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Abstract 

Modeling of High Pressure Confined Inflatable Structures 

Jerry C Wong 

Safety of transportation tunnels is a top priority among transportation agencies 

and public administrators and a very important aspect in the daily operation of a tunnel 

system. However, it is always a challenge to create and integrate protection systems in 

existing tunnels to prevent or at least mitigate the occurrence of hazardous events such 

as spread of smoke or noxious fumes, flooding, among others. Typically there two ways 

for preventing or mitigating the occurrence of hazardous events: one is the 

implementation of permanent solutions and, the second one, is the use of temporary 

solutions. Permanent solutions usually have relatively high sealing efficiency due to 

their solid and rigid sealing mechanisms such as bulkheads and floodgates. However, 

they can be extremely expensive and sometimes difficult to build or install due to 

physical, economical or operational constrains. On the other hand, temporary solutions, 

which can be relatively low cost and easy to install, offer a temporary countermeasure 

while permanent repairs are implemented. The development of flexible structures, such 

as inflatable plugs for temporary solutions is becoming a viable alternative for protection 

of transportation tunnels and other similar critical civil infrastructure. 

 The Resilient Tunnel System (RTS) is a passive tunnel protection system 

developed at West Virginia University (WVU). This system is intended to prevent or 

minimize the damage induced by hazardous events by creating a compartment to 

contain the threat. The Resilient Tunnel System implements inflatable structures at 

specific locations of the tunnel to seal up the tunnel and create a compartment to isolate 

the compromised region. WVU has conducted several validation tests on full scale 

inflatable structures designed to mitigate flooding in an actual rail transportation tunnel 

and in specially built testing facilities. However, testing at full scale either in an actual 

tunnel or in specially built testing facilities, is a very complex and resource demanding 

task. It can take several iterations to achieve desired results which cannot be accurately 
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predicted in advance. Therefore, the development of numerical models using Finite 

Element Analysis becomes imperative in order to: first, reproduce experimental work 

done at WVU using different prototypes at different scales; and then use the calibrated 

models as predicting tool that can anticipate the outcome of experiments and eventually 

reduce its number due to the intrinsic complexity and cost. 

 This dissertation aims to present the results of the development of Finite Element 

Models of confined inflatable structures designed to withstand flooding pressures. 

Models of different prototypes were created and analyzed in order to reproduce 

experimental results. Numerical results show that the adjusted models can reproduce 

experimental results, ranging from deployment, full pressurization and induced failure, 

with a great degree of accuracy providing a reliable predicting tool for evaluation of 

alternative configurations and parametric studies. 
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1 Introduction 

 

1.1  Origin, Evolution, and Applications of Inflatable Structures 

 The history of inflatable structures was firstly begun centuries ago in the field of 

aeronautical engineering. In 1670, Francesco Lana de Terzi, an italian mathematician, 

proposed the concept of using Archimedes’ buoyancy principle to vacuum the spheres 

shown in Figure 1.1. These spheres were made of very thin copper foil, so that they 

would be lighter than the air and lift a boat into the air [1]. Although Lana de Terzi’s 

airship with vacuum spheres had never been built, the idea still influences scientists in 

their studies on the field of flight. Joseph and Etienne Montgolfier constructed a balloon 

with linen, covered by stiff paper and anchored the balloon with ropes in 1780 (Figure 

1.1). The Montgolfier brothers successfully launched the first manned balloon by 

delivering heated air (which is lighter than the air surrounding outside the balloon) into 

the balloon [2]. 

  

Figure 1.1 Francesco Lana de Terzi's conceptual vacuum airship (left) and hot air 
balloon from Montgolfier brothers (right) [3].  
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 Other application of inflatable structures was the one developed by R. W. 

Thomson who invented the pneumatic tire using india-rubber for which he was granted 

a patent in the US in 1847 [4]. Thomson’s pneumatic tire consists of a hollow tube, 

screw caps, and enclosed cover. The hollow tube was inflated with air, sealed with 

screw caps, riveted on the wheel, and covered by a leather cover for protection 

purposes [4]. When people commenced to use rubber and nylon widely in 1940s, the 

inflatable structures started to be used in military applications as vehicle tires and 

decoys.  

After World War II ended, Walter Bird received research funding from U.S. 

military to design a shelter to enclose and protect the large surveillance radar antennas 

from extreme weather conditions [5]. To avoid interference with the radar signals, the 

shelters had to be non-metallic. Walter Bird developed an air-supported radome that 

was made of thin neoprene-coated fiberglass fabric in 1946 [6]. The invention of fabric 

membranes would later play an important role on the development of inflatable 

structures. Figure 1.2 shows Bird’s concept, in which a metal frame was initially used to 

deploy the thin fabric into a dome-shape and later inflated with air.  

 

Figure 1.2 Deployment sequence of Bird’s air-supported radome [7]. 

1. 2. 

3. 4. 
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After several launch attempts, Echo 1, the passive satellite-balloon was launched 

successfully and inflated perfectly by the National Aeronautics and Space 

Administration (NASA) in 1960. The 30.5 meter of diameter “satelloon” was made of an 

aluminized, Mylar polyester film with a thickness only 12.7m. Echo 1 wrote an 

evolutionally new chapter on space technology. Figure 1.3 shows the inflation testing of 

Echo 1 which took place in a navy hangar at Weeksville, NC before the actual launch [8]. 

 

Figure 1.3: Inflation sequence of the satellite-balloon Echo 1 [8]. 

Walter Bird’s pioneer contribution to the developing the commercial applications 

of the pneumatics and NASA’s Echo 1 ignited the era of academic research on 

inflatable structures. Frei Otto [9] implemented advanced mathematics for the design of 

the structural form of pneumatic constructions. Since then, inflatable structures have 

been innovated and developed widely in a variety of designs, shapes, and sizes for 

aeronautic, automotive, civil engineering, and architectural applications. For example, 

some of the aeronautic applications included the landing airbag for the Mars Pathfinder 

project [10] and the inflatable lunar habitat developed in the NASA Langley Research 

Center [11] shown in Figure 1.4 and Figure 1.5, respectively. The automotive industry 

developed the safety airbag in vehicles [12] that have been widely implemented to 

protect the passengers during car accident (Figure 1.6). Other application is illustrated 

in Figure 1.7, where a conventional bridge was built by the combination of inflatable 

composite arch structures and concrete [13]. The inflatable structural fiber tubes were 

inflated and infused with resin used to form lightweight hollow arches at the work site. 

1. 2. 3. 4. 
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The hollow arches then occupied with concrete and covered by the composite panels to 

support the roadway. For architectural applications, inflatable domes such as the one 

illustrated in Figure 1.8 are common structures used in exhibition events to provide 

shelter from weather with significant outward appearance and shape. Most recently, a 

new application for high pressure confined inflatable structures was developed for 

sealing tunnels segments to prevent spread of smoke, fumes, and flooding. The 

feasibility of implementation of this concept is presentenced in Ref. [14] and [15]. 

 

 

Figure 1.4: Aeronautic application: Mars Pathfinder Airbags [10]. 

 

 

Figure 1.5: Aeronautic application: Inflatable Lunar Habitats [11]. 



5 
 

 

Figure 1.6: Automotive application: Automotive Airbag [12]. 

 

Figure 1.7: Civil engineering application: Inflatable Composite Bridge [13]. 

 

Figure 1.8: Architectural application: Inflatable Exhibition Dome [7]. 
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1.2 Problem Statement 

 In the last few decades, the protection of critical civil infrastructure has become a 

difficult task for different government agencies around the world. Specifically, tunnels 

have been identified as particularly vulnerable to different threats that require additional 

or alternative protection systems as well as mitigation technologies. Typically, a tunnel 

is an underground passage which is enclosed but open for ingress and egress at the 

ends. Most of the tunnels are constructed completely under the ground, but some are 

built across the bottoms of bodies of water, such as rivers, bays or lakes. Tunnels can 

be categorized into three main types: 

I. Mine Tunnels (used for delivering miners, equipments, and mineral back and 

forth from deep earth during ore extraction) 

II. Public Works Tunnels (used for carrying water, sewage, and gas lines) 

III. Transportation Tunnels (used for traveling and shipping such as railway tunnels,  

roadway tunnels, and pedestrian tunnels) 

 Safety of transportation tunnels (III) is a very important aspect in the operation of 

a tunnel system and it’s always a challenge to create or integrate a protection system to 

prevent or mitigate the occurrence of hazardous events. The most common hazardous 

scenarios include: 

a. Fire/smoke: Any active or post conflagration condition causes heat, smoke and 

harmful vapors. An example of this scenario is the Jungangno Subway Station 

Arson Fire which happened in Korea in 2003 [16]. 

b. Flooding: The condition of overflowing of water onto tunnel area as some 

examples in the US include the Chicago Freight Tunnel Flood in 1992, and the 

MTA tunnel flood in New York during Hurricane Sandy in 2012 [17, 20]. 

c. Introduction of Hazardous Materials: Any discharge of fatal chemical, biological, 

or radiological agents into the tunnel possibly in a form of liquid, solid, or gas like 

in the Subway Sarin Gas Attack which happened in Japan in 1995 [18]. 
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d. Explosion: A violent gas release during the decomposition of explosive 

substances like in the Moscow Subway Suicide Bombing which happened in 

Russia in 2004 [19]. 

e. Structural Integrity Loss: Any reduction of the fitness of the tunnel to carry 

passengers/freight by human factors or natural causes. 

 The countermeasures for preventing or mitigating the occurrence of hazardous 

events can be classified into permanent solutions and temporary solutions. The 

permanent solutions usually have relatively high sealing efficiency due to their solid and 

rigid sealing mechanisms such as metallic bulkheads used in New Zealand [21] (Figure 

1.9), floodgates for city tunnels in Malaysia [22] (Figure 1.10), and underground London 

[23] (Figure 1.10). However, they can be very expensive and sometimes difficult to build, 

install, or maintain over long periods of time. 

 

 

Figure 1.9: Bulkhead [21]. 
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Figure 1.10: Floodgate for city tunnel (left) [22]; underground London (right) [23]. 

 On the other hand, the temporary solutions can be relatively low cost and easy to 

install while permanent solutions or repairs are implemented. Temporary solutions such 

as inflatable plugs served in various tunnel events. There are several examples of 

application of temporary solutions for sealing tunnels. Among them we can cite the case 

of Petersen Products Co. who manufactured large grout bags and inflatable plugs 

(Figure 1.11) for emergency, abandonment or maintenance purposes by sealing off 

mine shafts, canals, or tunnels sections [24-25]. In Europe, Lindstrand Technologies Ltd. 

[26] from United Kingdom manufactures the inflatable plugs (Figure 1.12) using glass 

fiber fabric coated with solvent free silicone rubber and aluminum flakes that are able to 

resist temperatures up to 450C. The fabric is burned into sand without releasing any 

toxic gases if the temperature exceeds the limit of the fabric. The full-scale seals have 

been tested and proved the ability of extinguishing fire in the tunnel of the Brenner Pass 

in Italy and in the Hubertustunnel in Holland [27]. The solution proposed by Lindstrand 

Technologies Ltd. is also installed in the London Underground Victoria Line. 
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Figure 1.11: Giant grout bag (left) and Inflatable plug (right) [24-25]. 

  

Figure 1.12: Inflatable Tunnel Plugs from Lindstrand Technologies Ltd, UK [26-27]. 

 

1.3  Resilient Tunnel Plug (RTP) System 

 The Resilient Tunnel Plug (RTP) System is a passive tunnel protection system 

developed at West Virginia University (WVU) which was proposed in 2007 [14-15] as a 

way to prevent or minimize damage induced by hazardous events by creating a 

compartment inside the tunnel to contain the threat. The RTP system consists in the 
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installation of inflatable structures (or inflatable plugs) at specific locations of the tunnel 

to seal off the tunnel and create a compartment to isolate the compromised region. 

Figure 1.13 shows conceptually the RTP deployment [14-15]. The inflatable plugs are 

folded and placed into a container which is later transported to a specific section and 

pre-installed within the tunnel. When the RTP is activated, the plugs are released from 

the container, then inflated and pressurized in order to maximize the sealing effect and 

eventually stop the threat which can be flooding, gases, or fumes. 

 

Figure 1.13: Schematic of RTP deployment [14-15]. 

1.4 Advantages and Disadvantages of Inflatable Structures for 

Tunnel Protection 

 Just like in any structural configuration, the use of inflatable structures for tunnel 

protection has both advantages and disadvantages. Among the advantages, confined 

inflatable structures can be formed and self-supported with relatively low pressure and 

built to be flexible to cover irregular curved surfaces as demonstrated in [14-15]. 

Inflatable structures can be not only flexible for transportation and packing but can also 

be strong enough to be able to withstand aggressive loads like blasting, flooding, fire, or 

noxious substances when deployed and fully inflated. Unlike solid and rigid structures, 

inflatable structures offer great flexibility, are relatively easy to pack, transport and 

deploy when needed. Moreover, the inflatable structure can be activated remotely and 

have low or no human intervention for self-deploying. 

 Among the disadvantages, and depending on the particular application, the 

shape of the inflatable structure may not be maintained consistently rigid and a high 
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energy consumption may be needed to maintain its shape and therefore its sealing 

effectiveness. Some instances may require anchoring points which could induce stress 

concentrations that can severely damage the structural membrane or other critical 

components. These anchoring points are mostly needed to restrain the structure during 

deployment; otherwise, the inflatable structures will be dislocated or misplaced during 

the inflation and pressurization process which can severely undermine its sealing 

effectiveness. Some applications may require high inflation pressures which depending 

on the design, they may require high or very high fabric strengths. This constraint may 

lead to heavier and more expensive solutions. 

1.5  Motivation of this Study 

 Since 2008, WVU has worked in the development of RTP systems and 

conducted several validation tests of full and reduced scale prototypes of confined 

inflatable structures. Tests were performed using specially built testing facilities 

designed to simulate flooding in rail transportation tunnels [14-15, 28-29] (Figure 1.14). 

However, testing especially at full scale, either in an actual tunnel or in the specially built 

testing facilities is a very complex and expensive demanding task. The validation tests 

performed at full scale demonstrated that it can take several iterations to achieve 

acceptable results which cannot be accurately predicted in advance. Therefore, the 

development of numerical models of these tests using Finite Element Analysis (FEA) 

becomes imperative in order to: first, reproduce experimental results using different 

prototypes at different scales; and second, use the calibrated models as predicting tool 

that can anticipate the outcome of further experiments and eventually reduce its number 

due to the intrinsic operational complexity and associated costs. Calibrated models can 

also be used for parametric studies and design optimization that otherwise would be 

very costly to implement at experimental level. 
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Figure 1.14: Plugs tested in an actual tunnel in 2008 (left) [14-15, 28], and in 
testing facilities at WVU in 2012 (right) [29]. 

 

1.6  Objectives of this Study 

 The main objectives of this study are: 

1. Define a modeling strategy to identify necessary material properties and to devise 

ways to correlate experimental results with numerical results obtained from tests and 

models at different scales. 

2. Create Finite Element Models of the RTP system to simulate: 

a. The structural components of the inflatable plug 

b. The folding of the inflatable 

c. The deployment of the inflatable under confined conditions 

d. The interaction of the inflatable with different elements of the confining 

surface and the global and local conformity to those elements 

e. The stability of the inflatable to withstand different loading configurations 

and friction characteristics of the confining surface 

3. Compare numerical results with available experimental results in order to adjust 

modeling parameters and improve the predicting capability of the models. 

1.7 Outline 

This dissertation is divided into eight chapters and begins with the problem 

statement, literature review, and objectives of this research presented in Chapter 1. 
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Chapter 2 explains the fundamental theories of finite element method relevan to this 

work as well as the finite element algorithms used to perform FEA calculations 

implemented in this work. 

The literature review of membrane elements is presented in Section 2 to describe 

the characteristic of membrane elements, especially when the elements are used for 

modeling of inflatable structures.  

 Chapter 3 presents a preliminary Finite Element model of a quarter-scale 

prototype used to get key parameters that are initially calibrated for comparing 

numerical and experimental results. Stress evaluations, mesh convergence studies, 

equivalent material properties evaluation, simplified deployment approach, and slippage 

evaluation are presented in this chapter.  

The geometrical properties and set-up of the FE model of a full scale prototype 

are presented in Chapter 4. Chapter 5 presents the modeling of folding and packing the 

inflatable plug. The deployment simulation consists of several main factors such as 

characteristic of membrane elements, folding process, influences of dynamic relaxation, 

and inflation algorithms. The procedure of placement and dynamic relaxation is 

explained in Chapter 6. Chapter 7 presents the inflation algorithms as well as details of 

the advanced deployment model and compares both numerical and experimental 

results. Chapter 8 presents the slippage test results of the full scale FE model. Finally, 

Chapter 9 presents summary conclusions obtained from the previous chapters and also 

provides recommendations for future work. Some of the chapters are complemented by 

Appendixes included at the end of this document.  



14 
 

2 Introduction to the Finite Element Method 

2.1 Introduction 

The Finite Element Method (FEM) is widely used in both engineering and science 

applications. It was developed to deal with problem of stress analysis, fluid mechanics, 

heat transfer, vibrations, etc. through computational scheme [30]. An overview on how 

the method operates is as follows: 

(i) The target geometry is divided into a finite number of pieces called 

elements. 

(ii) The variation of the unknown variables at each element uses either 

interpolation or approximation functions to implement specific assumptions. 

(iii) Nodes are the special element location where the approximated variation 

is eligible in terms of solution values. 

(iv) The method generates an algebraic system of equations for unknown 

nodal values which approximate the continuous solution through the 

discretization process. 

(v) The method can calculate and obtain a solution quite accurately due to the 

variability of element size, shape, and approximating scheme.  

2.2 General FEM Procedures 

 Figure 2.1 shows a condition that assumes that the geometry of an arbitrary body 

under an unloaded condition    initially has zero initial stress,   . The material is 

represented by the elastic constants,      , the thermal expansion coefficient and 

temperature distribution are neglected for simplicity; it is also assumed that a body force, 

 , acts on the geometry, and displacements       act on a portion     or tractions,  , on 

a portion     of the boundary of   [30]. 
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Figure 2.1: Conceptual Schematic of the finite element procedure. 

 To satisfy the governing equations, the component of displacements, strains, and 

stresses need to be calculated [30]. 

Strain-displacement equation,     
 

 
(
   

   
 

   

   
)      (2.1) 

Elastic stress-stain (constitutive) law,                  (2.2) 

Equation of equilibrium, 
    

   
            (2.3) 

Boundary condition of stress and displacement,  

     
                      

              (2.4) 

To derive the virtual work equation, the linear momentum equation balance is used for 

the derivation of the equation,  

    

   
      

   

  
          (2.5) 

Substitute the virtual strain field equation into Equation 2.5,  

     
 

 
(
    

   
 

    

   
)          (2.6) 
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The principle of virtual work can be expanded as follows, 

∫            
 

∫          
 

∫          
   

      (2.7) 

The virtual work equation can be used to derive the governing equation for the 

displacement field in a weak form by substituting equation 2.8 into equation 2.7. 

              
   

   
 
    

   
         (2.8) 

A general form of an interpolation equation can be expressed as, 

      ∑        
  

            (2.9) 

where   are the coordinates of an arbitrary point in the geometry and       are 

functions of position only. The virtual velocity can be derived in the same way, 

       ∑         
  

            (2.10) 

Substituting equation 2.10 into 2.7 and rewriting the equation as 

∫      
      

    
  

       

   
   

    ∫    
       

    ∫   
         

     
    

  (2.11) 

Since the interpolation functions are known, therefore, equation 2.11 can be rewritten as 

(       
    

 )   
            (2.12) 

where       ∫      
      

    

      

   
         (2.13a) 

and   
  ∫    

        ∫   
 

   
             (2.13b) 

When the displacement satisfies with   
    

  at the nodes, 

       
    

               {   }     
                       (2.14a) 

  
    

    
                  {   }     

               (2.14b) 

where   is the stiffness matrix. 
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2.3 Modeling Tools 

A commercial finite element analysis software, Abaqus1, was used as solver of 

the general equations presented in the previous section. The models presented in this 

work were generated, solved and post-processed using different tools available within 

Abaqus.  

 Besides Abaqus, other commercial software and programming languages were 

exercised and interfaced with Abaqus for specific purposes. For instance, Altair 

HyperMesh2 was used to renumber the nodes and elements during the pre-processing 

stage. Moreover, several subroutines files were generated in format of Fortran code, 

Python™, and Abaqus Scripting in order to facilitate the obtaining of simulation results 

during the post-processing stage. 

 Key features available in Abaqus 6.10 implemented in the models generated in 

this research are presented in the following sections. 

2.3.1 Element Types 

The element types which have been used in the finite element simulation of this 

research included membrane element, rigid body/rigid element, connector element, 

surface element, and solid element. 

The membrane element is an element type which was used to define the woven 

layers of RTP in the FE model. The rigid body or rigid element was used to represent a 

part/section of a geometry which assumed to be rigid body such as fitting sections on 

the plug and tunnel wall in order to simplify the FE model.  

The connector element was used to simulate the passive restraining mechanism 

in the FE model. On the other hand, the surface element was used to model the internal 

chamber walls in the FE model. The water in some of the slippage scenarios was 

modeled using solid element type. 

                                            
1
 Abaqus is a finite element analysis (FEA) and computer-aided engineering (CAE) software package 

which has the capabilities in performing pre-processing (solid modeling), comprehensive FEA solving, 
and pro-processing (visual rendering). The software was acquired by Dassault Systèmes Simulia Corp. in 
2005. Visit www.simulia.com for more details. 
2
 HyperMesh is one of the portfolios of HyperWorks, a CAE software product, belongs to Altair 

Engineering Inc.. HyperMesh is mainly used to perform comprehensive CAE pre- and post-processing 
tasks. Visit www.altair.com for more details. 
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2.3.1.1  Membrane Elements 

Green and Adkins [31] propounded the theory of elastic membranes by treating 

the problem as one of plane stress in a continuous form. The finite element method 

which defines an approximated continuum by a finite number of elements was used to 

formulate a consistent discrete model [32]. The formulation of finite number of discrete 

variables can be reduced to one which is the displacement of selected node points in 

the membrane [32]. 

Oden [33-34] and Kubitza [35] derived the general analysis of finite deformations 

of elastic membranes using linear displacement approximations and triangular finite 

elements when discussing the numerical analysis of nonlinear pneumatic structures. 

Oden and Sato [36] presented a consistent finite element formulation for the calculation 

of finite strain and large displacements in elastic membranes of general geometry. 

Flores and O ̃ate [37-38] presented the improved membrane behavior of a thin 

shell triangular element which assumed to have a plane stress behavior with an additive 

decomposition of elastic and plastic strains and rotation-free degree of freedom through 

Lagrangian formulation. 

Taylor et. al [39] used the right hand side of Cauchy-Green deformation tensor to 

develop the large deformation formulation of the three-node triangular membrane 

element where the deformation gradient is first constructed in term of nodal variables. 

O ̃ate et. al [40] used Lagrangian formulation to calculate the constant bending strains 

and linear membrane strains of inflatable structures. Three adjacent membrane 

elements which only have translational degrees of freedom were used to evaluate the 

strains in terms of the nodal displacements. This approach becomes a conventional 

method of finite element analysis as well as Abaqus to define the membrane elements. 

In Abaqus, the element dimensionality is used to define membrane elements. 

General membrane elements are named as follows,  

M XD Y 
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where M indicates membrane element, XD represents the dimensionality of the element, 

and Y shows the number of nodes in the element. For instance, M3D3 is a three-

dimensional, 3-node triangular membrane element and M3D4 is a three-dimensional, 4-

node quadrilateral membrane element [42-43]. Reduced integration (an optimization 

method uses less functions to solve the integral through Gaussian Quadrature) is 

available only to quadrilateral membrane elements [42-43]. 

Membrane elements have only three translational Degrees of Freedom (DOF) at 

each node [42-43]. Therefore, there are two significant characteristics in membrane 

elements: First, the membrane elements do not have bending stiffness. Second, they do 

not take bending moments into account because they are defined and handled as 

surface elements which can only transfer in-plane forces. Membrane elements usually 

are used to represent thin surfaces that provide strength in the plane of the element 

without bending stiffness [42-43]. 

The equilibrium of membrane elements begins with the definition of the virtual 

work contribution. The virtual work contribution in terms of the internal force can be 

expressed as [42-43], 

    ∫        
 

          (2.15) 

where    indicates the Cauchy stress,    is the virtual rate of deformation, and   

represents the current volume of the membrane [42-43]. The membrane stress 

components in the surface of the membrane are assumed to be nonzero (     ), thus, 

the virtual work equation can be simplified as 

    ∫           
         (2.16) 

where    =      where t is the current thickness and   is the current area of the same 

element [42-43]. Since the Cauchy Stress is symmetric, the virtual work equation [42-43] 

can be rewritten as 

    ∫           
         (2.17) 
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where        
   

  
      

   

   
  is a local orthonormal basis system    that defines a 

basis on a surface in space through standard convention of ABAQUS, where    and    

are in the surface of the element and    is normal to the element by standard 

convention for a basis on a surface in space. When the Jacobian transformation is 

implemented to elaborate the integrands of virtual work [42-43], the equation can be 

written as 

     ∫  (                          )  
 

     (2.18) 

Since transverse stresses,    , and transverse shear strains,    , are assumed to be 

zero, and                  , the first term of the integrand can be expressed as 

                        (2.19) 

and the second term of integrand can be expanded as 
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))     (2.20) 

An expanded equation of virtual work with consistent Jacobian transformations [42-43] 

can be rewritten as  
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)      (2.21) 

 When the cross-sectional thickness changes with the Poisson’s ratio as a 

function of the membrane strain in geometrically non-linear analyses, the linear elastic 

strain equation [42-43] can be expressed as  

     
 

   
          , (assuming in plane stress,      )    (2.22) 
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The relationship of thickness with respect to Poisson’s ratio can be comprehended 

when the linear elastic strain is expressed in logarithmic form as [42-43], 

  (
 

  
)   

 

   
(  (

  

  
 )    (

  

  
 ))   
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)       (2.23) 
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            (2.24) 

where   is the area on the reference surface of the membrane. The deformation 

gradient can be written in         and since there is no transverse shear [42-43], 

thus, 

       
  

   
              

  

   
           (2.25) 

Substituting the thickness change equation into the deformation gradient, the 

deformation gradient’s direct out-of-plane component [42-43] can be expressed as 

    
 

               
 

   
          (2.26) 

The two tangent vectors at the end of the increment can be used to calculate the 

deformation gradient through defining the derivative of the position that respects to the 

reference coordinates [42-43]. 

     

   
 

     

   

   

   
           (2.27) 

where         
 
 is the interpolation shape function derived from nodal coordinates and 

  
 
     is the change of coordinate transformation on the reference geometry. The 

deformation gradient expressed and satisfied symmetry condition [42-43], 

      
    

     

   
              (2.28) 

and the rotation angle is 
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        [
 ̂    ̂  

 ̂    ̂  
]           (2.29) 

2.3.1.2  Rigid Body and Rigid Elements 

 A rigid body can be a group of nodes, elements, or surfaces. The motion of this 

group is governed by the motion of a reference node called rigid body reference node. 

The rigid body elements can perform large rigid body motions but do not deform 

because the relative position of the nodes and elements of rigid body remains 

unchanged during the simulation [42-43]. 

  Applying boundary conditions at the rigid body reference node defines the 

motion of a rigid body. The concentrated loads on nodes and distributed loads on 

elements of the rigid body generate the loads on a rigid body. Rigid bodies are able to 

connect to deformable elements at the nodes and to other rigid body with connector 

elements. Also, surfaces on rigid bodies are able to have contact interaction with other 

bodies in the model [42-43]. 

In Abaqus, rigid elements are named as below,  

R XD K 

where R indicates rigid element, XD represents the dimensionality of element, and K 

shows the number of nodes in the element. For instance, R3D3 is a three-dimensional, 

3-node triangular rigid element and R3D4 is a three-dimensional, 4-node quadrilateral 

rigid element [42-43].  

2.3.1.3  Connector Elements 

Connector elements in Abaqus are used in two-dimensional, axisymmetric, and 

three-dimensional analyses for modeling a connection between two nodes. Each node 

can be connected to a deformable part, a rigid part, or not connected to any part [42-43]. 

The connector elements have relative local displacements and rotations and 

comprehensive kinematic and kinetic output [42-43]. Every connector element is 

constructed with two nodes only and the position and motion of the second node on 

each connector element are determined relative to the first node [42-43]. 
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The convention for naming a connector element by using the acronym, 

CONN XD N 

where CONN stands for connector element, XD represents the dimensional analyses 

and is available in 2D (two-dimensional) and 3D (three-dimensional), and the last N in 

the term indicates the number of nodes, but the number of nodes is always 2 since all 

the connector elements only have two nodes at most [42-43]. There are two connector 

elements available in Abaqus depending on the dimensionality of the analysis: 

CONN2D2 is a 2-node connector element for two-dimensional and axisymmetric 

analyses and three-dimensional, and CONN3D2 is a 2-node connector element for 

three-dimensional analyses [42-43].  

Among the translational connector elements, the AXIAL and CARTESIAN are the 

two connection types that include translational and rotational degrees of freedom at 

both node   and node   [42-43]. Connection type AXIAL (Figure 2.2) defines a discrete 

physical connection between two nodes where the relative displacement is used to 

measure the line separating the two nodes [42-43].   

 

Figure 2.2: Connection Type AXIAL. 

The AXIAL connection does not impose any constraint on relative motion. The distance 

between nodes   and   can be expressed as 

  ‖     ‖            (2.30) 
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The relative motion,   , acts along the connection line between two nodes and 

determines the change of the distance between the two nodes [42-43]. The relative 

motion can be defined as 

                   (2.31) 

where    is the initial distance between nodes   and  . From the classic spring force, the 

kinetic force [42-43] can be written as  

                         (2.32) 

where    is the force at component 1 and   is the coefficient of nominal length between 

node   and  . The nominal length [42-43] can be defined as 

  
       

‖     ‖
            (2.33) 

 Connection type CARTESIAN (Figure 2.3) defines the connection between two 

nodes by measuring the change in position of node   in three local connection 

directions {  
    

    
 } for node   [42-43]. The local directions follow the rotation of node 

  at node  . Connection type CARTESIAN does not constrain any relative motion [42-

43].  

 

Figure 2.3: Connection Type CARTESIAN. 

The position of node   respects to node   [42-43] can be expressed as  

    
                   (2.34) 
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                   (2.35) 

    
                   (2.36)  

and the available components of relative motion [42-43] can be derived as  

                     (2.37) 

                     (2.38) 

                     (2.39) 

The kinetic force can be expressed in terms of local connection directions [42-43] , 

               
      

      
              (2.40) 

There are many types of effects that can be used to define the connector behavior 

[42-43] such as  

 Elasticity: Defines the linear or nonlinear elastic effect on connector through 

relative motion dependently or independently using elastic stiffness (force or 

moment per relative displacement or rotation). 

 Failure: Failure of specified components in the connection if a failure criterion is 

achieved. 

 Friction: Defines the frictional effect on connector using the concept of Coulomb’s 

friction (refer to Equation 2.72).  

 Plasticity: Defines the plastic effect on connector using classical plasticity 

formulations. 

 Damage: Performs the irreversible damage (degradation) on elastic, elastic-

plastic, force response in connector elements if relative forces or motions exceed 

critical values in a connection. 

 Stops and locks: Defines stopping or locking effects on the connection using 

available components of relative motion or relative force within certain limit 

values. 
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 Uniaxial behavior: Specifies the loading, unloading behavior, individual response 

in the tensile and compressive directions, nonlinear elastic behavior, damaged 

elastic behavior, or elastic-plastic behavior with permanent deformation on the 

connection. 

2.3.1.4  Surface Elements in Abaqus 

Surface elements are defined just like membrane elements, but with zero 

thickness [42-43].  Therefore, the surface elements do not have inherent stiffness, 

bending stiffness, or transverse stiffness [42-43] and the numerical equations of this 

type of element are shown in Section 2.3.1.1. Surface elements can be used to define 

rigid bodies, embedded in solid element, have mass per unit area, and transmit only in-

plane forces. 

The convention for naming a general surface element by using the acronym, 

SF M 3D N 

where SF stands for surface element, M indicates the membrane-like behavior, 3D 

represents the dimensional analyses and is available in 3D (three-dimensional) only, 

and the last N in the term indicates the number of nodes and is available in 3-node 

(triangle), 4-node (quadrilateral), 6-node (high order triangle), and 8-node (high order 

quadrilateral) [42-43]. Reduced integration is available only to quadrilateral surface 

elements [42-43]. 

Surface elements are used to specify the surfaces under a constraint without 

structure properties. Also, surface elements are used as a model in the form of a mass 

per unit area. For instance, the mass of fluid in a tank can be represented by a model of 

surface elements with mass per unit area [42-43]. 

 

2.3.1.5  Solid (Continuum) Elements 

In Abaqus, solid elements are the standard volume elements. Solid elements can 

be used to define homogeneous material or define the laminated composite solid with 
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several layers of different materials. Quadrilaterals and hexahedral (solid) elements are 

more accurate if not distorted compared to triangular and tetrahedral (solid) elements, 

but the latter are less sensitive to distortion [42-43]. 

Solid elements are available for linear analysis, nonlinear analyses (including 

contact, plasticity, and large deformations), stress, heat transfer, acoustic, coupled 

thermal-stress, coupled pore fluid-stress, piezoelectric, electromagnetic, and coupled 

thermal-electrical analyses [42-43]. 

A three-dimensional solid (continuum) element with reduced integration can be 

named as follows: 

C 3D N R 

where C stands for continuum stress/displacement, 3D represents the dimensional 

analyses in 3D (three-dimensional), and the N in the term indicates the number of 

nodes and is available in 4-node (linear tetrahedron), 6-node (linear triangular prism), 8-

node (linear brick), 10-node (quadratic tetrahedron), 15-node (quadratic triangular 

prism), and 20-node (quadratic brick) [42-43]. The R indicates the reduced integration 

option. Hexahedral elements are recommended in three-dimensional analyses due to 

high result accuracy for minimum cost [42-43]. 

 All the solid elements in Abaqus are written in term of finite-strain components 

which allow for finite strain and rotation in large displacement analysis [42-43]. The 

general governing equations of displacement, strain, and stress have been discussed in 

Session 2.2. 

2.4 Material Properties 

 The structural membrane of the inflatable structures analyzed in this work is 

modeled by an equivalent single layer membrane that is structurally representative of 

the actual tri-layer system used in testing prototypes. 
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2.4.1 Fabric Material Behavior 

The fabric material model is considered orthotropic and non-linear. When a fabric 

material model created according to a woven fabric that is made up of yarns in the fill 

and warp direction, the mechanical response of the woven fabric can be acquired [42-

43]. The fabric material model also can be represented by the material that has two 

non-orthogonal directions to each other. The changes between angle of the shear strain 

and the nominal strains along the yarn directions is a function that can be defined as 

local fabric stresses in the fabric material model [42-43]. Figure 2.4 illustrates the 

orthogonal basis of material and the local directions. 

 

Figure 2.4: Fabric Kinematics [42-43]. 

  The Cauchy stress, , can be calculated with respect to nominal stress,  , the 

work coupled with nominal strain and the Cauchy stress equation can be written as, 

                         

                ( 
  

)                   ( 
  

)                 (2.41) 

where   is the volumetric Jacobian,   is yarn stretch value,   is nominal strain along 

yarn direction, and   is the change between angle of two yarn direction (from reference 

to deformed configuration) [42-43].  

 The picture-frame test method was used to study the shear response of fabric 

[60]. Figure 2.5 shows schematically the setup of a picture-frame test where    is the 

length of the picture-frame side, and  
  

 is the angle between the yarn directions [42-
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43].  The four sides of the fabric specimen are constrained completely so that the length 

cannot be changed when the frame elongates and the angle between yarn directions 

changes under the action of the force,   [42-43].  

 

Figure 2.5: Picture-frame shear test [42-43]. 

The angle between yarn directions changed from reference to deformed 

configuration under force,  . The equation of nominal shear stress     with respect to   

can be expressed as follows [42-43]:  

    (
   

  
)    (

   

 
)           (2.42) 

where    is the initial volume of the fabric specimen. The fabric engineering shear strain 

can be defined through changes of angle between the yarn directions [42-43], 

     
  
   

  
           (2.43) 

2.4.2 Material Damping 

Abaqus uses Rayleigh damping to introduce damping to the models that do not 

have energy dissipation sources. For analyses cases related to direct-solution steady-

state dynamic and subspace-based steady-state dynamic, Rayleigh damping can be 
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used to predict quantitatively accurate results, especially in the natural frequencies [42-

43]. 

Rayleigh damping can be described as a convenient generalized concept to 

damp lower (mass-dependent) and higher (stiffness-dependent) frequency range 

behaviors [42-43]. The Rayleigh damping,  
 
, can be defined as follows:  

 
 
 

  

   
 

    

 
           (2.44) 

where    is mass proportional damping or friction damping (unit of 1/time), and  
 
 is 

stiffness proportional damping (unit of time), and    is the natural frequency of mode   

(unit of rad/sec) [42-43]. The damping factors alpha ( ) and beta ( ) are assigned as 

part of the material properties. In most of the cases, the friction damping can be ignored 

[42-43]. The Rayleigh damping ratio equals to half of internal damping loss factor,  
 
, 

thus the equation of stiffness proportional damping,  
 

, can be rewritten as shown 

below [42-43]. 

  

 
 

    

 
                   (2.45a) 

 
 
                        (2.45b) 

   
  

  
                          (2.45c) 

2.5 Properties of Fluid Models 

In Abaqus, the surface-based fluid-filled cavities under hydrostatic conditions can 

be modeled and calculated using surface definition through the coupling of the 

deformation of the fluid-filled structure and the enforcing pressure on the boundary of 

the fluid cavity [42-43]. The compressibility of a fluid can be defined through Mach 

Number below, 

  
 

 
            (2.46) 
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where   is velocity of the source relative to the fluid and   is the speed of sound in the 

fluid [42-43].  

In this study, the hydraulic fluid that represents water is labeled as 

incompressible model and the pneumatic fluid that represents air is labeled as 

compressible model [42-43]. The pressure of a fluid (compressible or incompressible) 

can be calculated from the fluid volume,  ̅, which is a function of the fluid pressure,  ; 

the fluid temperature,  ; and the fluid mass,  , in the cavity: 

 ̅   ̅            
  ̅

  
  

 

   
         (2.47) 

where   is fluid bulk modulus,  
 
 is the reference density of fluid at zero pressure and 

initial temperature, and   is total fluid mass [42-43]. The fluid volume,  ̅, should equal 

to actual volume of the cavity fluid,  , [42-43] thus, 

   ̅              (2.48) 

When the fluid is assumed to perform like an ideal gas, the density of the fluid in the 

cavity can be defined as [42-43], 

       
    

       
           (2.49) 

where   represents the gas constant,    is the temperature at absolute zero, and    

indicates the ambient pressure [42-43].  

The expanded virtual work equation with respect to cavity pressure can be written as 

follows, 

                 ̅          (2.50) 

where the expanded virtual work equation,    , equals to the virtual work equation 

(without considering the cavity),   , releases energy from the fluid when it increases the 

cavity volume [42-43]. Equation 2.50 also indicates the structural displacements and 

fluid pressure as primary variables for a mixed formulation [42-43]. The rate of change 
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of the expanded virtual work equation can be extended by implementing the pressure 

load stiffness,      , and the volume-pressure compliance of the fluid,   ̅    [42-43]. 

                   (     ̅̅̅̅ )    

                               
  ̅

  
           (2.51) 

Again, the expanded virtual work equation equals the sum of right-hand expression 

since the pressure for all the surface facets (or elements) in the cavity is uniformly 

distributed [42-43]. Thus, 

        ∑    
    [∑    ∑  ̅ 

  ]  

          ∑ [                ̅  ]         (2.52) 

Likewise, the volume of fluid element of each facet individually can be calculated since 

the temperature for all cavity facets is considered to be constant [42-43]. 

 ̅   ̅                    (2.53) 

where me indicates as element mass. However, the total fluid volume defines the 

volume of the cavity and vice versa in the solution [42-43]. 

  

2.5.1 Pneumatic Fluid 

Jetteur et. al [44] and Bonet et. al [118] used the Boyle’s law (changes in volume) 

to determine the changes in air pressure when performing a FEA of air supported 

membrane structures. The fluid pressure equation of Boyle’s law for a pneumatic 

system, at either isothermal or adiabatic stage, can be defined as the changes of initial 

pressure with respect to the ratio of changed volume [53,118], 

    
  

 
                   (2.54) 

where    is the initial pressure,    represents the initial volume, and   is the current 

volume. The pressure is constant over the entire volume. 
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 On the other hand, Rumpel et. al [54-55] introduced the Poisson’s law to specify 

the physical behavior of the gas in their models, 

        
                    (2.55) 

where   is the isentropic constant,    and    are initial pressure and volume, 

respectively. 

 The ideal gas law is commonly used as one of the important elements in inflation 

algorithm in automotive airbag simulation. In Abaqus, the pneumatic fluid is defined as 

ideal gas [43] and further explanation of ideal gas is presented in Chapter 7.  

2.5.2 Hydraulic Fluid  

 On the other hand, the fluid pressure equation for a hydraulic system is defined 

through Hooke’s law. The fluid pressure in hydraulic models is determined by the 

change of volume and bulk modulus of the fluid [54]. 

    
    

  
           (2.56) 

where   is the bulk modulus of the fluid,    is the initial volume, and   is the current fluid 

volume. 

2.5.3 Surface-based Fluid Cavity Algorithm 

Abaqus/Explicit uses the Gauss integral theorem to calculate the volume of fluid 

within the inflatable structure. When Abaqus calculates the volume for a fluid cavity, a 

reference node needs to be defined. The cavity reference node is associated with a 

surface facet geometry in order to create the fluid cavity within a completely enclosed 

cavity boundary (Figure 2.6) [42-43].  
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Figure 2.6: Cavity reference node of the fluid cavity [42-43]. 

To calculate the volume,   , of each element, the process begins with the 

coordinates of a point. The coordinates of each point on the pyramid element are 

defined by 

  ∑          
            (2.57)  

   is the summation of all the nodes on the base, where    are the interpolation 

functions with parametric coordinates   and    and    are the nodal coordinates [42-43]. 

The Jacobian on the surface for three-dimensional elements is taken into account as 

  

  
 ∑

   

  
        

  

  
 ∑

   

  
  

          (2.58) 

An infinitesimal area of the element face,   , is multiplied to the normal to the element 

face,  , to obtain,  

    (
  

  
 

  

  
)              (2.59) 

The infinitesimal area associated with the infinitesimal volume,   , and expressed as 

   
 

 
                   (2.60) 

where    is the coordinate points of the cavity reference node. The volume of the 

element,   , can then be obtained. For a quadrilateral base this yields 
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   ∫    ∫ ∫
 

 
       (

  

  
 

  

  
)

  

  

  

              (2.61) 

However, the triangular base has different of integration boundaries. Subsituting the 

relative position,  ̅      , into previous equation, 

   ∫ ∫  
 

 
 ̅  (

  ̅

  
 

  ̅

  
)    

  

  

  

  
       (2.62) 

And the variation in the element volume can be written as 

    ∫ ∫  
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    (2.63) 

The equivalent forces will be considered as the effect of the pressure on sides of 

the pyramid element since the equation above contributes to the volume change due to 

variation in the these sides. The side of the adjacent pyramid element will balance the 

pressure on the sides. Therefore, taking the pressure on the base of pyramid into 

account, the calculation of such pressure is  addressed [42-43]. The equation can be 

derived by using partial integration as follows, 

   
  ∫ ∫    ̅  (

  ̅

  
 

  ̅
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        (2.64) 

The equation can be simplified by eliminating the last two integrals which represent the 

contributions on the sides of the pyramid; a simpler equation is obtained and as shown 

below, 

   
  ∫ ∫    ̅  (

  ̅
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)    

  

  

  

  
        (2.65) 

The second variation of the volume can be expressed as, 

    
  ∫ ∫  
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)]              (2.66) 
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For three-dimensional elements, the first and second variations can be generated in the 

same way and the integrations can be derived analytically. Take a shell element with 4 

nodes for example, the above equations can be established in integral form,  

   
 

  
[  ̅   ̅     ̅   ̅     ̅   ̅     ̅   ̅  ]     (2.67) 

where  ̅ ,   = 1, 2, 3, and 4 represent the relative nodal coordinates. The first variation 

of the volume,    
 , that only involves the base of pyramid element can be expressed as 

   
  

 

  
[  ̅    ̅   ̅      ̅   ̅   ̅     ̅    ̅   ̅      ̅   ̅   ̅   

  ̅    ̅   ̅      ̅   ̅   ̅     ̅    ̅   ̅      ̅   ̅   ̅  ]   (2.68) 

and the second variation of the volume,       , is 

     
 

  
[   ̅    ̅    ̅    ̅     ̅   ̅      ̅    ̅    ̅    ̅   

  ̅   ̅      ̅    ̅    ̅    ̅     ̅   ̅      ̅    ̅    ̅    ̅   

  ̅   ̅      ̅    ̅    ̅    ̅     ̅   ̅      ̅    ̅    ̅    ̅   

  ̅   ̅  ]            (2.69) 

 The fluid-filled cavity can be used to model the behavior of hydraulic or 

pneumatic fluid. The pneumatic model can be used to simulate nearly incompressible or 

fully incompressible fluid behavior through definition of ideal gas. On the other hand, the 

compressibility of hydraulic model can be defined by a bulk modulus [42-43].  

 Since the inertia of the fluid cavity or fluid exchanged between cavities is not 

taken into account during simulation, a reasonable representation of the distributed fluid 

mass needs to be added in order to define the effect of inertia [42-43]. Due to the 

pressure of fluid cavity is assumed to be uniform (equation 2.52) and the calculation of 

nodal displacement starts instantaneously when the analysis pressure begins to react 

on the elements. That restricts the fluid cavity from modeling any pressure gradient-

driven fluid motions within a meshed structure [42-43]. 
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2.6 Friction and Contact Properties 

 The coefficient of frictional (shear) stress under contact pressure interfacing with 

contact bodies was calculated through the Coulomb’s law of friction [42-43]. The critical 

shear stress of the sliding surfaces was defined as a fraction of contact pressure 

between the surfaces [42-43]. 

                   (2.70) 

where       is the critical shear stress,  is the friction coefficient, and   is the contact 

pressure.  was assumed to be isotropic friction in this study [42-43]. Sticking state 

happens when two contacting surfaces interface with each other and generate shear 

stress up to certain magnitude before begin sliding relative one to another [42-43]. 

2.7 Pressure Types 

2.7.1    Uniform Pressure 

The external virtual work can be expressed in terms of pressure as 

    ∫          
 

         (2.71) 

where   is the surface which the pressure is applied on the normal direction,  , pointing 

into the material and to the surface,    is the virtual displacement field, and   is the 

pressure [42-43]. 

 When the pressure load stiffness is applied on a surface in a three-dimensional 

space, the expression      can be expanded as follows, 

     
  

  
 

  

  
              (2.72) 

where   are the current coordinates of a point on the surface and both   and   are the 

surface parametric coordinates [42-43]. Through the cross product, the surface 

parametric coordinates defines the correct sign of    [42-43]. The external virtual work 

can be rewritten as, 
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      ∫       (
  

  
 

  

  
)    

   
         (2.73) 

and the load stiffness matrix can be obtained from the following expression [42-43], 

       ∫       (
   

  
 

  

  
 

  

  
 

   

  
)    

   
       (2.74) 

where       for a solid model. 

2.7.2 Hydrostatic Pressure 

A schematic of the hydrostatic load scenario is presented in Figure 2.7. A breach 

is assumed to occur in the proximity of a tunnel segment. The breach can produce a 

leak that can flood the interior of the tunnel. The function of the inflatable plug is to avoid 

the propagation of the flooding by containing the water within a determined segment of 

the tunnel. 

 

Figure 2.7: Scenario of tunnel leakage that causes flooding in the tunnel. 

The equation of hydrostatic pressure is used to calculate the pressure distribution 

along the Z-axis (Figure 2.8).  For an incompressible fluid (such as water) the pressure 

difference between two elevations can be expressed as: 

                                (2.75) 
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where    is specific weight of fluid, which is equal to the density of fluid times gravity 

force,   . The pressure at the ceiling of the tunnel,   , is represented as   ;     is 

pressure at the tunnel floor located at the elevation,   . 

 In order to maintain the axial stability of the system, the average internal or plug 

pressure    (
       

 
)  must be greater or at least equal to the average external 

pressure,    (
       

 
). 

 Chapter 

 

Figure 2.8: Schematic of hydrostatic pressure distributions. 

 

2.8 Analysis Type 

2.8.1 Explicit Dynamic Analysis 

 Explicit dynamic analysis is usually used for large models with relatively short 

dynamic response times and for models that have discontinuous events or processes. 

This type of analysis is used to simulate large rotations and deformations using large-

deformation theory [42-43]. 
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In this research, explicit dynamic analysis was used to solve the quasi-static 

problem with complex contact conditions and interactions. The explicit integration rule 

using diagonal or “lumped” element mass matrices was implemented in the explicit 

dynamics analysis and explicit central difference integration rule was utilized to define 

the motion for the body [42-43] as follows, 

 ̇   
 

 
   ̇   

 

 
  

             

 
 ̈            (2.76) 

                    ̇   
 

 
 
         (2.77) 

where  ̇ is velocity and  ̈ is acceleration. The increment number in an explicit dynamic 

step was indicated by   and mid-increment values were referred to       and       

[32-33]. Using diagonal element mass matrices is the key to the computational 

efficiency of the explicit procedure when calculating the accelerations at the beginning 

of the increment [42-43]. 

 ̈                             (2.78) 

where the acceleration  ̈    is obtained from the inversion of mass matrix    , the 

applied load vector     , and the internal force vector      at increment number  . The 

explicit dynamic procedure does not require iterations and tangent stiffness matrix [42-

43]. 

For presentation of results, initial conditions, and certain constraints, the mean 

velocities,  ̇     , requires special treatment and the state velocities can be obtained 

through interpolating the mean velocities linearly [42-43]. 

 ̇       ̇   
 

 
  

 

 
        ̈              (2.79) 

The number of mean velocities,  ̇    ,  needs to be input in order to activate the 

center difference operator, therefore, at time=0, the initial magnitudes of the velocity and 

acceleration are zero unless they are indicated specifically [42-43]. 
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 ̇  
 

 
   ̇    

     

 
 ̈             (2.80) 
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   ̇    

     

 
 ̈             (2.81) 

2.9 Mass Scaling 

When a quasi-static or dynamic model has some very small elements which affect 

the stable time increment during simulation, mass scaling is one of the analysis 

techniques that can be used to improve the computational efficiency [42-43].  Since the 

explicit central difference method (see equation 2.81 and 2.82) is utilized to integrate 

the equations in time, the discrete mass matrix (see equation 2.83) that used in the 

equilibrium equation affects both computational efficiency and accuracy [42-43]. 

However, mass scaling techniques are more appropriate for quasi-static analysis than 

dynamic analysis since overly mass scaling would affect the dynamic response of the 

model [42-43]. Therefore, the changes in mass and dynamic consequent should be 

ensured, so that the inertial forces do not change the solution significantly [42-43].  

In general, the mass scaling strategies can be performed by defining a constant 

factor to the specified elements and/or setting a minimum stable time increment for 

specified elements [42-43]. Mass scaling strategies [42-43] can executed through   

 modifying the densities of the materials in the model in order to offer much 

more flexibility. 

 scaling the mass of the entire model or specific individual 

elements/element sets 

 scaling the mass on every step in a multistep analysis 

 scaling the mass at the beginning and/or throughout the step 

The representations of the physical mass and inertia in the model are required to 

capture the transient response in dynamic analysis. Thus, the natural time scale is 

important. When a dynamic model has small elements, Abaqus/Explicit will be forced to 

use a small time increment to integrate the whole model [42-43].  The stable time 

increment will be improved significantly without affecting the overall dynamic behavior of 
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the model if scaling the masses of these small elements at the beginning of the 

simulation [42-43]. The stable time increment equation without considering damping can 

be written as 

            √
 

    
            (2.82) 

where     is the element with the smallest length,   is the density of material, and   and 

 are the Lamé’s constants of the materials. Abaqus’ manuals do not address the mass 

scaling approaches in term the mass matrix equation, however, they do explain that the 

cost of simulation can be defined directly to the number of time increments ( ) if time 

increment (  ) remains constant [42-43]. The number of time increment can be 

expressed as 

          
 

   √
   

 
           (2.83) 

where T is the time period of the simulation event (    ). The mass scaling approach is 

using an artificial factor (  ) to increase the material density ( ) and decrease the event 

time ( ) [42-43]. 

 In a quasi-static analysis, Abaqus suggests to verify the mass scaled model 

through ensuring the ratio (
  

  
) percentage lower than 10% between kinetic energy,   , 

and internal energy,   . This will typically ensure the inertia forces do not dominate and 

alter the simulation result [42-43]. 

 The mass scaling approach will not affect thermal solution response, gravity 

loads, viscous pressure loads, adiabatic heat calculations, EOS materials, fluid and fluid 

link elements, surface-based fluid cavities, and spring and dashpot elements [42-43]. 

Further details on mass scaling implemented in this research is discussed in Chapter 5.  
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2.10  Equations of State (EOS) 

Equations of State (EOS) can be used to simulate a hydrodynamic behavior of 

material. An equation of state is governed by constitutive equation through pressure 

which in term of the density and the internal energy [42-43]. 

An incompressible viscous and inviscid laminar flow which is governed by the 

Navier-Stokes equation of motion, can be modeled through a linear   -   equation of 

state model [42-43]. The general Navier-Stokes equation can be expressed as below, 

 (
  

  
     )                   (2.84) 

where   is the fluid density, represents the delta operator, v is the flow velocity, p is 

the pressure, T is the deviatoric component of the total stress tensor, and f is the body 

forces per unit volume which acts on the fluid. The volumetric response is governed by 

the bulk modulus which acts as a penalty parameter for the incompressible constraint 

through equations of state [42-43]. 

Abaqus uses the Newtonian viscous deviatoric model and define the real linear 

viscosity of the fluid to model the viscous laminar flow of Navier-Poisson law of a 

Newtonian fluid. On the other hand, nonlinear viscosity models can be used to model 

non-Newtonian viscous flow. To obtain an accurate solution for this class of problems, 

approximate initial conditions for fluid velocity and stress need to be defined [42-43]. 

Abaqus suggests to define a small amount of shear resistance to suppress shear 

modes to prevent element distortion during simulating an incompressible fluid (such as 

water) in Abaqus/Explicit. Due to the water flow is assumed as inviscid, the shear 

modulus or viscosity should be small or result in an overly stiff response [42-43]. 

Abaqus recommends to choose an elastic shear modulus with several orders of 

magnitude lower than the bulk modulus to avoid overly stiff response. This is because 

the forces arising due to the volumetric response should be kept several orders of 

magnitude above the internal forces arising due to the deviatoric response of the 

material [42-43]. 

The energy equation without considering heat conduction can be expressed as  
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    ̇    ̇          (2.85) 

where   is the current density,    is the internal energy per unit mass,   is the pressure 

stress,     is the pressure stress from bulk viscosity, S is the deviatoric stress tensor,  ̇ 

is the deviatoric strain rate, and  ̇ is the heat rate per unit mass [42-43]. 

The pressure is defined as a function of current density and internal energy per 

unit mass to define all the equilibriums states that exist in a material,  

                    (2.86) 

Equation 2.86 can be simplified to obtain a   (pressure) versus   (current volume) 

relationship or, equivalently, written as an unique   versus 
 

 
 relationship by eliminating 

the internal energy. This relationship which is locus of p-V states  achievable behind a 

shock is called the Hugoniot curve [42-45]. Figure 2.9 is a schematic representation of a 

Hugoniot curve. In Figure 2.9, the    represents the Hugoniot pressure which is a 

function of density and can be defined from fitting experimental data [42-43].  

 

Figure 2.9: A Hugoniot curve [42-43]. 

When the equation of state is assumed to be linear in energy, the pressure stress 

can be written as below, 

                           (2.87) 
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where      and      are functions of density only and both functions depend on the 

particular equation of state model. The Mie-Grüneisen equation of state [42-43, 46-47] 

is defined as linear in energy and its general form of pressure stress can be expressed 

as below, 

                        (2.88) 

where    and    are the Hugoniot pressure and Hugoniot specific energy per unit mass, 

respectively. Both Hoguniot terms are functions of density only [42-43].   is the 

Grüneisen’s gamma defined in term of density ratio, 

    
  

 
            (2.89) 

where    is the Grüneisen’s gamma at the reference state and  
 
 is the initial density 

[42-43]. The Hugoniot specific energy per unit mass can be expressed in term of 

Hugoniot pressure by 

   
   

   
            (2.90) 

where   is the nominal volumetric compressive strain (   
 
   . Equation 2.88 can be 

rewritten by eliminating the Grüneisen’s gamma and Hugoniot specific energy (per unit 

mass) [42-43], 

    (  
   

 
)                  (2.91) 

The coupled equations for pressure and internal energy are represented by the 

equation of state and the energy equation and Abaqus solves these equations at each 

material point simultaneously [42-43].   

 When a general Hugoniot pressure is related to linear shock velocity (  ) and 

particle velocity (  ) by  

   
    

  

       
            (2.92) 
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where    is the bulk speed of sound and   is the linear Hugoniot slope coefficient 

(       ). Furthermore,     
  is the elastic bulk modulus at small nominal strains [42-

43].      and   define the linear relationship between    and    as below, 

                    (2.93) 

The linear   -   Hugoniot form can be rewritten by inserting the equation 2.91 into 

equation 2.92, 

  
    

  

       
(  

   

 
)                 (2.94) 

 In Abaqus, the initial state of material needs to be determined by defining the 

initial internal energy per unit mass (  ) and pressure stress ( ). The initial pressure is 

deduced from the specific stress states and Abaqus will calculate the initial density ( ) 

automatically to satisfy the equation of state (equation 2.86). Abaqus will assume the 

material has a reference state of zero internal energy, zero pressure stress, and current 

density equals to initial density [42-43].  Further details of using the   -   equation of 

state to define the water behavior in form of finite element is presented in Chapter 3. 
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3 Reduced-Scale Prototype: Model Evaluation 

3.1 Introduction 

 This chapter presents the finite element (FE) modeling approaches used to 

determine the material properties and system friction through various parametric studies 

in a reduced-scale prototype which is one-fourth of a full-scale prototype tested 

experimentally by Barbero et al. [58]. 

 The modeling techniques, parameters, and material properties obtained in the 

reduced-scale prototype are later used to verify the local conformance, effective contact 

length, and induced slippage in a FE model of a full-scale prototype.  

 This chapter also describes the approach used for creating a simplified model for 

deployment of the reduced-scale prototype. Most of the simulation results are compared 

to available experimental data. 

3.2 Structural Membrane 

 The structural membrane of the reduced-scale and full-scale plugs is made up of 

a total of three layers of fabric as shown in Figure 3.1. It was manufactured by ILC 

Dover and consisted of a bladder, a fabric restraint, and a webbing restraint. The 

bladder is the inner most layer of the construction and has direct contact interaction with 

the fluid used for inflation and pressurization. The function of the fabric restraint is to act 

as a middle layer that protects the bladder. Both bladder and fabric restraint layers are 

oversized with respect of the webbing restraint to avoid being subjected to membrane 

stresses generated by the internal pressure. The outer most layer is a macro fabric 

made up of woven webbings designed to undertake the membrane stresses generated 

by the pressurization and acts as webbing restraint. The outer layer is the most 

important structural component while the other two inner layers only contribute to the 

mass and volume of the plug.  

 The outer layer is made of Vectran®  webbings  of 50.8 mm (2 in) in width. The 

webbing restraint at end caps requires narrower webbings to attain the correct shape, 

so 25.4 mm (1 in) webbings were used instead. Vectran® is a multifilament yarn spun 
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from liquid crystal polymer (LCP). This type of fiber has high strength and modulus, and 

is able to handle abrasion, impact, and other types of loads as described in [56]. The 

material properties of each layer of fabric are summarized in Table 3.1. 

 
Figure 3.1: Detail of layers of fabric used for the construction of the membrane of 

reduced and full scale prototypes. 

        Table 3.1: Material properties of the structural membrane 

# 
Layer 

Position 
Component 

Material 

Description 

Break 

Strength 

N/mm 

Weight 

10-4 

g/mm² 

Fabric 

Thickness 

mm/2 

layers 

1 Outer 
Webbing 

Restraint 

Vectran 

24K, 2.0” 

Webbing 

2101.5 

(590.97MPa) 
1.09 7.1120 

2 Middle 
Fabric 

Restraint 

Vectran 

400denier, 

53x53 ypi 

140.1014 

(6.8998MPa) 
2.04 0.3175 

3 Inner Bladder 
#857 500d 

Polyster 
- 3.73 0.3683 

Total (values used in the FE models) 6.85 
7.7978 

(0.307 in) 

Webbing 
Restraint

Fabric 
Restraint

Bladder

1

2

3
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3.3 Assumptions for Modeling of Reduced-Scale Prototype 

 The FE model of a reduced scale prototype were built based on the following 

assumptions: 

 The tri-layer construction is represented by one equivalent layer built of an 

equivalent fabric with the same mass and thickness as the three-layer 

construction. 

 The membrane strength of the equivalent single layer is provided only by the 

strength of the outer layer of three-layer system. 

 Ropes in FE model use the same material properties as the equivalent single 

layer and have equivalent cross sectional area as real ropes installed in actual 

prototype. 

 Shear strength, and self-friction of the Vectran® woven webbing were obtained 

through experimentation on material at coupon level [60].  

 The time step implemented in the simulations is proportional to the real time used 

in actual experiments.  

 The tunnel perimeter and inflation port fittings installed on the plug are assumed 

to be rigid bodies. 

3.4 Modeling Plan of Reduced-Scale Prototype 

 The creation of a FE model of reduced-scale prototype was the starting point for 

the development of this work. FE models of a reduced-scale prototype were used to 

calibrate different parameters later used on the FE models of the full-scale prototype. 

The key parameters that need to be calibrated through comparison between theoretical 

or experimental and numerical results are the following: 

i) The membrane stresses generated by pressurization of the inflatable plug under 

unconstrained conditions. The material properties that defined the constitutive model 

implemented in the FE simulations were obtained from uniaxial tests on individual 

webbings. Since the outer layer is considered to be the only load bearing member of 

the inflatable structure, the contribution of the other two layers is neglected. 

Moreover, this layer is treated as an orthotropic material since the structural layer is 

composed by webbings woven in a plain weave fashion. An FE model of an 
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unconstrained plug was created in order to compare the theoretical and numerical 

hoop (   ) and longitudinal (   ) stresses generated by an internal pressure (  ) 

applied on the reduced-scale plug. This test would confirm the correspondence 

between the internal pressure and stresses. 

 

ii) The axial elongation for constrained conditions provided key information to calibrate 

the stiffness of the model. The availability of experimental results allowed the 

adjustment of the material properties of the FE model. A series of elongation test 

were performed to verify the key elements of fabric’s material properties that 

correspond to the Equation 2.41 in terms of tensile stress (   ), compressive stress 

(   ), tensile strain (  ), and compressive strain (  ) in both fill (component 1) and 

warp (component 2) directions. The values of stresses and strains obtained through 

simulation of elongation tests were used to adjust the material properties of the 

equivalent single layer membrane. The elongation tests were performed under 

constrained conditions and the numerical results compared to experimental results. 

 

iii) The friction coefficient between the inflatable and the tunnel wall is an important 

property to ensure axial stability of the system. The value obtained experimentally by 

induced slippage was reproduced numerically and provided a basis for comparison 

of results obtained with other values that were not tested experimentally. The friction 

coefficient between the webbing strip and webbing strip of the inflatable was 

obtained from experimental friction test on woven webbings [60]. Induced slippage 

tests that involved changes in the inflation pressure (  ) and external pressure (  ) 

were designed to catch a glimpse of the friction coefficient (between the plug and 

tunnel wall) that would be used in the FE model of the full-scale plug. The induced 

slippage tests were conducted under constrained conditions and the behavior was 

measured by the holding resistance defined as the ratio of external pressure and 

inflation pressure (
  

   
). Preliminary analysis of the reduced-scale model 

demonstrated that the difference between uniform and hydrostatic pressure 

distributions was not significant (around 4%) and the computational cost was 

relatively more expensive for models that included a hydrostatic distribution; 
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therefore, the uniform pressure distribution was selected for further evaluations in FE 

models of the reduced-scale prototype. 

 

3.5 FE Model Set-up of Reduced-Scale Prototype  

3.5.1 Modeling Tools 

 Altair’s HyperMesh® and Abaqus/CAE were chosen as finite element pre-

processors for creating the geometry, meshing and renumbering the nodes and 

elements into a scripting-friendly form. For solving the models, different Abaqus 

packages were selected to solve the simulations. In the post-processing phase, Python, 

Tool Command Language (TCL) Script, and Abaqus Scripting were implemented to 

generate numerical outputs, and Abaqus/CAE was used to visualize and present the 

numerical results graphically. The fundamentals of the Finite Element Method (FEM) 

and the theoretical aspects that support the different features implemented by Abaqus 

that are relevant to this dissertation were summarized previously in Chapter 2. 

3.5.2 Geometry 

 The reduced-scale prototype consists of a cylinder and two hemispherical end-

caps. The transition from the cylindrical portion to the end caps is delimitated by ropes. 

These ropes also delimit zones of different densities of longitudinal webbings, as 

illustrated in Figure 3.2. The hemispherical end-cap has diameter of 1244.6 mm (49 

inches) with three partitions. The cylinder has a nominal length of 1143.0 mm (45 inches) 

and a nominal diameter of 1244.6 mm (49 inches), as shown in Figure 3.2. The ropes 

are manufactured with the same fiber used for the webbings (Vectran) with a diameter 

of 25.4 mm (1.0 inch). Two round fittings made of Aluminum 7075 were assembled onto 

one of the hemispherical end-caps as air or water filling ports and they both have same 

diameter of 203.2 mm (8 inches). Figure 3.2 shows the actual reduced-scale prototype 

along with sketches illustrating the nominal dimensions used for the construction of the 

FE model. 
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3.5.3 Element Selection and Meshing   

3.5.3.1  Membrane of the Inflatable 

 Element type selection has to be very careful because the selected element type 

has to be able to  simulate the characteristics of the actual material used for 

manufacturing the prototypes. The membrane element only takes in-plane stiffness into 

account. The plate element provides only out-plane stiffness. The shell element has 

both in-plane and out-plane stiffness. The outer layer formed by woven webbings does 

not include a coating that could create a stiffer material. Thus, the membrane element 

M3D4 was a selected to simulate the structural behavior of the cylindrical and 

hemispherical portions of the inflatable. 

 

 
Figure 3.2: Dimensions of reduced scale prototype. 

3.5.3.2  Tunnel Surface and Inflation Fittings 

 The tunnel surface and fittings on the plug are assumed to be very stiff 

components, when compared to the membrane. Rigid elements of the type R3D4 were 
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selected to model the tunnel surface and inflation fittings which are either fixed or 

undergoing large motions without deformation. 

3.5.3.3   Mesh Convergence Study  

 A preliminary FE model of an unconstrained reduced-scale prototype was 

created to perform a mesh convergence study. The model of the inflatable was 

pressurized with 0.4688 MPa (68 psi) and the membrane stresses (hoop and 

longitudinal) at the cylindrical region were calculated. The convergence was evaluated 

through 1983, 5592, 10180, and 21191 of elements (5571, 8400, 15282, and 63585 of 

DOF respectively).  

Figure 3.3 and Table 3.2 show that the model with more than 10180 elements 

(15282 DOF) resulted with an error of 1.86% and 5 minutes of computational time. An 

increase in the number of elements to 21121 only reduced the error to 1.53% and 

increased the computational time to 10 minutes. Therefore, a model with at least 10000 

elements was selected and used for the remaining studies. 

   
Figure 3.3: Convergence plot for FE Model of unconstrained reduced-scale 

prototype. 
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Table 3.2: Hoop stress results for unconstrained reduced- scale prototype. 

Reduced- 
scale 

Prototype 

Number of Elements 1983 5592 10180 21191 

Number of DOF 5571 8400 15282 63585 

Hoop 
Stress 
(S11) at 
Cylindrical 
Region 

Theoretical Value, 
MPa 

31.9135 31.9135 31.9135 31.9135 

Average Hoop Stress 
(S11),MPa 

29.7596 30.8107 31.3211 31.4237 

Difference 2.1539 1.1028 0.5924 0.4898 

Error % 6.75% 3.46% 1.86% 1.53% 

Computational Cost 
(mins) 

1 2 5 10 

3.6 Modeling of Simplified Deployment of Reduced-Scale Prototype 

 This section describes an approach used to create a simplified deployment 

model of the reduced-scale prototype into the confining surface representative of a 

tunnel or a large-diameter pipe. The diameter of the plug (1244.6 mm) is larger than the 

diameter of tunnel (1219.2 mm), so the formation of wrinkles is expected after the plug 

is completely inflated in the tunnel. The purpose of this approach was to verify the ability 

of FE model to simulate the initial deflation needed to place the inflatable inside the 

tunnel. Once the inflatable was positioned, the next step was the simulation of the initial 

inflation within the confining surface. The advantage of creating a simplified FE model 

for deployment is the relatively low computational cost. The deployment behavior 

obtained from this approach cannot be considered as an actual deployment, but it 

served the purpose of positioning the plug inside the confining surface. Several 

adjustments were done to adjust the position of the metallic fittings to approximately 

match their behavior in an actual deployment.  

 The simplified deployment of the reduced scale prototype is illustrated in Figure 

3.4 and the sequence is as follows: 

i. Two halves of the tunnel are initially setup to be open at angles of ±45° and the 

plug is placed in the middle of the two tunnel halves in inflated position. This 

initial position is illustrated in Figure 3.4 (1). 
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ii. The deployment begins with deflation of the plug by applying vertical gravity force 

(along Y-axis) while the 2 tunnel halves get closed. The sequence of deflation is 

shown in Figure 3.4 (2-5). 

iii. In Figure 3.4 (6), the deflated plug is left on the tunnel floor for a certain time after 

the deflation process. 

iv. Finally, the plug is then re-inflated by a low magnitude uniform pressure until it is 

fully inflated and constrained by the tunnel section. The sequence of re-inflation 

is illustrated in Figure 3.4 (7-10). 

1. 

 

6. 

 

2. 

 

7. 

 

3. 

 

8. 

 

4. 

 

9. 

 

5. 

 

10. 

 
 Deflation  Inflation 

Figure 3.4: Sequence of simplified deployment of reduced-scale prototype. 
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3.7 Loading Cases 

3.7.1 Loading Case I: Stress Evaluation 

 Figure 3.5 displays the FE model of reduced-scale prototype under 

unconstrained pressurization. The reduced scale FE model was meshed with 12972 

linear quadrilateral elements of type M3D4 to represent the membrane. Fittings were 

assumed as rigid bodies and represented by rigid elements of type R3D4.  

 The longitudinal stress and hoop stress of the reduced scale FE model were 

compared to the theoretical exact solution in order to validate the fitness of the finite 

element model. The plug was pressurized up to a maximum of 0.4688 MPa (68 psi), the 

total thickness of the equivalent fabric is 7.798 mm (0.307 in) and dimensions of the 

plug were shown in Figure 3.2. 

 The inflatable can be considered as a thin-walled pressure vessel composed by 

two hemispherical ends connected by a cylindrical segment. Theoretically, the hoop 

stress (   ) and longitudinal stress (   ) are expected to be same at hemispherical caps. 

These stresses are given by, 

    =     = 
  

  
          (3.1) 

where   is the pressure applied inside the plug,   is the radius of the hemisphere, and   

is the total thickness of fabric. In the cylindrical region, the hoop stress (   ) and 

longitudinal stress (   ) can be obtained by, 

    =  
  

 
           (3.2) 

    =  
  

  
           (3.3) 

where the  ,  , and   are internal pressure of plug, radius of cylinder and total thickness 

of the equivalent fabric, respectively.  
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Figure 3.5: Reduced-scale FE model under unconstrained pressurization. 

3.7.2 Loading Case II: Elongation Evaluation 

Since the mechanical properties of the tri-layer system represented by an 

equivalent single membrane are not readily available, it was necessary to calibrate the 

stiffness of the model in order to reproduce the experimental results reported in [59]. 

The calibration was done through axial elongation tests under constrained 

pressurization. 

The elongation under constrained pressurization was measured at the tips of the 

both hemispherical end caps as schematically shown in Figure 3.6. The experimental 

elongation data was collected in a stepwise method. The plug was initially pressurized 

up to 0.1034 MPa (15 psi) using water. This level of pressure remained constant so that 

the laser meters could measure the total length of the plug. Then, the pressure was 

increased with increments of 0.1034 MPa (15 psi) until reaching a maximum pressure of 

0.4688 MPa (68 psi) as illustrated in Figure 3.7. At each pressure level, the total 

elongation was measured. The simulation procedure of the reduced-scale plug model 

was designed similarly to the experimental one but using a proportional step time. The 

plug was loaded with uniform pressure and carried the mass of water used for 

pressurization starting from zero to 0.1034 MPa (15 psi) and then increased to 0.2068 

MPa (30 psi), 0.3103 MPa (45 psi), 0.4137 MPa (60 psi), and at last 0.4688 MPa (68 
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psi). For this simulation, the friction coefficient between the plug and the tunnel walls 

was assumed to be 0.19 [60] and the shear strength was obtained from experimental 

data reported in [59]. Figure 3.8 shows the experimental setup used to measure the 

axial elongation of the reduced scale prototype [60].  

 

Figure 3.6: Schematic of Constrained Elongation Measurement [59] 

 

Figure 3.7: Pressurization Procedure for Elongation Test of Constrained Reduced 
Scale Plug 

Pressure (MPa)

Step Time

0.103

0.206

0.310

0.413

0.468

Pressure (psi)

15

30

45

60

68

0
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Figure 3.8: Experimental setup for reduced scale prototype tested under 
constrained pressurization [59]. 

The maximum strain for all the models was assumed to be 0.1 following the 

results reported in [60]. A compression stiffness (10% of tensile stiffness) in the stress-

strain curve was added in order to avoid the collapse of wrinkled elements under 

compressive loading when the plug is deflated. Several candidates for material 

properties were used to calibrate numerical results with experimental data. Table 3.3 

summarizes the different materials considered for calibration. Figure 3.9 shows the 

diagram of the constitutive model used to represent the material properties summarized 

in Table 3.3. 

The diameter of the rope is 25.4 mm (1.0 in) and the material properties of the 

ropes are the same as the orthotropic material properties assigned to membrane 

elements (tri-layer woven fabric). The equivalent cross sectional area of 506.6441 mm² 

(0.7853 in²) was added on top of the ropes section to account for their presence in the 

models.  Appendix C summarizes additional details on the determination of the 

equivalent cross sectional area.  The total mass of whole reduced-scale prototype is 

56.25 kg (124 lb). 
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Figure 3.9: Diagram of the constitutive model used in the simulations.  

Table 3.3: Candidate of material properties. 

Component 
Material Properties 

for equivalent fabric 

Material  

#1 

Material  

#2 

Material  

#3 

Material  

#4 

1 

(fill yarn 

direction) 

Tensile Strength, 

    (MPa) 
590.9772 295.4886 241.3165 258.5534 

Compressive 

Strength,     (MPa) 
59.0977 29.5489 24.1317 25.8553 

2 

(warp yarn 

direction) 

Tensile Strength, 

    (MPa) 
590.9772 295.4886 241.3165 258.5534 

Compressive 

Strength,     (MPa) 
59.0977 29.5489 24.1317 25.8553 

 

3.7.3 Loading Case III: Axial Slippage Evaluation 

 As described in Chapter 1,  the purpose of using inflatable structures in confined 

environments, such as tunnels or large-diameter pipes, is to contain the propagation of 

hazardous events. One of the most demanding scenarios is the containment of flooding 

in which the longitudinal axial stability of the inflatable has to be guaranteed. Therefore, 

the purpose of performing the induced slippage simulations is to predict the stability of 

the system and to determine the minimum required friction coefficient between the plug 

and tunnel wall to assure a successful performance.  
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Figure 3.10a shows schematically the main forces involved in a typical axial 

slippage model including inflation pressure (  ), external pressure (  ), mass of fluid 

within plug, friction () between the plug and the tunnel wall, and slippage displacement 

(U). The inflation pressure (  ) is the pressure that provides the normal component that 

along with the friction coefficient generates the friction force that resists the effect of the 

external pressure (  ) in order to keep the stability of the plug during the containment of 

the hazardous event. The friction coefficient between the plug and the tunnel was taken 

from the experimental results reported in [59]. The mass of fluid within plug depends on 

the fluid (water in this case) that is used to increase the slippage resistance of model. 

Figure 3.10b presents a longitudinal cut-view of quarter-scale FE model setup for 

the slippage simulation. The solid element type of C3D8R (linear hexahedral element) is 

used to mesh the solid geometry that represents water and the water geometry has 

3780 and 4468 of total number of elements and nodes, respectively. The main purpose 

of having  the solid elements of water is to evaluate the role of the mass of water in the 

slippage simulations, especially in the full-scale models. However, the hydrodynamic of 

water within the plugs is not considered to be a key factor in this study since the water 

within the plug is assumed to be filled gradually and the external pressure on the rear 

plug is applied gradually too, therefore, without creating any sloshing or impact scenario. 

With these considerations, the models developed in this research were setup to 

reproduce a quasi-static loading scenario in both quarter and full scales. 

The linear Us-Up equation of state and Newtonian shear viscosity which were 

presented in Chapter 2 are recommended by the literature [42-43, 48-51] to define the 

water behavior (bulk response) in explicit analysis. The volume of solid elements is 98% 

(2.3284 m³) of the internal volume of an inflated quarter scale plug. Besides the mass of 

the plug, the solid elements representing water also added a mass of 2328.4 kg within 

plug during the slippage analysis (Figure 3.10a). The gravity force is applied to the solid 

elements of water from the beginning throughout the entire simulation. The Us-Up 

equation of state parameters (section 2.10) are taken from Cannmo and Snygg [42-43], 

and Abaqus benchmark examples [48-51] where the wave speed of water is 45.85 

m/sec (1805 in/sec), the density of water is  983.204 kg/m3 (0.92E-4 lb sec2/in4), bulk 
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modulus is 2.07 GPa (3.0E5 psi), and shear viscosity of water is 13E–4 Pa sec (1.5E-8 

psi sec). All these parameters have been verified by comparing with the numerical and 

experimental solutions that provided by Nakayama et al. [48] and Higuchi et al. [52], 

respectively. 

 

 
 Figure 3.10: (a) Schematic of Axial Slippage Model; (b) Longitudinal Cut-view of 

FE model setup for slippage simulation 
 

Two pressurization scenarios that can induce longitudinal axial slippage were 

considered: 

a) The first scenario illustrated in Figure 3.11a assumes the presence of a leak in the 

membrane of the plug that produces gradual depressurization of the plug; or 

similarly, the pressurization system, typically consisting of pumps or compressors, 
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fails to maintain the designated pressure within the plug. The slippage is expected to 

occur when the inflation pressure (Pi) decreases to a level that approaches the 

magnitude of the external pressure (Pe). 

b) The second scenario illustrated in Figure 3.11b assumes that the inflated plug 

withstands an unexpected rise in external pressure (Pe) that approaches to the level 

of the inflation pressure (Pi) while the inflation pressure (Pi) remains constant during 

the event.  

 

   

Figure 3.11: (a) Scenario of decreasing inflation pressure (Pi). (b) Scenario of 
sudden increasing external pressure (Pe). 

 

Scenario (a) of Figure 3.11a is the selected scenario to be simulated due to its 

relatively simple and low-cost computational implementation as well as the availability of 

experimental data to compare with [59]. Figure 3.12 shows the detailed pressurization 

sequence of selected Scenario (a). A uniform pressure, Pi, is applied to the inner 

surface of the plug starting at the zero second from zero pressure to a specific 

maximum at the 1st second. The external uniform pressure, Pe, is assumed to be 

applied gradually on the rear end-cap when the plug pressure is constant and at its 

selected value. From the 8th to 12th second, both the plug and tunnel pressure are 

constant and at their selected values. Then, the depressurization of the plug starts at 

the 12th second in which the internal pressure begins to decline at certain 

depressurization rate (lb/sec) until it matches the external pressure at 32nd second. 
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When Pi and Pe are close to each other and depending on the friction coefficient 

between the plug and tunnel, the slippage is expected to occur. Table 3.4 shows the 

combinations of maximum internal pressure (Pi) and maximum external pressure (Pe) 

used in the pressurization procedure. The horizontal axial displacement of a node 

located at the apex of the plug was used to evaluate the occurrence of slippage for all 

the pressure combinations. 

Table 3.4: Load combinations of maximum internal and external pressure. 

Test ID Maximum Internal 
Pressure, Pi 

Maximum External 
Pressure, Pe 

55/40 0.3792 MPa (55 psi) 0.2758 MPa (40 psi) 

40/30 0.2758 MPa (40 psi) 0.2068 MPa (30 psi) 

30/20 0.2068 MPa(30 psi) 0.1379 MPa (20 psi) 

20/10 0.1379 MPa (20 psi) 0.06895 MPa (10 psi) 

 

  

Figure 3.12: Selected Pressurization Sequence for Induced Slippage of 
Constrained Reduced scale Plug. 

The simulations included a solid element in contact with the internal surface of 

plug to represent the water filling within the plug during the entire pressurization 
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process. The properties of water used as input for the simulations are shown in Table 

3.5.  

Table 3.5: Physical properties of water for simulations. 

Material Propeties of Fluid Water at 277.15°K (4°C) 

Fluid Density 

kg/m³ 1000 

lbm/in³ 3.612E-2 

lbfsec²/in4 9.4E-5 

Fluid Bulk Modulus 
MPa 2.15E3 

lbf/in² 3.12E5 

Fluid Expansion Coefficient /K 2.07E-4 

 

3.8 Results of Loading Cases 
3.8.1 Loading Case I: Stress Evaluation 

 A contour of hoop stress and longitudinal stress obtained with the FE model is 

illustrated in Figure 3.13. At the hemispherical cap region, the theoretical hoop and 

longitudinal stresses are 15.96 MPa (2314 psi) based on Equation 3.1. The simulation 

result shows that the average stress is 16.02 MPa (2323.74 psi) which has 0.41% error 

than the theoretical value. 

 From Figure 3.13, the hoop stress and longitudinal stress at the cylindrical region 

were distributed differently. According to Equation 3.2, the hoop stress is 31.91 MPa 

(4628.66 psi) and the simulation result yielded a hoop stress in average of 32.31 MPa 

(4686.11 psi) which has a difference by 1.24% error. On the other hand, the longitudinal 

stress (   ) in the cylindrical region has same magnitude as the longitudinal or hoop 

stress in the hemispherical cap regions which is 15.96 MPa (2314.33 psi) and 16.21 

MPa (2351.27 psi), corresponding to theoretical and numerical results, respectively. The 

error in this case is 1.60%. Table 3.6 shows a summary of the stress evaluation and 

Appendix A shows detailed calculations of both theoretical longitudinal and hoop 

stresses. 

 



66 
 

 

Table 3.6: Stress evaluation of reduced scale prototype for unconstrained 
pressurization. 

Model 

Front Spherical End 

Caps 

Rear Spherical End 

Caps 

Cylindrical 

Region 

MPa MPa MPa 

                        

Theoretical Solution 15.96 15.96 15.96 15.96 31.91 15.96 

FE Result 16.03 16.12 15.96 15.98 32.31 16.21 

Difference 0.08 .016 0.00 0.02 0.40 .25 

Error % 0.41% 1.24% 1.60% 

 

 

  

Figure 3.13: Contour of Hoop and longitudinal stresses obtained from FE results 
for unconstrained pressurization. 

 

3.8.2 Loading Case II: Elongation Evaluation 

 Figure 3.14 shows the FE model for the elongation test under constrained 

pressurization and Figure 3.15 shows the elongation results obtained from the 

implementation of candidate materials summarized in Table 3.3. The experimental 

results corresponding to the tri-layer plug were adjusted with a linear fitting of 
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experimental data [59] that was used for comparison with the results obtained from the 

equivalent single-layer membrane implemented in the FE models. The comparison was 

made in terms of the proximity of the slope of the fitting lines obtained with the FE 

models, with respect to the slope of the fitting line obtained from measurements in the 

actual three layer plug [59]. 

 

Figure 3.14: FE model performs the elongation test under constrained condition. 

 
Figure 3.15: Plot of material properties evaluation. 

When comparing the elongation results obtained from the material candidates 

with the slope of the linear fitting of the tri-layer woven fabric, Material #1 with tensile 

strength of 590.98 MPa has error of 54%, Material #2 with tensile strength of 295.49 

MPa has error of 12%, Material #3 with tensile strength of 241.32 MPa has error of -7%, 
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and Material #4 with tensile strength of 258.55 MPa has approximately 0% error. Figure 

3.16 shows the variation of error corresponding to each material candidate and the 

experimental results. Material #4 has the least error among the candidates. The 

material selection for the remainder of this work was made based on the minimum error 

which corresponds to Material #4. 

The stress evaluation under constrained pressurization was done with a friction 

coefficient between the plug and the tunnel wall of 0.19 and for an inflation pressure of 

0.4688 MPa (68 psi). At this pressure, the maximum average stresses (hoop and 

longitudinal) at the hemispherical end-cap resulted in values of 18.2063 MPa and 

19.4386 MPa, respectively. On the other hand, the maximum average stresses (hoop 

and longitudinal) in the cylindrical region were 8.7068 MPa and 4.7548 MPa, 

respectively, (Table 3.6). The stresses at the hemispherical end cap are nearly 21% 

higher than the values for unconstrained pressurization (see Table 3.6); while the hoop 

and longitudinal stresses at the cylindrical region are 335% and 366%, respectively, 

lower than the values corresponding to unconfined pressurization. These results 

indicate that the confining effect of the tunnel is relieving considerably the hoop and 

longitudinal stresses in the cylindrical portion while slightly increasing the stresses in the 

hemi-spherical end-caps. The stress distribution for confined pressurization is illustrated 

in Figure 3.17. 
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Figure 3.16: Error of material candidates respect of experimental results. 

 

 

 
Figure 3.17: Contour of Hoop and longitudinal stresses obtained from FE results 

for constrained pressurization 
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3.8.3 Loading Case III: Axial Slippage Evaluation 

Table 3.4 presented previously summarized the definition of each model ID that 

represents the combinations of internal pressure (Pi) and external pressure (Pe) used 

for the slippage simulations. For instance, model ID of 55/40 represents the slippage 

model with a combination of external pressure of 0.3792 MPa (55 psi) and internal 

pressure of 0.2758 MPa (40 psi).  Model 40/30 has 0.2758 MPa (40 psi) and 0.2068 

MPa (30 psi) as external pressure and internal pressure, respectively. Model 30/20 has 

the combination of external pressure of 0.2068 MPa(30 psi) and internal pressure of 

0.1379 MPa (20 psi). On the other hand, model 20/10 was designed to have external 

pressure of 0.1379 MPa (20 psi) and internal pressure of 0.06895 MPa (10 psi). 

Table 3.7 illustrates the summary of holding resistance ratio (Pe/Pi) obtained for 

friction coefficients of 0.15, 0.19, and 0.25. Table 3.7 also shows the time (in seconds) 

at which the slippage occurred in the simulation. The slippage time was defined at the 

moment in which the plug had significant displacement change (a change of slope by 

more than 25 mm per second was adopted as indicator of axial slippage). The material 

properties used to run slippage tests correspond to Material #4 described previously. 

Table 3.7: Summary of holding resistance ratios for different friction coefficients. 

Model ID 
=0.15 =0.19 =0.25 

Pe/Pi Time Pe/Pi Time Pe/Pi Time 

55/40 - 8 0.8163 20 0.9816 31 

40/30 - 8 0.8108 18 0.9836 31 

30/20 - 9 0.8163 23 0.9756 31 

20/10 0.6667 22 0.8696 29 0.9524 31 

Average 0.6667  0.8283  0.9733  

 

 Figure 3.18 shows the slippage plot of the models with friction coefficient of 0.15. 

The results show that models identified as 30/20, 40/30, and 55/40, with friction 

coefficient of 0.15 slipped as soon as the external pressure was applied on the plug. 

Therefore, they are not available to be calculated in terms of holding resistance ratios. 

The model 20/10 with friction coefficient of 0.15 slipped at 22nd second and had a 

holding resistance ratio of 0.6667. 
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Figure 3.18: Slippage results of same friction coefficient (0.15) with various 
loading combinations. 

Figure 3.19 displays the slippage results corresponding to models with a friction 

coefficient of 0.19. The average holding resistance for this case was 0.8283. This value 

is nearly 3.5% higher than the average value of 0.80 obtained from experimental tests 

[59]. The loading combination of 20/10 displayed the highest holding resistance ratio 

with a value of 0.8696. Models 30/20 and 55/30 resulted with same holding resistance 

ratios with values of 0.8163, although their slippage timing was different (20th and 23rd 

second, respectively). The lowest holding resistance corresponded to the case 40/30 

which produced a value of 0.8108. 

Figure 3.20 show the results corresponding to models with friction coefficient of 

0.25. As illustrated in the plots, there was no significant slippage for combinations 40/30, 

30/20, 20/10, and 55/40. The results obtained for friction coefficients 0.15 and 0.19 

suggest that the holding resistance seems to be a function of the combination of 

pressures used to induce the slippage. That is, the higher the level of pressures (such 

as in the case of 55/40 or 40/30), the sooner the occurrence of slippage. In the other 

side, the lower the magnitude of the pressures, the later the slippage occurred. A similar 

trend can be observed in the case of =0.25, where the plug did not slip significantly 
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(less than 10 mm) and just reached a new equilibrium position when the two acting 

pressures remained equal as illustrated in Figure 3.20. 

 

Figure 3.19: Slippage results of same friction coefficient (0.19) with various 
loading combinations. 

 

Figure 3.20: Slippage results of same friction coefficient (0.25) with various 
loading combinations. 
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Figure 3.21 displays the slippage results for models with the same loading 

combination (55/40) and different friction coefficients (0.15, 0.19, and 0.25). The 55/40 

model with =0.15 did slip as soon as the external pressure was applied. The model 

with =0.19 resisted up to the 20th second and the slipped. The model with =0.25 

moved nearly 15 mm before reaching a new equilibrium position. For this last case, it is 

safe to say that the plug did not slip within the time window considered for the analysis. 

Figure 3.22 shows sequences of slippage corresponding to the 55/40 model with 

friction coefficients of 0.15, 0.19, and 0.25. Model with friction coefficient of 0.15 and 

0.19 have obvious displacement at 8th and 20th second, respectively. Figure 3.22 also 

shows the model with friction coefficient of 0.25 did not slip. 

 

 

Figure 3.21: Slippage results of same loading combinations (55/40) with various 
friction coefficients. 
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Time 
(sec) 

=0.15 =0.19 =0.25 

1st 

   

4th 

   

8th 

   

12th 

   

32nd 

 

At 20th sec 

  

34th 

   
Figure 3.22: Slippage position for pressure (55/40) with various friction 

coefficients. 

An additional case was run to verify the axial stability of the reduced-scale 

prototype when subjected to design pressures (Pi=0.4688 MPa and Pe=0.3309 MPa; 

Pi=68 MPa and Pe=48 MPa, respectively) and different friction coefficients (0.15, 0.19, 

0.21 and 0.25). Figure 3.23 illustrates the results of evaluation of slippage for these 

cases. As expected, the lower friction coefficient, the earlier the occurrence of slippage 

as in the case of =0.15. However, for =0.19, =0.21, and =0.25, the plug remained 

stable. The case for =0.19 was confirmed experimentally [59] and served as basis for 

comparison with the FE models developed for the full-scale prototype described in the 

next chapters. The results of FE models with friction coefficients of 0.15, 0.21, and 0.25 
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could not be validated with experimental results, but provided an estimation of the 

magnitude of the friction coefficients to either induce or avoid slippage of the plug. The 

techniques and features developed and implemented in the FE modeling of the 

reduced-scale prototype served as a basis for the development of the FE simulation of 

the full-scale prototype. 

 

Figure 3.23: Slippage results for design pressure (68/48) with various friction 
coefficients. 

3.9 Summary 

 Different FE models were developed for simulation of the behavior of a reduced-

scale prototype under different testing and loading conditions. The actual tri-layer 

structural membrane was replaced in the FE models by an equivalent single layer 

representative, in terms of mass and thickness, of the actual tri-layer system. The 

stiffness and maximum strength were adjusted based on available experimental results. 

A simplified approach for deployment and initial inflation was created for placing the 

inflatable inside the tunnel. 



76 
 

Convergence studies indicated that a FE model of the reduced-scale prototype 

with at least 10000 elements will converge to the theoretical values of stresses 

corresponding to unconstrained pressurization. Material #4 was chosen based on 

results of constrained elongation tests and will be used as the material for the 

development of FE model of the full-scale prototype.  

The stress evaluation for unconstrained pressurization showed that the model 

can approximate to the theoretical values with a maximum error of 1.60%. On the other 

hand, the stress evaluation for constrained pressurization showed that the hoop and 

longitudinal stresses in the hemispherical end-caps resulted 21% higher than the 

theoretical values, while the hoop and longitudinal stresses in the cylindrical portion of 

the plug resulted, as expected, considerably reduced (about 300%) due to the confining 

effect of the tunnel. 

The axial stability of the inflatable positioned in the tunnel was evaluated for 

different friction coefficients and pressure combinations. The model with friction 

coefficient of 0.19 displayed a holding resistance ratio of 0.8283 which is 3.5% higher 

than the result obtained experimentally (0.80). This result shows the good 

correspondence between numerical and experimental results. 
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4 Full-Scale Prototype: FE Model Initial Preparation 

4.1 Introduction 

 This chapter presents the initial steps that were necessary for the generation of 

the FE model of the full-scale prototype. Dimensions and the process of creating each 

part are presented. Models of the key components needed to achieve a realistic 

behavior including the inflatable structure, tunnel section, and the folding components 

are described. The simulation features and material properties developed and 

implemented in the FE model of the reduced-scale prototype are applied to the full-

scale FE models. 

4.2 Dimensions of Full-Scale Prototype 

The full-scale prototype consists of a cylinder with two hemispherical end-caps 

(Figure 4.1). The cylinder has a diameter of 4937.3 mm (194.48 in) and length of 4640.6 

mm (182.70 in). Each hemispherical end-cap has diameter of 4937.3 mm (194.48 in) 

and include three partitions on its surface. Each partition is delimited by ropes that 

connect longitudinal webbings that terminate at different locations on the circular 

perimeter in order to avoid overcrowding of webbing at the apex of each hemispherical 

end-cap, as illustrated in Figure 4.2. The ropes have a diameter of 50.8 mm (2 in) and 

are made of Vectran fibers. The perimeter of full-scale prototype is designed to be 

larger than tunnel’s intentionally. This oversizing is added in order to account for 

potential manufacturing imperfections as well as for unforeseen irregularities that the 

plug will have to conform around to achieve an acceptable level of sealing. In this study 

the amount of oversizing was kept constant at approximately 6%. 

Two aluminum fittings are assembled as part of the fill and air release ports in 

one of the hemispherical end-caps. The fill port fitting is 355.60 x 355.60 mm (14”x 14”) 

with a circular opening with diameter of 203.20 mm (8 in). The air release fitting is 

254.00 x 254.00 mm (10” x10”) with an orifice of 101.6 mm (4 in) diameter (Figure 4.2); 

the mass of each one of them is 13.6078 kg (30 lbs) and 6.8039 kg (15 lbs), 

respectively. The inflatable plug is constructed with the same tri-layer system as 

described in Chapter 3. The total mass of plug (including metallic fittings) is 

approximately 907.1847 kg (2000 lbs). 
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Figure 4.1: Nominal Dimensions of Full-Scale Prototype.  

 

  
Figure 4.2: Isometric View of Actual Full Scale Prototype. 
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4.3 Generation of FE Geometry 

The FE geometry of the inflatable plug was created using three-dimensional 

shells through Abaqus/CAE. Figure 4.3(a) shows how the plug was initially partitioned 

into several auxiliary surfaces and edges. The purpose of creating these auxiliary 

surfaces and edges is to delimit the position of fitting areas, ropes, internal chamber 

surfaces, folding surfaces and folding lines at the cylindrical region of the plug. Figure 

4.3(b) shows the mesh configuration of the full-scale prototype. M3D4 membrane 

elements were assigned to represent the macro-mechanical behavior of the full scale 

prototype. The fittings are modeled by R3D4 rigid elements. 

 

Figure 4.3: (a) Initial Geometry and (b) Mesh Configuration. 

4.3.1 Stress Evaluation 

 In this section, the longitudinal stress and hoop stress of the full scale prototype 

are evaluated analytically and numerically in order to assess the accuracy of the FE 

model. The inflatable plug was assumed to be subjected to an internal pressure of 

0.1172 MPa (17 psi). The total thickness of fabric is 7.7978 mm (0.307 in) and 

dimensions of the inflatable plug were shown in Figure 4.1. 

 In order to have a reference point, the analytical solutions for the hoop stress and 

longitudinal stress for hemispherical end cap and the cylindrical region were obtained 

for an unconstrained configuration using classical equations for thin-walled structures 

under internal pressure. Theoretically, the hoop stress (   ) and longitudinal stress (   ) 
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at hemispherical caps are the same and were calculated with Equation 3.1 (Chapter 3). 

On the other hand, the Equation 3.2 and 3.3 are applied to calculate the hoop and 

longitudinal stresses, respectively, in the cylindrical region. 

 Figures 4.4 and 4.5 present the contour plots of the distribution of hoop stress 

and longitudinal stress when the model was meshed with approximately 30,000 

elements (20,000 DOF). The average hoop (   ) and longitudinal (   ) stresses of FE 

model were captured at several nodes located on the hemispherical end-caps and on 

the cylindrical region of the plug and represented by the small circles highlighted in 

Figure 4.4. At the hemispherical end-cap, the theoretical value for both hoop stress and 

longitudinal stress is 18.55 MPa (2690.93 psi). The simulation result shows that the 

average stress is 18.23 MPa (2644.61 psi), which is 1.72% lower than the theoretical 

value.  

 From Figures 4.4 and 4.5, it is seen that, as expected, the hoop stress and 

longitudinal stress in the cylindrical region are distributed differently. The theoretical 

hoop stress is 37.11MPa (5381.86 psi) and the simulation predicts an average hoop 

stress of 36.11 MPa (5237.64 psi) which has an error of 2.69%. On the other hand, the 

longitudinal stress (   ) in the cylindrical region has same value as the longitudinal or 

hoop stress in hemispherical end caps, which is 18.55 MPa (2690.93 psi) and 

18.01MPa (2612.51 psi for the theoretical and numerical results, respectively. The error 

in this case is 2.91%. Table 4.1 illustrates a summary of the stress evaluation and 

Appendix B summarizes the analytical calculations of both longitudinal and hoop 

stresses. 

 Table 4.1: Stress evaluation results of unconstrained full-scale prototype. 

Full Scale Model 

Front and Rear Spherical End Caps Cylindrical Region 

MPa MPa 

S11 = S22 S11 S22 

Theoretical Values 18.5533 18.5533 37.1066 18.5533 

FE Results 18.3675 18.1004 36.1123 18.0126 

Difference 0.1376 0.3651 0.9997 0.5407 

% of Error 1.72% 2.69% 2.91% 
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Figure 4.4: Hoop Stress of Model with 30000 elements (20000 DOF). 

 
Figure 4.5: Longitudinal stress of Model with 30000 elements (20000 DOF). 
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4.3.2 Mesh Convergence Study 

 The hoop stress (   ) in the cylindrical region for an unconstrained pressurization 

was chosen as control parameter for evaluation of mesh convergence. The control 

nodes are located in the X-Z plane perpendicular to the longitudinal Y axis of the 

cylindrical region of the plug as illustrated in Figure 4.4. The mesh density of the models 

was refined progressively from approximately 5000~30000 elements (16000 to 89100 

DOF). Table 4.2 shows that a model with nearly 20000 elements (30000 DOF) has 

percentage of error of 2.69% when compared to the theoretical value of hoop stress. 

This error was considered acceptable taking into account that for the next mesh density 

with nearly 30000 elements, the computational time increased 33% for a small decrease 

in the percentage of error from 2.69% to 2.47%. Figure 4.6 shows the convergence of 

the model to the theoretical solution as the mesh was refined by increasing the number 

of elements. Based on the results of the convergence study, a model with at least 

20000 elements (~30000 DOF) was used for further analyses.   

Table 4.2: Summary of convergence study using hoop stress as control parameter. 

Full Scale 
Prototype 

Number of Elements 5496 10888 19980 29692 

Number of DOF 8256 16344 29982 44550 

Hoop Stress 

(   ) at 
Cylindrical 
Region 

Theoretical Value, MPa 37.1066 37.1066 37.1066 37.1066 

Average Hoop Stress (   ),  
MPa 

34.8297 35.8303 36.1069 36.1890 

Difference 2.2769 1.2763 0.9997 0.9176 

Error % 6.14% 3.44% 2.69% 2.47% 

Computational Cost 
(minutes) 

1 2 3 4 
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Figure 4.6: Plot of Mesh Convergence. 

 

4.4 Geometries of Tunnel, Base, and Rotational Plates. 

The tunnel section in which the inflatable plug will be placed is assumed to be 

non-deformable. The mesh consists of 5670 rigid elements of the type R3D4 [42-43]. 

Figure 4.7 shows the 3D geometry and the meshed configuration of the tunnel used for 

all the analyses. Figure 4.8 shows a typical cross section used for the analyses 

indicating also the space used for storage of the folded plug. 

During the folding process described in the next chapters, the inflatable plug will 

interact with a flat base and auxiliary rotational plates created to simulate the folding 

process. Geometries and meshes of these auxiliary elements are illustrated in Figure 

4.9 and 4.10. Similarly to the tunnel section, these surfaces are considered non-

deformable and were meshed with R3D4 rigid elements. 
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Figure 4.7: Geometry (left) and Mesh Configuration (right) of Tunnel. 

 

Figure 4.8: Typical tunnel cross section. 

 

Rigid elements were assigned to the tunnel section, base, and rotational plates in 

order to minimize the simulation time since there will be no element-level calculation 

performed for rigid elements and assigned rigid elements do not contribute to the mass 

of the rigid body. There are several advantages using rigid elements for the auxiliary 

surfaces: 

(i) They are used to represent the surfaces of contact of rigid bodies 

(ii) They are used to simulate multi-body dynamic cases 

(iii) They are attachable to the deformable elements, and 

(iv) They can provide constraint on parts in a model.  
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Figure 4.11 displays all the geometries including the inflatable plug, tunnel, 

auxiliary base, and auxiliary rotational plates that involved in the development of the FE 

model of the full-scale prototype. 

 

Figure 4.9: Geometry (left) and Mesh Configuration (right) of Base. 

 

Figure 4.10: Geometry (left) and Mesh Configuration (right) of Rotational Plate. 

 

Figure 4.11: Components of the FE model for full-scale prototype. 
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4.5 Summary 

 The initial steps necessary for the creation of a FE model of the full-scale 

prototype were presented in this chapter. The different components of the FE model 

were created considering all the stages of development of the model that include folding, 

placement in the storage area, relaxation, and final deployment of the inflatable plug.  

 All the nodes and elements of meshed components have been renumbered 

through HyperMesh and prepared to be utilized with Abaqus Scripting in order to make 

the simulation work more efficient. 

 The results of convergence study indicated that a model with at least 20000 

elements will be needed to obtain relatively accurately results in terms of stresses at a 

reasonable computational cost. 
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5 Full Scale Prototype: Folding Process 

5.1  Introduction 

 For the purposes of this work, folding is a process that transforms a flattened 

inflatable structure into a certain compact shape so that it can be situated in a particular 

place or position that simulates storage of the folded inflatable. There are several 

brands of commercial software tools that provide ready-to-use folding features for 

airbag applications in the automotive industry. Some examples of commercial brands 

include: EASi-CRASH and PAM-CRASH developed by ESI Group [64]; OASYS Primer 

developed by Oasys Ltd which is a software house of ARUP [65]; LS-INGRID and LS-

PrePost developed by LS-DYNA [66]; HyperCrash [67] and Radioss Pre-Simulation [68] 

developed by ALTAIR; VPG Safety Module developed by Engineering Technology 

Associates, Inc (ETA) [69], and TEC|FOLD developed by TECOSIM [70]. Most of these 

software tools can be used for folding airbags with simple shapes (typically a 2D 

flattened inflatable structure) using one or a combination of the following folding 

strategies [67, 69]: 

 Tuck Fold: Define a new fold layer in between existing layers. 

 Thick/Thin Fold: Create the folding by offsetting the layers accounting for the 

material thickness and radius. 

 Simple Fold: Fold the layers about a specific folding line. 

 Rolling Fold: Also known as spiral fold which rolls the layers about a specific 

center of rotation with user-defined radius. 

 Zigzag Fold: Fold the layers in a “Z” shape. 

 

 Figure 5.1 illustrates the folding strategies used by the commercial software tools 

mentioned previously. The folding algorithms for replicating a 2D flatten inflatable 

structure are considered mature. 
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Figure 5.1: (a) Tuck fold, (b) Thin fold [71], (c) Thick fold [72], (d) Simple fold [73], 
(e) Rolling/Spiral fold [74], and (f) Zigzag fold 

 
For more sophisticated applications, Tanavde et al. [75] developed a 

methodology called Initial Metric Method (IMM) to generate a flattened and folded mesh 

from a CAD geometry. The IMM consists of  two types of meshes, a CAD reference 

mesh and a mapped/scaled/compressed mesh generated from a CAD mesh of the 

inflatable structure. The mapped/scaled/compressed mesh is used for inflation in the 

deployment simulation. The IMM uses the geometric difference of internal forces 

between the reference mesh and mapped mesh to compensate the mapped mesh in 

order to achieve the correct geometrical model. Zhang et al. [76] developed an 

automatic airbag modeling strategy using the IMM (Figure 5.2) and Park and Hong [77] 

use IMM to create the folded airbag implemented in their simulations as well. 
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Figure 5.2: Automatic Modeling with IMM [76]. 

Beside the IMM approach, Cromvik [78] implemented the mathematical theory of 

Origami to flatten and fold an airbag when the geometry was too complex to fold with 

one of the above folding strategies (Figure 5.3). Cromvik approaches the folding by 

making a polyhedron approximation which is a mathematical Origami method that 

decomposes the folding patterns of a 3D geometry into a 2D flat shape [78]. The folding 

pattern is computed to be simple and able to restore close to the actual folds on the real 

inflatable [78].  

 

Figure 5.3: Folding sequence of the polyhedron approximation geometry [78]. 

Another strategy is the one proposed by Chawla et al. [79] who proposed a 

manual folding process using rigid planes (Figure 5.4). Similarly, Rieger [73] uses a rigid 
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geometry to simulate the manufacturing process that includes folding of the inflatable 

structure (Figure 5.5). 

  
Figure 5.4: A zigzag fold using rigid plates [79]. 

 
Figure 5.5: Simulation of folding as part of the manufacturing process [73]. 

Bosio and Mahangare [80] also analyzed the Origami folding method, the 

manufacturing process folding, and the mapping method by comparing them one 

another. The methods for modeling folding can be separated into five categories. Table 

5.1 summarizes the advantages and disadvantages of each category: 

a) Simulation of the flatten/folding process: This method uses initial pressure to 

flatten the 3D mesh and perform folding by moving nodes or splitting elements 

[71]. 

b) Mesh and fold the 2D surfaces: This method defines a folding line on a 2D 

meshed surface and the folding line is used for geometric transformations to 

create the folds. The type of folds such as thin fold, thick fold, roll fold, tuck fold 

and double tuck fold can be created through this method [71].  

c) Mesh, deflate, and fold the 3D surfaces: A 3D meshed model is flattened by 

moving the nodes located at selected edges outward with appropriate scaling. 
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Similarly to Method (a), the folds are created by using geometric transformations 

on the meshed folding lines [71]. 

d) Meshing after flattening (flattening and meshing): This method divides a 3D 

geometry of the inflatable into a set of 2D surfaces. The 2D surfaces are 

flattened and folded using simplifications in the geometry. The folded surfaces 

are then meshed, connected, and prepared for further simulations [71]. 

e) Flatten and folding simulation: This method directly simulates actual folding 

process of a meshed airbag. The flat airbag is meshed initially. Then, several 

auxiliary rigid planes are used to hold and fold a meshed flat airbag. Although 

this method is time consuming, it generates a realistic mesh and helps simulate 

the inflation process in a more realistic way [79]. 

Table 5.1: Summary of folding methods. 

 Folding Methods Advantages Disadvantages 

1 

Simulation of the 

flatten/folding 

process 

 Straight forward to 

create a folded model 

close to reality 

 Element penetration or 

distortion may occur. 

 Time consuming 

2 
Mesh and fold the 

2D surfaces 

 Sufficient for folding a 

2D flatten airbag. 

 Easy to implement. 

 Not suitable for 3D geometry. 

3 
Mesh, deflate, and 

fold the 3D surfaces 

 Sufficient for folding a 

2D/3D airbag. 

 May lead to incorrect volume, 

surface area, and shape. 

 Time consuming 

4 
Meshing after 

flattening 

 Sufficient for folding a 

2D/3D airbag. 

 May lead to incorrect volume, 

surface area, and shape. 

 Time consuming 

5 
Flatten and folding 

simulation 

 Sufficient for folding a 

2D/3D airbag. 

 Element penetration or 

distortion may occur. 

 Time consuming 

6 Origami Folding 

 Sufficient for folding a 

2D/3D airbag. 

 May lead to sharp edges 

 Folding lines must be defined 

initially 

 Time consuming 

7 
IMM Mapped 

Folding 

 Sufficient for folding a 

2D/3D airbag. 

 Easy to implement 

 Element penetration or 

distortion may occur. 

 Time consuming 
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Unlike folding a thin automotive airbag, a novel approach is needed to handle the 

folding process of a gigantic inflatable structure with a non-negligible membrane 

thickness as the full-scale prototype modeled in this work. The novel approach 

proposed in this work is a hybrid folding methodology consisting in using boundary 

conditions to control the nodes and elements that initially are designed to be in the 

folding lines, adding new connector elements to the model in between the folding steps, 

and using rigid plates to fold the full-scale prototype according to an actual folding 

process implemented experimentally [58]. 

The model created to simulate the complete folding process of the full-scale 

prototype consists of flattening, grounding, node translating, assigning connectors at 

specific nodes, and using rigid plates to complete the folding steps. The details of 

folding process are presented in section 5.3.  

5.2 Mass Scaling Implementation 

As explained in section 2.9 of Chapter 2, the mass scaling is implemented in the 

model to reduce the computational cost without losing accuracy of the dynamic 

response. Most of the literature report using the method of trial and error in order to 

obtain the optimized mass scaling factor. 

Jung [62] uses the mass scaling factors of zero, 20, 50, 100, 150, and 700 to 

perform a sheet metal forming simulation. Jung comments that the optimized mass 

scaling factor improves computational cost and does not affect solution reliability. 

However, the inertial effect should controlled properly. Pan et al. [63] implement mass 

scaling factors (3.97, 4.24, 7.32, and 9.14) in an explicit model of three point bending 

simulation. Although the typical difference percentile between kinetic energy and 

internal energy is required to be less than 10% (see section 2.9), Pan et al.’s model with 

optimized mass scaling factor is able to obtain values of kinetic energy of less than 5% 

of the internal energy throughout most of the time period of the simulation [63]. Pan et al. 

[63] address the same concern that too much mass scaling could change the mass 

distribution which affects the dynamic behavior of the system as mentioned in section 

2.9.  
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Liu [81] uses mass scaling factors of 100 and 1000 to improve the computational 

cost of a dynamic finite element modeling for the process of spin forming. Liu’s 

numerical result shows a good agreement with the experiment data [81]. Wang et al. [82] 

scale up the membrane density by 1000 times to perform a simulation of nonlinear 

deformations of solar sail membranes using explicit analysis. Wang et al. [82] also 

mention the mass scaling technique is able to reduce the computational effort, but the 

excessive mass scaling can alter the accuracy in predicting wrinkling patterns. 

For this work, and in order to find the appropriate mass scaling factor, a simulation 

has been done to validate the selection of mass scaling factor used for analyses of 

folding and placement, relaxation, and deployment of models of a full-scale prototype 

presented in Chapter 5, 6, and 7, respectively. A model of flatten and unfolded full-scale 

prototype is inflated by a uniform pressure with mass flow rate of air of 1.044 kg/sec (for 

5 time steps) and uses a dynamic relaxation process (a standard practice in inflatable 

structure simulation [80], see also Chapter 6 for further details). The selected mass 

scaling factors are zero, 10, 100, 386, and 1000 and are applied directly to the density 

of the materials used in the model. 

Figure 5.6 shows the plots of ratio difference (
  

  
) in percentage between the 

kinetic energy (  )  and the internal energy (  ) of the model with different mass scaling 

factors. Table 5.2 presents the relationship between the mass scaling factor and 

computational cost. Model with zero mass scaling spends 82 minutes to complete 1 

step time of calculation and yields 0.01381% of the difference kinetic-internal energy. 

On the other hand, the model with mass scaling factor of 386 produced a 0.9226% of 

the difference kinetic-internal energy by using 3 minutes per step time calculation. 

Model that scales the mass up to 1000 times does not converge due to element 

distortion by excessive mass scaling. Therefore, a mass scaling factor of 386 is 

selected to be used in simulations of folding, placement, relaxation, and deployment. 
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Table 5.2: Computational cost corresponding to mass scaling factor. 

                                Mass  
                              Scaling 
Items 

MS = 0 MS = 10 
MS = 
100 

MS = 386 
MS = 
1000 

Average difference % 

between kinetic energy 

and internal energy (%) 

0.01381 0.05303 0.2577 0.9226 Does not 

converge 

Computational cost 

(minutes) per step time 
82 30 10 3 - 

 

 
Figure 5.6: Mass scaling factor versus percentage difference between kinetic and 

internal energy 

 

5.3 Folding Plan 

In this study, Abaqus is used for the simulation of the folding process of the full-

scale prototype. This folding process is developed as a set of the geometric 

transformations that replicates a folding sequence implemented experimentally in an 

actual prototype. The advantages of this novel approach are that the folding process is 
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straight forward and allows to build a complete folded plug according to the actual 

folding process, connector elements are added into the model in between the folding 

steps, and the approach is able to avoid penetration and distortion of elements during 

the folding process. 

The folding sequence developed in this work is shown in Figure 5.7. Figure 5.7(a) 

shows a top view of the flattened cylindrical region of the full-scale prototype. Figure 

5.7(b) illustrates the folding sequence that follows the actual hand folding implemented 

experimentally. The folding process takes five steps after flattening in order to achieve 

the target shape. As seen in Figure 5.7(b), the folding sequence splits into two parts:  

 Part 1: Line C is translated and aligned with line D. These two lines are 

connected at 15 discrete points with fifteen connector elements (CONN3D2) 

evenly distributed along lines C and D. The purpose of this initial step is to create 

an artificial wrinkle that “stores” material that will be released when the connector 

elements break during deployment process allowing more material to reach and 

cover intricate elements located in the upper portion of tunnel surface.  

 Part 2: Once lines C and D are connected, the folding sequence continues with 

five rolling folds as illustrated in Figure 5.7(b). The folding by rolling 

demonstrated to be one of the simplest ways to fold an actual 2,000-pound full-

scale prototype [58]. Two individual Abaqus Scripting input files were written to 

implement both Folding Part 1 and Folding Part 2. 
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Figure 5.7: (a) Flattened cylindrical region. (b) Schematic of folding sequence 
after flattening. 

 The auxiliary parts created and presented in Chapter 4 are used for the folding 

process. They included the full-scale prototype meshed with membrane elements, the 

base plane meshed with rigid elements, and the rotational plates meshed with rigid 

elements as well. The parameters that are used to control the folding sequence 

included gravity force, position of folding lines, folding surfaces, axis of fold or roll, 

rolling angle, and translating distances. 

 The meshed parts were originally generated with Abaqus and renumbered with 

HyperMesh previous to the folding process. These parts were initially positioned in the 

global coordinate system defined in Abaqus/CAE and remained in the same orientation 

when writing into Abaqus Scripting. Friction coefficients of contact interaction properties 

between plug-base plane and self friction of the deflated plug were assumed to be 0.19 

and 0.21, respectively. 

 With all the parts in place, the folding process begins with flattening the full-scale 

prototype, which is initially in a unconstrained inflated condition (Figure 5.8). The plug's 

horizontal longitudinal axis (z) is parallel to base plane which is assumed to be fully 

constrained. Line A and Line B located on the edges of the cylindrical portion. The 
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deflation begins with a transverse horizontal translation of Line A and B along the X-axis. 

The base translates along Y-axis by 2.286 m to reduce the kinetic energy and avoid 

penetration between elements (Figure 5.9). Gravity force is then applied on the plug 

along the -Y-axis and translates vertically the plug until it lies on the base plane (Figure 

5.10). 

 
Figure 5.8: View of initial condition from XY-plane (left) and isometric (right). 

 

 

 
Figure 5.9: Translation of Line A and Line B along the X-axis. 
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Figure 5.10: Gravity force acting on the deflated plug along the Y-axis. 

 Once the plug is completely deflated and sitting on the base plane, line C 

translates first along the Y-axis 1.397 m (Figure 5.11). While the plug is continuously 

held down by gravity force until the translation is completed; then, line C, again is 

translated along the X-axis 1.7272 m until it is aligned with line D as illustrated in 

Figures 5.12 and 5.13. The first part of the folding plan is considered complete at this 

stage. This first part of the folding plane was executed with Abaqus/CAE which was also 

used to export to HyperMesh the folding result shown in Figure 5.13. HyperMesh is then 

used to verify the final folded mesh geometry in order to detect and correct element 

penetration and intersections before proceeding to perform the second part of the 

folding plan. After verification of zero penetration and intersections, fifteen pairs of 

selected nodes from line C and line D are linked with connector elements through 

Abaqus Scripting. Initially, each connector element is assigned to have a tensile 

strength of 38308.99 N/m (Appendix D). However, the tensile strength of simulation will 
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be adjusted later to replicate the actual deployment behavior in further stages of the 

modeling.  

 
5.11: Line C translates along the Y-axis. 

 
5.12: Line C translates along the X-axis. 

 
5.13: Line C aligns with Line D. 

 Once the connector elements are installed, the second part of the folding process 

starts with the verified folded mesh geometry resting on the base plane. At this stage, 

four rigid plates are added to perform the folding operations (Figure 5.14). The rotational 

plates are placed along the Z-axis and slightly underneath the base plane. As 

mentioned previously, the friction coefficient between rotational plates and the deflated 

plug is assumed to be 0.19. The contact interaction only applies between plug and the 

rigid bodies (base plane and rotational plates). However, there is no contact interaction 

assigned between the rigid bodies. The folding routine of each rotational plate consists 

of a single translation followed by a single rotation. 
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Figure 5.14: Initial condition for Folding Part II. 

 The first fold begins with the rotational plate #1 translating along the Y-axis 127 

mm (5 inches) as shown in Figure 5.15, and then rotating clockwise 120 about the z-

axis as shown in Figure 5.16(a). When rotational plate #1 finishes the rotation, the 

folded region falls free due to gravity force along the Y-axis from the plate onto the 

surface of the plug as shown in Figure 5.16(b). Then, rotational plate #2 translates 

190.5 mm (7.5 inches) along the Y-axis as shown in Figure 5.17, and then rotates 

clockwise 135 about the Z-axis as shown in Figure 5.18(a). Again, the gravity force 

helps to complete the third fold (Figure 5.18(b)).  

 

 
Figure 5.15: Rotational Plate #1 translates along the Y-axis. 
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Figure 5.16: (a) Rotational Plate #1 rotates clockwise 120 about the Z-axis. (b) 

Gravity force acting to complete the fold. 

 
Figure 5.17: Rotational Plate #2 translates along the Y-axis. 

 

 
Figure 5.18: (a) Rotational Plate #2 rotates clockwise 135 about the Z-axis. (b) 

Completion of second folding by action of gravity force. 
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The same folding routine applies to the fourth fold as the rotational plate #3 

translates 190.5 mm (7.5 inches) along the Y-axis as shown in Figure 5.19, and then 

rotates clockwise 135 about the Z-axis as illustrated in Figure 5.20. Gravity force 

completes the fourth fold. In order to make the placement process inside the storage 

area in the tunnel more convenient, a vertical translation is added on line B defined in 

Figure 5.7. At the end of the entire folding process, line B translates 381 mm (15 inches) 

along the Y-axis for as shown in Figure 5.21. Line B will be aligned and attached to a 

connecting line in the tunnel during the placement process described in Chapter 6. 

 
Figure 5.19: Rotational Plate #3 translates along the Y-axis. 

 

 
Figure 5.20: (a) Rotational Plate #3 rotates clockwise 135 about the Z-axis. (b) 

Completion of third folding by action of gravity force. 
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Figure 5.21: Line B of plug translates along the Y-axis. 

5.4 Summary  

 A folding process for a FE model of a full-scale prototype consisting of a 

combination of translation and rotation of rigid plates was implemented in Abaqus. The 

FE folding process replicates a sequence implemented experimentally. The verification 

of element penetration and intersection is a necessary process to detect and correct 

contact inconsistencies in order to create an error-free geometry before the 

implementation of the deployment process. The penetration and intersection feature of 

HyperMesh was used to systematize the inspection and correction of element 

distortions in order to eliminate errors and therefore prepare the resulting folded mesh 

for its placement inside the tunnel. 
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6 Full-Scale Prototype: Placement and Dynamic Relaxation 

6.1  Introduction 

 This chapter describes the process of placing the folded full-scale prototype into 

the storage area and the procedure for applying dynamic relaxation on the model. The 

folded plug as described in Chapter 5, is placed in the storage area and held by a 

vertical rigid plane that represents an actual enclosure used to hold the plug within the 

storage area available in a typical tunnel section before deployment [58]. Figure 6.1 

shows a schematic of the storage configuration. The rigid plane not only simulates the 

enclosure, which is activated during the deployment, but also maintains the folded full-

scale prototype within the storage area during the application of the dynamic relaxation 

process. 

 

Figure 6.1: Location of Storage Area inside a Tunnel. 

The main purpose of implementing the dynamic relaxation process into the 

simulation is to restore distorted elements back to their initial condition before doing the 

deployment simulation. The implementation of the dynamic relaxation process is a 

standard practice in airbag simulations [80]. Most of available commercial software 

execute the relaxation process through passing either node’s or element’s coordinates 

from an initial configuration to a reference configuration [113-115]. Section 6.3 

describes this process in detail. 
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6.2  Placement 

The simulation of the placement process consists of a combination of a rigid body 

rotations and translations of the folded plug in order to position it in the storage area. 

Then, the folded plug is connected to the tunnel along a predefined horizontal line 

located inside the storage area that provides alignment to the plug during the 

deployment and inflation process. The placement is completed by further translation 

originated by a horizontal gravity force. Figure 6.2 shows the initial orientation of folded 

plug and the tunnel cross section.  

The folded plug is rotated counterclockwise 45° about the Z-axis at Line B that 

defined in Figure 6.2(a) and translated horizontally -1041 mm and vertically -254 mm 

along the global X-axis and Y-axis, respectively. Figure 6.2(b) shows the orientation of 

the plug after initial rotation and translation. 

  

Figure 6.2: (a) Initial condition for placement; (b) Orientation of folded plug after 

rotation and translation. 

 The simulation of placement process continues with the connection of the folded 

plug to a selected line inside the storage area. Twenty two nodes from Line B were 

selected and aligned individually along the X-axis and Y-axis to match nodes located 

along line B in the tunnel cross section. Figure 6.3 shows the twenty two selected nodes 

on line B before the beginning of the placement simulation.  

When the placement simulation started, the nodes were aligned to the specific 

coordinates initially along the global X-axis and Y-axis only. Then, the folded plug was 
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shoved into the storage area by normal force along the X-axis. Figure 6.4 displays the 

final position of folded full-scale prototype and connecting nodes before the application 

of the dynamic relaxation process. 

 
Figure 6.3: Connecting nodes of Line B. 

 
Figure 6.4: Connecting nodes after placement simulation. 

 

6.3  Dynamic Relaxation Method 

6.3.1 Introduction 

 Dynamic relaxation is a numerical procedure that uses a simple vector iteration 

method to achieve the static equilibrium state by minimizing the energy [89]. The 

computational cost is reduced because the tangential stiffness matrix of the structure is 

not assembled when the dynamic relaxation performs iterative calculations during the 
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stabilizing process [89]. The stabilizing process of an unstable structure consists in 

introducing initial pre-stresses to determine the member rigidities of potential unstable 

structures and verify if they are able to resist external loads effectively. 

 Typically, a pneumatic structure is considered an unstable structure and requires 

an initial pressure or pre-stress in order to be used as structural member to carry 

external loads [89]. Therefore, dynamic relaxation is a necessary process for airbag 

simulations [80] because it minimizes the kinetic energy of a linear or a non-linear 

model during the area restoration of the pneumatic structure through the initial metric 

method [75], typically caused by the folding process, to its initial area [71-115]. Lee et al. 

[72] used relaxation to stabilize the internal energy of the folded airbag in order to reach 

a stable condition at later stages of the simulation. 

In the remainder of this section, sub-section 6.3.2 summaries the history of 

dynamic relaxation development and sub-section 6.3.3 presents the basic theoretical 

formulation that supports the relaxation process. Section 6.3.4 outlines the 

implementation of the the relaxation in Abaqus and relaxation scripting code that can be 

used to define the material orientation of a complicated pre-folded model [71-115]. 

6.3.2 Brief History of Dynamic Relaxation 

Otter and Day (1960 and 1965) [84-88] developed the a numerical method called 

Dynamic Relaxation to handle form-finding and load analysis of non-linear structures. 

According to Underwood (1983) [83] the dynamic relaxation provides a static solution to 

a dynamic transient analysis model. Welsh [96] and Cassell [97] improved the dynamic 

relaxation method by introducing a fictitious mass in late 1960. 

 Rushton (1968) [98] was the first to apply dynamic relaxation method into a 

nonlinear problem. Wood [99] compared and discussed about dynamic relaxation 

method with other iterative methods. The dynamic relaxation method has been 

extensively implemented [100-106] and improved [107-112] since 1970. Underwood 

(1983) [83] summaries the history of dynamic relaxation development very well in his 

paper. 
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6.3.3 Formulation  

The basic equations of dynamic relaxation can be written from the discrete 

equation of motion [83-116] as shown below,  

                    (6.1) 

where   is the mass matrix,   is the damping matrix,   is the stiffness matrix,   is the 

vector of nodal equivalent residual forces,   is the vector of nodal accelerations,   is the 

nodal velocities, and   is the vector of nodal displacements. The nodal residual force 

can be expressed as, 

                   (6.2) 

where   is the vector external loads and   is the vector of equivalent nodal force as a 

function of membrane stress, . The nodal residual force also can be rewritten by 

introducing the viscous damping to control the element distortion without considering 

the elastic stiffness and external loading  [83-116], 

               (6.3a) 

                    (6.3b) 

Using a central finite difference form [117] to solve the equation of motion [93], 

   
 

   
                       (6.4) 

   
 

   
                    (6.5) 

and the diagonal mass matrix of the equations of motion can be solved for a position at 

step       [93], 

    
    

      
           (6.6) 

    
     

      
  

  
 

   
           (6.7) 

where     
  is the position of degree of freedom of ( ),     is the diagonal mass, and   

  

is the residual force that can be obtained from equation 6.3. 

 Barnes [91] explained that the iterative computational procedure of dynamic 

relaxation can be summarized as follows: 

1. Formulate all the residual force ( ) of the nodes, all the nodal velocities 

( ), and kinetic energy (from previous simulation if there is any) to zero. 
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2. Formulate the residuals (  ) equal to all the applied load,        , 

components. 

3. Calculate the forces from the current element stress and add the 

calculated results to the residuals (equation 6.3). 

4. All the fixed residuals and partial constrained nodes are to be reset to zero. 

This resetting restricts both the residuals and partial constrained nodes 

moving in the constrained direction. 

5. Calculate all nodal velocities components and update the geometry (node 

coordinates) using Step 2 and 3. Calculate the current kinetic energy (KE) 

of entire system  at    . 

6. If current kinetic energy is lower than previous    , return to step 3. 

7. If current kinetic energy is higher than previous      apply small 

corrections to all node coordinates corresponding to the true kinetic 

energy peak time (Figure 6.5). 

8. Repeat the calculation process from step 1 until the structure is in the 

static equilibrium (low kinetic energy and nodal residuals).  

 Steps 3-6 are performed at each iteration and step 1-8 are executed between 

energy peaks [90-91]. In Figure 6.5, the energy peak A is an early kinetic energy that 

corresponds to high frequency modes due to large unbalance forces in the boundary 

[90-91]. The energy peak B corresponds to the overall structural form at low frequency 

modes (which are normal to the changing surface after those modes in energy peak A 

have been damped out substantially [90-91]). The energy peak C occurs rapidly and 

corresponds to a slight in plane motion to complete the convergence [90-91]. 

  
Figure 6.5: Kinetic Energy Plot Pattern of Dynamic Relaxation [90-91]. 
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6.3.4 Implementation 

Abaqus/Explicit provides two options for users to execute the relaxation process [49-

50] on membrane elements only.  

I. Defining the reference mesh through element numbers and coordinates of all the 

element’s nodes (Input File Keyword: TYPE=REF COORDINATE). 

II. Defining the reference mesh through node numbers and coordinates of the 

nodes (Input File Keyword: TYPE=NODE REF COORDINATE). 

For the first option, the keyword of TYPE=REF COORDINATE specifies the 

reference mesh of all initial metric for membrane elements through indicating the 

element numbers and the coordinates of all the element’s nodes. All elements are 

assumed located on one plane, therefore it’s easy to define material orientation under 

this option and is more general in use.  

On the other hand, for the second option, the keyword TYPE=NODE REF 

COORDINATE is used to specify the reference mesh of all initial metric for membrane 

elements through indicating node numbers and the coordinates of each node. The user 

needs to define the specific material orientation (for instance, direction) under this 

keyword and this option usually applies when the user wants to assign a specific 

material orientation on a fully folded geometry in which the elements have laid in 

different planes [115]. 

These options are useful to reconfigure or remove the wrinkles that occur during 

the folding process. The reference configuration may be suitable to be defined from an 

unstressed mesh model because the corresponding folded mesh may need the initial 

state to define the folded state [115]. Based on the material definition, the nonzero 

stresses and strains may occur if the reference configuration was defined differently 

from the initial configuration. The initial stress and strain of the model are calculated to 

constitute the governing deformation from the reference to the initial configuration [115]. 

However, the initial stress or strain conditions of a specific element are neglected if the 

reference mesh is indicated for that specific element [115]. Also, Abaqus/Explicit allows 

users to control the amplitude of applying the load the stresses/forces gradually and 

smoothly by assigning the value of scale factor [115]. 
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6.4  Evaluation of Relaxation on Unconstrained Folded Plug 

 A simple evaluation has been conducted to show the importance and necessity 

of applying the dynamic relaxation process to the model during deployment. The folded 

full-scale prototype shown in Figure 5.21 was used to perform an evaluation under 

unconstrained conditions. The test consisted of, first constraining one edge of the folded 

plug in a way that the nodes on line B of the folded plug were restrained from any 

translation but free to rotate (i.e. 3 translation DOF = 0 and 3 rotational DOF ǂ 0); then, 

the folded plug was inflated with mass flow rate of 20 m³/sec until its initial volume 

(151.7873 m³) was reached at the ninth second (Figure 6.6). Figure 6.6 illustrates the 

results of both models with and without dynamic relaxation. Both models reached the 

stable volume at approximately the ninth second; however, the model without relaxation 

(□) only reached 124.1695 m³ resulting in a loss of volume of approximately 18% with 

respect to the initial volume of 150 m³. The model that included relaxation reached the 

initial condition volume. Furthermore, the model that included dynamic relaxation did not 

show distorted elements as illustrated in Figure 6.7. The model without relaxation 

remained distorted at the moment of reaching its maximum volume as illustrated in 

Figure 6.8. This was considered an unacceptable result and demonstrated the 

importance of including dynamic relaxation to restore the original shape and volume 

during the inflation. 

.    
Figure 6.6: Evaluation of influence of relaxation through volume comparison. 
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Figure 6.7: Model with Dynamic Relaxation @ t=25 sec in Figure 6.6. Deformation 
Scale Factor = 1.0. 

 

Figure 6.8: Model without Dynamic Relaxation @ t=25 sec in Figure 6.6. 
Deformation Scale Factor = 1.0. 

 

6.5  Relaxation Process on Folded Plug in Storage Position 

 A rigid plane was created to represent the gate that encloses the storage area 

before the relaxation begins. In this way, the folded plug then can be placed freely 

within the storage area without unfolding during relaxation process. The keyword 

TYPE=REF COORDINATE was chosen to be applied in the model since the material 



113 
 

orientation was previously defined in the material properties included in the scripting file. 

In the simulation, the rigid plane pushes and closes the storage area when relaxation 

simulation commences as shown in Figure 6.9 and Figure 6.10. Figure 6.11 shows the 

result of the relaxation simulation after it was completed.  

 

Figure 6.9: Rigid plane before closing the storage area. 

 

Figure 6.10: Rigid plane after closing the storage area. 

 

Figure 6.11: Folded plug after implementation of dynamic relaxation. 
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 From Figure 6.12, it can be seen how the folded inflatable was restored back to 

96% of its initial area (3.6834 m²) of membrane elements within the storage area 

(Figure 6.1) which limits the relaxation process. In Figure 6.13, there is a spike of the 

difference percentile between kinetic energy and internal energy when the rigid plane 

pushes the plug into the storage area. The difference percentile of entire relaxation 

process is less than 0.5%. Figure 6.14 is the individual plot of kinetic energy of same 

simulation that shown in Figure 6.13. 

 
Figure 6.12: Restitution of Total Area in the Folded plug after relaxation. 

 
Figure 6.13: Evaluation of Energies during the Implementation of Dynamic 

Relaxation. 
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Figure 6.14: Evaluation of Kinetic Energies during the Implementation of Dynamic 

Relaxation. 

 The relaxation process will be also added the deployment simulation in order to 

minimize the kinetic energy, stabilize the simulation process, avoid the distorted shape 

shown in Figure 6.8, and restore the area of membrane elements in order to reach a 

value as close as possible to 100% when the plug is fully inflated inside the tunnel 

section. 

6.6  Summary 

A combination of translations, rotations and the action of gravity force were 

applied on the folded plug to place it into the storage area. This approach was 

successful as the results showed a model with no penetrations or inter-element 

intersections afterwards. The implementation of the relaxation process demonstrated to 

be necessary in order to avoid distortion and loss of volume. 

The inclusion in the model of a rigid plane representative of the gate allowed to 

close the storage area and delimited the available volume in which the folded plug had 

to accommodate after the application of the relaxation process.  

Although the folded plug was relaxed once within the enclosed storage area, the 

total area of membrane elements only restored to 96% of its initial configuration due to 

the limitation of enclosed storage area. Therefore, the relaxation process needs to be 
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executed again at the stage of deployment, otherwise, the final shape within the tunnel 

will be distorted, affecting the total area, volume, forces, strains, and stresses in the 

membrane as shown in Figure 6.8. 
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7 Full-Scale Prototype: Deployment 

7.1  Introduction 

 This chapter presents the simulation of the sequence of deployment of the folded 

full-scale prototype. It includes the parameters that were necessary to define and adjust 

in order to obtain results representative of the actual deployment observed 

experimentally. The sequence begins with the folded inflatable packed in the storage 

area as described in the previous chapter. When the holding gate opens, the inflation 

begins, the plug falls out from the storage area, and the folded plug starts to unfold 

initially by its own weight and by the dynamic force of the fall. The inflation continues the 

unfolding process while the plug lies on the tunnel floor until it reaches the opposite wall 

and ceiling of the tunnel section, completing the positioning of the plug inside the tunnel 

sections.   

 The development of the deployment simulation required to take several factors 

into account such as boundary conditions, effect of gravity force, relaxation, friction 

coefficients, material properties of fabric, inflation methodology, properties of the 

inflation fluid, and the inclusion of passive restraining mechanisms for sequential 

deployment of the membrane material in order to achieve acceptable levels of global 

and local conformity. 

 The following sections details the purpose of including those factors in the 

simulation and how they influenced the performance of the deployment. 

7.2  Initial Configuration Before Deployment 

As described in the previous chapter, the folded plug was placed in the storage 

area as illustrated in Figure 7.1. In this configuration, the folded plug lies on the base of 

the storage area under the effect of its own weight. A virtual gate holds it up until the 

deployment sequence is activated. The folded plug is connected to the tunnel section at 

Line B, described previously, and the nodes of this line are fixed in the X, Y, and Z 

directions as defined during the placement and relaxation stage. This boundary 

condition represents the ties that fasten and restrain the actual plug to the tunnel 

section  and are assumed to be unbreakable during the deployment simulation. Gravity 

force and dynamic relaxation are applied on the folded plug from the very beginning of 
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the simulation. The gravity force produces the fall of the plug when the virtual gate 

opens and the relaxation is used to ensure that the surface of folded plug will restore to 

its original area at the end of the deployment. The tunnel section is assumed to be a 

rigid body fixed in X, Y, and Z direction, so it does not move when it interacts with the 

plug during  deployment.  

 

Figure 7.1: Initial position of the folded plug before deployment. 

 

From experimental results, the friction coefficient between plug and tunnel was 

estimated to be 0.19 [43] and self-friction to the plug itself is 0.21 [54]. These two values 

defined how the surface of the membrane interacts with itself and with the tunnel 

surface as the deployment develops in the simulation. The hard contact (explained 

previously in Chapter 2) was selected to be the contact method between parts.  

The material properties of the structural membrane consisting of a single layer 

fabric representative of the three-layer system (Table 7.1) are taken from Section 3.7.2 

and Table 3.3. These equivalent material properties are assigned to the membrane 

elements of the model. The solid areas representative of metal fittings used to connect 

the inflation devices have no material properties and they are represented by rigid body 

elements. 
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     Table 7.1: Material Properties of Equivalent Membrane 

Direction Material Properties Material #4 Stress-Strain Graph 

1 

Tensile Strength, T11 

 (MPa) 
258.5534 

 

 11= 0.1 

 22= 0.1 

Compressive Strength, T22 

 (MPa) 
25.8553 

2 

Tensile Strength, T11 

 (MPa) 
258.5534 

Compressive Strength, T22 

(MPa) 
25.8553 

7.3  Inflation Methodology 
7.3.1 Introduction to Inflation Algorithms 

 For several years the automotive airbag industry has been using the Finite 

Element Method to simulate the deployment of airbags under various conditions [115]. 

The deployment algorithms can be categorized into three different types: the Control 

Volume Algorithm, the Eulerian-Lagrangian Interaction Algorithm, and the Meshfree 

Algorithm. 

 The Control Volume Algorithm is defined by the scalar thermodynamic equations 

which assume that the gas contained in the chambers is an ideal gas and the 

formulation of gas flow does not implement a discretization method during the 

calculations [119]. Wang and Nefske [120] were the pioneers of this concept and 

developed the algorithm in the late 1980s (well-known later as the Uniform Pressure 

Method, UPM). Some of the advantages of this method are the easiness of 

implementation, the relatively low computational cost, and robustness of the simulation. 

However, this simplified algorithm is not able to simulate local fluid effects because the 

formulation does not involve the equations of fluid dynamics that describe the 

movement of fluid  [119]. 

The Eulerian-Lagrangian Interaction Algorithm uses a combination of both the 

Eulerian algorithm and the Lagrangian algorithm to capture the dynamic effects of the 



120 
 

simulation in a more precise manner than the UPM does. In general terms, the 

Lagrangian grid can be deformed and moved with the material, while the Eulerian mesh 

is fixed. A mesh smoothing is performed because the boundary of the Lagrangian 

domain is taken to represent the actual interface between the Lagrangian reference grid 

and the Eulerian frame mesh. Afterwards, the solution of a deformed mesh will take 

place on the smoothed grid. The grid of the Lagrangian algorithm and the Eulerian 

algorithm illustrated in Figure 7.2(a) are used to discretize the deforming penetrator 

(airbag) and the fixed target (gas flow), respectively [115, 121-124]. The two most 

popular simulation methods that have been developed from the concept of the Eulerian-

Lagrangian Interaction Algorithm and used by the airbag simulation industry are the 

Coupled Eulerian Lagrangian (CEL) method [125-126] and the Arbitrary Lagrangian 

Eulerian (ALE) method [127-129]. Since the step time of this algorithm cannot be 

arbitrary large, the computational cost to solve a step is approximately two to five times 

higher than the Lagrangian step time [130]. 

  

Figure 7.2: (a) Eulerian Lagrangian Interaction Algorithm [119] and (b) Meshfree 
Algorithm [120] 

 

A meshless and gridless finite element concept called Meshfree algorithm was 

developed in order to avoid the grid tangling of grid-based algorithms (Lagrangrian and 
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Eulerian) in simulations involving large deformations [131-134]. In this algorithm the 

particles of gas are defined by freely positioned Lagrangian nodes which contain 

velocity, density, pressure, and temperature. The particles use interpolation points and 

a weighting function to calculate the physical variables based on the data available from 

surrounding particles, as schematically illustrated in Figure 7.2(b) [115, 121-124].  

Meshfree algorithms such as the Smoothed Particle Hydrodynamics (SPH) [131, 132], 

or the Finite Pointset Method (FPM) [133], and the Corpuscular Method (C Method) 

[134] were developed for different purposes and usages. However, the Meshfree 

algorithms are still considered as an immature approach (mainly because of problems 

with stability, consistency, and conservation) compared to the grid based Eulerian and 

Lagrangian algorithms [123].  

The complexity of implementation of the Eulerian-Langragian algorithm, as well 

as the limitations of the Meshfree method, led to the adoption of the Uniform Pressure 

Method for the simulations carried out in this work. The capability of reproducing the 

actual deployment behavior with relatively low computational cost and high accuracy is 

also one of the main factors that led to the use of the UPM as inflation method. Further 

details on the formulation and implementation are presented in Section 7.3.3. 

7.3.2 Assumptions for the Deployment Simulation 

Most of the pre-simulation conditions of the full-scale prototype are similar to the 

ones that are typically applied to airbag’s simulations [53-68]. However, additional 

assumptions have been made to define and simplify some of the conditions of the 

simulation based on the behavior observed during actual deployments of full-scale 

inflatables used for protection of tunnels [58]. These assumptions include:  

 Gravity force is applied on the entire plug along the Z-axis from the beginning to 

the end of the simulations (Figure 7.1). 

 There is no other gas than air at ambient temperature of 80°F and ambient 

pressure of 1.0133 MPa used to inflate the plug. 

 The volumetric values of air flow and inflation time are based on experimental 

results; the values used for the simulations are 0.8495 m³/sec (1800 ft³/min) and 

200 seconds (3.33 minutes) [58], respectively. 
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 The fabric is assumed to be impermeable. Therefore, no leakage event will be 

considered in this simulation. Literally, there will be zero outgoing air from the 

plug and the efficiency of the air inflow is 100% during the inflation process. 

 Inflow air behaves as an ideal gas without heat transfer into the fluid cavity 

(adiabatic process). 

 The air is assumed to be transferred into and within plug through an orifice which 

has a discharge coefficient of 1.0. 

 The incoming air enters into the plug through the chamber with the inflation 

fittings. Section 7.3.7 explains how the fluid flows within the chambers.  

 The relaxation process applies to the model during entire deployment simulation. 

 The chamber walls are used to calculate the volume of fluid within the plug only 

and do not have physical contact to any solid part in the model. 

 The nodes connecting the plug to the tunnel section are fully constrained through 

boundary condition settings on the tunnel wall. 

 As mentioned previously, the friction coefficient between plug and tunnel is 0.19 

[59] and fabric to fabric is 0.21 [60]. 

7.3.3 Uniform Pressure Method 

The Uniform Pressure Method (UPM) was the approach selected to perform the 

inflation simulation of the full-scale prototype. The implementation of this method is 

relatively simple and involves a relatively lower computational cost when compared to 

more sophisticated methods described in previous sections [119]. Wang and Nefske 

[120] developed the UPM based on the ideal gas law and assuming an adiabatic 

process to determine the pressure of pneumatic fluids within a domain (chamber) as a 

function of density. The absolute pressure is determined by: 

 ̃                    (7.1) 

where the absolute pressure,  ̃, can be also expressed as  

 ̃                  (7.2) 
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where    is ambient pressure,   is gas constant,   is current temperature,    is 

absolute zero on the temperature scale being used. The gas constant,  , can be 

defined by the universal gas constant,  ̃, and the molecular weight,    as: 

  
 ̃

  
           (7.3) 

The change of inflating fluid mass in the fluid cavity,  ̇ consists of three components, 

 ̇   ̇    ̇             (7.4) 

where  ̇   is mass rate conveyed into the fluid cavity domain of the internal plug and 

 ̇    is the mass rate that exits from the fluid cavity domain of the internal plug [114]. 

Assuming an impermeable fabric and the absence of leakages on the surface of the 

fabric during the inflation, the change of inflating fluid mass in the fluid cavity can also 

be simplified as the mass flow rate conveyed into the fluid cavity domain directly. That is 

 ̇   ̇             (7.5) 

Abaqus/Explicit computes the fluid temperature from the predefined temperature 

at the cavity reference node and from conservation of energy in an adiabatic process. 

Therefore, no heat transfer activity will be expected during the transferring of inflating 

fluid mass. The first law of thermodynamics is used to calculate the energy of fluid 

cavity [43] and the energy equation of fluid cavity at time   can be written as, 

     

  
  ̇       ̇         ̇   ̇       (7.6) 

where  ,  ,    ,     ,  ̇ , and  ̇  denote the mass of fluid cavity, specific energy, 

specific enthalpy into fluid cavity, specify enthalpy out from fluid cavity, work done by 

the fluid cavity expansion, heat energy flows out through the surface of fluid cavity, 

respectively [43]. Equation 7.6 can be simplified to 

     

  
  ̇        ̇   ̇         (7.7) 

where the work done by the fluid cavity expansion,  ̇    ̇ , can be replaced by 

pressure,  , and volumetric flow rate of fluid cavity,  ̇. The specific energy,  , can be 

expressed as 

      ∫        
 

  
         (7.8) 
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where   ,   , and    indicate the initial specific energy, initial temperature, constant 

volume heat capacity, respectively. Also, the equation of specific enthalpy of fluid cavity, 

 , can be stated as 

      ∫        
 

  
         (7.9) 

where    is the initial specific enthalpy at the initial temperature and    is the constant 

pressure heat capacity. Both constant volume and pressure heat capacities are 

depending only upon temperature for an ideal gas [43]. 

 To model an adiabatic process for the ideal gas, the constant pressure heat 

capacity,  , need to be defined. The polynomial form of the Shomate equation is 

implemented to calculate the molar constant pressure heat capacity,  ̃  [135]. According 

to the National Institute of Standards and Technology [135], the polynomial form of the 

molar constant pressure heat capacity can be expressed as:  

 ̃   ̃   ̃   ̃    ̃   
 ̃

          (7.10) 

or  ̃   ̃   ̃        ̃         ̃        
 ̃

       
 [43]   (7.11) 

where          has units of temperature (Kelvin)/1000, the values of coefficients  ̃, 

 ̃,  ̃,  ̃, and  ̃ are constants. The physical properties of air used for the models are listed 

in Table 7.2. Then, the constant pressure heat capacity can be computed by  

   
  ̃

  
           (7.12) 

and the constant volume heat capacity can be obtained by 

                  (7.13) 

One of the main simplifications of the UPM is that it assumes that the internal pressure 

of the plug is constant at any time step. This simplification reduces the computational 

cost. However, the local gas motion cannot be represented by the constant pressure 

algorithm [119]. 
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    Table 7.2: Physical Properties of Air [136-139]. 

Symbols Description Value Unit 

   Molecular Weight 
28.97 

  

    
  

28.97 
   

     
  

 ̃ 

Coefficients of Shomate Equation 

28.11 
  

      
  

62686.2035 
      

       
  

 ̃ 

0.1967E-02 
  

      
  

2.4363 
      

       
  

 ̃ 

0.4802E-05 
  

      
  

3.3057E-03 
      

       
  

 ̃ 

-1.966E-09 
  

      
  

-7.52E-07 
      

       
  

 ̃ 

0.0 
  

      
  

0.0 
      

       
  

 ̃ Universal Gas Constant 
8.3143 

  

      
  

18540 
      

       
  

  Current Temperature 
273-1800    
491-3240    

   Absolute Temperature 
0.0    
0.0    

   Ambient Temperature 

299.8167    

539.67    
80    

26.6667    

   Ambient Pressure 
1.01325     

14.7     

     Density of Air 

1.229       

4.4256E-05         

1.1464E-7 
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7.3.4 Multi-Chamber and Fluid Exchange Setup 

The advanced automotive airbags are developed using multiple chambers in 

order to control the inflation shape and speed [143-144, 147]. The multiple chambers of 

an airbag can be inflated with a pre-determined order at a pre-determined speed in 

order to protect a the passenger [143]. In order to have a full continuity of gas flow from 

one chamber to the other without any restriction, Lienard and Lefevre [145] proposed to 

create four chambers linked to each other and to use material-less shell elements as 

chamber walls to create partitions between chambers in a rolled inflatable tube model 

(Figure 7.3). Slade et al. [146] divided an airbag simulation model with 6 chambers by 

using impermeable radial diaphragms as chamber walls to allow more differential 

inflation strategies to handle various landing situations on Mars (Figure 7.4). 

  

Figure 7.3: Definition of multi-chamber in an inflatable tube [145]. 

 

Figure 7.4: Definition of multi-chamber in an inflatable modeled by Slade et al. [146]. 
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For the work developed in this dissertation, a multi-chamber approach was used 

to define the direction of fluid flow inside the plug since the gas motion inside the plug 

cannot be simulated by the Uniform Pressure Method [140-141]. The flow direction 

inside the plug needed to be defined in order to improve the deployment behavior thus 

making it more similar to reality. The multi-chamber approach with fluid flowing between 

chambers through holes or fabric leakage has been implemented in other fluid-filled 

systems such as automotive airbags [43]. The multi-chamber approach consists of 

dividing the single physical domain of the plug  into multiple chambers using fictitious 

walls to obtain a gradient of pressure across the physical domain [43]. The fictitious fluid 

flow or leakage mechanisms can be defined through fictitious holes in the internal walls 

to replicate actual deployment behavior [43]. Abaqus uses the surface facet geometry 

(fictitious walls in this case) and the cavity reference node to calculate the volume of the 

fluid cavity that interacts with the internal surface facet geometry of a chamber. The 

surface facet geometry of the chamber is constructed by surface elements [43]. 

Surface elements are placed on facets, edges, or ends of elements. The 

elements can be defined as deformable or rigid according to the characteristics of the 

surface. The surface can be partially deformable and partially rigid when deformable 

surface elements have been assigned underlying a surface of a rigid body [43]. Abaqus 

can compute the contact stress acting on the surface by associating the surface area 

with each node when surface elements are used in a mechanical contact analysis [43]. 

Besides defining the fluid cavity for each enclosed chamber, the appropriate fluid 

exchange definition needs to be included to connect the fluid cavities together to 

perform a multi-chamber approach [43]. Fluid exchange definitions are implemented to 

model the transfer between two fluid cavities or between a single fluid cavity and its 

environment either as a prescribed function or based on the pressure difference arising 

from analysis conditions [43]. The flow between a fluid cavity and its environment in the 

model represents the air flow coming from the air hose connected to the plug through 

the fitting ports installed in the actual prototype. On the other hand, the flow within the 

plug can be determined as the transfer between two fluid cavities. 

The flow between a single fluid cavity and its environment can be defined as the 

relationship between the single reference node with the primary cavity [43]. The flow 
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can be designed to transfer into or out of the primary cavity when it is defined as a 

prescribed function [43]. The material properties of the flow going in are assumed to be 

the instantaneous material properties in the cavity itself [43]. The heat energy flow can 

be either into or out of the primary cavity but the mass flow can be only out of the 

primary cavity, based on instantaneous analysis conditions [43]. Abaqus/Explicit defines 

the flow behavior based on mass flow rate or heat energy flow [43]. Abaqus determines 

the mass flow rate by using the fluid cavity pressure and specified constant ambient 

pressure to calculate the pressure difference for the case of mass flow [43]. 

Furthermore, Abaqus defines the heat energy flow rate by using the fluid cavity 

temperature and the specified constant ambient temperature to calculate the 

temperature difference for the case of heat energy flow [43]. 

The flow between two fluid cavities can be defined by associating the reference 

nodes with the primary and secondary fluid cavities [43]. The fluid flows from high 

(upstream) pressure cavity to low pressure cavity and the heat energy flows from high 

(upstream) temperature to low (downstream) temperature, based on instantaneous 

analysis conditions [43]. 

The mass flow is assumed to be one-dimensional, quasi-steady, and isentropic 

flow (adiabatic and reversible) through an orifice [43, 142]. The equation of mass flow 

rate associated to an orifice can be expressed as follows, 

| ̇|    
 ̃ 

√       
√   

   
  

 

   
   

          (7.14) 

where   is the dimensionless discharge coefficient,   is the orifice area,   is the 

temperature in the upstream fluid cavity,    is the absolute temperature,   is the ratio 

between the constant pressure heat capacity and the constant volume heat capacity 

(  
  

  
), and  ̃  is the absolute pressure in the upstream fluid cavity [43]. The pressure 

ratio,  , can be determined as, 

  
 ̃

 ̃ 
            (7.15) 

where  ̃ is the absolute pressure in the orifice. The critical pressure,   , associated with 

the absolute pressure in the upstream fluid cavity at which choked flow occurs for 
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adiabatic conditions (the mass flow rate increases when the upstream pressure 

increases or the upstream temperature decreases). The critical pressure can be 

expressed as 

    ̃  
 

   
 

 

               (7.16) 

The absolute pressure in the orifice,  ̃, is given by 

 ̃                           (7.17) 

 ̃                           (7.18) 

where    is the ambient pressure of a single fluid cavity for flowing out or the 

downstream cavity pressure for transferring between two fluid cavities. The value of the 

dimensionless discharge coefficient can be calculated as the function of the absolute 

upstream pressure, temperature, or any user-defined field variables [43]. 

 Abaqus/Explicit is capable of modeling the flow characteristics and the position of 

inflators used for the deployment of inflatable structures [43]. The inflator can be used to 

inflate a fluid cavity that represents the actual inflator used as airbag supplemental 

restraints systems [43]. The inflator also can be used to inflate a fluid cavity with a 

mixture different ideal gas [43]. The simulation output of mass flow rate can be identified 

using inflator feature and the activation timing can be controlled through inflator during 

the inflation analysis [43]. The mass flow rate and temperature are the inflator properties 

which associate with the function of inflation time directly [43].  

7.4  Volume Flow Rate Verification 

In order to verify the physical properties of air listed in Table 7.2, the full-scale 

prototype was inflated in constrained conditions and the resulting volume was compared 

to the volume obtained for an unconstrained inflation. The volume for an unconstrained 

inflation is approximately 150.898 m³ (39863 gallon, 5329 ft³) and the time to reach such 

volume during the experiments was nearly 180 seconds [58]. The inflation process in 

this verification model under constrained conditions lasted for 180 seconds and the 

volume reached for that time was compared to the volume corresponding to an 

unconstrained inflation. It is expected that the constraining effect of the tunnel section 
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will prevent reaching 100% of the volume corresponding to an unconstrained condition, 

but that effect should appear only in the final stage of the inflation. 

The FE model was set to have volume flow rate of 0.8495 m³/sec (1800 ft³/min) 

of air flowing into the plug during the inflation process as it was in the physical tests [58]. 

The simulation requires a mass flow rate in order to complete the calculation of energy. 

Then, the mass flow rate can be calculated from volume flow rate as, 

Volume flow rate of air,  ̇ = 0.8495 m³/sec 

    =  ̇ /      

   =  ̇   /      

Mass flow rate of air,  ̇   =  ̇       

= 0.8495 m³/sec   1.229 kg/m³ 

= 1.0440 kg/sec = 2.2942 lbm/sec 

In order to compensate the dynamic response of mass scaling (introduced for 

computational cost reduction purposes discussed in Chapter 5) and resistance of gas 

stream due to narrow bridges between chambers [144], a scale factor needs to be 

implemented into the mass flow rate [145]. The scale factor (  ) of inflation flow rate can 

be defined as the ratio between the theoretical output of mass flow ( ̇           ) and the 

numerical output of mass flow ( ̇         ) as follows: 

 Scale factor,    
 ̇           

 ̇         
        (7.19) 

Figure 7.5 shows the evaluation of the volumetric flow rate for three different 

models: unconstrained plug, constrained plug without scale factor, and constrained plug 

with scale factor. The unconstrained plug had a mass flow rate increment of 0.8495 

m³/sec and achieved the original volume (approximately 150 m³) in the expected time 

(approximately 180 seconds), while the constrained plug without scale factor reached 

only nearly 45 m3, which corresponds to error of 66.5%.  

Using the average difference volumetric flow rate from the model of constrained 

plug without scale factor, a scale factor,   , of 3.4578 is implemented into the mass flow 

rate of air and the difference of volumetric plot line has reduced to 2.8% before the plug 

starts to be constrained in the tunnel, around the 100th second.  
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The efficiency of volumetric flow rate is assumed to be 100% and no fabric 

leakage for all these three models. Then, for the deployment simulation, the volume flow 

rate of 0.8495 m³/sec with scale factor,   , of 3.4578 will be used to define the flow rate 

of air during inflation. 

 
Figure 7.5: Flow rate verification. 

7.5 Passive Restraining Mechanism 

As previously mentioned in Chapter 5, a passive restraining mechanism 

consisting of multiple ties were installed in the surface of the inflatable during the folding 

process. The purpose of this ties was to produce a sequential release of membrane 

material in order to improve the level of local conformity in the upper region of the tunnel. 

Fifteen ties were used to connect the edges of the folded plug defined by line C and line 

D (see Figure 5.1). Each tie has a nominal tensile strength of 778.4387 N (175 lbf), an 

elongation of 20.32 mm (0.8 in), which provides an elastic constant of 38.309 N/mm 

(218.75 lbf/in). Both tensile strength and elastic constant need to be scaled by 386 in 

order to achieve force equilibrium at the stage of deployment since the mass scaling 

factor of 386 (Chapter 5) has implemented into the model initially. 
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The ties were represented by connector elements previously described in 

Chapter 2. The ties are assumed to have translational degrees of freedom during the 

deployment simulation. In order to reduce the complexity of the model, a simplified 

approach of connection was selected to represent and replicate the deformation 

behavior of the ties. The connector element CONN3D2 and the simplified translational 

basic connection component denominated AXIAL were selected.  

The elastic connector behavior uses the spring stiffness of  to define the elasticity 

of the connection, 

                                    (7.20) 

where    is the force in the   component of relative motion,     is the spring stiffness 

matrix components, and    is the displacement or rotation in the   direction [42-43]. The 

numerical elastic stiffness (force per relative displacement with scale factor of 386) used 

in the models is 14787.274 N/mm (84437.5 lbf/in). 

The failure of a connector releases  the relative motion based on failure criterion 

in terms of relative position, force, or moment in the direction of the component. The 

failure force with scaled factor of 386 used to define the breaking point of a connector 

element in the model is 300477.3382 N (67550 lbf). 

7.6  Modeling of Deployment 

This section describes the model implemented for the deployment of the full- 

scale prototype. The evaluation of the effect of the passive restraining mechanism on 

the deployment behavior is analyzed. The level of local conformity is evaluated by 

computing the contact area between plug and tunnel wall. The effect on the deployment 

behavior of directing the air flow within plug is compared with the available experimental 

data reported in [58]. All these parameters were adjusted in order to reproduce 

experimental results. Figure 7.6 shows a sequence of an actual deployment of a full-

scale prototype tested in the WVU testing facility [58]. 
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1.  6.  

2.  7.  

3.  8.  

4.  9.  

5.  10.  

Figure 7.6: Actual deployment of a full-scale prototype performed at the WVU 
testing facility [58] 
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The folded plug in storage position, described in Chapter 6, was used as starting 

point of the deployment simulation. Several models were generated considering 

different conditions in order to evaluate their influence in the performance of the 

deployment. The test plan showing various deployment conditions is summarized in 

Table 7.3. 

     Table 7.3: Test Plan of Deployment Simulations. 

Deployment # Connector Elements Air Flow Directed 

1 No No 

2 Yes, without mass scaling No 

3 Yes, with mass scaling No 

4 Same as Deployment 3 Yes 

 

All the deployment models summarized in Table 7.3 have the same properties of 

air indicated in Table 7.2, the same verified volume flow rate of air described in Section 

7.4, and the inflation time lasts for 200 seconds which is similar to the inflation time 

obtained experimentally (180 seconds) [58]. The extra simulation time is to allow 

stabilization of the inflatable once it reaches the final position within the tunnel section. 

Figure 7.7 shows the individual chambers separated by the chamber walls that were 

created inside the plug. In this model the inflation port is located in Chamber 2. 

 
Figure 7.7: Position of chamber walls. 
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The folded plug in Deployment #1 does not include connector elements 

representative of ties to control the release of material as described in Chapter 5. 

Moreover, the air flow is not directed within the plug. When the air flow is not directed, 

the air fills up the plug evenly, spontaneously, and immediately once it enters into 

Chamber 2, as illustrated in Figure 7.8. The uniform pressure is calculated and applied 

on the entire internal surface of the plug when the air flow is not directed within the plug.  

 

Figure 7.8: Undirected air flow schema (Deployments #1, #2, and #3). 

 Deployment #2 included fifteen connector elements placed as described in 

Chapter 4 and the elastic stiffness and failure strength are 38.309 N/mm (218.75 lbf/in) 

and 778.4387 N (175 lbf), respectively. As mentioned in session 7.5, a scale factor of 

386 was applied to the elastic stiffness and failure strength of connector elements in 

Deployment #3 in order to compensate the dynamic response associated to the mass 

scaling factor. The connector elements in Deployment #3 included a scaled elastic 

stiffness and a scaled failure force of 14787.274 N/mm (84437.5 lbf/in) and 

300477.3382 N (67550 lbf), respectively.  

Deployment #4 is basically taken from Deployment #3, but with a specific fluid 

exchange design to direct the air flow within the plug. From Figure 7.9, the air fills up the 

first half (from Chamber 1 to Chamber 3) immediately after entering into the plug. After 

this initial step, the second half (Chamber 4) of the plug starts inflating at the 20th 
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second. The time of fluid exchange in the simulation was adjusted based on 

observations of the actual deployment behavior. The inflation time range of the 15th~20th 

second is typical timing that worked well to replicate the deployment nearly to the actual 

inflation. As the actual deployment shown in Figure 7.4 (1) and (2), half of the plug is 

pinched under the weight of fabric up to 20 seconds or more and the bottom of plug 

started filling up at the 33rd second (Figure 7.4 (3)). So, it is unreasonably to expect 

pressure to reach the pinched part. However, a FE model without chambers or extreme 

narrow bridges between chambers would put pressure everywhere within the internal 

surface uniformly. 

 

Figure 7.9: Directed air flow schema (Deployment #4). 

7.7 Results 

As reference, Figure 7.10 shows details of local conformity and position of 

wrinkles obtained experimentally at WVU [58]. Local conformity at different critical 

places such as corners and transitions is illustrated in Figure 7.10(a). This image shows 

a successful case of local conformity because the membrane of the plug is not bridging, 

and therefore is not leaving open gaps, in all the critical spots. Figure 7.10(b) displays 

the position of a longitudinal wrinkle on the wall after implementation of the passive 

restraining mechanism which led to better local conformity in the upper portion of the 
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tunnel section. These results are used as a points of comparison with the results of the 

FE models.  

 

 
Figure 7.10: Actual deployment. (a) Front view with details of local conformity, 

and (b) Wrinkle view from the interior of the plug. 
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Figures 7.11 to 7.14 display the detailed of local conformity of each deployment 

case summarized in Table 7.3 at the end of the inflation (200th second). Longitudinal 

cuts of the deployed plug show the location of wrinkles for the different cases.  

Simulation results show that the local conformity of Deployment #1 leaves at 

least three visible bridging spots at critical corners and also accumulates wrinkles at one 

corner of the floor (Figure 7.11). Deployment #2 predicted slightly less wrinkles and 

shows two visible bridging spots compared to Deployment #1 (Figure 7.12). In 

Deployment #2, the implementation of the connector elements into the model seems to 

be helping in driving more material to the upper part of the tunnel and therefore helping 

to reduce the amplitude of the bridging in corners. 

Deployments #3 (Figure 7.13) and #4 (Figure 7.14) for which the strength of the 

connector was scaled by a factor of 386, do not show any visible bridging spot at the 

critical corners. However, Deployments #3 and #4 do have small longitudinal wrinkles 

that occurred on the tunnel wall instead of corner of floor when compared to 

Deployments #1 and #2. These results are indicative that the connectors are now 

working and driving up the membrane material of plug from the floor to the vertical walls 

during the inflation. The excess of membrane material forms wrinkles on the tunnel wall 

instead of corner of the floor when the connector elements break at the 158th second, 

which is similar to what was observed experimentally [58]. 

The fluid exchange definition does not seem to affect the result of local 

conformity by comparing Deployment #3 and Deployment #4 (Figure 7.14), however, 

note that the wrinkle pattern obtained in Deployment #4 resulted similar to the 

experimental result illustrated in Figure 7.10. 

The occurrence of wrinkles is in part related to how the membrane material is 

distributed and driven during the deployment, but it is also function of the amount of 

oversizing left in the perimeter of the cylindrical portion of the plug during the 

manufacturing process to account for unforeseen elements in the tunnel that can add to 

the perimeter to seal, or for the non-uniformity of the deployment process that can lead 

to irregular distribution of membrane material.  
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Figure 7.11: Deployment #1. (a) Front view and (b) Wrinkle view. (Deformation 
Scale Factor = 1) 
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Figure 7.12: Deployment #2. (a) Front view and (b) Wrinkle view. (Deformation 
Scale Factor = 1) 
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Figure 7.13: Deployment #3. (a) Front view and (b) Wrinkle view. (Deformation 
Scale Factor = 1) 
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Figure 7.14: Deployment #4. (a) Front view and (b) Wrinkle view. (Deformation 
Scale Factor = 1)² 
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In order to quantify the level of global and local conformity of the plug to the 

tunnel section, the actual contact area was computed for each deployment. Abaqus has 

the capability of computing the contact area between two objects, which in this case 

corresponding to the inflated plug and the tunnel wall. Table 7.4 summarizes the contact 

area for each deployment case. The cylindrical portion of the plug is designed to have 

theoretical contact area of 71.9792 m² (774.7776 ft², see Chapter 4). This area should 

provide sufficient slippage resistance to handle an external force that will try to push the 

plug along the tunnel section that the plug itself is intending to seal [15]. 

 Table 7.4: Contact area after completion of deployment. 

Deployment 

 
1 2 3 4 

Unconfined Inflation 

Cylindrical Contact Area (m²) 
71.9792 71.9792 71.9792 71.9792 

Confined Inflation 

Simulation Contact Area (m²) 
81.5147 91.4914 95.2701 96.2740 

Contact Enhancement % +14% +27% +32% +34% 

Visible Bridging Spots 3 2 0 0 

 
Deployment #1 shows an increase of the contact area of 14% respect to the 

original design contact area, even though the model did not include any connector 

elements to drive up membrane material which created at least three bridging spots in 

the upper portion of the tunnel, as observed in Figure 7.11. The extra contact area is 

generated by the confining effect of the tunnel section on part of the hemispherical end-

caps which contributed to the increasing of the total contact area. The connector 

elements implemented in Deployment #2 failed earlier than expected. Still, the contact 

area increased to 27% and reduced the visible bridging spots to two at the critical 

corners. From the results of contact area, clearly the addition of connector elements has 

improved the local conformity by nearly duplicating the percentage of increase of 

contact area with respect to Deployment #1.  

Deployment #3 included connectors with scaled elastic stiffness and failure force. 

These connector elements broke at the 158th second and left no bridging spots.  

Deployment #3 has a contact enhancement of 32% with respect to the theoretical value. 
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Deployment #4 predicted a contact enhancement slightly higher 2% than Deployment 

#3. In Deployment #4, directing the air flow within the plug by opening the chamber 4 at 

20th second (Figure 7.9), did not produce obvious differences in the deployment of the 

plug when folded as described in Chapter 5. However, Deployments #3 and #4 are the 

closest to the experimental results. Unfortunately, the experimental contact area is not 

easily measurable and it is not available for comparison with the simulation results. 

Despite this is limitation, the simulation results show the advantage of using FE 

modeling to predict or estimate physical quantities that probably cannot be obtained 

directly from experimental results. 

The kinetic and internal energy as well as the total area of membrane elements 

were recorded for Deployment #4 during the inflation analysis. Figure 7.15 shows the 

plots of kinetic (  ) and internal (  ) energies as well as the ratio (
  

  
) between these two 

energies. The ratio of energies (
  

  
) shows spikes when the air pushes the folded plug 

away from one corner to the other (6.38% at t  10 sec) as well as the moment when 

ties are broken (3.43% at t  170 sec). However, the percentile of spikes is lower than 

10% and the average ratio percentile of entire inflation analysis is 0.18%. Figure 7.16 

shows the total area of membrane elements has successfully restored to 99.6% of the 

initial configuration at the end of the simulation. Once again, the inclusion of mass 

scaling and dynamic relaxation in the deployment simulations are considered successful.  

  
Figure 7.15: Energy Trace of Deployment #4 
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Figure 7.16: Area Restoration in Deployment #4. 

Figures 7.17 and 7.18 show the sequence of deployment for each case 

summarized in Table 7.3 compared to the experimental result. The air flow in 

Deployment #1, #2, and #3 is not directed, therefore, the plug is inflated uniformly and 

instantaneously once the inflation part has been activated. The fluid exchange timing in 

Deployment #4 has been specified to replicate the actual deployment behavior. 

However, the two half chambers along the y-z plane (Figures 7.7, 7.8, and 7.9) limit the 

model from creating the smooth air flow characteristic discretely. From the deployment 

result of Deployment #4, it is seen that the addition of more longitudinal chambers 

would help to replicate the actual deployment behavior even better.  
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 Experimental result FEM: Deployment #1 FEM: Deployment #2 
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Figure 7.17: Deployment behavior of Deployment #1 and #2. 
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 Experimental result FEM: Deployment #3 FEM: Deployment #4 
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6 

   
Figure 7.18: Deployment behavior of Deployment #3 and #4. 
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7.8 Summary 

Several factors needed to be identified and adjusted in order to build a complex 

model for Finite Element simulation of deployment of a full-scale inflatable structure 

within a tunnel segment. Such factors included definition of boundary conditions, 

direction of gravity force, relaxation, friction coefficients, material properties of 

equivalent fabric, inflation methodology, properties of fluid, and stiffness of tie used as a 

passive restraining mechanism. All these factors were described and implemented in a 

model of deployment of a folded inflatable structure. 

The Uniform Pressure Method (UPM) was selected as the inflation algorithm due 

to its reduced computational cost. The multi-chamber and the fluid exchange 

approaches were needed to extend the capability of the UPM in order to replicate the 

actual deployment behavior obtained from experimental tests at full-scale. 

The parameters of connector elements, representative of ties, were adjusted in 

order to reproduce a deployment behavior similar to what was observed experimentally. 

The two main reasons for using ties in the folded plug were: 

 To drive material from the bottom to the upper zones of the tunnel during the 

deployment in order to improve the levels of local conformity. 

 To have a sequential deployment in order to control the release of fabric 

material needed in critical areas of the tunnel such as corners and transitions. 

The deployment case without connector elements has the lowest increase of 

contact surface area, the most bridging spots, and the most wrinkles and accumulation 

of material at the corner of floor among all the cases. Furthermore, the contact 

enhancement percentage increases nearly up to 34% when the plug leaves no bridges 

in critical corners after completion of the deployment and inflation. 

The perimeter of the cylindrical portion of the plug was designed purposely to be 

oversized. This oversizing material was designed to be sufficient to take into account 

the potential manufacturing imperfections and unforeseen irregularities that the plug will 

have to conform around. The amount of oversizing material was kept constant at 

approximately 6% in this study.  

The occurrence of wrinkles is a consequence of two main factors: a) the 

oversizing left in the perimeter of the cylindrical portion on the plug after complete 
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deployment, and b) the ability of the inflation sequenced to drive and distribute 

membrane material uniformly around the contact perimeter. In this study, the location of 

wrinkles can be used to correlate the distribution and driving of the membrane material 

during the deployment. The location of wrinkles for Deployments #1 and #2 was 

accumulated at the bottom corner of the tunnel because the material was not driven up 

to the tunnel wall during the deployment. On the other hand, the location of wrinkles for 

Deployments #3 and #4 are observed at the wall of the tunnel because the passive 

restraining mechanism drove the oversizing material up to the ceiling and left minor 

wrinkles on the tunnel wall after the ties broke during the deployment.  

Again, the Uniform Pressure Method resulted suitable to replicate the actual 

deployment behavior which correlated very well with the experimental results at 

relatively minimal computational cost.  
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8 Full-Scale Prototype: Evaluation of Axial Slippage 

8.1  Introduction 

 This chapter presents the results of axial slippage tests performed on models of 

the full-scale prototype pressurized under confined conditions. The objective of the work 

presented in this chapter is to evaluate the slippage resistance under various load 

combinations. The simulation results described in previous chapters, including 

deployment and equivalent material properties were used as input information for the 

models presented in this chapter. 

 The simulation of induced axial slippage for different values of friction coefficients 

provided an estimation of minimum values that need to be available in actual 

applications of the RTP concept. 

 

8.2  Induced Axial Slippage: Model Setup 

 This section presents the minimum required parameters to create a model that 

can simulate an induced axial slippage test. The material properties of Material #4 (see 

Section 3.8.2 of Chapter 3) are used to represent the equivalent fabric. The friction 

coefficient between plug and tunnel is 0.19 [59] and between plug and plug is 0.21 [60]. 

As mentioned in Section 7.7, the total area of membrane elements has been restored to 

99.6% after completion of the deployment and inflation stage, therefore the relaxation 

process can be neglected during slippage simulations. The mass scaling was not 

implemented in the slippage simulations as well since the scaled mass of model would 

affect slippage results. The results of Deployment #4 presented in Chapter 7 have 

shown to have the best performance in terms of local conformity and maximum contact 

area, and therefore, they were selected as initial shape to perform the induced axial 

slippage simulations. 

The inflated plug under confined conditions is pressurized by a fluid that can be 

either water or air depending on the loading scenario. As described in Chapter 2, the 

fluid cavity is modeled to represent the physical characteristics and calculate the volume 
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of the selected fluid used for the simulations. Table 8.1 displays the physical properties 

of water and air used in the simulations. 

    Table 8.1: Physical properties of water and air. 

Material Propeties of Fluid 
Water at 277.15K 

(4°C, 39.2°F) 

Air at 293.15K 

(20°C, 68°F) 

Fluid Density 

kg/m³ 1000 1.205 

lbm/in³ 3.612E-2 4.3337E-5 

        

   
 0.94E-4 1.123E-7 

Fluid Bulk Modulus 
N/m² 2.15E9 1.42E5 (Adiabatic) 

lbf/in² 3.12E5 14.6488 

Fluid Expansion 
Coefficient 

/K 2.07E-4 3.43E-3 

 

The required internal (Pi) and external (Pe) pressures used for the simulations 

are 0.1172 MPa (17 psi) and 0.0797 MPa (11.56 psi), respectively. The induced axial 

slippage tests are modeled for two different conditions:  

I. Normal operating conditions at required pressures  

II. Assuming depressurization of the plug 

The pressurization event for normal operating conditions at required pressures is 

illustrated in Figure 8.1. For this condition, the internal pressure (Pi) increases until it 

reaches the maximum required pressure at the 1st second and then remains constant 

for the rest of the simulation. On the other hand, the external pressure (Pe) is applied on 

the rear hemispherical cap, as schematically illustrated in Figure 8.2, at the 4th second, 

then reaches the maximum design pressure at the 8th second, and remains constant for 

the rest of the simulation. 
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Figure 8.1: Pressurization event for normal operating conditions 

   
Figure 8.2: Pressurization Scheme for Internal and External Pressures. 

The sequence of pressurization and depressurization of the plug to induce 

slippage is illustrated in Figure 8.3. The pressure Pi is applied to the entire internal 

surface of the plug from zero pressure until it reaches the maximum inflation pressure at 

the 1st second and then remains constant for a certain period of time. The external 
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pressure (Pe) is then applied on the rear hemispherical end cap at the 4th second and 

reaches its maximum at the 8th second and then remains constant for the rest of the 

simulation. The scenario of plug depressurization (for example, due to a leakage in the 

fabric), starts at the 12th second with the internal pressure reducing at 0.001875 

MPa/sec gradually until it finally matches the external pressure at the 32nd second. Then, 

both internal and external pressures remain constant until the plug slips or not, 

depending the friction coefficient assigned to the system. 

 
Figure 8.3: Sequence of pressurization and depressurization to induce slippage 

of the plug. 

 Four loading scenarios were simulated following the pressurization sequence 

shown in Figure 8.3. Each one included combinations of fluid properties and different 

friction coefficients. The internal or plug pressure is applied in two ways: 1) A uniform 

pressure is assumed to be produced by compressible gas (air) that occupies the volume 

of the plug; 2) A hydrostatic pressure is assumed to be generated by water contained 

within the plug. The external pressure (Pe) also follows either a uniform or a hydrostatic 

distribution applied toward the external surface of the membrane in the rear 
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hemispherical end-cap. The details of the pressure distribution were presented in 

Chapter 2.  

The loading scenarios are summarized in Table 8.2. Loading scenario #1 

includes internal pressure as hydrostatic load with physical properties of water and 

external pressure as hydrostatic load. This loading scenario is the testing scenario that 

was implemented experimentally at WVU [58]. Loading scenario #2 assumes internal 

pressure as uniform pressure with physical properties of air and external pressure as 

hydrostatic load. Loading scenarios #1 and #2 are feasible field scenarios. Loading 

scenarios #3 and #4 are unlikely field scenarios but included to complete the 

combinations of the modeling plan. These last two scenarios are assumed to have 

uniform pressure applied on the rear hemispherical end-cap of the plug, while an 

internal hydrostatic and a uniform pressure are applied with water and air, respectively, 

within the plug during the simulations. 

            Table 8.2: Loading Scenarios for Induced Slippage. 

 Pe (Hydrostatic) Pe (Uniform) 

Pi (Hydrostatic) (#1) HydroPi-HydroPe (#3) HydroPi-UniPe 

Pi (Uniform) (#2) UniPi-HydroPe (#4) UniPi-UniPe 

Figure 8.4 shows an overview of the model for loading scenarios #1 and #3. The 

water within the plug was represented with solid elements and analyzed with the same 

approach presented in Section 3.7.3. The model of water in the full-scale plug contains 

86.8% of the internal volume of the plug, therefore an equivalent density of water needs 

to be implemented. The equivalent density of solid elements for water is 1152 kg/m³ 

(0.04165 lbm/in³ or 1.079E-4 lbfsec2/in4). For scenarios #2 and #4, the mass of air (149 

kg or 328.52 lbm) is added to the membrane elements of plug assuming the plug carries 

the mass of air during slippage simulation. Figure 8.5 illustrates a contour of hydrostatic 

pressure distribution for loading scenario #1 where the maximum required pressures of 

Pi = 0.117 MPa (17 psi) and Pe = 0.0797 MPa (11.56 psi) measured at the tunnel floor 

level. Appendix E demonstrates detailed calculations of equivalent densities of water 

and air. 
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Figure 8.4: Cut view of FE model setup for slippage scenarios #1 and #2. 

 
Figure 8.5: Cut view of Loading Scenario #1 with hidden solid elements of fluid 
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Table 8.3 summarizes the complete FE simulation plan including pressurization 

events, loading scenarios, and the friction coefficients (the contact interaction behavior 

between plug and tunnel). The friction coefficient between plug and tunnel of 0.19 was 

obtained from experimental results [59] and it is used in every simulation case. Loading 

Scenarios #1 and #2 were tested with four values of friction coefficient. That is a total of 

20 simulations. 

    Table 8.3: Complete Induced Slippage FE Simulation Plan 

Pressurization 

Events 

Group 

Number 
Loading Scenarios Friction Coefficients 

Normal 

Operating 

Conditions 

1 (#1) HydroPi-HydroPe 0.13 0.15 0.19 0.25 

2 (#2) UniPi-HydroPe 0.13 0.15 0.19 0.25 

3 (#3) HydroPi-UniPe - - 0.19 - 

4 (#4) UniPi-UniPe - - 0.19 - 

Assuming 

Depressurization 

of the Plug 

5 (#1) HydroPi-HydroPe 0.13 0.15 0.19 0.25 

6 (#2) UniPi-HydroPe 0.13 0.15 0.19 0.25 

7 (#3) HydroPi-UniPe - - 0.19 - 

8 (#4) UniPi-UniPe  - 0.19 - 

 

8.3 Simulation Results 
8.3.1 Results for Normal Operating Conditions 

 This section presents the results for the four groups under the pressurization 

event of normal operating conditions summarized in Table 8.3. Figure 8.6 illustrates the 

slippage simulation result of Group 1. The plot shows a relatively little slippage in the 

range of 0.01 m to 0.07 m for friction coefficients in the range of 0.13 to 0.25. This set of 

results suggests that the friction coefficient between plug and tunnel has to be at least 

larger than 0.15 to maintain the system stable. The relatively small slip observed at 10th 

second in the model HydroPi-HydroPe-f013 is attributed to the gradual increase of 

external pressure from zero to its maximum constant value. 
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Figure 8.6: Slippage results for Group 1 

Figure 8.7 shows the slippage results of Group 2 (UniPi-HydroPe). In this case, 

there is no obvious slippage except for a friction coefficient of 0.13 for which the plug 

slipped significantly less than in Group 1. Comparing the slippage distances illustrated 

in Figure 8.6 and Figure 8.7 on the model with friction coefficient 0.13, a uniform internal 

pressure seems to hold the plug better than a hydrostatic internal pressure. Again, a 

friction coefficient of at least 0.15 seems to be the minimum value to maintain the plug 

axially stable. 
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Figure 8.7: Slippage results for Group 2. 

The slippage results for Group 3 are shown in Figure 8.8. The UniPi-UniPe 

scenario assumes that the plug is pressurized by a uniform internal pressure and also a 

uniform pressure acts on the external surface of the rear hemispherical end of the plug. 

Only one friction coefficient was tested (0.19) and the results show that the plug 

remained stable for this loading scenario.  

Figure 8.9 shows the slippage result of Group 4. Only a friction coefficient of 0.19 

was tested. The plug slipped approximately 0.10 m before reaching a new equilibrium 

position for the loading scenario of HydroPi-UniPe. This result suggests that an external 

uniform pressure is more severe than one with hydrostatic distribution. For this case, a 

friction coefficient higher than 0.19 would be needed to maintain the plug in place. 
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Figure 8.8: Slippage results for Group 3. 

 

Figure 8.9: Slippage results for Group 4. 
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8.3.2 Results for Assuming Depressurization of the Plug 

This section presents the results of a set of simulations that reproduce the effect 

of the friction coefficient on the axial stability when there is a gradual depressurization of 

the plug. Results for Groups 5 to 8 (Table 8.3) are discussed here. The holding 

resistance ratio (Pe/Pi) introduced in Chapter 3 is again used here to identify how close 

the external and internal pressures are to each other at the instant of slippage.  

 Figure 8.10 summarizes the slippage results of Group 5 (HydroPi-HydroPe). In 

this group, the internal surface of the plug was subjected to hydrostatic pressure with 

fluid cavity (described in Chapter 2, in which the fluid has mass and the characteristics 

of water) and the external surface of rear plug end cap has hydrostatic pressure as well. 

Results show that, among the models, the model with a friction coefficient of 0.25 has 

the least slippage distance (less than 0.1 m). Models with friction coefficients of 0.10, 

0.13, and 0.15 basically slipped away from tunnel and the plug was barely held with a 

friction coefficient 0.19. When the internal and external pressures were almost 

equivalent.  

Table 8.4 illustrates the influence of friction coefficient on the holding resistance 

defined as the ratio Pe/Pi. For a constant Pe and a decreasing Pi, the ratio Pe/Pi 

provides an indication on how stable is the system for a given friction coefficient. A 

model without a holding resistance value means that the slippage occurred before the 

depressurization happened and almost immediately after the beginning of the action of 

Pe. On the other hand, a model that has holding resistance coefficient of 1.00 indicates 

that the internal pressure, Pi, dropped to the same level as the external pressure, Pe, 

and the system can slip, or not, depending of the friction coefficient. The system can 

also reach a new equilibrium position as in the case of  = 0.25 illustrated in Figure 8.10. 

The values of holding resistance show that the minimum friction coefficient between 

plug and tunnel, in a event of plug depressurization at a ratio of 0.001875 MPa/sec, has 

to be higher than 0.25 to prevent the plug slipping completely away from the tunnel. 
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Figure 8.10: Slippage results for Group 5. 

Table 8.4: Influence of Friction Coefficient on Holding Resistance Ratio. 

Group Pressurization Event Friction Coefficient,   Pe/Pi ratio reached at slippage 

5 
Assuming 

Depressurization of 
the Plug 

0.13 0.77 

0.15 0.84 

0.19 0.95 

0.25 1.00 

 Figure 8.11 shows sequences of slippage for each case of Group 5. The 

pressurization sequence illustrated in Figure 8.10 can be divided into six stages: 

 Stage 1: At the 1st second, the internal pressure is at its maximum value. 

 Stage 2: At the 8th second, both internal and external pressures reached their 

maximum values. 

 Stage 3: At the 12th second, depressurization begins. 

 Stage 4: At the 22nd second, depressurization has proceeded through half way. 
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 Stage 5: At the 32nd second, depressurization ended (internal pressure = 

external pressure). 

 Stage 6: At the 34th second, the simulation ends. 

Figures 8.11 and 8.12 also shows sequences of slippage for the cases of Group 

5 for various friction coefficients. Note that, the model with friction coefficient of 0.13 in 

Figure 8.11 shows slipping phenomenon when the depressurization has proceeded 

from Stage 3 to Stage 4. 

The model with friction coefficient of 0.15 in Figure 8.11 shows slipping 

phenomenon in between Stage 4 and 5. As described previously, the models with  = 

0.19 (Figure 8.12) shows slipping phenomenon almost at the end of Stage 5 (at 30th 

second), while the model with  = 0.25 (Figure 8.12) slightly slipped when the internal 

pressure nearly reached the same magnitude as the external pressure. 

In Figure 8.11, note that at the instant of slippage (stage 5 and 6) of models with 

 = 0.13 and 0.15 the plug shows a tendency to lose contact in the upper part of the 

tunnel which in practical terms would mean that the plug has lost its capacity of scaling 

the tunnel section and is no longer stable. In the models with  = 0.19 and 0.25, the 

overall plug shape remains practically unchanged until stage 5 after which there is clear 

tendency to lose contact in the upper portion of the plug as illustrated in Figure 8.12. 
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Stage 
Group 5 

Friction Coefficient,  = 0.13 Friction Coefficient,  = 0.15 

Stage 

1 

  

Stage 

2 

  

Stage 

3 

  

Stage 

4 

  

Stage 

5 

  

Stage 

6 

  

Figure 8.11: Sequence of slippage for friction coefficients of 0.13 and 0.15 
(Deformation scale factor =1). 
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Stage 
Group 5 

Friction Coefficient,  = 0.19 Friction Coefficient,  = 0.25 

Stage 

1 

  

Stage 

2 

  

Stage 

3 

  

Stage 

4 

  

Stage 

5 

  

Stage 

6 

  

Figure 8.12: Sequence of slippage for friction coefficients of 0.19 and 0.25. 
(Deformation scale factor =1). 
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Figure 8.13 shows the slippage results of Group 6 (UniPi-HydroPe). In this group, 

the internal surface of plug has a uniform pressure with fluid cavity (described in 

Chapter 2) and the external surface of rear plug end-cap has a hydrostatic pressure. 

Results show that the models with friction coefficients of 0.19 and 0.25 have the 

least slippage displacement (less than 0.01 m) among all the models. Model with friction 

coefficient of 0.13 slipped away from tunnel. The model with friction coefficient of 0.15 

displaced for less than 0.10 m before reaching a new equilibrium position. Note that the 

model with friction coefficient of 0.13 held longer than the similar case shown for Group 

5 and shows the affect of having uniform pressure versus hydrostatic pressure in the 

plug.  

Table 8.5 summarizes the influence of friction coefficient the holding resistance 

of the cases corresponding to Group 6. The models with friction coefficients of 0.13, and 

0.15 have holding resistances of 0.96, and 0.98, respectively. Models with friction 

coefficients of 0.19 and 0.25 have reached a holding resistance ratio of 1.0 without 

slipping indicating that the plug would still have holding resistance to remain stable.  

The graphic position of the plug for the different cases simulated in Group 6 is 

shown in Figures 8.14 and 8.15. These figures show the sequence of slippage results 

corresponding to models with friction coefficients of 0.13, 0.15, 0.19, and 0.25.  As seen 

in the pictures, models with friction coefficients of 0.13, and 0.15 slipped in between 

Stage 4 and Stage 5. The models with friction coefficients of 0.19 and 0.25 did not slip 

and remained stable during the entire simulation. 

From Figure 8.14 and 8.15 is worth to note the plug shape at stage 5 and 6 when 

Pe and Pi are equal. Contrary to what is seen in the cases of Group 5, the tendency of 

the plug to lose contact is at the tunnel floor level rather than from the upper part. This is 

attributed to the characteristics of the distribution of pressures. A uniform pressure 

inside the plug can be achieved by compressing a gas (air in this case), while the 

hydrostatic external pressure is achieved with water. At the critical stage of having both 

pressures equal, the maximum external pressure is at the tunnel floor level; because of 
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the compressibility of air, the rear end-cap will tend to uplift to follow the hydrostatic 

external pressure distribution as seen in the different cases of Group 6. 

 
Figure 8.13: Slippage results for Group 6. 

 

Table 8.5: Influence of Friction Coefficient on Holding Resistance Ratio. 

Group Pressurization Event Friction Coefficient,  Pe/Pi ratio reached at slippage 

6 
Assuming 

Depressurization of 
the Plug 

0.13 0.96 

0.15 0.98 

0.19 1.00 

0.25 1.00 
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Stage 
Group 6 

Friction Coefficient,  = 0.13 Friction Coefficient,  = 0.15 

Stage 

1 

  

Stage 

2 

  

Stage 

3 

  

Stage 

4 

  

Stage 

5 

  

Stage 

6 

  

Figure 8.14: Sequence of slippage for friction coefficients of 0.13 and 0.15 
(Deformation scale factor =1). 
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Stage 
Group 6 

Friction Coefficient,  = 0.19 Friction Coefficient,  = 0.25 

Stage 

1 

  

Stage 

2 

  

Stage 

3 

  

Stage 
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Stage 

5 

  

Stage 

6 

  

Figure 8.15: Sequence of slippage for friction coefficients of 0.19 and 0.25. 
(Deformation scale factor =1). 
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Figure 8.16 shows the slippage results of Group 7 (UniPi-UniPe). In this group, 

the internal surface of plug has uniform pressure with fluid cavity (described in Chapter 

2, in which the fluid has mass and the characteristics of air) and the external uniform 

pressure is acting on the surface of the plug rear end-cap. Only the model with friction 

coefficient of 0.19 was analyzed and the results show that the plug slipped less than 0.1 

m around the 31st second before reaching a new equilibrium position for the remaining 

part of the simulation. The holding resistance for this case was 0.977.  

 
Figure 8.16: Slippage result for Group 7. 

Lastly, Figure 8.17 shows the slippage results of Group 8 (HydroPi-UniPe). In 

this group, the internal surface of the plug has a hydrostatic pressure with fluid cavity 

(described in Chapter 2) and an external uniform pressure on the surface of the plug 

rear end-cap. This model was analyzed only with a friction coefficient of 0.19 and 

slipped twice, first of the 7th second and then at the 17th second the holding for this last 

case was resistance resulted approximately 0.73.  
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Figure 8.17: Slippage result for Group 8. 

 

 Table 8.6 shows a summary of the holding resistance results for Groups 5 to 8 

(the cases that assumed depressurization of the plug). Similarly to Groups 1 and 2, 

Groups 5 and 6 are the other two groups that represent feasible testing scenarios and 

possible field scenarios. Group 6 shows higher holding resistance for friction coefficients 

of 0.13 and 0.15 (25% and 17%, respectively). Group 6 shows a higher holding 

resistance than Group 5 for a friction coefficient of 0.19 (4%). Both groups displayed the 

maximum holding resistance of 1.0 for a friction coefficient of 0.25. Group 8 showed the 

lowest holding resistance of all cases which indicated that the plug slipped as soon as 

the external pressure reached its maximum value applied on the surface of the plug rear 

end-cap as seen in Figure 8.19. Group 8 shows the model with friction coefficient of 

0.19 obtained the lowest holding resistance of 0.73, though more runs would be 

necessary to complete the modeling plan for other friction coefficients. Overall, holding 

resistance results corresponding to Groups 5 and 6 showed that a uniform pressure 

applied in the interior of the plug can hold the plug slightly better than a hydrostatic 

pressure. 
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Table 8.6: Summary results of holding resistance of Groups 5 to 8. 

Friction 

Coefficient,  

Holding resistance, Pe/Pi 

HydroPi-

HydroPe 

UniPi-

HydroPe 

HydroPi-

UniPe 

UniPi-

UniPe 

Group 5 Group 6 Group 7 Group 8 

0.13 0.77 0.96 - - 

0.15 0.84 0.98 - - 

0.19 0.96 1.00 0.98 0.73 

0.25 1.00 1.00 - - 

 

 

8.4  Summary 

 The evaluation of the axial stability of a model of a full-scale inflatable deployed 

inside a tunnel section was presented in this chapter. Models of slippage for different 

pressurization sequences and loading distributions were evaluated for several friction 

coefficients. 

 The results for pressurization sequences expected under normal operating 

conditions have shown that a friction coefficient of at least 0.15 is the minimum required 

by the system to remain stable and to withstand the required operating pressures.  

 A friction coefficient of 0.19 seems to be the threshold of the system to withstand 

slippage in an event of gradual depressurization of the plug. 

 Loading scenarios of denominated HydroPi-HydroPe and UniPi-HydroPe are 

feasible testing scenarios and possible field scenarios. Loading scenario of HydroPi-

HydroPe can be considered as a better scenario to examine the minimum requirement 

of system friction since the model with friction coefficient of 0.13 predicted the slippage 

occurring before depressurization. Loading scenario UniPi-HydroPe seems to provide 

better holding resistance ratios in an event of gradual depressurization of the plug. 
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9 Conclusions and Recommendations 

9.1  Introduction 

 This study consisted in the development of Finite Element (FE) models of 

inflatable structures at different scales used for protection of tunnels in an event of 

flooding. The modeling strategy was developed in two scales: first, a FE model of a 

reduced-scale inflatable, specifically one-fourth of the full dimensions, and; second, a 

FE model of a full-scale inflatable. In this way, several of the key components necessary 

to create a reasonably accurate model were initially developed and implemented in the 

model of the reduced-scale inflatable and later translated to the model of the full-scale 

inflatable. Two of the key properties evaluated in the model of the reduced-scale were 

the equivalent membrane mechanical properties and the system friction coefficient. The 

simulation results were able to replicate experimental results in terms of constrained 

elongation and slippage resistance. Then, the equivalent material properties and system 

friction coefficient were implemented in the model of the full-scale inflatable to simulate 

the deployment behavior, verify the local conformity, analyze the slippage 

characteristics, and the results were compared to available experimental results. 

 This chapter presents the main conclusions obtained from the simulation results 

obtained following the strategy outlined above. Possible future work is also 

recommended to expand the scope of this study. 

9.2  Conclusions for Reduced-Scale Prototype 

The modeling of a reduced-scale inflatable was the starting point for the 

development of this research. The FE models at this scale were used to determine and 

calibrate various parameters later used on the FE models of the full- scale inflatable. 

The following sections summarize main results and conclusions of the simulation 

results including mesh convergence study, simplified deployment, stress evaluation, 

elongation evaluation, and slippage evaluation. 
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9.2.1 FE Model Creation 

The structural membrane of the inflatable was created using a single equivalent 

layer of membrane elements representative, in terms of mass and thickness, of the 

actual tri-layer system used for manufacturing the actual prototypes. The rope sections 

were assumed to have same material properties as the equivalent single layer as well 

as equivalent cross sectional area as the real ropes. Material properties such as 

membrane shear strength, friction coefficient between the inflatable and the tunnel, and 

self-friction of the woven webbing were obtained experimentally [59, 60]. The tunnel and 

the inflation port fittings on the inflatable are assumed to be rigid bodies. 

 

9.2.2 Mesh Convergence Study 

Convergence studies were performed to determine the minimum number of 

elements necessary to converge to control membrane stress values obtained from 

analytical solutions within an acceptable level of error and reasonable computational 

cost. 

The results of convergence studies showed that a FE model of the reduced-scale 

inflatable needs to be meshed with at least 10000 elements to converge to the 

theoretical values of stresses corresponding to an unconstrained pressurization 

condition with an error of less than 2%. 

9.2.3 Simplified Deployment 

In order to place the deflated inflatable into a circular tunnel with minimal 

computational cost, a simplified approach for placement and deployment was created. 

This approach cannot be considered totally representative of actual deployment of a 

reduced-scale inflatable and served the purpose of placing the inflatable inside the 

tunnel. However, this simplified approach served as baseline for the development of 

some of the procedures implemented for placement of the model of the full-scale 

inflatable into a more realistic tunnel section. 
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9.2.4 Stress Evaluation 

Membrane stresses evaluation under unconstrained pressurization condition was 

performed to verify analytical values of hoop and longitudinal stresses. The results show 

that the model can approximate the theoretical values with a maximum error of 3.24%. 

On the other hand, the stress evaluation under constrained pressurization 

condition resulted 18% higher than the theoretical values in the hemispherical end-caps 

and, nearly 300% lower in cylindrical portion of the inflatable. The drastic reduction of 

the stresses in the cylindrical portion of the plug is attributed to the confining effect of 

the cylinder representative of a tunnel or pipe section that the inflatable is intended to 

seal. 

 

9.2.5 Elongation Evaluation 

A series of elongation tests in the reduced-scale prototype were modeled under 

constrained conditions to calibrate the equivalent material properties of the actual tri-

layer of fabric used to construct the inflatable plug. Material #4 with a maximum tensile 

stress of 258.5534 MPa (37500 psi) and a maximum tensile strain of 0.1 produced an 

elongation plot with the smallest error with respect to the linear trend line obtained from 

experimental results. 

 

9.2.6 Slippage Evaluation 

The purpose of performing the slippage simulations using the model of the 

reduced-scale inflatable was to determine the influence of the friction coefficient 

between inflatable and tunnel wall, on the longitudinal axial stability of the plug. 

Twelve simulation cases were analyzed including four sets of loading scenarios 

(test IDs of 55/40, 40/30, 30/20, and 20/10) with three different friction coefficients 

(=0.15, =0.19, and =0.25). In all these cases, the models simulated induced 

slippage by depressurization of the inflatable. The simulation results obtained for a 

system friction coefficient of 0.19 were comparable to results obtained experimentally 
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[59]. The model with friction coefficient of 0.19 predicted an average holding resistance 

of 0.8283 which was only 3.5% higher than the average value obtained from 

experimental tests [59]. 

Moreover, an additional case was analyzed to verify the longitudinal axial stability 

when the model of the reduced-scale prototype was subjected to design pressures 

(Pi=0.4688 MPa and Pe=0.3309 MPa) with four different friction coefficients (0.15, 0.19, 

0.21, and 0.25). The case for (=0.19) was confirmed experimentally [59] and taken as 

basis for comparison with the FE models developed for the full-scale prototype. The 

simulation results from other friction coefficients (0.15, 0.21, and 0.25) could not be 

validated due to unavailability of experimental results. However, this set of results 

provided an estimation of the magnitude of the friction coefficients to either induce or 

avoid slippage of the inflatable. 

 

9.3  Conclusions for Full Scale Prototype 

 The following sections summarize the conclusions obtained from the simulation 

results of the full-scale inflatable including: initial preparation of the FE models, folding 

configuration, placement and relaxation, deployment, and evaluation of axial slippage. 

 

9.3.1 Initial Preparation 

 The different components of the FE model including the full-scale inflatable, base 

plane, rotational plates, and tunnel section were initially created in preparation for the 

different stages of the simulation. Each of the components served for different purposes 

in each particular stage such as folding, placement, relaxation, and deployment.  

The results of stress evaluation under unconstrained pressurization showed that the 

average hoop and longitudinal stresses at cylindrical region have errors of 2.69% and 

2.91%, respectively, when compared to theoretical values. The results of stress 

evaluation also showed an average error of 1.72% for hoop and longitudinal stresses at 

front and read hemispherical end caps.  
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The convergence study suggested that a mesh with at least 20,000 elements (nearly 

30,000 DOF) can predict the analytical stresses with an error of 2.69% with a 

reasonable computational cost. 

 

9.3.2 Folding Configuration 

Folding was the process that transformed a flattened inflatable structure into 

certain shape for situating it in a particular place or position within the tunnel section. A 

novel folding methodology using boundary conditions to control the nodes and elements 

initially designed to define the folding lines was proposed to be the folding. This 

methodology included procedures to add connector elements to the partially folded 

model between the folding steps, and to control the rigid plates used for folding of the 

inflatable and reproducing the actual folding process.  

The modeling of the folding process developed in this study replicated an actual 

hand folding implemented experimentally. It essentially consisted on translating nodes 

and rigid body planes. The folding sequence included five steps to achieve the target 

shape after flattening. The penetration and intersection of elements needed to be 

verified to prevent element distortion happening during the deployment simulation.  

 

9.3.3 Placement and Relaxation 

The placement process consisted of a combination of rotations and translations 

done to position the folded inflatable within a determined storage area in the tunnel. The 

relaxation process helped to restore the elements back to initial coordinates as well as 

to prevent the elements from distortion.  

The relaxation process was performed through associated invariants by 

developing the constitutive equations and the specific local in-plane membrane 

kinematics [118]. The relaxation process restored 96% of the total membrane area to its 

initial configuration with less than 0.5% of difference percentile between kinetic energy 



177 
 

and internal energy. Therefore, the relaxation must be performed again at the stage of 

deployment in order to complete the restoration. 

A simple evaluation of relaxation applied to a folded unconstrained folded plug 

was performed. This evaluation compared the volumes of the models with and with 

relaxation. The evaluation result showed that the model without relaxation predicted a 

volume approximately 18% smaller than the actual expected volume and remained with 

severe distortions in the shape after completion of the inflation. While the model that 

included relaxation was able to restitute all the original volume with no distortions in the 

surface of the membrane. This simple evaluation provided valuable information on the 

importance of including relaxation in the FE models in order to obtain the corrected 

volumes minimizing the formation of unrealistic distortions in further models. 

 

9.3.4 Deployment 

The inflation algorithm of Uniform Pressure Method (UPM) was chosen due to its 

relative low computational cost and its simplicity. The implementation of multi-chamber 

and fluid exchange approaches extended the capability of UPM to reproduce the actual 

deployment behavior. A scale factor of 386 needed to be assigned to the material 

properties of the connector elements due to effect of mass scaling in order to replicate 

the actual passive restraints representative of ties installed during the folding process. 

According to the results of deployment simulation, the inclusion of passive restraints 

demonstrated to be an effective solution to increase the level of local conformity. The 

simulations were also able to predict the position of wrinkles and bridging at similar 

positions as observed in the actual deployments. The percentage of improvement in 

terms of effective contact area between the plug and tunnel for the cases with and 

without connector elements is approximately 20%. However, the FE deployment model 

has successfully simulated the actual deployment behavior through Uniform Pressure 

Method and created a model baseline by evaluating experimental data. 

Simulations results showed that the presence and location of wrinkles is 

associated to the presence, or not, of the passive restraints used to control the release 
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of membrane material during the deployment. Deployment #1 and #2 displayed wrinkles 

accumulated at the bottom corner of the tunnel due to the membrane material did not 

drive up the side wall of the tunnel. On the other hand, in Deployments #3 and #4 

showed less wrinkling on the tunnel lateral wall because the passive restraints carried 

the membrane material up to the side wall on the wall after the ties broke during the 

deployment. The implementation of passive restraints contributed significantly to 

improve the local conformity of the plug to critical places such as corners, transitions 

and intricate elements located inside the tunnel section.  

 

9.3.5 Evaluation of Axial Slippage 

The longitudinal axial slippage resistance was evaluated under various load 

combinations and friction coefficients. The best conformity case among the four 

deployment cases (Deployment #4) was selected to perform the axial slippage 

simulations. 

The induced axial slippage tests were modeled for two different conditions: a) 

normal operating condition at the design pressures and b) assuming depressurization of 

the plug. Each condition was analyzed under four different loading scenarios with 

va

condition at the design pressures showed no slippage with the severest loading 

scenario of HydroPi-HydroPe (Hydrostatic pressure distributions for both Pe and Pi) and 

it was confirmed experimentally [29]. For the simulation under assuming 

depressurization of the plug, the model with  = 0.19 under loading scenario of HydroPi-

HydroPe slipped at 30th second and obtained the holding resistance ratio of 0.91. 

The results of slippage simulations provided an estimation of the system friction 

coefficient that would be necessary to install maintain in actual applications. At last, the 

finite element models were able to replicate successfully some of the available 

experimental results obtained with prototypes at full-scale. The simulation models 

proved also that they can be used as predicting tools of other testing configurations 
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before the execution of the actual tests and for optimization and improvement of the 

design. 

9.4 Novel Contributions of Study 

 The novel contributions made by this study for the development of FE models of 

confined inflatable plugs include: 

 A hybrid folding methodology consisting of: using boundary conditions to 

control the nodes and elements that are part of the folding lines; adding new 

connector’s elements between the folding steps, and; controlling the rigid 

plates to fold the full-scale inflatable according to an actual folding process. 

 Implementation of multi-chambers in the modeling that can be translated to 

actual applications by manufacturing the multi-chambers within an inflatable 

structure. The opening and closing of the chambers in the inflatable structure 

can be controlled and deployed individually based on the particular conditions 

of the deployment site. 

 Through slippage simulation of full-scale experiments, the simulation results 

demonstrated the advantages of using FE modeling to predict or measure 

physical quantities that cannot be obtained directly or immediately from 

experimental results. 

9.5  Recommendations 
9.5.1 Recommendations for Simulations of Reduced-scale Prototype 

For FE model of reduced-scale confined inflatables, several suggestions are 

proposed for future work in order to get more information or to improve the current 

model. 

I. Recommendations for model improvement: 

a. Increase the number of element at the cylindrical portion of the 

inflatable for the model for better definition of conformity and wrinkles. 

b. Create the rigid plates to perform the folding process on the inflatable. 

c. Implement placement and relaxation process on the model. 

d. Implement UPM technique to deploy the inflatable. 
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II. Suggestions for future evaluations: 

a. Replicate and verify the experimental data from the other set of loading 

scenario on the slippage test in the Ref [59].  

b. Use the verified simulation data to produce models with different 

contact lengths of the plug and tunnel.  

 

9.5.2 Recommendations for Simulations of Full-Scale Prototype 

For FE model of full scale confined inflatables, several ideas are proposed to 

improve the current model in order to improve the predicting capabilities: 

I. Recommendations for model improvement: 

a. Increase the number of element at the cylindrical portion of the 

inflatable for the model for better definition of conformity and wrinkles. 

b. Refine the folding process or propose alternative folding sequences 

that can potentially improve the local conformity and eliminate wrinkles. 

c. The deployment behavior of current model can be improved by 

redesigning the longitudinal chambers and by creating more chamber 

walls on longitudinal direction (yz-plane). The discrete phase of fluid 

flow can be performed more smoothly.  

II. Suggestions for future works: 

a. Use current folded plug model and deploy in other  tunnel profile.  

b. Create another model with different folding configuration and deploy in 

the current tunnel profile to evaluate the performance of the 

deployment.  

c. Implement the Coupled Euler-Lagrangian (CEL) or the Smoothed 

Particles Hydrodynamic (SPH) to predict the deployment behavior with 

current folding configuration and compare the results with available 

experimental data. 
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Appendix A: Theoretical Calculation of Stress for Quarter 
Scale Prototype 
 

i. Spherical Cap Region: 

The theoretical calculation for,  

Hoop stress,        = 
  

  
       

Longitudinal stress,       = 
  

  
       

    = 58 psi (49/2 in)/(2*0.307in) 

    = 2314.33 psi 

    = 15.96 MPa 

ii. Cylindrical Region: 

The theoretical calculation for  

Hoop stress,       = 
  

 
        

     = 58(49/2)/(0.307) 

     = 4628.66 psi 

     = 31.91 MPa 

 

The theoretical calculation for  

Longitudinal stress,     = 
  

  
        

    = 58 psi (49/2 in)/(2*0.307in) 

    = 2314.33 psi 

    = 15.96 MPa 
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Appendix B:  Theoretical Calculation of Stress for Full Scale 
Prototype 

 

i. Spherical Cap Region: 

The theoretical calculation for,  

Hoop stress,        = 
  

  
       

Longitudinal stress,       = 
  

  
       

    = 17(97.19)/(2*0.307) 

    = 2690.93psi 

    = 18.55 MPa 

 

ii. Cylindrical Region: 

The theoretical calculation for  

Hoop stress,       = 
  

 
       

      = 17(97.19)/(0.307) 

     = 5381.86 psi 

     = 37.11 MPa 

      

The theoretical calculation for  

Longitudinal stress,     = 
  

  
       

     = 17(97.19)/(2*0.307) 

     = 2690.93psi 

     = 18.55 MPa 
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Appendix C: Calculation of Equivalent Cross Sectional Area 
of Rope 
 

Calculation of Equivalent Cross Sectional Area of Rope for Quarter Scale RTP 

Cross Sectional Area of Actual Rope and Fabric, 

Assumed diameter of rope,     = 1.0 in 

Width of membrane,       = 1.0 in 

Thickness of membrane,      = 0.307 in 

Area of circular Rope,       = (d/2)² = (1.0/2)² = 0.7854 in² 

Rope-representing Equivalent Area,    =       = 0.7854 in² 

Thickness of equivalent,      = 0.7854/1.0 = 0.7854 in 

Total thickness of membrane,        =    +    = 0.7854 + 0.307 = 1.0924 in 

 

Calculation of Equivalent Cross Sectional Area of Rope for Full Scale RTP 

Cross Sectional Area of Actual Rope and Fabric, 

Assumed diameter of rope,     = 2.0 in 

Width of membrane,        = 2.0 in 

Thickness of membrane,     = 0.307 in 

Area of circular Rope,      = (d/2)² = (2/2)² = 3.142 in² 

Rope-representing Equivalent Area,    =      = 3.142 in² 

Thickness of equivalent,      = 3.142/2 = 1.571 in 

Total thickness of membrane,        =    +    = 1.571 + 0.307 = 1.878 in 
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Appendix D: Calculation of Elastic Force for a Connector 
Element. 
 

Width of tie,       = 0.35 in 

Thickness of tie,       = 0.07 in  

Initial length,        = 2.25 inches 

The change of length of tie,     = 0.8 inch 

Experimental Strain,      = 
 

  
 = 0.35 

Experimental break strength,      = 175 lbf = 778.4387 N 

Elastic force (stiffness),      = 
 

 
 

       = 
   

   
  

       = 218.75 lbf/in = 38308.99 N/m 
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Appendix E: Calculation of Equivalent Density for Full-Scale 
Slippage Simulation. 
 

Volume within a constrained full-scale plug, Vplug = 7.6357E6 in³ 

Density of water,            = 0.036 lbm/in³  

Density of air,           = 4.3E-5 lbm/in³  

Mass of water in a constrained full-scale plug, mwater = 0.036*7.6357E6 

        = 274886 lbm 

Volume of solid elements, Vse    = 6.6E6 in³ 

Equivalent density (water) of solid elements,          = 274886/6.6E6 

        = 0.0416 lbm/in³ 

        = 1.079E-4 lbf.sec²/in4 

 

Mass of air in a constrained full-scale plug, mair  = 4.3E-5*7.6E6 

        = 326.8 lbm 

Equivalent mass of plug, mEqplug    = 2000+326.8 

        = 2326.8 lbm 

Volume of membrane element (plug), Vme  = 70500 in³ 

Equivalent density of plug,           = 2326.8/70500 

        = 0.033 lbm/in³ 

        = 8.55E-5 lbf.sec²/in4 
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