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Abstract 

Mechanized driven tunnels due to high drill performance and less ventilation demand in 

many cases are an economic method for excavating a tunnel. When shield machines are 

used, precast concrete segments form the outer lining. The erector installs the segments 

within the protection of the shield. 

The backfilling process starts as soon as possible after the shield tail passes the lining. 

Due to the operational procedure within the working area of a TBM, a fully backfilled 

annular gap might not be established after every ring closure. This leads to an unfavorable 

distribution of the pea gravel leaving the segmental lining only partially bedded.  

For approaching this problem, we used a numerical method, which represents the natural 

behavior of a grained material. The discrete element considering the deformational 

behaviour of pea gravel is a CPU-intensive method. 

The software Abaqus/Explicit implemented the particle method based on „Discrete 

Element Method“ (Cundall, 1971) on their latest update to version 6.13 (2013). The main 

advantage of the Software Abaqus compared to other DEM solutions, is the possibility of a 

combination of discrete and finite elements in one model. Using this advantage for that 

problem, it is possible to model the spatial system. Therefore, finite elements are used for 

the lining segments and discrete elements for the pea gravel within the annular gap. 

Prior to these calculations, it is necessary to perform validations on laboratory tests. Main 

part of this thesis is the verification of the numerical rock parameters of pea gravel. Based 

on laboratory shear and oedometer tests, the input parameters for the numerical 

simulation of pea gravel were determined. The results show comparability, though the 

implementation of the discrete elements within Abaqus contains shortcomings compared 

to other particle codes. 

The work shows the application of this numerical method for an overall outer lining 

situation. A major point for further research is the determination of the deformations in the 

annular gap after the refilling process and during the “regripping process”. 



 

 

Kurzfassung 

Maschinelle Vortriebe stellen auf Grund der hohen Vortriebsleistungen und des geringen 

Bewetterungsbedarfs oftmals eine sehr wirtschaftliche Lösung für die Herstellung von 

Tunnelbauwerken dar. Der Ausbau mittels Stahlbetontübbingen kommt bei 

Schildmaschinen zum Einsatz. Die Tübbinge werden hierbei mittels Erektor im Schutze 

des Schildmantels, welcher eine vorläufige Sicherung des Gebirges darstellt, eingebaut. 

Um die notwendige Bettung des Tübbingausbaus und eine gleichmäßige Verteilung der 

Spannungen aus dem Gebirgsdruck zu gewährleisten, wird der Ringspalt zwischen 

Gebirge und Tübbingring möglichst frühzeitig nach Ringschluss mit einem feinkörnigen, 

enggestuften Kies (Perlkies) oder mit Mörtel verfüllt. Nach dem Verlassen des 

Schildmantels und vor dem Verfüllen mit Perlkies steht der Ring jedoch ohne Bettung frei. 

Lediglich an der Sohle steht er in Kontakt mit dem Gebirge. 

Aus dieser Problemstellung entwickelte sich die Idee, das Verhalten der Bettung bzw. von 

Perlkies numerisch abzubilden. Eine besonders realitätstreue, jedoch rechenintensive 

Methode für solche Problemstellungen ist die Diskrete Elemente Methode, kurz DEM. 

Die Software Abaqus/Expilcit beinhaltet ab Version 6.13 (2013) die Partikel Methode auf 

Basis der „Discrete Element Method“ (Cundall, 1971). Ein wesentlicher Vorteil von Abaqus 

gegenüber anderen Softwarelösungen im Bereich der DEM ist die Möglichkeit, Diskrete 

Elemente mit Finiten Elementen in einem Modell zu kombinieren. Im Hinblick auf die 

Bettung der Stahlbetontübbinge (FEM) in Perlkies (DEM), ist eine Modellierung des 

gesamten Systems im dreidimensionalen Raum möglich. 

Um diese numerischen Berechnungen durchführen zu können sind im Vorfeld 

Validierungen an Laborversuchen notwendig. 

Hauptaugenmerk dieser Arbeit ist die Verifizierung der numerischen 

Gesteinseigenschaften von Perlkies. Hierfür werden Parameterstudien an numerischen 

Scher- sowie Ödometerversuchen durchgeführt und an Laborversuchen validiert. Die 

Resultate zeigen Vergleichbarkeit, jedoch wurden durch die Anwendung von Abaqus 

Defizite in der Implementierung des Partikel Codes im Vergleich zu anderen 

Softwarelösungen festgestellt. 

In weiterer Folge wird die Anwendung dieser Methode im Bereich der Tübbingbettung an 

numerischen Modellen gezeigt. Die Ermittlung der Verformungen im Ringspalt nach 

Verfüllung während eines „Regripping-Vorgangs“ und die damit resultierende Auswirkung 

auf die Tübbinge sind dabei von besonderem Interesse. 
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𝐶𝑆𝐻𝐸𝐴𝑅𝑍   [N] shearing contact force in z-direction 

𝐶𝑛   [-] normal damping 

𝐶𝑡   [-] tangential damping 

𝑑   [mm] particle diameter 
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𝛿   [mm] overclosure 

𝐸𝑠,𝑖   [N/mm²] elastic modulus of the particles 

𝐸𝑜𝑒𝑑    [N/mm²] oedometer modulus / constraint secant modulus 

휀𝑎,𝑖   [-] axial strain of a load stage 

𝑓   [-] calculation factor 

𝐹   [N] force 

ℎ0   [mm] initial specimen height of the oedometer grains 

𝑘   [N/mm²] contact stiffness 

𝑘𝑅   [N/mm³] radial spring stiffness 

𝐾𝑛   [N/mm²] normal stiffness 

𝐾𝑡    [N/mm²] tangential stiffness 

𝑚   [kg] particle mass 

𝜇   [-] friction ratio 

𝜈𝑖   [-] poisson ratio 

𝑅𝑖, 𝑟𝑖  [mm] particle radii 

𝑅𝑇 , 𝑟𝑖  [mm] tunnel radius 

𝑠𝑖   [mm] compression / displacement in z-direction 

𝜎𝑛   [N/mm²] normal stress 

𝜎𝑛,𝑖   [N/mm²] normal stress of a load stage 

𝜎𝑅   [N/mm²] radial stress 

𝜏   [N/mm²] shear stress 

𝑢   [mm] shear distance 
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𝜔𝑖   [rad/s] angle velocity 

𝜑   [°] friction angle 
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1 Introduction 

For tunnels driven by shield machines, the outer lining usually consists of reinforced 

concrete segments. Tunnel linings can only reach a stable and low deformation structural 

behavior, if the deflection forces within the segments are stabilised sufficiently. Due to the 

reason, that the segment is produced and applied in very high quantities, the different 

construction stages have to be investigated as detailed as possible. Therefore, the exact 

deformation behavior of pea gravel within the annular gap is essential. 

This thesis is organized in three main parts. The first part (Chapter 3) represents the 

theoretical background of the discrete element method. Further details of this method 

applied in this research are given. Chapter 4 contains the calibration part, all numerical 

input parameters and validations on laboratory tests. The main task of this part is to 

elucidate all input parameters and clarify all assumptions of this thesis. Chapter 5 shows 

the application of this method on numerical models. Based on two models, the 

applicability of the discrete element method for the deformation behaviour for pea gravel is 

given. A brief conclusion and a final outlook are summarizing some ideas and information 

for further research. All elaborated Abaqus codes are attached. 
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1.1 State of the art 

1.1.1 Bedded frame model 

The bedded frame model method is currently the state of the art in the German-speaking 

area for designing segments. A clear description of this model and the important literature 

is stated. 

Table 1 shows the development of different calculation methods for segmental linings in 

tunnel constructions since 1944. The bedded frame model was developed by Anders Bull 

in 1944 and is still, in an adapted form, a frequently used method. The theory of second 

order was hereinafter developed and applied. Some additional details were investigated in 

the following years. From 1990 to 2000 the design of the longitudinal and radial joints was 

further developed. 

Table 1: History of the development in the calculation method for tunnel segments 

(Girmscheid, 2013) 

 

 

The outer lining of a tunnel is a thin curved layer. This layer can be modelled as several 

connected 2D beams bedded with springs. Using Equations 1 and 2, the spring stiffness 

is calculated. 

𝜎𝑅 = 𝑢𝑅 𝑘𝑅 (1) 

𝑘𝑅 = 𝑓 
𝐸𝑆

𝑅𝑇
 (2) 

author topic / problem definition year

1 Bull A. elastic embedded circular ring, earth pressure approach 1944
2 Duddeck H., Schulze H. elastic embedded circular ring, new earth pressure approach 1964
3 Windels R., Hain H. second order theory of the elastic embedded circular ring 1966/68

4 Hain H., Falter B.

second order theory of the elastic embedded circular ring taking into account the 

pin-joint moments
1975

5 Melder V. approach of coupling for offset rings

  - stiffness of the longitudinal joints

  - elastic ring-joint-coupling using the approach of Kaubits (because of the

    creeping visco-elastic material is the approach of the temporary elastic

    behaviour insufficient)

1975

6 Duddeck H.

Ahrens H., Lux K. H., Lindner E.

recommondations for the dimensionation of tunnels respectively shield driven 

tunnel in soft ground

  - action

  - spare footbed approach kr, kt

  - bedding development for h < 2d,2d <h < 3d

  - loads, earth pressure approach, pre-displacements

  - evidences

1982-86

7 Baumann T. constructive design of the longitudinal joint (see Leonhard/Reimann) 1992
8 field tests: clarification of the load bearing behaviour:

Wayss + Freitag / material testing institute  - longitudinal joints 1972
for civil engineering, Munich

Dywidag / Underground - Nuremberg / Dywidag  - longitudinal joints 1989
material testing institute munich

Wesertunnel / IBMB - TU Braunschweig  - longitudinal and ring joints 1992

ARGE 4. Tube Elbtunnel / STUVA Cologne

 - Längsfugen und Ringfugen, behaviour of the combination, shearing, 

   behavouir of the whole ring
1996-97

author topic / problem definition year

1 Bull A. elastic embedded circular ring, earth pressure approach 1944
2 Duddeck H., Schulze H. elastic embedded circular ring, new earth pressure approach 1964
3 Windels R., Hain H. second order theory of the elastic embedded circular ring 1966/68

4 Hain H., Falter B.

second order theory of the elastic embedded circular ring taking into account the 

pin-joint moments
1975

5 Melder V. approach of coupling for offset rings

  - stiffness of the longitudinal joints

  - elastic ring-joint-coupling using the approach of Kaubits (because of the

    creeping visco-elastic material is the approach of the temporary elastic

    behaviour insufficient)
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6 Duddeck H.

Ahrens H., Lux K. H., Lindner E.

recommondations for the dimensionation of tunnels respectively shield driven 

tunnel in soft ground

  - action

  - spare footbed approach kr, kt

  - bedding development for h < 2d,2d <h < 3d

  - loads, earth pressure approach, pre-displacements

  - evidences

1982-86

7 Baumann T. constructive design of the longitudinal joint (see Leonhard/Reimann) 1992
8 tests: clarification of the load bearing behaviour:

Wayss + Freitag / material testing institute  - longitudinal joints 1972
for civil engineering, Munich

Dywidag / Underground - Nuremberg / Dywidag  - longitudinal joints 1989
material testing institute munich

Wesertunnel / IBMB - TU Braunschweig  - longitudinal and ring joints 1992

ARGE 4. Tube Elbtunnel / STUVA Cologne

 - Längsfugen und Ringfugen, behaviour of the combination, shearing, 

   behavouir of the whole ring
1996-97
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Equation 1 defines the radial stress by the product of the radial displacement and the 

radial spring stiffness. A factor f represents the spring stiffness, which is usually assumed 

with 1.0 multiplied with the stiffness modulus of the bedding divided by the tunnel radius. 

In Figure 1 the approach for the radial bedding discretization is shown. The deformations 

of the segments are calculated under the use of springs around the tunnel. The spring 

stiffness should be equal to the extension of the region r around the tunnel. (Thienert, et 

al., 2011). 

 

Figure 1: Approach for the radial bedding (Duddeck, 1972) 

In case the pea gravel filled annular gap, the spring stiffness is evaluated using Equation 

3. To obtain the radial spring stiffness, the stiffness of the pea gravel is divided by the 

thickness of the annular gap (Behnen, et al., 2013). 

𝑘𝑅 =  
𝐸𝑆1

𝑑1
 (3) 

Figure 2 shows different bedding situations for tunnels in soft ground. Version (a) shows a 

fully bedded outer lining represented by radial springs. Situation (b) is partially bedded 

neglecting the crown with additional bedding in tangential direction of the excavation 

boundary. In (c) the bedding situation equals version (b) without any tangential springs. 

The fourth bedding situation (d) removes the springs in the bench and in the crown. In this 

situation, the springs are tension free. 
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Figure 2: Calculation methods of the beam spring model for tunnels in soft ground 

(Behnen, et al., 2013) 

The bedding approach was summarized in the EBT (German for: recommendations for 

calculations of tunnels in soft ground) which is listed in Table 2. 

 

Table 2: Bedding approach of the EBT 

Variable overburden Spring stiffness formulation 

Shallow tunnel < 2 D 𝑘𝑅 =  
𝐸𝑆

𝑅
 

Deep tunnel ≥ 3 D 𝑘𝑅 = 0,50 
𝐸𝑆

𝑅
 

 

Considering calculating the deformations in the longitudinal and radial gaps or openings in 

cross passages, restrictions of this calculation method are reached. Therefore, 3D finite 

element models are useful to model these problems obtaining proper results. 
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1.1.2 Double shield machine 

For a proper design of the numerical models a background of the double shield machine 

is given. 

Figure 3 shows a double shield TBM. Basically the machine consists of two shields 

connected by the front thrust cylinders. The front shield containing the main bearing, the 

cutter head and the front thrust cylinders. The gripper shield contains the grippers, the 

rear thrust cylinders and the gripper shield sealing. 

 

 
 
 

 

Figure 3: Double shield TBM (Herrenknecht) 

While installing the support, which is represented by reinforced concrete segments, the 

DSM  presses the cutter head against the tunnel face using the grippers and the front 

thrust cylinders. The rear thrust cylinders support the last ring of lining segments. The 

main advantage of this machine type is that the advance is not interrupted by the 

installation of the support. 

The contact between the surrounding rock and the lining segments is provided by the 

backfilling. The backfilling consists of mortar, pea gravel or a combination of both. 

At every excavation step the machine and the whole gantry is advanced by one width of 

the segments in the direction of the excavation. The rapid advance of the rear shield of a 

DSM after a boring stroke has been completed, increases the unbedded area by removing 

the abutment of the backfilled material in the annular gap. This leads to shear failure of 

the pea gravel and to relocation within the annular gap. Therefore, the position of the 

backfill within the annular gap is unknown and can be estimated only.   

gripper shoes 

front thrust cylinders 

cutter head rear thrust cylinders 
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1.2 Definition of objectives 

After a definition of the state of the art, all objectives for this thesis are defined: 

 

1. Applicability of FLAC3D 

FLAC3D is common software for solving numerical problems of tunnels and 

general excavation problems. An application of this software for different bedding 

situations and furthermore the implementation of the interfaces should be carried 

out. 

 

2. Applicability of the software Abaqus using the discrete element method 

Abaqus implemented in its newest update 6.13 (2013) the discrete element 

method. This research verifies the application of this method for this problem. 

 

3. Validation of the discrete element method 

Using DEM, a validation of the numerical particles is necessary. A comparison of 

numerical and laboratory tests determines the material parameters for further 

computational calculations. 

 

4. Application of the DEM on the annular gap problem 

Due to its similarity, discrete spheres model the pea gravel. This research 

elaborates the applicability for the annular gap. 

 

5. Design of a numerical model for future developments 

A numerical model for future research should be provided. As soon as the 

computational capacity and the simulation time are available, these calculations 

can be executed. 

 

6. Outlook of this method for further research 

An application on prospective problems of this method is shown and its pros and 

cons are discussed. 
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2 Applicability of FLAC3D 

The initial problem definition of this thesis was to determine the influence of the segment 

bedding on the outer lining of the tunnel. 

To elaborate the influence of the bedding, it is necessary to know the actual behavior of 

the bedding structure. Therefore, we started using the software FLAC3D (Itasca) to design 

a numerical model, which represents the conditions on the construction site.  

Figure 4 and Figure 5 show the excavation and installation steps of the FLAC3D 

calculation. 

 

 

 

 

Figure 4: Calculation process and descriptions in FLAC3D (1) 

Description:  - Initial Step

 - all Material Parameters are changed to the rock parameters

 - calculation to equilibrium in this case

 - all displacements are set zero after this calculation

Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Part 7 Part 8 Part 9 Part 10 Part 11 Part 12 Part 13 Part 14 Part 15

Rock

Annular Gap

Tuebbing Tube

Tunnel

Tuebbing Tube

Annular Gap

Rock

STEP 0

Description:  - take the results of step 0

 - Excavation of the fist 5 parts

 - all Material Parameters are still rock parameters except of the marked part this part is "air" - set to zero

 - calculation to Equilibrium in this case

Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Part 7 Part 8 Part 9 Part 10 Part 11 Part 12 Part 13 Part 14 Part 15

Rock

Annular Gap

Tuebbing Tube

Tunnel

Tuebbing Tube

Annular Gap

Rock

STEP 1

Description:  - take the results of step 1

 - Excavation of part 6 to 10

 - Installation of the Tuebbing tube in the first and second part and the annular gap in the first  part (Material Parameters and mechanical Modells are changing)

 - Installation of a steel tube in Part 2 & 3 (change of the material parameters

 - calculation to equilibrium in this case

Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Part 7 Part 8 Part 9 Part 10 Part 11 Part 12 Part 13 Part 14 Part 15

Rock

Annular Gap

Tuebbing Tube

Tunnel

Tuebbing Tube

Annular Gap

Rock

STEP 2
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Figure 5: Calculation process and descriptions in FLAC3D (2) 

A proper mesh design was essential for a calculation process shown in Figure 4 and 

Figure 5. All parts should be able to activate and deactivate which leads to the mesh 

shown in Figure 6. 

 

   

Figure 6: Mesh design for the FLAC3D model (the small picture in the left corner shows 

the full model) 

Figure 6 shows the export mesh of the software Abaqus and the input mesh for FLAC3D, 

respectively. This mesh includes all the segments and different annular gap situations of 

the predefined steps. The left plot shows the inclined annular gap, which was assumed 

after the regripping process. The interaction properties and their position within the model 

had to be assumed based on existing literature. 

  

Description:  - take the results of step 2

 - Excavation of part 11

 - change of the steel tube from part 2/3 to 3/4 (change of the material parameters)

 - Part 2 - all material parameters inside the excavation are set to zero

 - calculation to equilibrium in this case

Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Part 7 Part 8 Part 9 Part 10 Part 11 Part 12 Part 13 Part 14 Part 15

Rock

Annular Gap

Tuebbing Tube

Tunnel

Tuebbing Tube

Annular Gap

Rock

STEP 3
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Figure 7 shows the defined interactions fixed on the nodes. Pictures (a) and (b) show the 

interaction grid between the annular gap and the rock (cyan) as well as the annular gap 

and the segments (red). Additionally the interaction grid between the segments itself in 

longitudinal (green) and radial (blue) direction are shown in (c) and (d). 

 

    

 (a) (b) (c) (d) 

Figure 7: Definition of the interactions in the FLAC3D model 

Due to the large deformations in the annular gap, a finite element/difference method is 

hardly implementable and the results may not be representative. A proper way for a 

design of a numerical model for this problem is the discrete element method. Using 

Abaqus 6.13 (2013) the model can be discretized combining finite and discrete elements. 
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3 Discrete Element Method 

In general, the discrete element method (DEM) is a numerical method for the calculation 

of movements of a large number of particles in every size. Based on Newton’s second law 

of motion this method uses simple contact mechanics. Cundall first introduced DEM in 

1971 for the simulation of jointed rock. Since then the progress in this method was 

significant. Cleary & Campbell (1993) did further developments for simulations of 

landslides and Hopkins (1991) for a simulation of ice flows. To model the behavior of 

pharmaceutical powder (Johnson 2005, Yang 2002) as well as excavation and mixing 

problems (Cleary 2000) was the next step. Cundall’s idea was first applied on 2D disks, 

later 3D spheres were implemented. Today it is possible to model any shape of particles. 

In every single time increment, the contacts are detected and equilibrium iteratively 

established. Due to this fact, this method needs high performance computers and the 

development became popular since computers are able to calculate millions of numbers 

of particles on a single processor. 

Figure 8 shows the actuality of this computational method. The number of publications in 

the past 28 years were rising rapidly. The first publication was found in 1986. In 2013, 285 

papers with keywords addressing discrete element, distinct element or discrete particle 

simulation have been published. 

 

Figure 8: Number of publications related to discrete particle simulation in the recent 28 

years (status as of 29th of September 2014), obtained from Web of Science 
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3.1 Discrete Element Method in Abaqus 

With version 6.13 (2013) Abaqus provides the particle code based on the theory of 

Cundall (1971). It allows modelling individual particles with a rigid ball shape. The particles 

consisting of one node are implemented as linear elastic elements and have a uniform 

radius and density. 

This method is typically used in calculations with a large number of discrete particle 

elements interacting with each other and other bodies. Furthermore, the DEM can be 

used in combination with finite elements for modeling discrete particles interacting with 

deformable continua or other rigid bodies. The calculation method has to be an explicit 

dynamic analysis. 

 

Limitations of this method in the current Abaqus 6.13 Version: 

(Extract from: ABAQUS 6.13 Documentation , 2013) 

 

 In a multidomain analysis all PD3D elements will be forced to be in one of the 

domains. 

 Volume average output for stress, strain, and other similar continuum element 

output is not available for DEM analysis. 

 Only a ball shape is supported for PD3D elements. 

 It is not possible to specify cohesive or thermal contact between PD3D elements 

or between PD3D elements and other elements. 

 Rolling friction is ignored for contact between PD3D elements or between PD3D 

elements and other elements. 

 Although supported in Abaqus/Viewer, the functionality is not supported in 

Abaqus/CAE. One can use the existing functionality in Abaqus/CAE to generate 

mass elements, write an input file, and then manually edit the input file to convert 

the mass elements to particles. Alternatively, one can create a mesh using C3D8R 

elements, write an input file, and then use a script to convert these elements to 

particles. 
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3.2 Contact Law 

Figure 9 shows the general contact formulation in Abaqus with all its variable parameters. 

Between particle 1 and particle 2, the normal stiffness Kn and damping factor Cn are 

defined. The tangential contact properties tangential stiffness Kt, tangential damping Ct 

and the friction coefficient µ are acting perpendicular to that direction. 

The particle itself is defined with the radius Ri, angular velocity ωi and the coordinates ui 

and vi. 

 

Figure 9: General form of the contact law (Abaqus 6.13 Documentation, 2013) 

 

In discrete element calculations, the contact law describes the behaviour between two 

particles and between a surrounding rigid or deformable surface and the particle, 

respectively. In Abaqus this is implemented as a clearance/overclosure – contact force 

formulation. In general, the more overclosure the higher is the contact force. 

 

𝛿 = 𝑟1 + 𝑟2 − 𝑑 (4) 
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Figure 10 shows three different states of particles. For this research, the particle itself is 

rigidly discretized with a linear elastic determination of the penetration due to the contact 

formulation. 

 

 

Figure 10: Interactions between ball shaped particles (Abaqus 6.13 Documentation, 2013) 

Overclosure δ is zero if the spheres are just touching each other. With the definition of the 

overclosure, contact forces are only acting when δ becomes negative. 

There are some technical problems existing where contact forces are acting if there is a 

clearance, which are neglected in this research due to the reason that these forces are 

very small. 

 

Figure 11 and Figure 12 shows provided Contact laws in Abaqus. A linear and non-linear 

contact formulation is shown in Figure 11 while Figure 12 shows an incremental 

formulation based on the given equation. 

 

 

Figure 11: Comparison of linear and nonlinear contact laws 
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Figure 12: “Softened” scale factor pressure-overclosure relationship 

For the problem if two spheres are getting in contact the overclosure – pressure 

relationship is not linear. The more overclosure the spheres have the more contact force 

is acting because the area of contact increases with the overclosure. 

 

For this special problem, Heinrich Hertz provided an analytical approach in 1882. The 

deformation of an elastic Half-space being under the influence of surface forces is 

described in Chapter 3.2.1. 

 

3.2.1 Hertz Contact Formulation 

The Hertz Contact Formulation describes the contact interaction between two elastic 

bodies. It was solved by Hertz (1982) and is still a state of the art solution. 

The contact stiffness is not linear because F is not linearly dependent on δ. Equation 5 

defines the relationship for a given value of overclosure between two particles. 

𝐾 =
𝑑𝐹

𝑑𝛿
= 2𝐸∗√𝑅√𝛿 (5) 
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The Hertz contact solution (Equation 6) defines the contact force F, between two remote 

points using the approach distance, δ, the corresponding radius, R (Equation 7), and the 

modified elastic modulus, E* (Equation 8). 

 

𝐹 =
4

3
𝐸∗√𝑅√𝛿3 (6) 

𝑅 =
𝑅1𝑅2

𝑅1+𝑅2
 (7) 

1

𝐸∗
=

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
 (8) 

The following variables are necessary to be defined: 

(Chapter 4.2 contains a parametric study on the given variables) 
 

Table 3: Variable definition of the Hertz contact solution 

Variable Unit Description 

F [N] contact force 

E* [N/mm²] modified elastic modulus 

R (case 1) [mm] modified radii (in case two spheres are in contact) 

R (case 2) [mm] 
radius of a sphere which is in contact with an elastic 

half space 

δ [mm] overclosure 

Ri [mm] radii of the different spheres 

Ei [N/mm²] elastic modulus of the different spheres 

νi [-] poisons ratio of the different spheres 

 

Contact Mechanics and Friction: Physical Principles and Applications p.55 ff. (Popov, 

2010) provides detailed information on the Hertz contact solution. 
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The application of this contact formulation was done in an Excel file. This file represents 

the contact formulation for two particles with the same size and a planar surface 

respectively. It calculates the contact force associated to a special value of overclosure. 

The range between 0.005% and 20% of the particle radius defines the overclosure. Within 

this range, the Excel sheet generates 200 values. An Excel-macro converts these values 

into a text document, which is readable for the Software Abaqus. The source code of this 

macro is attached in the Annex A of this thesis. 

 

3.3 Particle packing / Initial Placing 

The initial process of particle placing is a complex procedure. Usually the particles are 

placed initially touching each other and settling during the first explicit dynamic step under 

gravitational influence. 

The duration of this process/step depends on the number of particles and complexity of 

the geometry. Usually it is necessary to start a “test run” in order to obtain the time for the 

placing process. 

Figure 13 shows the initial process. To the very left the initial state, every sphere is 

touching each other with no overclosure (in all three directions). The following steps show 

the settlement during the initial process leading to a randomly placed pack of particles in 

static condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The model shown in figure 8 has about 14.000 particles, the geometry is simple and it  

The model shown in Figure 13 has about 14.000 particles, the geometry is simple and it 

takes approximately 0.70 seconds in real-time for this initial step. 

Figure 13: Process of particle placing 
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To create particle elements in Abaqus it is necessary to produce cubic elements first. After 

meshing them (C3D8) a particle element can be associated at every node by changing 

the mesh type (PD3D). 

 

Equation 9 shows the space for this kind of initial particle placing: 

 

 
∑ 𝑉𝑠ℎ𝑒𝑟𝑒

∑ 𝑉𝑠𝑝𝑎𝑐𝑒
=

∑
1

6
𝜋𝐷3

∑ 𝐷3 =
1

6
𝜋 = 0.524 ≜ 52.4% 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑙𝑙 𝑠𝑝𝑎𝑐𝑒 (9) 

 

3.4 Incrementation 

“For dense three-dimensional packing of particles where each particle simultaneously 

contacts many particles, the numerical stability considerations are complex” (Abaqus 6.13 

Documentation, 2013) 

Concerning the reason that the particles are rigid the incrementation should be fixed and 

not like the most Abaqus Explicit problems with an automated control of the time 

incrementation. The incrementation bases on the stiffness and the mass properties of the 

model. 

 

Abaqus suggests an incrementation range in order to avoid instabilities. Equation 10 is the 

maximum and Equation 11 is the minimum value of the incrementation. 

 

 0.4√
𝑚

𝑘
 (10) 

 

 0.1√
𝑚

𝑘
 (11) 

 

Table 4: Variable Definition 

Variable Unit Description 

m [t] Particle mass 

k [N/mm²] Contact stiffness 

 

“If particle velocities become very large, the amount of incremental motion can influence 

the appropriate time increment size. Accurate resolution of particle motion sometimes 

requires specifying a smaller time increment than the maximum numerical stability time 

increment.” (Abaqus 6.13 Documentation, 2013) 



Chapter 3. Discrete Element Method 18 

 

 
Table 5 shows the used incrementations of this thesis, depending on the particle stiffness. 

 

Table 5: Time incrementations depending on the particle stiffness 

particle stiffness time increment 

20 GPa 5*10^-5 

50 GPa 5*10^-6 

100 GPa 2*10^-6 

 

Selecting a Suitable Time Step for Discrete Element Simulations that Use the Central 

Difference Time Integration Scheme (O'Sullivan, et al., 2004) provides more information 

about the determination of the incrementation. 

3.5 Calculation procedures 

Figure 14 shows the calculation procedure of a discrete element analysis. 

 

 

Figure 14: Calculation procedure of a DEM calculation (Lin, 2013) 

After an initialization process, the software updates the motion of the particles, and exact 

positions for this incremental time step are determined. Contact detection follows. For this 

part, the distances between all particles in the model are determined. In case the distance 

is shorter or equals the sum of both radii specific contact forces can be evaluated. This 

loop continues until the explicit calculation is taking place. The user is defining the time for 

this process. The evaluation of this time should be carefully selected since a static state 

might not be reached. 
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3.6 Software for discrete element problems 

Table 6 shows software solutions of the current products for DEM Simulations and gives a 

brief overview of the latest developments. 

 

Table 6: Software solutions for DEM problems 

software company  first release current version  

Abaqus CAE Dassault Systemes commercial 6.13 (2013) 6.14 3D 

PFC 2D Itasca commercial PFC 1 (1994) PFC 5 2D 

PFC 3D Itasca commercial PFC 1 (1994) PFC 5 3D 

EDEM DEM solutions commercial 1.0 (2006) 2.5 3D 

YADE - open source 0.20 (2009) 1.11.0 3D 

LIGGGHTS - open source Beta 1 (2010) 3.0.3 3D 
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4 Calibration 

First, it is necessary to calibrate all material parameters by simulating laboratory tests 

numerically. A description of assumed input parameters is given. Table 7 shows 

continuous units declaration. 

Table 7: Units declaration 

parameter used in this work SI - Units 

length [mm] [m] 

density [t/mm³] [kg/m³] 

force [N] [N] 

stress [N/mm²] [N/m²] 

gravitation [mm/s²] [m/s²] 

 

All calculations were done without scaling. The goal of this research was a numerical 

simulation of the laboratory tests. 

X. Ding et al (2013) give a brief overview on the effect of particle size distribution on the 

simulated macroscopic mechanical properties, unconfined compressive strength (UCS), 

Young’s modulus and Poisson’s ratio. 

4.1 Input Parameters 

Table 8 shows the initial assumptions of the input parameters. Each parameter in the 

following Chapters is described in detail. 
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Table 8: Initial Input Parameters 

parameter Initial value unit 

particle diameter 10.0 mm 

shape Sphere  

friction coefficient - tan (𝜑) 0.70  

elastic modulus 20,000.0 N/mm² 

Poisson ratio 0.20 mm/s² 

density 2.60*10^-9 t/mm³ 

mass proportional damping factor 7.0 % 

shearing speed 3.0 mm/sec 

 

4.1.1 Particle Diameter 

Figure 15 shows the grain size distribution of the pea gravel. This pea gravel is a closely 

graded material with a D50 of 9.2 mm. The variation of the grain size for the numerical 

studies was done between 8.0 mm and 10 mm. Due to the numerical limitation it is not 

possible to generate such a grain size distribution in the computational model. Initially the 

diameter was set to 10.0 mm. 

 

Figure 15: Grain size distribution of pea gravel 
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4.1.2 Particle shape 

Using the DEM implementation of Abaqus, Abaqus 6.13 (2013) provides only ball shaped 

particles. Figure 16 compares circles with pea gravel in order to illustrate computational 

deviation of the numerical discretization. 

 

 

Figure 16: Discretization of the pea gravel 

4.1.3 Friction coefficient 

Table 9 describes the friction behaviour between the discrete elements itself and between 

the discrete and the finite elements. The wall friction angle is 2/3 times the inner friction 

angle between the particles, which is a common assumption for rough concrete walls. 

 

Table 9: Friction coefficient 

friction between tan(φ) φ 

discrete elements 0.70 35° 

discrete and finite elements 0.43 tan(2/3*35) 

 

4.1.4 Elastic modulus / poisson ratio of the intact rock 

To establish the elastic modulus of intact rock of the pea gravel grain is hardly possible. 

For this parameter, a parameter study was performed. 

This pea gravel is a fluviatile sediment out of the river Danube, therefore the elastic 

modulus can be assumed within a range of 20 and 100 GPa. 

The Poisson ratio was set to 0.20, which is a reasonable value for rock in this category. 
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4.1.5 Density 

To establish the density several immersion weighting tests were performed. The tests 

show a consistent value of 2.6*10^-9 t/mm³ (2600 kg/m³). 

4.1.6 Damping Factor 

To reduce the solution noise caused by several opening and closing procedures Abaqus 

suggests a mass proportional damping factor. A common value for rock applications is a 

mass proportional damping value of 7 %. 
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4.2 Numerical Tests 

Chapters 4.2.1 and 4.2.2 show discussions on performed numerical tests for this 

research. To determine material parameters, it is necessary to execute numerical studies 

and compare the results with laboratory tests. 

Explicit discrete analyses in Abaqus are done for two laboratory tests, in order to obtain 

the input parameters for further numerical studies. 

In general, it is impossible to add parts during an ongoing calculation process. The below 

listed parameters are defined separately for each step: 

 Duration of the step 

 Incrementation 

 Contact properties and contact inclusions for the interaction parameters 

 Output parameters 

 Output interval 

 
If the duration of a calculation step changes, it is advisable to align the output interval of 

different calculations. 

Before starting a calculation, it is necessary to define the needed information. Following 

listed output variables are defined in the input file. Each variable provides results in all 

three directions. 

 Nodal Output: 

o U – translations and rotations 

o V – translational and rotational velocities 

 Contact Output 

o CFORCE – contact force 

o CSTRESS – contact stress 

 

A change of the particle stiffness or particle size leads to an adaption of the 

incrementation. Because of this discussion, we can state that the stiffer the particles are, 

the longer the calculation takes. 

 

The execution of a shear test, specifying the shear strength of pea gravel and an 

oedometer test defining the loading and unloading deformation behavior under known 

stress conditions. For all numerical calculations, the surrounding surfaces were assumed 

rigid. 
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4.2.1 Shear test Calculation 

For determining the numerical shear strength of pea gravel, a computational shear test 

model was designed. After an initial placing process, the particles are loaded with a 

specified vertical pressure and settle at this state until the horizontal shearing process 

starts. Due to the transferred horizontal forces from the upper to the lower part of the 

shear box, it is possible to recalculate the numerical shear stress of the continuum. Using 

the described assumptions in Chapter 4.1, a real sized shear box was discretized. To 

keep the numerical calculation time low, the shear velocity was set to 3 mm/sec. 

 

4.2.1.1 Geometry 

Figure 17 shows the geometry of the shear box. In the x-y plane, the shear box is a 

square of 225 mm with a height is 200 mm. On top of this box is the guiding-box, which is 

necessary to guide the particles during the initial placing process into the lower box. For 

an application of the vertical stress, a top plate was designed. Its position is on top of the 

particles, with a surrounding gap of 0.5 mm to the box. 

 

Figure 17: Geometry of the shear box 

There are two “wings” placed on both sides of the shear box. These wings prevent the 

particles from falling out. 

Figure 18 shows the initial placing of the particles in the shear box. The initial positions of 

the particles are just touching to each other. The lowest row of particles has an offset of 

half a diameter to the upper rows to avoid the straight elastic ball impact. 
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Figure 18: Initial particle positions 

4.2.1.2 Definition of the Sets 

Figure 19 shows the definition of the sets. Throughout the Abaqus code, it is necessary to 

access all nodes by the definition of these sets. All nodes with the same set-name have 

the same material parameters, boundary conditions and surface interactions. 

 

Figure 19: Definition of the sets (box_u – red; box_o1 – green; box_o2 – white; top plate – 

grey; dem1 – invisible, in the box) 
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4.2.1.3 Steps 

Table 10 and Table 11 indicate an overview of the calculation steps and the application of 

force and boundary conditions during the calculation procedures. The Abaqus code of 

these steps is attached to this thesis, as a part of the input file of the shear box 

calculation. 

Table 10: Definition of the steps (1) 

Step 1 – settlement of the particles 

Activation of gravity. All sets except the top plate in z-direction and the particles in all directions are 

fixed. Initial step for placing of the particles. 

  Boundary conditions – velocity [mm/sec] 

  x y z x-r y-r z-r 

 box_u - - - - - - 

 box_o1 - - - - - - 

 box_o2 - - - - - - 

 topplate - - free - - - 

 dem1 free free free free free free 

Step 2 – vertical pressure 

Activation of the vertical pressure on the top plate (100, 200, 300 or 400 kN/m² - depending on the 

load stage). No change in the boundary conditions. 

  Boundary conditions – velocity [mm/sec] 

  x y z x-r y-r z-r 

 box_u - - - - - - 

 box_o1 - - - - - - 

 box_o2 - - - - - - 

 topplate - - free - - - 

 dem1 free free free free free free 
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Table 11: Definition of the steps (2) 

Step 3 – shearing process 

The upper part of the shear box (box_o1, box_o2 and top plate) is moving with a speed of 3mm/sec 

in x-direction. All other parts are still fixed. 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

 box_u - - - - - - 

 box_o1 3.0 - - - - - 

 box_o2 3.0 - - - - - 

 topplate 3.0 - free - - - 

 dem1 free free free free free free 

4.2.1.4 Parameter Variation 

Table 12 and Table 13 show the parameter variations of the numerical shear tests. In 

ascending order of the given test numbers, the plots in the attachment are shown. 

Table 12: Parameter variation of the shear test calculation (1) 

 

 

Table 13: Parameter variation of the shear test calculation (2) 

 

 
The two mainly varied parameters are the elastic modulus of the intact rock and the 

particle diameter. In overall, twelve different tests with additional three minor variations on 

the incrementation were performed. 

1a 1b 2a 2b 3 4 5 6

standard

Particle Diameter [mm] 10.0 10.0 10.0 8.0 8.0 10.0 8.0 10.0 8.0

Friction ratio (tanϕ) [-] 0.70 0.50 0.70 0.50 0.70

E-Modulus intact Rock [N/mm²] 20,000.0

Poissons ratio [-] 0.20

density [t/mm³] 2.60*10^-9

Damping Factor (Particles) - ALPHA [%] 7.0

Damping Factor (everything else) [-] 0.07

Incrementation [-] 5.00E-07 5.00E-07 7.00E-07

shearing speed [mm/sec] 3.0

0.70

0.20

2.60*10^-9

P
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 S

20,000.00

7.0

0.07

3.0

50,000.00

0.20

2.60*10^-9

5.00E-07

0.70

100,000.00

0.20

2.60*10^-9

7.0

0.07

3.0

0.07

5.00E-07

7.0

5.00E-07

3.0

7a 7b 8 9 10 11 12

standard

Particle Diameter [mm] 10.0 10.0 10.0 8.0 10.0 8.0 10.0 8.0

Friction ratio (tanϕ) [-] 0.70

E-Modulus intact Rock [N/mm²] 20,000.0

Poissons ratio [-] 0.20

density [t/mm³] 2.60*10^-9

Damping Factor (Particles) - ALPHA [%] 7.0

Damping Factor (everything else) [-] 0.07

Incrementation [-] 5.00E-07 5.00E-07 2.00E-07 5.00E-07

shearing speed [mm/sec] 3.0

0.70

500,000.00

0.20

2.60*10^-9

7.0

0.07

3.0

2.60*10^-9

7.0
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Four different load stages were performed in order to obtain the shear strength. For each 

numerical test run a final 𝜎𝑛 / 𝜏 plot was generated. 

 Load stage 1: 100 kN/m² 

 Load stage 2: 200 kN/m² 

 Load stage 3: 300 kN/m² 

 Load stage 4: 400 kN/m² 

 

4.2.1.5 Evaluation 

Due to the constant shearing speed the shearing distance is linearly time dependent. 

Equation 12 approach was used to evaluate the shear stress from the numerical 

calculation. 

 

𝜏 =
∑ 𝐶𝐹𝑂𝑅𝐶𝐸𝑥

𝐴𝑠ℎ𝑒𝑎𝑟
 (12) 

 

∑ 𝐹𝑐𝑜𝑛𝑡 ............Sum of all contact forces in shearing direction x at the surface of the set 

box_u 

𝐴𝑠ℎ𝑒𝑎𝑟 .............Area of the shear plane 

 

All contact forces acting on the set “box_u” (red part in Figure 19) in shearing direction x 

are summed up to an overall force and divided by the shearing area. The results arising 

from Equation 12 are calculated at each time step of the calculation. 

 

 (1) (2) (3) 

Figure 20: States of the 3D numerical shear test using the software Abaqus – (1) initial 

state prior to the shearing process; (2) velocities of the particles during the 

shearing process; (3) contact force vector plot 

All plots of the results are summarised in Chapter 4.4. 
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4.2.2 Oedometer test 

To develop the actual behaviour of one-dimensional deformation under incremental 

loading conditions, an oedometer test was performed. The surrounding cylindrical shaped 

box prevents the deformation in x-y direction. 

A similar testing procedure and parameter variation as applied on the shear test was 

performed on the oedometer test. 

4.2.2.1 Geometry and definition of the sets 

The large oedometer test has a diameter of 300 mm. The green set at the bottom (box_u) 

has a height of 80 mm. Both white segments are used for the particle placing process. A 

common height-diameter ratio for designing an oedometer test is 3/1 or higher, which is 

implemented in that model. 

 

 

Figure 21: Definition of the sets (box_u – green; box_o – white; top plate – red; dem1 – 

invisible, in the box) 
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Figure 22 shows the initial placing of the particles in the oedometer box. The lowest row of 

particles has similar to the shear test, an offset of half a diameter to the upper rows to 

avoid the straight elastic ball impact. 

 

 

Figure 22: Initial placing of the particles - oedometer test 

4.2.2.2 Steps 

Table 14 shows a description of the numerical oedometer test steps. The first step 

represents the initial placing step. Beginning with step 2 different load steps for obtaining 

the oedometer stiffness is defined. While vertical pressure is applied on the set “topplate”, 

deformation and contact stiffness in all directions are recorded. The highest vertical stress 

level applied on the discrete elements was set to 12 N/mm². The stresses within the 

annular gap are supposed to be within this range. The highest stress level of the 

laboratory test was 20 N/mm², which led to an irreversible plastic deformation of the 

grains. DEM does not allow to reproduce this deformation behavior . 
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Table 14: Definition of the steps 

Step 1 – settlement of the particles 

Gravitation is activated; all sets except the top plate in z-direction and the particles in all directions 

are fixed; initial step for placing the particles. 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

 box_u - - - - - - 

 box_o - - - - - - 

 topplate - - free - - - 

 dem1 free free free free free free 

Step 2 and further steps – vertical pressure 

Activation of the vertical pressure on the top plate (0.10, 2, 4, 6, 8, 4, 8, 10, 12); each load stage for 

one second real-time to reach a reasonable calculation time. 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

 box_u - - - - - - 

 box_o - - - - - - 

 topplate - - free - - - 

 dem1 free free free free free free 
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4.2.2.3 Parameter Variation 

The numerical results of the shear tests have shown, that the diameter variation has minor 

influence on the results. According to this and due to the longer calculation time of the 

8 mm particles for the oedometer test, only 10 mm particles were used. The variation of 

the elastic modulus of the intact rock was performed in the range between 20 and 200 

GPa. Table 15 shows six parameter variations of the oedometer tests. The variations 05 

to 08 only differ in the elastic modulus of the intact rock. The input parameters of the test 

series 09 and 10 vary the friction coefficient between the particles and the surrounding 

surface to determine the influence of the wall friction. 

 

Table 15: Parameter variation of the oedometer tests 

 

 

Considering the different interaction stiffnesses due to the change of the intact elastic 

modulus the incrementation of the calculation has to be adapted. 

  

05 06 07 08 09 10

standard

Particle Diameter [mm] 10.0 10.0 10.0 10.0 10.0 10.0 10.0

Shape [-] sphere sphere sphere sphere sphere sphere sphere

Friction ratio particle/particle [-] 0.50 0.70 0.70 0.70 0.70 0.70 0.70

Friction ratio particle/surr. Surface [-] 0.70 0.50 0.50 0.50 0.50 0.00 0.20

E-Modulus intact Rock [N/mm²] 200,000.0 200,000.0 20,000.0 50,000.0 100,000.0 200,000.0 200,000.0

Poissons ratio [-] 0.20 0.20 0.20 0.20 0.20 0.20 0.20

density [t/mm³] 2.60*10^-9 2.60*10^-9 2.60*10^-9 2.60*10^-9 2.60*10^-9 2.60*10^-9 2.60*10^-9

Damping Factor (Particles) - ALPHA [%] 7.0 7.0 7.0 7.0 7.0 7.0 7.0

Damping Factor (everything else) [-] 0.07 0.07 0.07 0.07 0.07 0.07 0.07
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4.2.2.4 Evaluation 

Using Equations 13, 14 and 15 the oedometer test is evaluated. Equation 15 shows the 

determination of the constraint secant modulus for one load stage. This calculation has to 

be done for each load stage. 

 

𝜎𝑁,𝑖 =
∑ 𝐶𝐹𝑂𝑅𝐶𝐸𝑧−∑ 𝐶𝑆𝐻𝐸𝐴𝑅𝑧

𝐴𝑜𝑒𝑑
 (13) 

 

휀𝑎,𝑖 =
𝑠𝑖

ℎ0
 (14) 

 

𝐸𝑆,𝑖 =
∆𝜎𝑁

∆ 𝑎
=

𝜎𝑁,𝑖+1−𝜎𝑁,𝑖

𝑎,𝑖+1− 𝑎,𝑖
 (15) 

 

Table 16: Variable Definition 

Variable Unit Description 

𝜎𝑁,𝑖 [N/mm²] normal stress of a load stage 

𝐶𝐹𝑂𝑅𝐶𝐸𝑧 [N] contact force in z-direction 

𝐶𝑆𝐻𝐸𝐴𝑅𝑧 [N] contact shear force in z-direction 

𝐴𝑜𝑒𝑑 [mm²] area of the oedometer box 

휀𝑎,𝑖 [-] axial strain 

𝑠𝑖 [mm] compression / displacement in z-direction 

ℎ0 [mm] initial specimen height of the oedometer grains 

𝐸𝑆,𝑖 [N/mm²] elastic modulus of the particles 
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Table 17 shows all exported parameters of the Abaqus output file. All parameters are 

tracked through the whole calculation procedure. For this reason, all export parameters 

are time depended. 
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Table 17: Export data of the Abaqus result file 

export variable unit description 

𝑡𝑖𝑚𝑒 s real-time of the calculation 

∑ 𝐶𝐹𝑂𝑅𝐶𝐸𝑧 N sum of all contact forces in z-direction acting on the set top plate 

∑ 𝐶𝑆𝐻𝐸𝐴𝑅𝑧 N 
sum of all shear forces in z direction acting on the surrounding 

box due to friction 

𝑠𝑖 mm Compression / displacement in z-direction of the top plate 

 

For determining the oedometer stiffness all parameters are exported in an Excel file. In 

order to get comparable results, the evaluation of the numerical calculation was done 

using the same Excel template as for the laboratory tests. 

  



Chapter 4. Calibration 37 

 

4.3 Laboratory tests 

All laboratory tests were carried out at the laboratory for Rock Mechanics and Tunnelling 

at Graz University of Technology. The material for those tests was pea gravel provided by 

a tunnel construction project for scientific research. 

Chapter 4.1.1 shows the performed grain size distribution. The shear test was performed 

with the same load stages as the numerical tests. For the laboratory tests, a shearing 

velocity of 0.3 mm/min was applied. In order to reach a reasonable calculation time the 

numerical tests were executed with a higher advance rate.  

A large oedometer test device was developed in the laboratory for Rock Mechanics and 

Tunnelling at the Graz University of Technology (further information on the large 

oedometer test the master thesis: Design of a Large Oedometer for the Determination of 

Stress Dependent Moduli on Fault Rocks (Wieser, 2011) is recommended). Figure 23 

shows the oedometer box filled with pea gravel. 

 

 

Figure 23: Oedometer test on pea gravel 

The Chapters 4.3.1 and 4.3.2 show the evaluation of the conducted laboratory test. 
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4.3.1 Shear test results 

Figure 24 and Figure 25 show the results of the laboratory shear test. Attached to this 

research is a detailed laboratory report. 

 

Figure 24: Shear test results of the laboratory test 

 

Figure 25: 𝜎/ 𝜏 plot for determining cohesion and friction angle 
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4.3.2 Oedometer test results 

Table 18 and Table 19 show all results of the laboratory oedometer test. 

 

Table 18: Oedometer laboratory results (1) 

 

Table 19: Axial Strain / normal stress plot of the laboratory oedometer test 

 

A detailed laboratory report is attached to this thesis in Annex C. 
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4.4 Results and conclusions of the numerical 

calculations 

The following Chapters 4.4.1 and 4.4.2 provide all results including a comparison of the 

computational calculations and the laboratory tests. Only significant plots are used to 

discuss the results. All remaining plots are listed in ascending order of the given numbers 

in the Annex F. 

4.4.1 Shear test results 

Table 20 and Table 21 show results for the different parameter variations. Due to the long 

calculation time, some variations did not lead to results. 

 

Table 20: Results of the shear test variations (1) 

 

 

Table 21: Results of the shear test variations (2) 

 

 
  

1a 1b 2a 2b 3 4 5 6

standard

Particle Diameter [mm] 10.0 10.0 10.0 8.0 8.0 10.0 8.0 10.0 8.0

Friction ratio (tanϕ) [-] 0.70 0.50 0.70 0.50 0.70

E-Modulus intact Rock [N/mm²] 20,000.0

Poissons ratio [-] 0.20

density [t/mm³] 2.60*10^-9

Damping Factor (Particles) - ALPHA [%] 7.0

Damping Factor (everything else) [-] 0.07

Incrementation [-] 5.00E-07 5.00E-07 7.00E-07

shearing speed [mm/sec] 3.0

Friction Angle [°] 12.33 20.58 14.74 12.08 18.94 - 18.70 -

Cohesion [kN/m ²] 0.00 0.00 0.00 0.00 0.00 - 0.00 -

0.20

2.60*10^-9
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7a 7b 8 9 10 11 12

standard

Particle Diameter [mm] 10.0 10.0 10.0 8.0 10.0 8.0 10.0 8.0

Friction ratio (tanϕ) [-] 0.70

E-Modulus intact Rock [N/mm²] 20,000.0

Poissons ratio [-] 0.20

density [t/mm³] 2.60*10^-9

Damping Factor (Particles) - ALPHA [%] 7.0

Damping Factor (everything else) [-] 0.07

Incrementation [-] 5.00E-07 5.00E-07 2.00E-07 5.00E-07

shearing speed [mm/sec] 3.0

Friction Angle [°] 16.34 - 16.54 - - -

Cohesion [kN/m ²] 0.00 - 0.00 - - -

0.70

500,000.00

0.20

2.60*10^-9

7.0
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Figure 26 shows the results of the friction angle depending on the elastic modulus of the 

intact rock. We assume that intact rock stiffness higher than 200 GPa has no 

consequence on the friction angle. 

 

 

Figure 26: Friction angle depending on the elastic modulus of the intact rock 

The numerical calculations result in a friction angle between 12 and 18 degrees. This 

value is not realistic for cohesion less gravel. 

 

Following reasons were assumed to cause this friction angle: 

 

(1) no possibility of fracture simulation within the particles 

(2) deviation of the shape of simulated particles and pea gravel 

 

Regarding fact (1): A failure criterion within the particle is not implemented in the actual 

Abaqus version. The laboratory test shows cracks in the grains along the shear plane, 

which may result in a higher shear stiffness. 

Regarding fact (2): Due to the perfect circular shape of the particles and one continuous 

particle diameter, an interlocking can be excepted. For pea gravel used on construction 

sites, we consider a discontinuous circular shape. This is traced back to the erosion and 

transport mechanism of fluviatile sediments. This leads to smaller void volume and a 

higher friction angle.  
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4.4.1.1 Comparison of representative results 

Figure 27and Figure 28 compare the laboratory test and the numerical simulation with the 

parameter variation 3 (see Table 20). A shear stress / shear distance and a shear stress / 

normal stress diagram illustrates the deviation between the two tests.  

 

Figure 27: Comparison of the laboratory tests with the numerical "3" variation (1)  

 

Figure 28: Comparison of the laboratory tests with the numerical "1a" variation (2) 

A Python code, used for generating the two diagrams from the Abaqus output file is 

attached in Annex E.  
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4.4.1.2 Impact of the incrementation 

In Figure 29 and Figure 30, the impact of the incrementation is shown. The solution noise 

of the numerical results increases with the vertical stress 𝜎𝑛. The incrementation depends 

on the mass of the particles and their stiffness. An adaption of the incrementation would 

reduce the numerical solution noise. 

 

Figure 29: results of the “1b” variation (1) 

The solution noise causes a higher friction angle as seen on load stage 4 with 400 kN/m² 

in Figure 30. 

 

Figure 30: results of the “1b” variation (2) 
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4.4.2 Oedometer Test 

Table 22 lists the numerical and laboratory results of the oedometer variations. Using 

Equations 13 to 15 in Chapter 4.2.2.4, the load dependent constraint secant moduli 𝐸𝑠 are 

calculated. 

Table 22: Results of the numerical and laboratory oedometer test variations 

 

 

Figure 31 shows a plot of the axial strain depending versus the logarithm of the normal 

stress. The parameter variation 06 with its intact elastic module of 20 GPa leads to a 

stiffness of 10 MPa in load stage 1. Due to this unrealistic assumption, this parameter 

variation was not considered in further discussions. Above the stress level of 2 MPa the 

laboratory test shows plastic deformation, which cannot be simulated with this numerical 

model. 

The deformational behavior of this numerical calculation concurs with the laboratory test 

up to a normal stress of 2 MPa. The stress level within the annular gap is assumed to be 

within range of 2 MPa. 

 

  

# Situation
σN 

[MPa]

Strain 

ϵ a  [-]

Es 

[MPa]

σN 

[MPa]

Strain 

ϵ a  [-]
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[MPa]

σN 

[MPa]

Strain 

ϵ a  [-]

Es 

[MPa]

σN 

[MPa]

Strain 

ϵ a  [-]

Es 

[MPa]

σN 

[MPa]

Strain 

ϵ a  [-]

Es 

[MPa]

σN 

[MPa]

Strain 

ϵ a  [-]

Es 

[MPa]

σN 

[MPa]

Strain 

ϵ a  [-]

Es 

[MPa]

0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000

0.08 0.0133 0.08 0.1352 0.09 0.0214 0.09 0.0251 0.08 0.0226 0.08 0.0267

0.08 0.0133 0.08 0.1352 0.09 0.0214 0.09 0.0251 0.08 0.0226 0.08 0.0267 0.12 0.0161

1.99 0.0196 1.88 0.4103 1.95 0.0455 1.86 0.0483 1.96 0.0424 1.93 0.0484 1.97 0.0374

1.82 0.0196 1.88 0.4103 1.95 0.0455 1.86 0.0483 1.96 0.0424 1.93 0.0484 1.97 0.0374

3.86 0.0215 0.00 0.0000 3.99 0.0503 3.96 0.0523 3.93 0.0465 3.87 0.0520 4.09 0.0640

3.73 0.0215 0.00 0.0000 3.99 0.0503 3.97 0.0523 3.93 0.0465 3.87 0.0520 4.09 0.0640

5.96 0.0232 0.00 0.0000 5.78 0.0537 6.07 0.0548 5.90 0.0512 5.85 0.0534 6.10 0.0942

5.55 0.0232 0.00 0.0000 5.77 0.0537 6.07 0.0548 5.90 0.0512 5.85 0.0534 6.10 0.0942

7.82 0.0244 0.00 0.0000 8.29 0.0556 7.80 0.0565 7.87 0.0563 7.86 0.0548 8.14 0.1223

7.65 0.0244 0.00 0.0000 8.28 0.0556 7.79 0.0565 7.87 0.0563 7.86 0.0548 8.14 0.1223

3.86 0.0240 0.00 0.0000 3.76 0.0531 3.84 0.0549 3.93 0.0557 3.93 0.0538 3.73 0.1217

3.85 0.0240 0.00 0.0000 3.77 0.0531 3.84 0.0549 3.93 0.0557 3.93 0.0538 3.73 0.1217

7.71 0.0253 0.00 0.0000 8.01 0.0563 7.83 0.0566 7.87 0.0596 7.74 0.0549 8.13 0.1247

7.66 0.0253 0.00 0.0000 8.00 0.0563 7.82 0.0566 7.87 0.0596 7.74 0.0549 8.13 0.1247

9.72 0.0259 0.00 0.0000 9.88 0.0581 9.96 0.0575 9.84 0.0632 0.00 0.0000 10.25 0.1463

9.72 0.0259 0.00 0.0000 9.88 0.0581 9.96 0.0575 9.84 0.0633 0.00 0.0000 10.25 0.1463

0.00 ##### 0.00 0.0000 0.00 0.0000 11.98 0.0582 11.82 0.0661 0.00 0.0000 12.48 0.1647
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lab
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5 loading 5 1880 - 1290 1050 390 1440

4 loading 4 1310 - 540 850

90

3 loading 3 1080 0 420 520 480 530

0 0

2 loading 2 300 10 80 80 90

1 loading 1 10 0 0 0
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Figure 32 shows a more detailed plot of the variations. The unloading and reloading 

modulus of the computational simulations is also in the range of the laboratory test. 

 

 

Figure 31: Summarization of the numerical and laboratory results of the oedometer test 

 

Figure 32: Summary of the numerical and laboratory tests (more detailed plot) 
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Figure 33 shows the comparison of the strain – time development of the numerical 05 

variation and the laboratory test. For reason of comparability, the time of the numerical 

and laboratory test was normalized by a percentage value. Due to the drained material, 

excluding consolidation, these tests are comparable. 

 

 

Figure 33: Strain time development of the first loading stage 

Figure 34 shows the compressibility of discrete elements due to the different contact 

formulations. A full calculation for an intact elastic modulus of 20 GPa was not possible 

due to the high compressibility. 

 

Figure 34: Compressibility of discrete elements due to different intact rock elastic moduli 
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5 Numerical Models implementing the 

DEM 

Two models are discussed in this Chapter. These models should be realistic 

computational simulations for the bedding problem in the annular gap. 

Due to the long calculation time, there are no results of this models listed in this thesis. 

The codes for those calculations are prepared and the input files tested under the use of 

some assumptions to keep the calculation time short in order to obtain a result. 

In general, these models result out of the initial problem. Within this task, the distribution 

of the pea gravel after relocation in the annular gap and the influence on the segmental 

lining is investigated. 

5.1 Annular Gap Model 

For the determination of the actual behaviour of the pea gravel in the annular gap, the 

annular gap model was developed. This model is designed for a computational simulation 

of the grain movements in the annular gap due to the regripping process. 

This annular gap, filled with pea gravel is the focus of this model. During the regripping 

process in the annular gap a slope failure occurs. This failure mechanism, the slope of this 

failure and the movements in the annular gap should be the main results of this numerical 

calculation. 

Due to the operational procedure within the working area on a TBM, a fully backfilled 

annular gap might not be established after each ring closure. This leads to an unfavorable 

distribution of the pea gravel leaving the segmental lining only partially bedded. This fact 

was considered in the design of the numerical model length. 
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5.1.1 Geometry 

Figure 35 shows the designed annular gap model. The model was designed respecting a 

full regripping process of a double shield machine. 

 

 

 

 

Figure 35: numerical annular gap model 

For generating particles initially just touching, a box was designed on top of the annular 

gap. 

  

𝑌𝑍 𝑣𝑖𝑒𝑤 𝑋𝑍 𝑣𝑖𝑒𝑤 

𝑋𝑌 𝑣𝑖𝑒𝑤 𝑋𝑌𝑍 𝑝𝑒𝑟𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 
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Following dimensions are used for this model: 

 Inner diameter: 9500 mm 

 Outer diameter: 9900 mm 

 Annular gap: 200 mm 

 Model length: 5000 mm 

 Box dimensions (top): b/h/l = 2500 / 2700 / 5000 mm 

 

Figure 36 shows the set definitions of the annular gap model in detail. 
 
 

 

Figure 36: Definition of the sets (annular_gap – red; front – grey; dem1 – blue) 
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5.1.1 Calculation steps 

Table 23 shows and describes the generated steps for the annular gap model. 

 

Table 23: Calculation steps for the annular gap model 

Step 1 – movement back 

Duration: 0.10 sec 

Movement back of the front to the actual place 4500 mm in 0,10 sec  45,000.0 mm/sec 

Everything else is locked in all directions 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

 annular_gap - - - - - - 

 front -45,000.0 - - - - - 

 dem1 - - - - - - 

Step 2 – settlement of the particles 

Duration: 50 sec  

Activation of the gravity for the set dem_1 (particles); 

Stop the set front 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

 annular_gap - - - - - - 

 front - - - - - - 

 dem1 free free free free free free 

Step 3 – movement forward 

Duration: 20 sec  

Gravity is still active on the set dem_1 

Movement forward of the set front to generate a slope failure in the annular gap 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

 annular_gap - - - - - - 

 front 200 - - - - - 

 dem1 free free free free free free 

 

Attached to this thesis is the full code of this calculation model. 
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5.2 Segment Bedding Model 

Additional to the annular gap model, the segment bedding model includes the segments. 

After an initial placing process of the particles, the segments, modelled using finite 

elements, are bedded in discrete elements. Detailed information on the behavior of the 

segment gaps for longitudinal joints (Leonhardt, et al., 1966) and radial joints (Girmscheid, 

1997) should be implemented. The interaction between discrete and finite elements is 

given as well. 

5.2.1 Geometry 

Figure 37 shows the geometry of the annular gap model and additional in Table 24 the set 

description is given. The green part represents the excavation boundary. The shield of the 

TBM is modeled by a moveable surface, representing the gripper shield sealing, which is 

initially placed in front of the whole model. Inside of this model, the segments modelled by 

finite elements and the pea gravel modelled by discrete elements are placed.  

   

    

Figure 37: Geometry of the segments model 
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Table 24: Definition of the sets 

Set name Colour in figure Figure 37 

Annular_gap green 

front grey 

Segments (s_01,s_02, …, s_ij) diverse colours 

dem1 (initially placed) transparency box 

 

Figure 38 shows the segments and the interaction surfaces. The segments are 350 mm 

thick and 900 mm long. Six segments are placed radially. To avoid crossing joints, two 

adjacent rings are turned by half a segment length. 

 

 

Figure 38: Position of the segments and the interaction surfaces 

The interaction between the discrete elements and the segment surfaces are defined as 

general contact surfaces. For the interactions between the segments following interactions 

are activated: 

 Tangential behavior: friction coefficient concrete/concrete 

 Normal behavior: hard contact 

 Cohesive behaviour: Spring stiffness in all 3 directions dependent on the 

connections between the segments in both directions 

 

Initially the segments are placed with a fractional numerical gap allowing a general contact 

and a shearing deformation between the segments. As soon as the thrust pressure on the 

segments is activated, the gap is closed and a steady state of pressure in the segments is 

reached.  
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5.2.2 Calculation steps 

Table 25 and Table 26 show the calculation steps of the segment bedding model. The first 

two steps are similar to the annular gap model. Afterwards the thrust pressure is activated 

and the segments under gravitational influence are bedded within the annular gap. The 

duration of the calculation steps are assumptions based on previous numerical 

calculations. 

 

Table 25: Calculation steps of the annular gap model (1) 

Step 1 – movement back 

Duration: 0,10 sec 

Movement back of the front to the actual place 4500mm in 0,10sec  45.000 mm/sec 

Everything else is locked in all directions 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

annular_gap - - - - - - 

front -45.000,0 - - - - - 

Segments 

(s_01, s_02,…, s_ji) 
- - - - - - 

dem1 - - - - - - 

Step 2 – settlement of the particles 

Duration: 50sec  

Activation of the gravity for the set dem_1 (particles); 

Stop the set front 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

annular_gap - - - - - - 

front - - - - - - 

Segments 

(s_01, s_02,…, s_ji) 
- - - - - - 

dem1 free free free free free free 
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Table 26: Calculation steps of the annular gap model (2) 

Step 3 – thrust pressure 

Duration: 1sec 

Activation of the thrust pressure on the head of the segments (𝜎𝑓𝑒𝑒𝑑 = ⋯ … 𝑁/𝑚𝑚²) 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

annular_gap - - - - - - 

front - - - - - - 

Segments 

(s_01, s_02,…, s_ji) 
- - - - - - 

dem1 free free free free free free 

Step 4 – segments gravity 

Duration: 30sec 

Activation of the gravity in on the segments 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

annular_gap - - - - - - 

front - - - - - - 

Segments 

(s_01, s_02,…, s_ji) 
free free free free free free 

dem1 free free free free free free 

Step 5 – movement forward 

Duration: 20sec 

Slow frontal movement of the set front in positive x-direction (slope failure in the annular gap and 

consequential change of the bedding situation) 

  Boundary conditions - velocity [mm/sec] 

  x y z x-r y-r z-r 

annular_gap - - - - - - 

front - - - - - - 

Segments 

(s_01, s_02,…, s_ji) 
free free free free free free 

dem1 free free free free free free 
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6 Conclusion and Outlook 

The bedding situation of segments in general and their effect on the loading conditions in 

mechanised driven tunnels in literature is covered poorly. For modelling this problem 

several numerical software solutions are available. This thesis introduces the application 

of numerical methods for the bedding problem. 

Due to the deformational behaviour of the pea gravel within the annular gap, the software 

FLAC3D is difficult to apply. If the behaviour of the pea gravel within the annular gap is 

established, the position and stiffness of the bedding springs have to be adapted. 

Therefore, a numerical calculation using FLAC3D can only be performed by assuming the 

spatial bedding conditions within the annular gap. 

The explicit dynamic analysis is representing an applicable tool for a proper numerical 

design of the bedding situation in mechanized driven tunnels. Discrete elements are 

flexibly modelled in a rigid surrounding surface and represent the bedding of the 

segments. 

Two laboratory tests have been numerically implemented. The oedometer test shows a 

good correspondence with the laboratory test. On the contrary, the numerical shear test 

divergences in the evaluated results. These deviations are attributed to the shape of the 

particles, the restriction in the failure behaviour and the friction coefficient. Due to the 

deficiency to model a realistic friction coefficient an investigation of the computational 

frictional behavior should be performed with a benchmark test. 

Due to the high amount of particles in the real sized model (about 2.5 millions) and the 

restriction in Abaqus of using only one single processor for the calculation of the particle 

contact reactions, this method leads to long computational times. Complex calculations 

and comparisons due to this fact are hardly executable. Scientifically, this method is 

applicable for a demonstration of the partial bedding situation and the effect on the 

segments. The models discussed in Chapter 5 should be used for further developments. 

The numerically discretized models including discrete elements for pea gravel and finite 

elements for the lining segments are available. Further developments regarding different 

shaped particles and crack propagation models within the Abaqus code seem to be 

required. The influence of these extensions on the models should be evaluated. 

In general, the application of the software Abaqus under the use of the discrete element 

method for civil engineering problems is possible. Numerical studies for scientific reasons 

are executable. Using this method solving on site problems, the calculation time is too 

extensive. 
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Annex A  

Excel Macro for exporting the interaction sheets into readable Abaqus input .csv file: 
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Annex B  

Results of the laboratory shear test 
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Annex C  

Results of the laboratory oedometer test 
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Annex D  

Input File of the numerical shear box calculation 
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Annex E  

Python Code for the evaluation of the shear test 
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Annex F  

Numerical shear test results 
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Variation 01b 
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Variation 02a 
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Variation 02b 
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Variation 03 
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Annex G  

Input file of the numerical oedometer test 
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Annex H  

Input file of the annular gap model 
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