifetime, so experimental results can be 

obtained. If a statistical significant number of tests are performed, this method certainly provides 

tangible and trustworthy results. However, it can be extremely unreliable as both the manufacture of 

the models and its testing can be very expensive. On the other hand, the computational method is 

based on numerical simulations of the models including materials, parts, connections, loads and 

boundary conditions through the Finite Element Method. This method provides only approximate 

                                                           
1This material has different properties depending on the orientation. This will be explored more 

thoroughly on Section 3.5. 
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results, but it is cheaper in comparison to the experimental as a bundle of different scenarios can be 

simulated and analysed. For this reason, all the analyses to study its reliability will be performed 

computationally, using to the Finite Element Analysis software Abaqus®. 

The hardware equipment required for the computational analysis includes a computer with a recent 

processor, 48GB of RAM, large disk space for temporary files and results, the SolidWorks®, Abaqus® 

and Microsoft Excel® software installed. 

3.3. Theoretical Model Analysis Protocol 

The theoretical analysis’ objective is to determine the critical conditions the silo will be subject to. The 

end results must state the influence each parameter (wind velocity, fluid density and fluid height) has 

on its behaviour, provide the critical angles toward horizontal for which the silo will destabilize and topple 

and provide a starting point for the computational analysis.  

An Excel file was built where maximum angle the silo can stand on should be computed accordingly to 

rigid body mechanics, for each possible combination of fluid height, fluid density and wind velocity. A 

data table with columns for run number, fluid density, fluid height, fluid mass, wind velocity, wind load, 

maximum slope allowed, applied moment, safety coefficient and 37 lines, one for each combination of 

fluid height, fluid density and wind velocity and one as a run control (with no wind or fluid), was created 

and properly filled. 

The first step of this analysis includes a 2D (vertical and horizontal) study of forces and moments it will 

be subject to. As such, the equation that rules its behaviour – and that is used in this step – is equation 

(3.1). 

∑𝑀 = −𝑃 ∙ 𝑦 +𝑊 ∙
𝑥

2
= 0 ⇔ 𝑃 = 𝑊 ∙

𝑥

2𝑦
(3.1) 

This represents the sum of moments in the hinge, which depends on the body’s weight W, side length 

x, the wind load P and the height at which it is applied y. The previous equation is defined at the 

equilibrium point of the silo. As such, the silo will topple if: 

𝑃 > 𝑊 ∙
𝑥

2𝑦
(3.2) 

For this study, the following was assumed: 

a) The silo is a homogenous cylindrical body with a height of 6 m and a diameter of 2.2 m standing 

on a plane horizontal plane. 

b) Wind load was modelled as a point load applied parallel to the ground in a single point in the 

top of the silo. This will provide more conservative results when compared with a distributed 

load, as the value of y in equations (3.1) and (3.2) is being increased. 

3.4. Finite Element Model Construction Protocol 

The work performed/described in this section consists on how the whole silo model was built in 

Abaqus®, so load simulations could go underway. This model is composed by 457 distinct parts with 

complex geometries and materials assembled together, subject to multiple loads. Taking these factors 

in consideration, the computational model must be very well built, so simulations can provide results 

within reasonable run times and convergence tolerances. 
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As presented before, the loading simulations to test the silo are performed on a computer, with the CAE 

software Abaqus®. The simulation parameters are as follows: 

• Materials: There are five materials among the parts of the silo. The vertical and horizontal tubes 

are made of GEO-Carbon, the fixers are made in GEO-Plastic, the top insert, bottom insert and 

extender are made of GEO-Metal, the reservoir and sheaths are made in GEO-Fabric and the 

ropes are made of GEO-Rope. The relevant material properties to this study are as presented 

on Table 2. 

• Mesh: It is possible to set the approximate global size of the elements and their type for each 

part. Keeping in mind that the simulation solves as faster as the number of nodes is lower and 

is more accurate as the number of nodes is higher, this is one of the parameters that needs 

more tuning. The structure in study is composed by many and complex parts, so all efforts to 

reduce processing time and resources should be made, without compromising the quality of 

results. 

• Connections: Abaqus® does not recognize the contact between two parts unless the user 

specifies so, regardless of their proximity. Considering that all parts of the silo are assembled 

by hand (with exception to the sheath, which is sewn to the reservoir), there are two different 

options to be considered in Abaqus®: Tie Constraints or Contact Interactions. 

Tie Constraints should be set when two separate regions are fused together, as if they were welded or 

glued, and the relative motion of both parts is null. 

Contact Interactions are the tool Abaqus® has to set all other mechanical contacts between deformable 

surfaces or between rigid and deformable surfaces. This includes non-penetrating conditions, setting 

different friction coefficients or damping factors, for instance. Contact interactions can be set in two 

different ways, either by surface-to-surface contact, in which the user must select both contacting 

surfaces manually for each connection or by setting a general contact interaction, in which all regions 

within a certain distance to another obey set interaction property. 

3.4.1.  Direct Import Protocol 

The goal of this analysis is to test and adapt the simulation parameters to the model in study before 

including the complex effects of water, ropes or wind loads.  

This analysis was divided in two steps, firstly using a silo at full height as shown on Figure 31 (a), 

secondly using a silo with only one of the six levels and a 1091 mm tall reservoir as shown on Figure 

31 (b). All parts were connected through Tie Constraints without adjustment and for a tolerance distance 

of 0.01 mm and in both steps a 1000 N load was applied inwardly on a fixer, while the plane horizontal 

faces of the fixers in the bottom of the structure are recessed. The materials were set accordingly to 

section 3.1, the mesh was set accordingly to Table 3, the time step was set for 1 s and neglecting 

nonlinear effects. The job was set for a maximum RAM of 14.4 GB (which is 90% of the 16 GB available 

in total at the time) and using two of the eight available processors. These settings were also kept the 

same in further analyses. 
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Part Mesh Size Mesh Type 

Bottom Insert 2.8 Tetrahedral 

Extender 3.6 Tetrahedral 

Fixer 2.8 Tetrahedral 

Horizontal Tube 3.5 Tetrahedral 

Reservoir 310 Tetrahedral 

Sheath 18 Hexaedral 

Top Insert 3.5 Tetrahedral 

Vertical Tube 2.8 Hexahedral 

Table 3: Mesh sizes and types 

3.4.2.  Simulation parameters on Sub-Assemblies Protocols 

The analyses described on the following sections are aimed at tracking down the errors that occurred 

in 3.4.1 and tackling the problem of the mesh size and type, as well as computer processing conditions. 

Five sub-assemblies of interconnected parts of the silo were loaded on Abaqus®, meshed, set for 

connections, loads and boundary conditions applied. Resultant displacements and stresses are 

obtained as described on sections 3.4.3 to 3.4.7. For each sub-assembly, a table was created where 

the CAD file modifications, material, mesh size, mesh type, tie locations and interaction locations used 

in each part for each run were registered. 

Having all the tables filled and the simulations parameters chosen for each part and connection, a full 

height model of the silo was assembled part by part in Abaqus®. After applying the simulation 

parameters, the analyses were performed. 

3.4.3.  Fixer and Horizontal Tubes Protocol 

This analysis was aimed at testing the fixer, which is one of the most complex parts in the silo. The goal 

is to understand the adequate connections and to check if any CAD file change is necessary in the 

original files.  

Two tubes and one fixer were assembled as shown on Figure 32. The load case included a 1000 N 

load applied toward the centre of the silo on the tip of each tube and the bottom horizontal plane surface 

of the fixer grounded. 

Four runs should be performed, the first with the original configuration of each part using tie 

connections, the second in the same conditions as the first but with a modified fixer - the holes that 

before were conical with very small features would now be replaced by 20 mm diameter cylindrical 

holes, as shown on Figure 33. 

The third with the modified fixer assuming frictionless contact between all parts and a fourth with the 

modified fixer, with a mix of tie connection (between the plane ends of the tubes and the fixers’ holes) 

and frictionless contact between curved faces of the fixer and of the horizontal tube 

3.4.4.  Sheath and Horizontal Tube Protocol 

This analysis was aimed at testing the adequate connections to be used between the sheath and the 

horizontal tube. 
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Each sheath will hold a horizontal tube, connecting the structure to the reservoir. The single model 

assembly is shown on Figure 34. The load case included two 1000 N pointloads on both tips of the 

horizontal tubes, pointing toward the centre of the silo, and the faces of the sheath that would be in 

contact with the reservoir recessed. 

Two runs should be performed, one testing a frictionless contact definition and another testing a tie 

connection between the horizontal tube’s outer surface and the sheath’s hole. 

3.4.5.  Sheaths and Reservoir Protocol 

This analysis was aimed at testing the adequate meshing techniques used in the sheaths and in the 

reservoir and verify if it was necessary to modify any of the parts.  

This analysis was divided into four runs: a first run using the Reservoir part as it originally was, as shown 

on Figure 36 (a), and one sheath, on the assembly shown on Figure 36 (a). A second run similar to the 

first, but with a simpler reservoir part, where the top folding feature was suppressed as shown on Figure 

35 (b). The third run included the other 55 sheaths as shown on Figure 36 (b), and the fourth run 

consisted on the same assembly, but with finer mesh, as described on Table 12. 

For this analysis, the load case included a concentred load applied inward on the vertices of the sheath 

and recessed the bottom edge of the reservoir. 

3.4.6. Vertical Parts Protocol 

This analysis was aimed at testing each of the parts in this sub-assembly, namely if any CAD file change 

was necessary on any part. The vertical parts sub-assembly included the vertical tube, tightly fit to the 

Bottom and Top Inserts, with the latter being also threaded to the Extender.  

In this analysis three runs were performed, the first with the original extender part, the second with a 

modified feature of the same part and a third with a fixer assembled on the extender. The original and 

modified extender part are shown on Figure 37. 

Two load cases were studied. For the first and second runs the horizontal plane surface of the bottom 

insert was recessed and a 1000 N point load was applied horizontally on the tip of the extender, as 

shown on Figure 38 (a), For the third run the bottom plane surface of the fixer was recessed and a 1000 

N point load was applied horizontally on the tip of the top insert, as shown on Figure 38 (b). 

3.4.7.  Full Model Assembly Protocol 

After the analyses described from section 3.4.3 were concluded, there was information on how to build 

a working full model of the silo, capable of providing results. A new analysis model was prepared, as a 

conclusion to the work done with the sub-assemblies and the just tested simulation properties, to check 

if the newly defined parameters were suitable to assemble a full working model. 

For the first run, each part used was imported to the software and assembled accordingly, forming firstly 

a full silo, as shown on Figure 39 (a).  

The second run included a silo with only three levels and a 3.2 m height reservoir, as shown on Figure 

39 (b). 
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The third run included a modified horizontal tube part file. The original part had small 2 mm radius fillets 

on the outer edges which were removed, allowing a mesh with larger elements. The vertical tubes’ 

mesh size was also increased. 

The fourth run included a silo with only one level and a 1.1 m tall reservoir, using the parts and meshing 

of the third run on Figure 39 (c). 

From run to run, the number of parts was successively reduced so the less computational resources 

are used. This was aimed at testing if the processing capacity of the computer and verify how many 

levels of the silo could be processed. 

Each analysis assumed all connections between parts were made through tie constraints. The load 

case assumed the plane horizontal bottom faces of the eight bottom fixers were grounded and that a 

1000 N inward point load is applied on four points of the sheaths. 

3.4.8.  Frame Protocol 

The model presented in the previous section had many errors across many features of the model, which 

should be corrected. The focus to overcome them should now be put on tracking these errors and 

ensure it was possible to build a full model in a structured and organized way. For that, a bottom-up 

approach was taken, starting out from a simple connection and test it, fixing all warnings and errors that 

would appear, and then adding in sequence a few number of parts, repeating this process until the full 

height silo is obtained.  

For all these simulations, it is assumed that all parts are connected through a tie-constraint definition 

and that the bottom faces of the fixers are grounded. Each step starts with the same element type and 

size defined before and the applied loads differ from run to run. 

This set of simulations should include a first step, with two fixers and a single horizontal tube connecting 

them and a transversal 1000 N load applied in one point in the horizontal tube, as shown on Figure 40. 

Then a second step, adding two sets of vertical parts sub-assemblies to the fixers and another set of 

two fixers and one horizontal tube, so these parts could form a squared frame, and a 1000 N load 

applied in one point of the top horizontal tube, as shown on Figure 41. The two free horizontal tubes to 

the right were added to ease the assembly of the third step. 

A third step should include one level of the outer structure and a 1000 N load applied in one of the top 

horizontal tubes, as shown on Figure 42. 

A fourth step was performed, where a sheath would be included in each horizontal tube and a 1000 N 

load was applied in one of the top horizontal tubes, as shown on Figure 43.  

A fifth step was performed, where a 1.1 m tall reservoir would be included and connected to the sheaths, 

as shown on Figure 44. The same load case was considered, four 1000 N loads applied on the vertexes 

of one sheath. 

Finally, a sixth step where the full structure and a 6 m tall reservoir were included, representing the full 

silo apart from the ropes and the water, as shown on Figure 45.This sixth had everything defined the 

same way as the fifth in its first run. A second run was also performed, where the reservoir’s element 

type was changed from Tetrahedral to Hexahedral. The same load case was considered, four 1000 N 

loads applied on the vertexes of one sheath. 
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For each step described above, an image of the obtained deformations and a table with results for the 

mesh size and type and the connection used for each part should be compiled. 

3.4.9.  Ring Protocol 

Some analyses performed suggested that there was not much difference regarding stresses and 

displacements when using tie constraint definitions in comparison to the use of a contact interaction. 

The same analyses evidenced that the time spent processing a given model with tie constraints was 

significantly less than when processing the same model but with frictionless contact.  

As such, the goal of this protocol is to validate the approximation of contact interactions to tie constraints 

in the parts connected to the fixers. It is then aimed at clearly testing the possibility of assuming the 

mentioned connections as tie constraints for the sake of processing time, if it is proven that relative 

displacements are small enough to be considered negligible.  

To achieve this, the same model should be tested with both tie and contact interaction between parts, 

so displacements should be compared. Three distinct assemblies were considered and tested in two 

runs each, one with tie and other with contact interaction. 

The first assembly used two horizontal tubes assembled to one fixer, with one end of the tube recessed 

and a load applied on the end of the other tube. This load was of 1000 N and was applied horizontally 

at first inwardly and then outwardly, as shown on Figure 46 (a). 

The second assembly used the same parts as the first run but had both ends of the tube recessed while 

the 1000 N load was applied horizontally in the fixer, at first inwardly and then outwardly, as shown on 

Figure 46 (b). 

Each of these runs was performed with a tie-constraint and an interaction contact between parts. 

The third assembly was composed by eight fixers and eight horizontal tubes assembled together to the 

shape of an octagon as highlighted in Figure 47. In this assembly, all movement in the vertical direction 

(normal to the image) is neglected, one fixer is fully grounded and the opposite fixer is subjected to a 

load of 1000 N, at first pointing inwardly and secondly pointing outwardly. 

In each run, the execution time and the region where maximum displacements occur – as well as its 

value – were noted. The fixer part was meshed with tetrahedral elements with an average size of 6 mm 

and the horizontal tubes with hexahedral elements with an average size of 38 mm. On the runs including 

an interaction contact definition, it was used a friction coefficient between fixers and tubes of 0.3 and a 

time step of 1 s.  

3.4.10. Ropes Protocol 

The ropes and their effects on the structure were neglected on all simulations performed to build the 

FEM model of the silo so far due to their complexity. Ropes – as well as chains and strings - are very 

particular parts, as they have tensile strength but no compression strength. For this matter, they were 

modelled after all other parts were well defined. 

The purpose of the ropes in this silo is quite clear: to create a strong link between opposing corner fixers 

and strengthen the structure. Each rope is connected to two different fixers through holes designed 

specifically for this matter, as evidenced on Figure 48. 
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Two different solutions were found to model the ropes on the silo. The first solution consists on importing 

a step file of a rope, mesh it and connect it to the fixers the same way it has been performed on previous 

sections. Alternatively, it was also set a connector element between two points of the fixer near the 

hole. Connectors are features available only in the FEM model that lock the distance between two set 

points. They are not a real part nor have density, modulus of elasticity and so forth, but applying this 

feature is simpler on the model and does not require meshing, which leads to faster simulations. This 

is also a reasonable approximation because each rope weights 0.009 kg and all 112 ropes present on 

the silo weight a total of 1.008 kg, which represents 0.7% of the silo’s fill weight of 150 kg.  

For this protocol, two steps were planned. The first consists on comparing the structure’s behaviour 

when in presence of the rope part, the connector feature and a dry run without any kind of connection 

between opposing fixers. Each run is performed on a frame model, as it is enough to understand if the 

behaviour of both the structure and the ropes go accordingly to the expected and allows for simulations 

to solve quicker than in the full model. Rope parts were meshed using 5 mm tetrahedral elements. At 

first, a 1000 N load was applied to pull opposing fixers apart, when the structure had no ropes, had the 

imported rope part and had the connector feature. Then, the pulling load was replaced by a pushing 

load of the same value for the same three structure setups. This structure had their fixers grounded and 

the loads applied on a point near a fixer, as shown on Figure 49. 

The second step uses a single level and the full silo and is aimed at testing the assembly of the ropes 

is properly done and the available computer has enough resources to conduct the simulations - in the 

sense of the bottom-up approach to assemble of the full silo, described on section 3.4.8.. For this matter, 

in the first run the single level was assembled with ropes and tested with the application of a hydrostatic 

pressure equivalent to when the silo is full of water (height of 6m), as evidenced on Figure 50 (a). The 

second run was performed under the same conditions than the first, but now with the full silo instead of 

a single level, as evidenced on Figure 50 (b). 

3.4.11. Fluid Protocol 

There are three ways to model the effects of the fluid inside the reservoir. The simpler way is to apply 

an equivalent hydrostatic loading on the inner surfaces of the reservoir. The second and most realistic 

is by inserting a cylinder tight to the inside of the reservoir and meshing it using Eulerian elements, 

allowing much less distortion of elements at the cost of much increased processing resources. 

Alternatively, it is possible to use the same method, but considering the fluid as a solid part instead of 

Eulerian. 

In the first way, a hydrostatic pressure load must have been set. The hydrostatic pressure in terms of 

height on a reservoir such as this is defined as described on equation (3.3). 

𝑝 = 𝜌 ∙ 𝑔 ∙ (ℎ − 𝑦) (3.3) 

As such, pressure at each height in MPa was computed in this simulation using the value of  of 1000 

kg/m3, a g of 9.81 m/s2, h as the reservoir’s height of 6 m and the height y was left as a variable in mm. 

As such, the assembly for this simulation consisted on only the reservoir with its top edges and bottom 

face ground with the hydrostatical pressure applied on the inside as shown on Figure 51. For the 

reservoir part it was used a mesh with 300 mm hexahedral elements.  
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For the second way, the use of eulerian elements for the fluid part required a general contact 

formulation. In this formulation, the software itself scans the whole model for surfaces who are close 

enough to each other to be considered in contact, then assumes they interact accordingly to a certain 

property that is defined by the user – where friction coefficient may be defined, for instance. As such, 

for this load case it was included a fluid part inside of it at a height of 6 m, as shown on Figure 12. Both 

parts were subjected only to the load of gravity. 

 

Figure 12: Reservoir with water at 6 m height. 

For the reservoir part, the mesh with 300 mm hexahedral elements was kept, whereas for the fluid part 

100 mm hexahedral elements were used. The selected fluid for this protocol was water, with a density 

of 1000 kg/m3 and dynamic viscosity of 0.01 Pa.s. 

For the third way, the same sub-assembly was used, but now with the fluid part being modelled as a 

solid. Since the water should be modelled as a solid, Abaqus® requires an input for the Young’s 

Modulus. As such, three different Young’s Modulus values were tested. The first value assumed was 

based on the water’s bulk modulus: 

𝐸 = 3𝐵(1 − 2𝜈) (3.3) 

Considering the water’s bulk modulus B at 20ºC of 2.2 GPa and a Poisson’s Ratio  of 0.49, replacing 

these values on (3.3) comes: 

𝐸 = 3 ∙ 2.2 × 109(1 − 2 ∙ 0.49) = 132 × 106 𝑃𝑎 (3.4) 

For the second Young’s Modulus considered, it was assumed a Poisson’s Ratio  of 0.4999. Replacing 

this value on (3.3), comes: 

𝐸 = 3 ∙ 2.2 × 109(1 − 2 ∙ 0.4999) = 1.32 × 106 𝑃𝑎 (3.5) 

This value was rounded down to 1 MPa. For the third Young’s Modulus, it was considered a value three 

orders of magnitude lower than the second, 0.001 MPa. As such, the considered properties were 

condensed on Table 4. 
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Name Run Density [kg/m3] Young’s Modulus [MPa] 

Water 

(Solid) 

1 1000 132 

2 1000 1 

3 1000 0.001 

Table 4: Water properties for solid part 

Apart from the material’s properties, it was also tested if the connection between the reservoir and fluid 

should be set with a tie constraint or a contact interaction and two different load cases were tested, only 

gravity and gravity with hydrostatic pressure. Twelve runs were performed to have all matches between 

the three Young’s Modulus, two load cases and two connection parts, as described on Table 5. The 

same reservoir and water meshes were used across all runs. 

Run Young’s 

Modulus [MPa] 

Loads applied Connection 

Type 

1 132 G Tie 

2 132 G Interaction 

3 132 G + HP Tie 

4 132 G + HP Interaction 

5 1 G Tie 

6 1 G Interaction 

7 1 G + HP Tie 

8 1 G + HP Interaction 

9 0.001 G Tie 

10 0.001 G Interaction 

11 0.001 G + HP Tie 

12 0.001 G + HP Interaction 

Table 5: Description of each run for solid fluid part simulations. “G” stands for Gravity force only, “G + HP” stands 
for Gravity and Hydrostatic Pressure” 

3.4.12. Wind Protocol 

This protocol is aimed at testing how should wind loads be applied on the silo’s model. The load applied 

by the wind over a bluff body Fw in Newton given by equation (3.6): 

𝐹𝑤 =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑢 ∙ 𝐶𝐷 ∙ A (3.6) 

Where air the air density, u the wind velocity, CD the dimensionless drag coefficient and A the silo’s 

frontal area. The air density is known, the wind velocity varies along the vertical direction and is known, 

the silo’s frontal area is known but the drag coefficient is unknown, depending on the geometry of the 

silo. The estimated value of this silo’s drag coefficient was obtained using the flow simulation tool of 

SolidWorks®.  

After finding the drag coefficient’s value of 0.45, it was now possible to test the available options on 

Abaqus® to simulate the pressure applied by the wind on the silo. Three runs were performed for such 

purpose.  
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At first, the pressure load tool of Abaqus® was used to apply the wind pressure load, which was set 

accordingly to (3.7). 

𝑝𝑤 =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑢

2 ∙ 𝐶𝐷 =
1

2
∙ 1.29 (

𝑘𝑔

𝑚3
) ∙ 302 (

𝑚

𝑠
)
2

∙ 0.45 = 261.22 Pa (3.7) 

As such, a 216.23 Pa load was applied on the reservoir. For this run, 300 mm hexahedral elements 

were used on the reservoir part. 

The second consisted on applying one small point load on each node on one half of the reservoir, as 

shown on Figure 13. The value of each point load was equal to the total wind load (in a conservative 

way, assuming the wind velocity was constant in the region under study) divided by the number of 

nodes selected. For this run, 300 mm hexahedral elements were used as well on the reservoir part, 

which lead to 440 nodes where the point load would be applied. Replacing the values on equation (3.7): 

𝐹𝑤 =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑢

2 ∙ 𝐶𝐷 ∙ 𝐴 =
1

2
∙ 1.29 (

𝑘𝑔

𝑚3
) ∙ 302 (

𝑚

𝑠
)
2

∙ 0.45 ∙ (2.2 ∙ 6)(𝑚2) = 3448.17𝑁 (3.8) 

The 3448.17 N obtained on expression (3.8) divided over 440 nodes would result on 7.84 N applied on 

each node. This result was rounded up to 8 N per node on the simulation. The reservoir would also be 

grounded to the floor on its bottom surface. 

 

Figure 13: 410 point loads applied over the silo’s mesh nodes. 

The third run consisted on re-applying the wind load as a pressure over half the reservoir’s side area 

that could change with height: as the wind varies across the silo’s height, so does the pressure applied. 

The pressure can be written as described on (3.9). 

𝐹𝑤 =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑢

2 ∙ 𝐶𝐷 ∙ 𝐴 ⇔ 𝑝𝑤 =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑣𝑤

2 ∙ 𝐶𝐷 (3.9) 

And the wind velocity at a given height is written as: 

𝑢 = 𝑢0 ∙ (
𝑦

𝑦0
)
1/7 

(3.9) 
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Where u0 is the reference wind velocity at the reference height, h0, which in the scope of this study is 

7.5, 15 or 30 m/s, and y is the height. Equation (3.9) was then applied to model the pressure applied 

on half the reservoir’s surface.  

 

Figure 14: Increasing pressure load on the reservoir 

For this run, the 300 mm hexahedral element mesh was kept, as well as the grounded bottom edge of 

the reservoir. 

3.4.13. Ground Protocol 

Until this point, all simulations performed to the full or levelled silo had the bottom fixers grounded and 

the movements on the vertical direction of the base of the reservoir blocked, which was necessary to 

ensure the model had enough boundary conditions for the FEM simulation to run properly. However, 

this condition does not allow testing whether the silo will topple due to the wind or not and as the wind 

load is now well defined, the interface between the silo and the ground must be studied. 

As such, the aim of this protocol is to test the best way to model the silo interacting with the ground and 

have the silo topple. This was attainable by studying three different cases, where the full silo would 

always be under the 30 m/s wind load, the maximum possible in study.  

For the first step, the full structure of the silo was loaded, alongside a 4000x4000x50 mm rigid part 

named Floor that would represent the ground. Rope parts were suppressed from this simulation as the 

aim is to test the ground rather than the silo’s behaviour itself. The parts were meshed accordingly to 

Table 6. 
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Part Mesh Size (mm) Mesh Type 

Bottom Insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Floor 200 Hexahedral 

Horizontal Tube 38 Hexahedral 

Reservoir 100 Hexahedral 

Sheath 18 Hexahedral 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 6: Mesh used on the first step. 

The gravity force was applied to the full model and the wind load was applied on the outer surface of 

the liner. No other boundary conditions were set. The assembly for this load case is shown on Figure 

52. 

The first step is intended to simulate the most correct way to address this situation, which is by setting 

an interaction property between the bottom of the silo and the floor.  

For the second step, a single point of one fixer was grounded, as shown on Figure 53 (a). A second run 

was performed, with a different fixer grounded. In both these runs, all properties from first step were 

kept, namely meshes and interactions from reservoir to floor. 

For the third step, a solid fluid part was added with a density of 1000 kg/m3, a Young’s Modulus of 1 

MPa and a Poisson’s Ratio of 0.49. This part was meshed with 300 mm hexahedral elements and was 

connected to the reservoir through a tie-constraint. Two runs were considered for this test, the first with 

the load case from Figure 52, the reservoir with only one interaction contact definition, and the second 

with the load case from Figure 53 (a), with the opposite side fixer grounded. 

3.5. Tensile Analysis on the Reservoir’s Material 

In parallel with the CAE simulations of the silo model, tensile testing was performed in an effort to verify 

the properties of the material used for the reservoir along with two other alternatives.  

The reservoirs are currently made from single sheets of a 1.2 mm thickness GEO-Fabric-A with different 

properties in two directions, named Machine Direction (MD) and Cross Machine Direction (CD). These 

directions are shown on Figure 15. 

 

Figure 15: Machine and Cross Machine Directions on a section of a sheet [77]. This material is produced on the 
horizontal direction. 



29 
 

It is also known that the each of these directions are aligned longitudinally or transversally to the 

reservoir’s axis, as plotted on Figure 16, but it is unknown beforehand to which direction they are aligned 

to.  

 

Figure 16: Longitudinal (L) and Transversal (T) directions of the Material 

Direction Elongation (%) Tensile Strength (MPa)  Young’s Modulus (MPa) 

MD 22.00 70.48 320.45 

CD 30.00 62.83 209.43 

Table 7: GEO-Fabric-A supplier's properties 

Please note that accordingly to Table 7, the Machine Direction’s Young’s Modulus is higher than in the 

Cross-Machine Direction. 

The first goal of these tensile tests is then to obtain the materials properties in both longitudinal and 

transversal directions. For conservative purposes, the lowest value will be used on the analyses.  

The second goal is to test two other alternative fabrics, one that consists on the same GEO-Fabric-A 

material, but with 1.3 mm of thickness instead, GEO-Fabric-B, and other that is made in a different 

material but with 1.2 mm of thickness, GEO-Fabric-C.  

Initially, two 25x120 mm samples of each material were cut, one aligned with the Machine Direction and 

other with the Cross-Machine Direction (even though it was unknown which was which prior to the 

testing), as shown on Figure 17. The samples were gripped in a tensile testing machine at the distance 

of 70 mm and tested at the velocity of 200 mm/min. 
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Figure 17: Example of the samples cut for the first run, in GEO-Fabric-B. 

The second run was performed solely to the two alternative materials, using two GEO-Fabric-B and two 

GEO-Fabric-C samples, one aligned with the matrix’s direction and another crossed with it. The 

samples’ dimensions were now 50x150 mm, gripped at the distance of 75 mm accordingly to the ASTM 

D-4632 Standard [78]. The test speed was kept in 200 mm/min, despite the norm recommending a 

velocity of 300 mm/min due to limitations of the available test machine, which only allowed velocities of 

200 mm/min or 500 mm/min. 

3.6. Final Analysis Protocol 

In a call back, the aim of this work is to evaluate whether the silo would topple or not when subject to 

wind loads. Until this point, the focus was on gathering knowledge on FEM modelling techniques, so a 

final model of the silo could be reached. Since this silo is such a complex product with many, different 

and complex components, the path to the final model consisted on testing different settings of 

parameters, either related to the mesh or to the connection between parts. At this point, a full silo model 

was achieved and the final simulations to evaluate toppling were now possible. 

For this study it was initially considered the scenario in which the silo is subjected to 30 m/s winds and 

the reservoir contains the lightest fluid possible a: fluid height of 0.3 m with the density of 1 g/cm3. 

As such, for this protocol the full silo was imported to Abaqus®, including all its parts, a fluid part and a 

floor part. The silo and floor were assembled so the reservoir was just tight to the floor, which was 

grounded. An interaction contact was set between both parts, so penetration was avoided but free 

sliding was allowed. The water part considered was a 300 mm tall cylinder with 1098.8 mm radius with 

a Young’s Modulus of 1 MPa and was assembled inside the reservoir, on its bottom. Fluid was 

connected to the reservoir by tie-constraints. 

The assembly considered in this protocol is as shown on Figure 54. 

Each part was meshed accordingly to Table 8. 
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Part Mesh Size (mm) Mesh Type 

Bottom insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Floor 200 Hexahedral 

Fluid 300 Hexahedral 

Horizontal Tube 38 Hexahedral 

Reservoir 100 Hexahedral 

Ropes 5 Tetrahedral 

Sheath 18 Hexahedral 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 8: Mesh sizes and types adopted for the final simulation. 

A second run was performed in which the fluid part was removed. This would allow the comparison of 

displacements obtained in the silo when filled with fluid and when empty.  
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4. Results and Discussion 

4.1. Theoretical Model Analysis Results 

The obtained results for the theoretical model protocol described on section 3.3 are compiled and 

summarized in Table 9. 

Run 
 Fluid 
[kg/m3] 

Fluid 
height 
[m] 

Fluid 
mass 
[kg] 

Wind 
velocity 
[m/s] 

Wind 
Load 
[N] Slope 

Moment 
[N.m] SC 

0 0 0 0.0 0 0 20.1 1618.7 - 

1 1000 0.3 1140.4 7.5 200.5 66.4 12721.8 11.6 

2 1200 0.3 1368.5 7.5 200.5 68.6 15183.0 13.6 

3 1500 0.3 1710.6 7.5 200.5 71.0 18874.9 16.7 

4 1000 0.3 1140.4 15 801.9 66.4 9113.3 2.9 

5 1200 0.3 1368.5 15 801.9 68.6 11574.5 3.4 

6 1500 0.3 1710.6 15 801.9 71.0 15266.3 4.2 

7 1000 0.3 1140.4 30 3207.6 66.4 -5320.9 0.7 

8 1200 0.3 1368.5 30 3207.6 68.6 -2859.7 0.9 

9 1500 0.3 1710.6 30 3207.6 71.0 832.1 1.0 

10 1000 1.5 5702.0 7.5 200.5 53.7 61946.0 52.5 

11 1200 1.5 6842.4 7.5 200.5 54.0 74252.0 62.7 

12 1500 1.5 8553.0 7.5 200.5 54.4 92711.1 78.1 

13 1000 1.5 5702.0 15 801.9 53.7 58337.4 13.1 

14 1200 1.5 6842.4 15 801.9 54.0 70643.5 15.7 

15 1500 1.5 8553.0 15 801.9 54.4 89102.5 19.5 

16 1000 1.5 5702.0 30 3207.6 53.7 43903.2 3.3 

17 1200 1.5 6842.4 30 3207.6 54.0 56209.3 3.9 

18 1500 1.5 8553.0 30 3207.6 54.4 74668.3 4.9 

19 1000 3 11404.0 7.5 200.5 35.9 123476.2 103.7 

20 1200 3 13684.8 7.5 200.5 36.0 148088.2 124.1 

21 1500 3 17106.0 7.5 200.5 36.0 185006.3 154.8 

22 1000 3 11404.0 15 801.9 35.9 119867.6 25.9 

23 1200 3 13684.8 15 801.9 36.0 144479.7 31.0 

24 1500 3 17106.0 15 801.9 36.0 181397.8 38.7 

25 1000 3 11404.0 30 3207.6 35.9 105433.4 6.5 

26 1200 3 13684.8 30 3207.6 36.0 130045.5 7.8 

27 1500 3 17106.0 30 3207.6 36.0 166963.6 9.7 

28 1000 6 22808.0 7.5 200.5 20.1 246536.5 206.0 

29 1200 6 27369.6 7.5 200.5 20.1 295760.7 246.9 

30 1500 6 34211.9 7.5 200.5 20.1 369596.9 308.3 

31 1000 6 22808.0 15 801.9 20.1 242928.0 51.5 

32 1200 6 27369.6 15 801.9 20.1 292152.1 61.7 

33 1500 6 34211.9 15 801.9 20.1 365988.3 77.1 

34 1000 6 22808.0 30 3207.6 20.1 228493.8 12.9 

35 1200 6 27369.6 30 3207.6 20.1 277717.9 15.4 
36 1500 6 34211.9 30 3207.6 20.1 351554.1 19.3 

Table 9: Results for theoretical model. 

The safety coefficient, SC, was computed as the ratio between moments and wind load (3), 
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𝑆𝐶 =
𝑀𝑔

𝑀𝑤𝑖𝑛𝑑

=
(𝑀 ∙ 𝑔 ∙

𝐷
2
)

𝐹𝑤 ∙ y
(4.1) 

Where mg and mwind are the moments on the hinge applied by gravity and wind, respectively, M the total 

mass of the silo and fluid, g the acceleration of gravity of 9.81 m/s2, D the silo’s diameter of 2.2 m, Fw 

the load applied by the wind, h the silo’s height of 6 m. Fw can be computed as described on equation 

(4.2): 

𝐹𝑤 =
1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑢

2 ∙ 𝐷 ∙ 𝑦 ∙ 𝐶𝐷 (4.2) 

Where air is the air density of 1.2 kg/m3, u the wind velocity, D the silo’s diameter of 2.2m, y the silo’s 

height of 6 m, CD the silo’s drag coefficient of 0.45. Replacing Fw on equation (4.2), the safety coefficient 

can be written in terms of fluid density, fluid height and wind velocity (4.3). 

𝑆𝐶 =
(𝑀 ∙ 𝑔 ∙

𝐷
2
)

(
1
2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝑢

2 ∙ 𝐷 ∙ 𝑦 ∙ 𝐶𝐷) ∙ 𝑦
=

𝑔

𝜌𝑎𝑖𝑟 ∙ 𝐶𝐷 ∙ 𝑦
2
∙
𝑀

𝑢
(4.3) 

𝑀 = 𝑚𝑠𝑖𝑙𝑜 +𝑚𝑓𝑙𝑢𝑖𝑑 = 𝑚𝑠𝑖𝑙𝑜 + 𝜌𝑓𝑙𝑢𝑖𝑑 ∙ (ℎ𝑓𝑙𝑢𝑖𝑑 ∙ 𝜋 ∙
𝐷2

2
) (4.4) 

In this table, it is possible to observe that the worst-case scenario for the silo is when the safety 

coefficient is minimum, which occurs when it is filled with 1000 kg/m3 density fluid until a height of 300 

mm to the ground and is subject to winds of 30 m/s, as supported by run 7, followed by the same cases 

but with densities of 1200 and 1500 kg/m3, supported by runs 8 and 9, respectively. 

From (4.3), it is also possible to verify that: 

a) Safety Coefficient increases linearly with the silo’s total mass, which is influenced both by fluid 

height and density, see equation (4.4). Expression (4.5) states that when the fluid’s mass is 

minimum (case of run 1), the fluid mass still represents 88.4% of the silo’s total weight. This 

proves that the silo’s mass is highly influenced by the fluid’s mass, which increases linearly with 

the fluid’s density and the fluid’s height. 

𝑚𝑓𝑙𝑢𝑖𝑑

𝑀
=

1140.4

1140.4 + 150
=
1140.4

1290.4
= 0.884 (4.5) 

b) Safety Coefficient is inversely proportional to the squared wind velocity. 

With these outputs, it is possible to conclude that the factor that most influences the safety coefficient 

of the silo is the fluid height. 

This protocol successfully provided two useful inputs for the static analyses: the critical conditions for 

the safety of the silo and the factors that affect its stability the most. From this point, two separate 

procedures can be followed: either refining the obtained results considering the motion of water (which 

will bring significant changes on the centre of mass of the coupled body and provide more conservative 

results) or taking the critical loads to the static loads analysis via FEA and take conclusions over the 

simulation results. 

4.2. Direct Import Results 

The first run of the analysis of the protocol described on section 3.4.1 using the full silo, aborted before 

providing any results and reported several errors in the job monitor. These errors were related to 
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meshing, as several elements were distorted, and insufficient memory available. A second run was 

performed, in which the number of processors used was increased from two to seven, so the processing 

power increased, but the results were the same. However, this strategy was adopted for each 

subsequent simulation. 

Since these errors were presumably due to excessive data to process, the second analysis was an 

attempt to lighten the simulation and obtain results. The number of used processors was also increased 

from two to seven to improve the processing power, but the results were the same and the simulation 

was aborted before providing results. This strategy was adopted for each subsequent simulation. 

However, the analysis aborted again and the errors reported in the job monitor were exactly the same. 

4.3.  Sub-Assemblies to set Simulation Parameters 

4.3.1.  Fixer and Horizontal Tubes Results 

The results obtained for the runs described on section 3.4.3 are as shown on Table 10. 

Part 
Name Run 

CAD File 
Changes Material 

Mesh 
Size Mesh type Ties Interactions 

Fixer FTH-
01 

- GEO-Plastic 2.8 Tetrahedral All - 

H. Tube - GEO-Carbon 2 Hexahedral All - 

Fixer 
FTH-

02 

- GEO-Plastic 2.8 Tetrahedral All - 

H. Tube 
Applied 
cylinder holes GEO-Carbon 2 Hexahedral All - 

Fixer 
FTH-

03 

- GEO-Plastic 2.8 Tetrahedral - All 

H. Tube 
Applied 
cylinder holes GEO-Carbon 2 Hexahedral - All 

Fixer FTH-
04 

- GEO-Plastic 2.8 Tetrahedral 
Tube 
ends 

Curved 
surface 

H. Tube 
Applied 
cylinder holes GEO-Carbon 2 Hexahedral 

Tube 
ends 

Curved 
surface 

Table 10: Tested meshes for the Fixer and Horizontal Tubes Sub-Assembly. 

The first run was not concluded, reporting meshing errors related to highly complex geometry that 

distorted and compromised meshing.   

The fixer’s holes where horizontal tubes will be assembled originally included conical features to ease 

the assemblage in the real model. However, these features are very small (under 1mm in most regions) 

and compromised meshing in that region. For this reason, the conical features were suppressed and 

replaced by a cylinder hole with the same diameter as the Horizontal Tube before the second run was 

performed.  

The second run was concluded with the new fixer and using the same meshing method as before. The 

results obtained for this step are displayed on Figure 55. 

The third run aborted before converging, providing no results for displacements. 

The fourth run converged after 6 hours and 38 minutes on the previously described computer, which is 

significantly more time to provide the same displacements and stress results as the obtained in run 2, 

when compared with the 2 minutes of the third run. 

These results show that the modification on the fixer’s part is vital for the simulations to converge. Also, 

they suggest the use of tie-connections instead of interactions is more adequate since it takes much 
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less time to simulate, providing the same results. However, interactions remain as the solution that best 

represent reality. 

4.3.2.  Sheath and Horizontal Tube Results 

The results for the runs described on section 3.4.4 are as shown on Table 11. 

Part 
Name Run Material 

Mesh 
size Mesh type Ties Interactions 

H. Tube 
STH-

01 GEO-Carbon 2 Tetrahedral - 

General 
contact 
 frictionless 

Sheath GEO-Fabric 3 Hexahedral - - 

H. Tube STH-
02 

GEO-Carbon 2 Tetrahedral 

To inner 
surfaces of 
sheaths - 

Sheath GEO-Fabric 3 Hexahedral 

To outer 
surfaces of 
tubes - 

Table 11: Tested meshes obtained for sheath and horizontal tube sub-assembly. 

In the first run it was used a frictionless contact definition between all parts and the simulation aborted, 

providing no results and an error message suggesting too many increments were being made.  

For the second run, the interaction contact was replaced by a tie constraint, which provided satisfactory 

results as the simulation as completed. The results obtained for the displacements in millimetres are 

shown on Figure 56. 

This result show that these parts must be connected through a tie-constraint, so simulations could run 

properly.  

4.3.3.  Sheaths and Reservoir Results 

The results obtained for the runs described on section 3.4.5 were compiled into Table 12. 

Part 
Name Run CAD File Changes Material 

Mesh 
size Mesh type Ties 

Reservoir 
SR-01 

- GEO-Fabric 310 Bottom-up All 

Sheath - GEO-Fabric 18 Hexahedral All 

Reservoir SR-02 

Removed top 
folding 

GEO-Fabric 
310 

Hexahedral All 

Sheath - GEO-Fabric 18 Hexahedral All 

Reservoir SR-03 

Removed top 
folding 

GEO-Fabric 
310 

Hexahedral All 

Sheath - GEO-Fabric 18 Hexahedral All 

Reservoir SR-04 

Removed top 
folding 

GEO-Fabric 
30 

Hexahedral All 

Sheath - GEO-Fabric 5 Hexahedral All 
Table 12: Tested meshes for the sheath and reservoir sub-assembly 

In the first run, the reservoir had to be partitioned in the top folding region so it could be meshed. 

Consequently, the bottom-up mesh used in the top folding region was too fine, which originated high 

aspect ratios of the elements and stopped the simulation from converging. 
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Before the second run was performed, the reservoir part was modified, having the top folding removed 

and keeping the same height. As such, for the second run this modified reservoir was imported and 

meshed, now with Hexahedral elements, which provided satisfactory results under 20 seconds, shown 

in Figure 57. 

For the third run, the other 55 sheaths were included and assembled the same way the first sheath was 

and the results were obtained under 30 seconds, shown in Figure 58. 

The fourth run included a more refined mesh of 100 mm elements which was concluded in 87 seconds 

and a increase of 8% in displacements. 

Summing up, the top folding must be removed so the part can be mesh and the simulations provide 

proper results. The 310 mm element mesh was adopted to further simulations, as it provides results 

more quickly than the 100 mm sided. 

4.3.4.  Vertical Parts Results 

The results obtained for the runs described on section 3.4.6 were compiled into Table 13. 

Part Name Run CAD File Changes Material 

Mes
h 
size Mesh type Ties 

Bottom Insert 

V-
01 

- GEO-Metal 2.8 Tetrahedral All 

Extender - GEO-Metal 5.7 Tetrahedral All 

Top Insert - GEO-Metal 2.4 Tetrahedral All 

V. Tube - GEO-Carbon 3.8 Hexahedral All 

Bottom Insert 

V-
02 

- GEO-Metal 2.8 Tetrahedral All 

Extender 

Changed the 
threaded hole to a 
diameter of 20mm 

GEO-Metal 

5.7 

Tetrahedral 

All 

Top Insert - GEO-Metal 2.4 Tetrahedral All 

V. Tube - GEO-Carbon 3.8 Hexahedral All 

Bottom Insert 

V-
03 

- GEO-Metal 2.8 Tetrahedral All 

Extender 

Changed the 
threaded hole to a 
diameter of 20mm 

GEO-Metal 

5.7 

Tetrahedral 

All 

Fixer Applied cylinder holes GEO-Plastic 2.8 Tetrahedral All 

Top Insert - GEO-Metal 2.4 Tetrahedral All 

V. Tube - GEO-Carbon 3.8 Hexahedral All 
Table 13: Tested meshes on the vertical parts sub-assembly. 

The first run did not conclude because the clearance between the top insert and the extender was 

superior to the maximum admissible tolerance the software has for Tie constraints. 

Before the second run was performed, the cosmetic threaded 22mm diameter hole of the extender was 

changed to an extruded cut 20mm diameter hole in SolidWorks. With this modification, the second run 

was performed, concluded and results were obtained, as shown on Figure 59. 

The third run included the fixer and was concluded successfully, as shown on Figure 60. 

These results state that the mesh and connections used are adequate for further simulations. These 

definitions were then kept and used on further models, with no more runs being performed. 
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4.3.5.  Full model Assembly Results 

The results obtained for the runs described on section 3.4.7 were compiled on Table 14. Note that the 

differences from run to run are highlighted in bold. 

Part name Run CAD file modifications Material 
Mesh 
size Mesh type 

Bottom lnsert 

S-01 

- GEO-Metal 2.8 Tetrahedral 

Extender 
Changed the threaded hole to 
a diameter of 20 mm 

GEO-Metal 
5.7 

Tetrahedral 

Fixer Applied cylinder holes GEO-Plastic 2.8 Tetrahedral 

H. Tube - GEO-Carbon 2 Tetrahedral 

Reservoir Removed top folding GEO-Fabric 310 Tetrahedral 

Sheath - GEO-Fabric 18 Hexahedral 

Top Insert - GEO-Metal 2.4 Tetrahedral 

V. Tube - GEO-Carbon 3.8 Hexahedral 

Bottom lnsert 

S-02 

- GEO-Metal 2.8 Tetrahedral 

Extender 
Threaded hole to a diameter of 
20 mm GEO-Metal 5.7 

Tetrahedral 

Fixer Applied cylinder holes GEO-Plastic 2.8 Tetrahedral 

H. Tube - GEO-Carbon 2 Tetrahedral 

Reservoir Changed height to 3200 mm GEO-Fabric 310 Tetrahedral 

Sheath - GEO-Fabric 18 Hexahedral 

Top Insert - GEO-Metal 2.4 Tetrahedral 

V. Tube - GEO-Carbon 3.8 Hexahedral 

Bottom lnsert 

S-03 

- GEO-Metal 2.8 Tetrahedral 

Extender 
Changed the threaded hole to 
a diameter of 20 mm 

GEO-Metal 
5.7 

Tetrahedral 

Fixer Applied cylinder holes GEO-Plastic 2.8 Tetrahedral 

H. Tube Removed fillets GEO-Carbon 3.5 Hexahedral 

Reservoir Changed height to 3200 mm GEO-Fabric 310 Tetrahedral 

Sheath - GEO-Fabric 18 Hexahedral 

Top Insert - GEO-Metal 2.4 Tetrahedral 

V. Tube - GEO-Carbon 38 Hexahedral 

Bottom lnsert 

S-04 

- GEO-Metal 2.8 Tetrahedral 

Extender 
Changed the threaded hole to 
a diameter of 20 mm 

GEO-Metal 
5.7 

Tetrahedral 

Fixer Applied cylinder holes GEO-Plastic 2.8 Tetrahedral 

H. Tube Removed fillets GEO-Carbon 3.5 Hexahedral 

Reservoir Changed height to 1100 mm GEO-Fabric 310 Tetrahedral 

Sheath - GEO-Fabric 18 Hexahedral 

Top Insert - GEO-Metal 2.4 Tetrahedral 

V: Tube - GEO-Carbon 38 Hexahedral 
Table 14: Tested meshes on full model assembly. 

All the performed runs were aborted before providing results, which can be due to insufficient memory 

in the computer or to inadequate meshing techniques. 

After this series of unsuccessful simulations, additional RAM memory was installed on the computer, 

which had now 48 GB of available RAM. The last run was repeated with the new available run but 
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provided no results once more. Even though the memory was increased, the lack of results suggest the 

model may still be too complex for the simulations at stake and that it should be updated and simplified. 

This could be attainable mainly by tracking errors that may be yet occurring and fixing them. 

Furthermore, another solution might be increasing mesh sizes of some parts in order to reduce the 

number of nodes, which would make the model not so demanding in terms of computational power. 

4.3.6.  Frame Results 

With this approach, tracking of errors became much easier and some concealed issues were now 

tracked and solved, namely about the position tolerance values for ties, the adjustment of the slave in 

the tie constraints and element types. The use of interactions instead of ties was also tested where it 

was pertinent, providing the same results as on previous simulations: processing times on assemblies 

increased 14 to 22 times and discrepancies between stresses and displacements up to 6% when using 

interactions instead of tie-constraints. 

The first step was performed and completed without any error, with the results for mesh size and 

connections presented on Table 15 and for the displacements obtained in Figure 61. 

Part Mesh Size Mesh Type 

Fixer 2.8 Tetrahedral 

Horizontal Tube 38 Hexahedral 

Table 15: Frame sub-assembly first step's properties 

The second step was run three times, each with a different mesh size on the fixers. At first, the 

previously defined the average element size of 2.8 mm was used, providing 4218 distorted elements in 

all the four fixers. However, the simulation was complete.  

To reduce the number of distorted elements, the mesh was refined to 1 mm, providing total of 2830 

distorted elements. This simulation was aborted by the software due to insufficient memory.  

Finally, the average element size was set to 4 mm, which provided a total of 5978 distorted elements. 

This simulation was complete, which highlighted the influence the number of nodes in the model has 

on the simulation. Even though the mesh had larger elements, the distorted elements warning message 

did not stop the analysis. The maximum displacement decreased 9% when compared with the obtained 

with 2.8 mm elements. The average size of 4 mm for the fixer’s elements was then selected to be used 

on further simulations, as it is the value who offers less processing time. The final results for meshing 

size and interactions were compiled on Table 16 and the displacements obtained on the last run on 

Figure 62. 

Part Mesh Size Mesh Type 

Bottom insert 4 Tetrahedral 

Extender 4 Tetrahedral 

Fixer 4 Tetrahedral 

Horizontal Tube 38 Hexahedral 

Top Insert 4 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 16: Mesh results for the second step 
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The third step was run three times, all with the purpose of testing the meshes used in fixers, inserts and 

extenders. Firstly, the same conditions used in Table 17 were applied and the analysis was complete 

in 34 minutes. 

Secondly, the Fixer’s average element size was changed from 4 to 6 mm and the analysis was complete 

in 14 minutes, which represents a decrease of 59% in processing time, while displacements decreased 

4%.  

Lastly, the Top Insert, Bottom Insert and Extender elements’ sizes were all changed from 4 to 6 mm as 

well. This analysis was concluded in 10 minutes, which represents a decrease of 29%, providing a 

decrease in displacements of 3% on displacements. It was opted to keep these element’s sizes to 6 

mm for future simulations.  

The mesh properties used on the last run are then displayed on Table 17, which summarizes the 

conditions applied in the third run, and the results obtained for these displacements on Figure 63. 

Part Mesh Size (mm) Mesh Type 

Bottom insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Horizontal Tube 38 Hexahedral 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexagonal 

Table 17: Mesh results for the third step 

The fourth run was performed a single time and was aimed at testing the assembly of sheaths in the 

Frame model. It was concluded after 15 minutes without any error, using the mesh and connection 

properties selected shown on Table 18. The displacements obtained are shown on Figure 64. 

Part Mesh Size (mm) Mesh Type 

Bottom insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Horizontal Tube 38 Hexahedral 

Sheath 18 Hexahedral 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 18: Mesh results for the fourth step 

The fifth run was performed two times in order to test the mesh applied on the Reservoir. Firstly, it was 

assumed an average element size of 310 mm in the reservoir and the simulation was concluded after 

52 minutes. 

Secondly, 100 mm sided elements were used and the simulation was completed after 59 minutes, 

providing an increase on displacements of 8%. Due to the increased time, the 310 mm sided mesh was 

opted for further simulations. The final mesh results are compiled on Table 19 and the obtained 

displacements for the 310 mm sided mesh are shown on Figure 65. 
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Part Mesh Size (mm) Mesh Type 

Bottom insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Horizontal Tube 38 Hexahedral 

Reservoir 310 Tetrahedral 

Sheath 18 Hexahedral 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 19: Mesh results for the fifth step. 

The sixth step had everything defined the same way as the fifth in its first run, only at the full height of 

the silo. The first run was not concluded.  

For the second run, hexahedral elements were used on the liner instead of tetrahedral and the 

simulation was concluded within 11 hours. The final mesh properties are displayed on Table 20 and the 

obtained displacements on Figure 66. 

Part Mesh Size (mm) Mesh Type 

Bottom insert 6 Tetrahedral 

Extender 6 Tetrahedral 

Fixer 6 Tetrahedral 

Horizontal Tube 38 Hexahedral 

Reservoir 310 Hexahedral 

Sheath 18 Hexahedral 

Top Insert 6 Tetrahedral 

Vertical Tube 38 Hexahedral 

Table 20: Mesh results for the sixth step 

In sum, different mesh types and sizes were tested and a model of the silo was reached, which fulfils 

the goal of this protocol.  

The main priority for this model was to reduce the time spent on simulations, which is directly connected 

to the data involved in the computer processing – the factor that is also intended to be reduced. This 

was achieved by, generally, increasing the element sizes of meshes, and as such reducing the number 

of nodes. 

The current model is now only lacking the effects of Water, Ropes, Wind and Ground on it to be ready 

for the final simulations of testing the toppling effects. 

4.3.7.  Ring Results 

The results obtained for the maximum displacements in the first load case are displayed on Table 21. 

The deformed condition for the Tie and Interaction is displayed on Figure 67, with the maximum 

displacements being in the free end of the free horizontal tube (red areas). 
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 Load 
Direction Tie Interaction 

In 380 680 

Out 380 680 
 Table 21: Maximum displacements in the first load case (in mm) 

Results show that the areas where displacements are maximum are the free ends of the horizontal 

tubes where loads are applied, for all cases. It is shown as well that displacements are approximately 

80% increased then when parts are connected through Interactions in comparison to when they are 

connected through Ties in both loads. Such a great discrepancy may come from considering that one 

end of the assembly is free, which may not be so realistic considering both ends of all horizontal tubes 

are assembled inside the fixers in the full silo. Regarding time, the simulations performed with tie-

constraints were concluded after 2 minutes, while the simulations with interactions took both 28 minutes. 

The second assembly tries to fix the free ends of tubes issue by grounding both ends of the horizontal 

tubes. The results obtained for the maximum displacements in the second load case are displayed on 

Table 22. The deformed condition for the Tie and Interaction is displayed on Figure 68. 

 Load 
Direction Tie Interaction 

In 0.08 0.09 

Out 0.08 0.11 
Table 22: Maximum displacements in the second load case (in mm). 

Maximum displacements can be found on the red areas across all images, but these are located within 

a 1 mm radius of the load application point. The displacements of the rest of the fixer part in all load 

cases correspond to the yellow areas in Figure 68 (a) and (b) and green areas in Figure 68 (c) and (d).  

In opposition to the obtained in the first assembly, the displacements are increased 16% for the inward 

load and 38% for the outward load when parts are connected using Interactions in comparison to when 

Ties are used. In absolute terms, this difference corresponds to 0.01 mm for inward load and 0.03 mm 

for outward load. Regarding the time consumed in processing, both simulations with tie-constraints 

were concluded in 1 minute, while the interaction ones took 11 minutes.  

This reinforces that the difference in terms of displacements between using Tie and Interaction to 

connect the parts is not significative and that the solution obtained in Section 3.4.8 might be sufficiently 

conservative to be used considering the available model. 

The third assembly represents a more complete and complex attempt to test this hypothesis. It tests 

how the structure behaves on a closed – octagonal – shape. This assembly was tested both with 

interaction contact and tie-constraint tie definitions. None of the simulations including interactions was 

concluded, while both simulations under tie-constraints was concluded in 4 minutes the results obtained 

for the displacements of the structure under inward and outward load are shown on Figure 69 and 

Figure 70, respectively. 

In the first two assemblies studied in this section, the interaction contact was only set in two surface 

pairs, while in this assembly it was set on sixteen surface pairs. Considering that the load applied had 

the same value that the parts are the same and now assembled on a ring-shaped structure), it would 

be expected that the displacements would be similar or even smaller than the obtained on the first sub-

assembly. The lack of results suggest that it is not because of excessive displacements that the 
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simulation was not concluded – in line with the results obtained for the tie-constraint sub-assembly - but 

rather due to the increasing number of surface pairs under interaction contact.  

In conclusion, the number of surface pairs under interaction contact drastically affects the success of 

the simulation and given that this simulation only took into account 16 of the total 457 parts in this model, 

it becomes quite clear the impossibility of performing further simulations under interaction contact. As 

such, further analysis with the parts included on the silo’s structure will be performed under the use of 

tie-constraints. 

4.3.8.  Rope Results  

All the six runs of the first step were successfully performed in under 2 minutes. Before conducting the 

simulations, it was expected that the structure with ropes would have the same displacements than the 

structure without ropes when under compression load. Simultaneously, it was expected that the 

structure with ropes would have little displacements when subject to the tension loading. The graphical 

results for displacements and their values are presented below, on Figure 71. 

Results from Figure 71 (a) to (c) show the displacements in millimetres obtained when the frame sub-

assembly was subject to compressive load. Figure (a) shows how should the structure behave when 

no ropes are assembled, with a maximum displacement of 86.3 mm in the fixer where the load is 

applied. Incidentally, the same behaviour should be expected when ropes are assembled. Figure 71 (b) 

shows a maximum displacement of 8.9 mm at the fixer where loads are applied, which represents 

approximately 10% of the rope-less displacements. There are little displacements on the structure in 

this case, which suggests the used connector is withstanding compressive loading which does not 

match the reality. Figure 71 (c) shows a maximum displacement of 51.6 mm at the fixer where the load 

is applied. This represents a 40% decrease on maximum displacements in comparison to the rope-less 

assembly, meaning the ropes are displaying yet some rigidity to compressive loading. 

Results from Figure 71 (d) to (f) show the displacements in millimetres obtained when the frame sub-

assembly was subject to tension load.  Figure 71 (d) shows that when no ropes are assembled, the 

structure has a maximum displacement of 86.3 mm at the fixer where loads were applied. Figure 71 (e) 

shows a maximum displacement of 8.9 mm at the fixer where loads are applied when the connector 

solution is used. Figure 71 (f) shows a maximum displacement of 10.4 mm are the fixer where loads 

are applied when the imported rope parts are used. 

As such, this step verified the use of rope parts in study is more adequate for the simulation at stake 

than the use of connector or ignoring the rope at all. 

The second step now assumed the use of rope parts on a single level and on the full silo. The results 

obtained for the displacements are shown on Figure 72 (a) and (b), respectively. 

The main purpose of this step was to test if the computer could run the simulation now with the ropes 

assembled on the silo. Such was shown successfully, as the simulations were performed under the 

same time as they were on the last simulations performed on Section 3.4.8.  
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4.3.9.  Fluid inside the Reservoir 

The first simulation to be performed included only the reservoir subject to the hydrostatic pressure 

inside. The simulation was successfully concluded under 30 seconds and the obtained results are 

displayed on Figure 18. 

 

 

Figure 18: Displacements obtained in the reservoir part for the hydrostatic load pressure case, in mm. 

This simulation’s purpose was to assess the displacements on the reservoir alone when subject to the 

hydrostatic pressure applied by water. These results show that the reservoir should expand radially on 

a maximum of 116.4 mm on a lower region and the obtained shape of the reservoir is identical to the 

obtained by the company in an on-site experience, where the same reservoir was filled with water. As 

such, this simulation is a control run and a reference toward future results, as results from other models 

including water parts might not come as realistic as this one, due to difficulties that lie on modelling a 

fluid part on a FEM model.  

The simulation performed to study the fluid modelled as a eulerian part was concluded successfully 

under 18 minutes and the results obtained are shown on Figure 19. 
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Figure 19: Displacements obtained on the reservoir for the fluid modelled as a eulerian part, in mm. 

As suggested by the results obtained on the simulation with only hydrostatical pressure, it was expected 

that the reservoir would expand radially more on the lower regions and that it would expand less – or 

not expand at all – on higher regions. The results here obtained counter this expectation, as it is possible 

to see that it expands radially more on the red area on its higher regions. The maximum displacement 

of 6.8 mm is also quite far from the results obtained on the hydrostatic pressure model. 

The results obtained for the runs that included the fluid as a solid part were compiled into Table 23.  

Run Young’s 

Modulus [MPa] 

Loads applied Connection 

Type 

Simulation 

Time [s] 

1 132 G Tie 15 

2 132 G Interaction 120 

3 132 G + HP Tie 15 

4 132 G + HP Interaction 60 

5 1 G Tie 15 

6 1 G Interaction - 

7 1 G + HP Tie 15 

8 1 G + HP Interaction - 

9 0.001 G Tie 15 

10 0.001 G Interaction 600 

11 0.001 G + HP Tie 15 

12 0.001 G + HP Interaction 120 

Table 23: Results obtained for solid fluid part runs 

Regarding the use of tie-constraints or interaction contact, the obtained results from Table 23 show that 

all runs performed under the use of interaction contact took longer or were unable to be completed, 
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when in comparison to its equivalent with tie-constraints. Such results suggest that the use of interaction 

contact between solid fluid and reservoir parts should be used on the full silo assembly only if the results 

obtained for displacements were similar to the obtained under the hydrostatic load only. However, this 

did not occur, as shown by the results from runs 2, 4, 10 and 12 on Figure 20. 

 

a) Run 2: 132 MPa, G 

 

b) Run 4: 132 MPa, G+HP. 

Displacements magnified by a factor of 5 

 

c) Run 10: 0.001 MPa, G 

 

d) Run 12: 0.001 MPa, G+HP. 

Displacements magnified by a factor of 5 

Figure 20: Displacements obtained for the runs using interaction contacts (in mm). 

Figure 20 (a) and (c) show that the reservoir had no displacements when subject only to the load of 

gravity. This means that the load of gravity is not enough for the solid fluid to apply pressure on the 

reservoir, so hydrostatic pressure must also be set. Figure 20 (b) and (d) show that, when adding the 

hydrostatic pressure on the reservoir, the reservoir in fact expands radially accordingly to the expected, 

but the solid fluid part does not follow this tendency and keeps its similarly cylindrical shape. The fact 

that the fluid is detached from the reservoir is unrealistic and not satisfactory, so the hypothesis of using 

interactions was ruled out.  

Regarding the material used, the displacements obtained for the runs 3, 7 and 11 are as shown on 

Figure 21. 
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a) Run 3: 132 MPa 

 

b) Run 7: 1MPa 

 

c) Run 11: 0.001 MPa 

Figure 21: Displacements obtained on the reservoir for the runs using tie-constraints and the paired load of 
gravity and hydrostatic pressure (in mm). 

The displacements obtained on Figure 21 (a) show a maximum displacement of 1 mm on a higher 

region of the reservoir, which suggests the fluid part had such a high value for Young’s Modulus that it 

was preventing the reservoir from expanding due to the hydrostatic pressure. 

Figure 21 (b) shows maximum displacements of 156.9 mm, which represent a discrepancy of 34% in 

comparison to the base model reservoir. Such may be due to an overlap of loads, as both the hydrostatic 

pressure and the loads resulting from the axial expansion of the solid fluid part are being applied on the 

reservoir. However, the shape of these displacements corresponds to the expected on the reservoir 

part, as obtained on Figure 18. 

On the other hand, Figure 21 (c) shows a maximum displacement of 55.6 mm, corresponding to a 52% 

decrease in the maximum displacements. These displacements are also misplaced in comparison to 

the obtained on the reservoir part, as obtained on Figure 18, where the Young’s Modulus applied. 

In face of these results, the Young’s Modulus of 1 MPa was adopted on further simulations. Despite the 

results from Figure 21 (b) evidence an 34% increase in displacements, this was the solution that models 

the reality more correctly. Nevertheless, this solution successfully adds the weight of the fluid to the 

assembly.  

Regarding the use of only gravity load or gravity load with hydrostatic pressure on the reservoir, the 

results obtained for the runs 5 and 7 show a slight difference between both load cases, considering the 

use of tie constraints to the 1 MPa solid fluid part. The graphical results obtained for displacements are 

shown on Figure 22. 
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a) Run 5: only gravity (G) 

 

b) Run 7: gravity and hydrostatic pressure (G+HP) 

Figure 22: Displacements obtained for the runs using 1 MPa solid fluid and tie-constraints (in mm).  

Figure 22 (a) shows a maximum displacement of 54.1 mm, which is a decrease of 53% relatively to the 

reference displacements. The obtained displacements are also different from the reference, in terms of 

shape. On the other hand, Figure 22 (b) shows maximum displacements of 156.9 mm, which represents 

a discrepancy of 34% in comparison to the base model reservoir. However, the shape of these 

displacements corresponds to the expected on the reservoir part, as obtained on Figure 18. 

In face of these results, the gravity and hydrostatic pressure load pair was adopted on further 

simulations. Once again, despite the displacements obtained do not correspond to the reference ones,  

Even though neither of the 12 solutions proposed addressed the problem properly, they were necessary 

to model the effect the fluid weight has on the silo. Despite the displacements obtained on the final 

solution, shown on Figure 22 (b), do not correspond to the reference ones, the magnitude of the 

hydrostatic pressure could be adjusted so it could match the reference displacement values, improving 

the quality and accuracy of the simulations. 

4.3.10. Wind results 

At first, a load case was prepared in Abaqus® using its simple pressure load feature on half the 

reservoir. However, this load pressure was applied normally to the surface in study – rather than in a 

single direction – and homogenously across the height of the reservoir, not allowing variations of wind 

velocity. 

In face of this, another alternative was proposed, which consisted on applying several point loads on 

each of the mesh’s nodes existent on half the surface of the reservoir equal to the total force applied by 

the wind divided by the number of nodes. This way, all loads were applied on a single direction rather 

than normally to the surface, but it did not take into account the variation across the reservoir’s height. 
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This simulation was performed and was successfully concluded under about 30 seconds. The obtained 

results for displacements are displayed on Figure 23 (a). 

After some further investigation on Abaqus® software, it was possible to model the pressure applied by 

properly, which was unidirectional and taking into account the wind velocity variations across the height. 

This second run was performed and concluded successfully under 30 seconds as well and the results 

obtained for displacements are shown on Figure 23 (b). 

 

a) Point load run. 

 

 

b) Hydrostatic pressure run. 

Figure 23: Displacements obtained for the a) point loads and b) pressure runs, in mm. Displacements were 

magnified by a factor of 5. 

The plot results of displacements show that both options have a discrepancy of maximum 

displacements of 5%, which in absolute terms corresponds to 5 mm. Given that both options are reliable 

in terms of processing time and displacement accuracy, it was opted to model the wind load as a 

pressure on further simulations since theory regards wind pressure as an applied pressure [35]. 

4.3.11. Ground Results 

The first run performed as described on section 3.4.13, with only the interaction contact between ground 

and reservoir, did not conclude and provided no results. Two additional runs were performed, adding a 

friction coefficient between the reservoir and the ground of 0.3 at first and secondly of 0.5. The 

simulations were yet unable to conclude. This may be due to a lack of constraints on the silo which 

would lead to infinite displacements. This suggests that the interaction contact between ground and 

reservoir was not enough to ensure the simulation would be concluded, so other solution should be 

tested.  

On this line of thought, the second step consisted on grounding one point of one of the bottom fixers 

came up as a hypothesis, in an attempt to limit the silo’s movement. On the first run, the fixer located 

further from the wind load was grounded so the silo could topple about it and on the second run the 

closest fixer to the wind load was grounded instead, merely to examine the silo’s reaction. The results 

obtained for the displacements are shown on Figure 73 and Figure 74. 
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Figure 73 shows that the silo lifted approximately 40 mm from the ground (bottom left region), which 

suggested the silo could in fact topple, despite having one point of one fixer grounded. This was a very 

good result, as the simulation was complete despite the setting of an interaction contact between 

reservoir and ground. The overall small displacements obtained in Figure 74 confirm this result. 

The third step was very similar to the second, only now it was assumed the silo was filled with water 

until the height of 4 m. A single run with the further fixer grounded was performed and the results 

obtained are shown on Figure 75. 

The displacements obtained enhance the role the fluid plays on this structure. While with the empty 

reservoir the silo’s edge was able to lift from the ground, the same did not occur this time, as there was 

a significant increase of weight in the whole structure, making it more difficult to topple. These results 

point out that the solution found for modelling the floor was satisfactory, since there was no evidence 

of penetration on the floor part and that the silo was able to topple over the grounded fixer point. 

4.4.  Tensile Analysis Results 

The tensile machine used could only provide results of Elongation, Extension, Force and Stress at the 

breaking point, as a feedback to each sample’s initial cross-sectional area and distance between 

grippers. From this data it is possible to compute the material’s Young Modulus, E, through Hooke’s 

Law for continuous media, as shown on (4.6). 

𝜎 = 𝐸𝜀 ⇔ 𝐸 =
𝜎

𝜀
(4.6) 

Where σ is the tensile stress, E the Young’s Modulus and ε the strain. The results obtained for the first 

run of tests to the GEO-Fabric-A are displayed on Figure 24 and Table 24.  

 

Figure 24: Force (kN) vs Extension (mm) graph for GEO-Fabric-A. 

Sample ε (%) F (kN) Stress (MPa) E (MPa) 

1 30.46 2.63 89.33 293.27 

2 32.95 1.83 61.01 185.13 

Table 24: Results obtained for GEO-Fabric-A 

The tests performed on these two samples were successful, as neither slipped from the grippers nor 

broke by the area around the grippers. The obtained values for E suggest the sample 1 corresponded 

to the Machine Direction (since its E is higher than sample 2’s), providing a discrepancy of 8.5% to the 
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supplier’s data and that sample 2 corresponded to the Cross-Machine Direction, providing a 

discrepancy of 11.6%. 

The results obtained for the first run of tests to the GEO-Fabric-B are displayed on Figure 25 and Table 

25. 

 

Figure 25: Force (kN) vs Extension (mm) graph for GEO-Fabric-B. 

Sample ε (%) F (kN) σ (MPa) E (MPa) 

3 27.16 2.53 84.33 310.49 

4 29.60 1.97 65.67 221.86 

Table 25: Results obtained for GEO-Fabric-B. 

The test performed on sample 3 was successful, but the one performed on sample 4 was not. While 

the tear marks from samples 1 to 3 present a clean cut, sample 4 was not fully torn apart when the force 

began to decrease due to a possible imperfection in the production or any indentation caused while 

cutting the sample, as shown on Figure 26. 

 

Figure 26: Samples 3 (left) and 4 (right) after testing with tear marks highlighted 

This hypothesis is corroborated by curve 4 in the graph of Figure 25, which is slightly different from the 

typical shape obtained in curves 1 to 3. For these reasons, this test was neglected and repeated. 

The results obtained for the first run of tests to the GEO-Fabric-C are displayed on Figure 25 and Table 

26. 
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Figure 27: Force (kN) vs Extension (mm) graph for GEO-Fabric-C. 

Sample ε (%) F (kN) Stress (MPa) E (MPa) 

5 56.19 2.96 49.33 87.79 

6 86.42 4.72 78.50 90.84 

Table 26: Results obtained for GEO-Fabric-C. 

It was possible to retrieve results and calculate the Young’s Modulus for both samples, but none of the 

tests was successful because both samples slipped from the grippers. For this reason, both tests were 

neglected and repeated.  

The results obtained for the second run of testing for the GEO-Fabric-B samples are displayed on Figure 

28 and Table 27. 

 

Figure 28: Force (kN) vs Extension (mm) results for the second run of GEO-Fabric-B 

Sample ε (%) F (kN) Stress (MPa) E (MPa) 

7 34.98 5.39 82.92 237.05 

8 22.88 4.11 63.23 276.35 

Table 27: Results obtained for the second run for GEO-Fabric-B. 

These tests were successful and provided satisfactory results. Data compiled in Table 27 suggest that 

sample 8 corresponded to the Machine Direction (since its E is higher than sample 7’s) and that sample 

7 corresponded to the Cross-Machine Direction. 
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To compare the GEO-Fabric-B and the GEO-Fabric-A materials, the values of Elongation and Young’s 

Modulus of the CD should be taken into consideration. Such values, as well as the percental increase 

attained from replacing GEO-Fabric-A for GEO-Fabric-B, are compiled into Table 28. 

 GEO-Fabric-A GEO-Fabric-B Increase (%) 

ε (%) 32.95 34.98 6.1% 

E (MPa) 185.13 237.05 28% 

Table 28: Comparison between GEO-Fabric-A and GEO-Fabric-B 

From Table 28 it is concluded that GEO-Fabric-B has higher values of both Elongation and Young’s 

Modulus than GEO-Fabric-A. At a first sight, GEO-Fabric-B seems a better option due to its increased 

Young’s Modulus, even though it has a slightly increased elongation. For this reason, further FEM 

analyses testing both materials on the silo should be performed before an eventual change of materials. 

Comparing the lowest value for E obtained for GEO-Fabric-B (237.05 MPa) with its equivalent for GEO-

Fabric-A (185,13 MPa), it is possible to conclude that the GEO-Fabric-B might be a better option to be 

used in the reservoir. 

 

Figure 29: Force (kN) vs Extension (mm) results for the second run of GEO-Fabric-C. 

Sample ε (%) F (kN) Stress (MPa) E (MPa) 

9 54.89 4.83 80.49 146.66 

10 57.96 3.28 54.67 94.32 

Table 29: Results obtained for the second run for GEO-Fabric-C. 

These tests were successful and provided satisfactory results. Data compiled in Table 29 suggest that 

sample 9 corresponded to the Machine Direction (since its Young’s Modulus is higher than sample 10’s) 

and that sample 10 corresponded to the Cross-Machine Direction. 

To compare GEO-Fabric-C to GEO-Fabric-A, the values of Elongation and Young’s Modulus of the 

Cross-Machine Direction should be taken into consideration. Such values, as well as the percentile 

increase attained from replacing GEO-Fabric-A for GEO-Fabric-C are compiled into Table 30. 

 GEO-Fabric-A GEO-Fabric-C Increase (%) 

ε (%) 32.95 57.96 75.9% 

E (MPa) 185.13 94.32 -49.0% 

Table 30: Comparison between GEO-Fabric-A and GEO-Fabric-C. 
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From Table 30 it is concluded that GEO-Fabric-C has a significant increase of Elongation and an equally 

significant decrease of Young’s Modulus, when compared with GEO-Fabric-A. As such, the 

replacement of GEO-Fabric-A for GEO-Fabric-C should represent no improvement in the silo’s 

performance. This change is then ruled out. 

4.5. Final Analysis Results 

For this analysis, the conditions of the full silo containing 0.3 m of fluid with 1000 kg/m3 under winds of 

30 m/s were assumed because they correspond to the critical conditions the silo could be, as studied 

on Section 4.1. One possible reason for this is that those are the conditions in which the silo is lighter 

and as such it is required less wind load for it to topple, which also justifies the choice of 30 m/s of wind 

velocity. This simulation was successfully run in 11 hours and 50 minutes. 

Regarding displacements, the results are presented on Figure 76 

The maximum displacements of 39 mm were obtained on the reservoir and sheaths on the top of the 

silo, as shown by the red areas on Figure 76 (a). It is also noticeable that the bottom fixer opposed to 

the grounded one was lifted 4.7 mm from the ground. As such, this suggests that under such conditions 

the silo does not topple.  

For the second run, the fluid part was suppressed so it could be verified how long does the opposing 

fixer is lifted. This run was concluded in 13 hours and 11 minutes and the obtained displacements are 

shown on Figure 77. 

The maximum displacements of 164.7 mm were obtained on the reservoir and sheaths on the top of 

the silo, as shown by the red areas on Figure 77 (a). The bottom fixer opposed to the grounded one 

was lifted 45.5 mm from the ground. This displacement is more than 9 times larger than the one obtained 

on the simulation with the fluid height of 0.3 m. This suggests that the heavier the silo is, the less the 

opposing fixer is lifted and the less prone to toppling the silo is, which evidences the importance of the 

fluid inside the silo. This results also corroborate that the load case considered is in fact the most critical 

one, as the fluid is heavier in all other load cases and as such it is expected that the silo is less prone 

to toppling. Because of this and the deadline of this work, no other load cases were considered and no 

further simulations were performed. 

Stresses were analysed only on the first run, part by part. This analysis was suppressed on the empty 

silo’s run as it does not correspond to a possible real-life loading case. 

The maximum stresses on fixer parts were obtained for the fixer which is grounded to the floor. These 

results are shown on Figure 78. 

Figure 78 (a) shows maximum stresses of 1909 MPa located in the grounded point. It is known that 

these stresses only occur because that point is grounded and would not occur on a real loading. The 

next higher stresses obtained were of 92 MPa and are shown in red areas of Figure 78 (b), located 

inside the holes where horizontal tubes will be assembled. The fixers are made in GEO-Plastic. This 

material presents a brittle tensile behaviour with an ultimate tensile strength of 250 MPa. As such, it is 

unlikely that this part fails while under this load case. 

The vertical and horizontal tubes were studied together, and the maximum stresses were obtained on 

the components connected to the grounded fixer. These results are shown on Figure 79.  
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The results obtained show that the maximum displacements on both cases are located on the red areas, 

near the connection to fixers, top insert and bottom insert. The maximum stresses obtained for the 

vertical tubes were 145.6 MPa and for the horizontal tubes 136.9 MPa. Both these values are below 

the yield strength found on the supplier’s datasheet of 945 MPa, which suggests neither component is 

likely to fail under this load case. 

The bottom insert, extender and top insert parts are made of GEO-Metal, which has yield strength of 

276 MPa and an ultimate tensile strength of 310 MPa, accordingly to the supplier’s data sheet. The 

maximum stresses obtained for each of those parts were found on the vertical parts sub-assembly that 

is tightened to the grounded fixer and are displayed on Figure 80. 

The maximum stresses obtained are located in the red areas of Figure 80, as were of 430 MPa on the 

bottom insert, 141 MPa on the extender and 301.2 MPa on the top insert. These values suggest that 

while the extender part is yet on the elastic regime of deformation since it is maximum stress is lower 

than the GEO-Metal’s yield strength of 276 MPa, the top insert is already in plastic regime and the 

bottom insert is beyond the ultimate tensile strength value, which suggests that the part has already 

failed at this step. However, the areas with increased stresses on both the bottom insert and top insert 

parts are located near the connection to the vertical tube, as shown by the green areas in Figure 80 (a) 

and (c). Bearing in mind that this simulation was performed assuming all parts would be connected 

through tie constraints, further simulations using interaction contacts should be performed to verify that 

these results are still true. 

The reservoir part was analysed alongside the sheath parts. The maximum stresses obtained for the 

reservoir were located at the bottom, in the interface with the floor part, while the maximum stresses 

obtained on sheath parts were located in the two sheaths nearer the grounded fixer part, as shown on  

The maximum stresses obtained on the reservoir were of 1,7 MPa and on the sheath were of 7,8 MPa. 

Both these parts are made in GEO-Fabric with 61 MPa of ultimate tensile strength. The silo was 

designed taking into consideration the radial expansion of the reservoir, and so it is only of concern that 

the stresses in both the reservoir and sheath parts do not exceed the ultimate tensile strength of the 

material. Such condition is verified, which suggests that neither the reservoir or the sheaths will fail 

under this load case. 

Rope parts are made of GEO-Rope, which shows no plastic deformation before breaking and has an 

ultimate tensile strength of 1269 MPa, as shown by tensile analyses performed beforehand by GEO. 

The maximum stresses obtained of the rope parts were located in the connection to the grounded fixer. 

The obtained stresses are displayed on Figure 82. 

The maximum stresses obtained for these two parts were of 57 MPa and were located on very small 

areas that were connected to the fixer. This occurrence is very similar to the grounded fixer’s maximum 

stresses around a single point, which suggests they also are a consequence of modelling 

approximations. Nevertheless, the obtained values represent approximately 5% of this material’s 

ultimate tensile strength, which suggests this part will nor fail under the load in study. 
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5. Conclusions and future work 

5.1. Conclusions 

As the aim of this work a silo was modelled using the FEA software Abaqus®, so its equilibrium point 

could be assessed, while the silo would contain 0.3, 1.5, 3 or 6 m of fluid inside, this fluid could have 

densities of 1000, 1200 or 1500 kg/m3 and could be subject to winds of 7.5, 15 or 30 m/s.  

During this work, the several parts that assemble this silo were analysed in terms of simulation success 

and run time consumed, by changing the mesh types and sizes used, the connections applied between 

components, among other. The main setback found across nearly all the analyses done was setting the 

suitable contact definition between parts, since the most realistic one – interactions, which allow 

separation and sliding between surfaces but not penetration – either elapsed much more time or 

compromised the success of simulations. Against this issue, it was assumed that all parts would be 

connected through a tie-constraint, which is similar to a weld. This way, the total number of degrees of 

freedom is reduced, but sliding and separation of surfaces is now not allowed. In terms of memory 

processing, this means that with tie-constraints, instead of computing displacements of two distinct 

parts, the problem would rely on computing the displacements of the contact surface instead. However 

unrealistic, the use of tie-constraints was tested in comparison to the interactions on the Ring protocol 

and the results show discrepancies of 16% in displacements and were obtained in about 9% of the time 

elapsed on same simulations performed with interaction contacts. 

Another setback relied on the complexity of the silo in study, which is composed by 457 different parts 

all connected to one another. Once meshed, the number of nodes of the FEM model is directly related 

with the memory used for processing the problem: the more nodes compose the model, the more 

memory is required and the longer the simulation takes to be concluded – if the processed data does 

not overcome the available memory for processing on the computer. Because of this, all the tests 

performed on changing mesh sizes were aimed at reducing the number of nodes by increasing the size 

of elements. The final solution found for meshing the model is made of more than 11 million nodes, 

which is very close to the lowest value possible without compromising the quality of the mesh.  

Despite this, a final model was achieved and successfully tested under the critical load case. For this 

load case it was concluded that the silo will not topple and as such it will not topple in any other load 

case considered in the objectives. However, the analyses done have shown that this is due to the 

presence of fluid inside of it, since it represents a significant increase on the silo’s weight. It is then 

believed that the silo will not topple, as long as it is containing at least 0.3 m of fluid inside. 

5.2. Future work 

To achieve the objectives of this work and to precisely know the equilibrium point of this silo, future 

work should rely on successfully model the silo with interaction contact definitions. This point was being 

a limitation over all steps of modelling and is the main issue to be solved. Once this is attained, results 

will be more precise and more reliable conclusions can be taken. 

Along this work, some parts have been modified to make the simulations simpler. It is advisable that, in 

parallel, the modified parts that suffered those changes should be tested with the original ones to be 

compared with, to confirm if the approximations made were valid. Simultaneously, since some parts 
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were so complex and had so many nodes that slowed the simulations quite significantly, such as the 

fixers, the inserts and the extenders, it is advisable to perform similar tests, but this time to simplify 

these parts and remove some of their features (such as fillets or chamfers) from the simulation, so the 

model is simpler and proves results more quickly. The 11 million nodes present on the final mesh 

solution are in great part due to using the original parts and not simplified versions and it is important 

to reduce this number in order to improve the quality of simulations. 

Apart from the critical load case simulation, it is advisable to perform simulation considering the load 

case in which the centre of mass of the silo is at its maximum height, which corresponds to when the 

silo has a fluid height of 6 m and the fluid has a density of 1500 kg/m3. Even though it is predictable that 

the silo will not topple anyway, the higher centre of mass might affect the silo’s reaction. This is also the 

load case in which the hydrostatic pressure applied is maximum, to it is also useful for stress analysis 

on the silo’s components. 

Furthermore, it is advisable to run tests assuming the reservoir would lie on a slope, rather than in a 

plane. Working sites, specially related to soil drilling and stabilization activities may be irregular. 
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