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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 Ldosung fur die Herstellung von
Tunnelbauwerken dar. Der Ausbau mittels Stahlbetontiibbingen kommt bei
Schildmaschinen zum Einsatz. Die Tubbinge werden hierbei mittels Erektor im Schutze
des Schildmantels, welcher eine vorlaufige Sicherung des Gebirges darstellt, eingebaut.
Um die notwendige Bettung des Tubbingausbaus und eine gleichmafige Verteilung der
Spannungen aus dem Gebirgsdruck zu gewahrleisten, wird der Ringspalt zwischen
Gebirge und Tiubbingring mdoglichst frihzeitig nach Ringschluss mit einem feinkérnigen,
enggestuften Kies (Perlkies) oder mit Mdrtel verfillt. Nach dem Verlassen des
Schildmantels und vor dem Verfilllen 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 realittstreue, jedoch rechenintensive
Methode fiir 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
gegenlber anderen Softwarelésungen im Bereich der DEM ist die Moglichkeit, Diskrete
Elemente mit Finiten Elementen in einem Modell zu kombinieren. Im Hinblick auf die
Bettung der Stahlbetontiibbinge (FEM) in Perlkies (DEM), ist eine Modellierung des
gesamten Systems im dreidimensionalen Raum maoglich.

Um diese numerischen Berechnungen durchfihren zu kénnen sind im Vorfeld
Validierungen an Laborversuchen notwendig.

Hauptaugenmerk  dieser  Arbeit ist die  Verifizierung der  numerischen
Gesteinseigenschaften von Perlkies. Hierfir werden Parameterstudien an numerischen
Scher- sowie Odometerversuchen durchgefiihrt 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
Softwareldsungen festgestellt.

In weiterer Folge wird die Anwendung dieser Methode im Bereich der Tibbingbettung an
numerischen Modellen gezeigt. Die Ermittlung der Verformungen im Ringspalt nach
Verflllung wahrend eines ,Regripping-Vorgangs“ und die damit resultierende Auswirkung

auf die Tubbinge sind dabei von besonderem Interesse.
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Defined symbols

Ashear [mm2] shear area

Aped [mm2] area of the oedometer box

c [N/mm?] cohesion

CFORCE, [N] contact force in x-direction

CFORCE, [N] contact force in z-direction

CSHEAR, [N] shearing contact force in z-direction
Cy, [-] normal damping

Ct [-] tangential damping

d [mm] particle diameter

D5y [mm] midpoint of the grain size distribution
1) [mm] overclosure

Es; [N/mm?] elastic modulus of the particles

Epeaq [N/mm2] oedometer modulus / constraint secant modulus
Eqi [-] axial strain of a load stage

f [-] calculation factor

F [N] force

ho [mm] initial specimen height of the oedometer grains
k [N/mm?2] contact stiffness

kg [N/mm3] radial spring stiffness

K, [N/mm?2] normal stiffness

K; [N/mm?] tangential stiffness

m [kg] particle mass

u [-] friction ratio

Vi [-] poisson ratio

R;,1; [mm] particle radii

Ry, 1 [mm] tunnel radius

S; [mm] compression / displacement in z-direction
On [N/mm?] normal stress

Oni [N/mm?] normal stress of a load stage

OR [N/mm?] radial stress

T [N/mm?] shear stress

u [mm] shear distance
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Ug [mm] radial deformation
w; [rad/s] angle velocity
® [°] friction angle

Shortcuts

DEM .............. Discrete Element Method / Distinct Element Method
FEM.............. Finite Element Method

PFC....ccc....... Particle Flow Code (Itasca)

TBM............... Tunnel boring machine

EBT .ccooeennnee. (german) Empfehlung zur Berechnung von Tunneln im Lockergestein
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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)

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
second order theory of the elastic embedded circular ring taking into account the 1975
4 |Hain H., Falter B. pin-joint moments
5 |Melder V. approach of coupling for offset rings 1975
- 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)
6 |Duddeck H. recommondations for the dimensionation of tunnels respectively shield driven 1982-86
Ahrens H., Lux K. H., Lindner E. 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
7 |BaumannT. 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
- Langsfugen und Ringfugen, behaviour of the combination, shearing, 1996-97
ARGE 4. Tube Elbtunnel / STUVA Cologne behavouir of the whole ring

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.

O-R = uR kR (1)

kg )
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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).

RTRTR7R7R7R 7R IRTRT RTRIR7IRTRTR7R7 77

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).

hp = -2 ®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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only pressdre bedding

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
Es
Shallow tunnel <2D kp = ?
Es
Deep tunnel 23D kr = 0,50 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.

cutter head rear thrust cylinders

front shield )
N gripper shield

gripper shoes

front thrust cylinders

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.
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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 (ltasca) 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.

STEP 0
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
Part1 Part 2 Part 3 part4 Part5 Part 6 Part 7 Part8 Part9 Part10  Part1l  Part12  Part13  Part14  Part15
Rock
Annular Gap
Tuebbing Tube
Tunnel
Tuebbing Tube
Annular Gap
Rock
STEP 1
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 Part2 Part3 Part4 Part5 Part 6 part7 Part8 Part9 Part10  Part1l Part12  Part13  Part14  Part15
Rock
Annular Gap
Tuebbing Tube
Tunnel
Tuebbing Tube
Annular Gap
Rork
STEP 2 |
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 Part2 Part3 Part4 Part5 Part 6 part7 Part8 Part9 Part10  Part1l  Part12  Part13  Part14  Part15
Rock
Annular Gap
Tuebbing Tube
Tunnel
Tuebbing Tube
Annular Gap
Rock

Figure 4: Calculation process and descriptions in FLAC3D (1)
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STEP 3

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 part3 Part4 Part5 Part 6 Part 7 Part8 Part9 Part10  Part1l Part 12 Part 13 Part 14  Part 15

Rock

Annular Gap
Tuebbing Tube

Tunnel

Tuebbing Tube
Annular Gap

Rock

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.
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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).
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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 humerical 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.
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Figure 8: Number of publications related to discrete particle simulation in the recent 28
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years (status as of 29" 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)

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

e Volume average output for stress, strain, and other similar continuum element
output is not available for DEM analysis.

e Only a ball shape is supported for PD3D elements.

e 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.

e 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 K,, and damping factor C, are
defined. The tangential contact properties tangential stiffness K, tangential damping C;
and the friction coefficient p are acting perpendicular to that direction.

The patrticle itself is defined with the radius R;, angular velocity w; and the coordinates u;

H
K, C,
Kn
NVAN
1
Cl'u

/

! i
Particle 1 Particle 2

and v;.

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.

5=T1+T2—d (4)



Chapter 3. Discrete Element Method 13

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.

d =[ +T,
more d,<r+,
Just touching Deformed; Rigid;
with no contact with some
penetration penetration

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

Overclosure 0 is zero if the spheres are just touching each other. With the definition of the
overclosure, contact forces are only acting when & 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.

i

Contact
prassure

| K=10K,

Nonlinear

f—

C=0 = 0 Owearclosure

Figure 11: Comparison of linear and nonlinear contact laws
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A i = segment number
] Ky = default stiffness
7 Lo = element length
A S, = initial scale factor
—_
o r = overclosure factor
d = r-Ly.n, = Overclosure measure
segment |
Kizso* kdlﬂ*sif1
1

=
Overclosure

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 6. Equation 5

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

K=%%=2EVRVS (5)

as
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The Hertz contact solution (Equation 6) defines the contact force F, between two remote

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

modified elastic modulus, E* (Equation 8).

F =2E*VRV&?

3

_ RiRy
Ri+R,
1 1-vZ  1-v3
— = +
E* E; E,

(6)

(7)

(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/mm?] 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
[mm] overclosure
R [mm] radii of the different spheres
E; [N/mm?] elastic modulus of the different spheres
Vi [ 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.

Figure 13: Process of particle placing

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.
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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:

1 D3
% = 2267;3 = %n = 0.524 £ 52.4% of the full space (9)
space

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 |2 (10)

0.1 = (11)

Table 4: Variable Definition

Variable Unit Description
m [t] Particle mass
k [N/mm?2] 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)
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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.

Initialization ]

A\ 4
Motion update ]

A 4
@@ Contact detection ]

A

A 4

Contact points/forces
determination

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 PFC1(1994) PFC5 2D
PFC 3D Itasca commercial PFC1(1994) PFC5 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 S| - Units
length [mm] [m]
density [t/mm3] [kg/m3]
force [N] [N]
stress [N/mm?Z] [N/m2]
gravitation [mm/s?] [m/s?]

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(¢) 0.70

elastic modulus 20,000.0 N/mm?2
Poisson ratio 0.20 mm/s?
density 2.60*10"-9 t/mms3
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 Dso 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.
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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(g) 0]
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:

e Duration of the step

e Incrementation

¢ Contact properties and contact inclusions for the interaction parameters

e Output parameters

e 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
e 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_ol — green; box_02 — white; top plate —

grey; deml — 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 zr
box_u - - - - - -
box_ol - - - - - -
box_o02 - - - - - -

topplate - - free - - -
deml 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 zr
box_u - - - - - -
box_o1l - - - - - -
box_o02 - - - - - -
topplate - - free - - -

deml 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_o01, box_02 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_ol 3.0 - - - - -
box_o02 3.0 - - - - -

topplate 3.0 - free - - -
deml 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)

la 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
«n |Friction ratio (tane) [-] 0.70 0.50 0.70 0.50 0.70 0.70 0.70
S E-Modulus intact Rock [N/mm?] 20,000.0 20,000.00 50,000.00 100,000.00
Bl Poissons ratio [ 0.20 0.20 0.20 0.20
<§( density [t/mm?] | 2.60*101-9 2.60*107-9 2.60*107-9 2.60*107-9
: Damping Factor (Particles) - ALPHA [%] 7.0 7.0 7.0 7.0
8- |Damping Factor (everything else) [-] 0.07 0.07 0.07 0.07
Incrementation [-] 5.00E-07 5.00E—07| 7.00E—07| 5.00E-07 5.00E-07 5.00E-07
shearing speed [mm/sec] 3.0 3.0 3.0 3.0
Table 13: Parameter variation of the shear test calculation (2)
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 (taneg) [-] 0.70 0.70 0.70 0.70
5 E-Modulus intact Rock [N/mm?] 20,000.0 200,000.00 300,000.00 500,000.00
: Poissons ratio [-] 0.20 0.20 0.20 0.20
3 density [t/mm?3] | 2.60*107-9 2.60*107-9 2.60*107-9 2.60*107-9
i Damping Factor (Particles) - ALPHA [%] 7.0 7.0 7.0 7.0
2 |Damping Factor (everything else) [] 0.07 0.07 0.07 0.07
Incrementation [-] 5.00E-07 5.00E—07| 2.00E—07| 5.00E-07 2.00E-07 2.00E-07
shearing speed [mm/sec] 3.0 3.0 3.0 3.0

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.
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Four different load stages were performed in order to obtain the shear strength. For each
numerical test run a final g,, / T plot was generated.

o Load stage 1: 100 kN/mz2

e Load stage 2: 200 kN/mz2

e Load stage 3: 300 kN/mz2

e Load stage 4: 400 kN/mz2

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.

L= Y. CFORCEy

Ashear (12)
Y Fonteeeeeeeeeee Sum of all contact forces in shearing direction x at the surface of the set
box u
Y 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) %) 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.
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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 - - -
deml 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 - - -

deml 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

05 06 07 08 09 10
standard
Particle Diameter [mm] 10.0 10.0 10.0 10.0 10.0 10.0 10.0
2 Shape [-] sphere sphere sphere sphere sphere sphere sphere
ﬁ Friction ratio particle/particle [] 0.50 0.70 0.70 0.70 0.70 0.70 0.70
w [Friction ratio particle/surr. Surface [-] 0.70 0.50 0.50 0.50 0.50 0.00 0.20
<§( E-Modulus intact Rock [N/mm?] | 200,000.0 | 200,000.0 | 20,000.0 50,000.0 | 100,000.0 | 200,000.0 | 200,000.0
e |Poissons ratio [-] 0.20 0.20 0.20 0.20 0.20 0.20 0.20
z density [t/mm?3] | 2.60*10%-9 | 2.60*107-9 | 2.60*107-9| 2.60*107-9| 2.60*107-9| 2.60*107-9| 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

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

modulus the incrementation of the calculation has to be adapted.
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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.

__ X CFORCE;—Y CSHEAR,

On,i (13)
! Aped
_ Si
€ai = h_o (14)
Aoy _ ON,i+1—ON,i
Sit Agg Eai+1~€a,i ( )

Table 16: Variable Definition

Variable Unit Description

ON,i [N/mm?2]  normal stress of a load stage

CFORCE, [N] contact force in z-direction

CSHEAR, [N] contact shear force in z-direction

Aped [mm?] area of the oedometer box

Ea,i [-] axial strain

s; [mm] compression / displacement in z-direction

ho [mm] initial specimen height of the oedometer grains

Es; [N/mm?]  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
z CFORCE, N  sum of all contact forces in z-direction acting on the set top plate
sum of all shear forces in z direction acting on the surrounding
Z CSHEAR, N o
box due to friction

S; 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.
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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.
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Figure 24: Shear test results of the laboratory test
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Figure 25: ¢/ t 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)

Situation Normal Stress o'y Strain €, Es Duration
[MPa] [] [MPa] [hh:mm]
1 loading 1 0.12 0.0161 90 01:04
1.97 0.0374
2 loading 2 1.97 0.0374 80 01:05
4.09 0.0640
3 loading 3 4.09 0.0640 70 01:05
6.10 0.0942
4 loading 4 6.10 0.0942 70 01:05
8.14 0.1223
5 unloading 1 8.14 0.1223 6,860 01:10
3.73 0.1217
6 reloading 1 3.73 0.1217 1,440 01:10
8.13 0.1247
7 loading 5 8.13 0.1247 100 01:05
10.25 0.1463
8 loading 6 10.25 0.1463 120 01:05
12.48 0.1647
. 12.48 0.1647
9 loading 7 140 01:05
14.62 0.1799
14.62 0.1799
10 loading 8 180 01:05
16.74 0.1915
11 unloading 2 16.74 0.1915 * 01:21
7.63 0.1915
7.63 0.1915
12 reloading 2 3,450 01:20
16.68 0.1941
16.6 0.1941
13 loading 9 8 300 01:05
18.83 0.2014
18. .2014
14 loading 10 8.83 0.20 290 01:05
21.03 0.2090
15 unloading 3 21.08 0.2090 25,730 00:00
10.07 0.2095

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

axial strain g, [-]

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)

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
w |Friction ratio (tane) [-] 0.70 0.50 0.70 0.50 0.70 0.70 0.70
E E-Modulus intact Rock [N/mm?] 20,000.0 20,000.00 50,000.00 100,000.00
: Poissons ratio [-] 0.20 0.20 0.20 0.20
<§( density [t/mm?] | 2.60*101-9 2.60*107-9 2.60*107-9 2.60*107-9
: Damping Factor (Particles) - ALPHA [%] 7.0 7.0 7.0 7.0
2 |Damping Factor (everything else) [-] 0.07 0.07 0.07 0.07
Incrementation [ 5.006-07 | 5.00e:07] 7.00e:07]  5.00€-07 5.00E-07 5.00E-07
shearing speed [mm/sec] 3.0 3.0 3.0 3.0
Friction Angle [l 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
Table 21: Results of the shear test variations (2)
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
«n |Friction ratio (tane) [-] 0.70 0.70 0.70 0.70
E E-Modulus intact Rock [N/mm?] 20,000.0 200,000.00 300,000.00 500,000.00
: Poissons ratio [-] 0.20 0.20 0.20 0.20
<§( density [t/mm?3] | 2.60%107-9 2.60*107-9 2.60*107-9 2.60*107-9
: Damping Factor (Particles) - ALPHA [%] 7.0 7.0 7.0 7.0
2 |Damping Factor (everything else) [-] 0.07 0.07 0.07 0.07
Incrementation [-] 5.00E-07 5.00E—07| Z‘OOE—07| 5.00E-07 2.00E-07 2.00E-07
shearing speed [mm/sec] 3.0 3.0 3.0 3.0
Friction Angle I¥i 16.34 - 16.54 - -
Cohesion [kN/m ?] 0.00 - 0.00 - -
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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.
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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.
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Figure 27: Comparison of the laboratory tests with the numerical "3" variation (1)
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Figure 28: Comparison of the laboratory tests with the numerical "1a" variation (2)
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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 g,,. The incrementation depends
on the mass of the particles and their stiffness. An adaption of the incrementation would

reduce the numerical solution noise.
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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/mz
in Figure 30.
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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 E; are
calculated.

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

05 06 07 08 09 10 lab

# Situation oy | Strain E oy | Strain Es oy | Strain Es oy | Strain Es oy | Strain E oy | Strain Es oy | Strain Es
[MPa] | €a [-] | [MPa] |[MPa] [ €a [-] | [MPa] |[MPa] | €a [-] |[MPa] |[MPa] | €a [-] | [MPa] |[MPa] | €a [-] [[MPa] |[MPa] | €. [] [[MPa] |[MPa] | €a [-] [[MPa]

i loading 1 0.00 Jo.0000] | 0.00 fo0ooo] ] 0.00 Jo.oooof - f 0.00 [0.0000] ] 000 Jooooof | 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

2 loading 2 300 10 80 80 90 90 90
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
. I . 4 . ] . . . . . . . ]

3 loading 3 1.82 Joo1ge| | 1.88 Jo4t03] 195 Jo.osss| | 186 Jooass[ - f 1.96 oos2a] | 193 ooasa] | 197 Joos7a] o
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

4 loading 4 1310 - 540 850 420 1440 70
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 loading 5 555 0.0232] | 0.00 J0.0000] 5.77 00s37] | 6.07 |oosas| 1590 Joost2] o] 585 [o0s34] ] 610 [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

3 unloading 1 7.65 |o.0244] | 000 00000 8.28 [0.0556] | 7.79 Jooses| , -] 7.87 Jo.oses| _, | 7.86 [00548] o ] 814 Jo.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 — 3.85 0.0240] o | 0.00 0.0000] 377 Joosai| . | 384 Joosaol | 393 ooss7| o ] 393 oosss| . ] 373 |otea7| o
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

s loading 6 7.66 |0.0253] | 0.00 fo.0000] 8.00 [o.0s63] | 782 [oosee| ] 7.87 Jo.oses| | 7.74 [oosa0] ] 813 Jod2a7| o
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

R loading 7 9.72 Jo.o2s9] | 000 o000 9.88 [o.0s81] -] 996 Joos7s[ ] 9.84 Joosss| | 000 o0000f,,,,,| 1025 |01463]
0.00 | st 0.00_[0.0000 0.00_|0.0000 11.98 | 0.0582 11.82 | 0.0661 0.00_|0.0000 12.48 | 0.1647

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

X7 view YZ view

XY view XYZ perspective

Figure 35: numerical annular gap model

For generating particles initially just touching, a box was designed on top of the annular
gap.
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Following dimensions are used for this model:
e Inner diameter: 9500 mm
e 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.

discrete elements

Gripper shield sealing

outer excavation

boundary

inner closure

(segments)

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 - - - - -
deml - - - - - -
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 - - - - - -
deml 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 - - - - -
deml 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



Chapter 5. Numerical Models implementing the DEM 52

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

dem?l (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:

e Tangential behavior: friction coefficient concrete/concrete

e Normal behavior: hard contact

e 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

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 zr

annular_gap - - - - - -
front - - - - - -

Segments

deml 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 (of,q = - ... N/mm?)
Boundary conditions - velocity [mm/sec]
X y z X-r y-r z-r
annular_gap - - - - - -
front - - - - - -
Segments
(s_01,5 02,..., s_ji) ) ) ) ) ) )
deml 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
. free free free free free free
(s_01,s_02,..., s ji)

deml 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
free free free free free free

(s_01,s_02,...,s_ji)

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

Sub ExportAsCsv()

Dim strFileTolpen &s Variant
Dim i &= Integer

Dim strSpeicherPfad As String
Dim strSpeicherDatei As String
Dim wkb &= Workbook

Dim wks A3 Worksheet

Dim Regex &= Cbhject

Dim strTrennZeichen As String

strFileTolpen = Application.GetOpenFilename ("Excel Dateien (*.xlsx), *.xlsx", , , , True)
If Mot IsArray(strFileTolpen) Then Exit Sub

Cn Error GoIo ENDE
Application.ScreenUpdating = False
Application.EnableEvents = Falsze
Opplication.DisplayfAlerts = False

ztrSpeicherPfad = "C:‘\exporth" 'Changs in case!!
For i = 1 To UBound(strFileTolpen)

S5et wkb = Workbooks.Cpen (strFileToCpen(i), 0)
For Each wks In wkb.Worksheets

ztrSpeicherDatei = Lefté (wkb.Name, InStrRev(wkk.Mame, ".") - 1) & " " & wks.MName & ".czv"

wks.UsedRange . Copy
Open strSpeicherPfad & strSpeicherDatei For Cutput Ls #1
strTrennZeichen = " " '[Type h

[T re possible wariables]
If strTrennZeichen = vbTab Then
Frint %1, lesen
Else
St Regex = CreateCbiject ("Vbascript.Regexp™)
With Regex
.Pattern = vbTab
.Global = True
Print #1, .Replace(lesen, strTrennZeichen)

End With
End If
Close #1
Hext
wkb.Close False
Hext
ENDE :
If Err Then
M=gBox Err.Description, , "Fehler: " & Err.Number
Cn Error Resumes HNext
Close #1
wkb.Close False
End If

Opplication.Displayflerts = True
Application.ScreenUpdating = True
Application.EnableEvents = True
End Sub

Priwvate Function lesen() &= S5tring
Dim clp &4s New DataCbiect

With clp
.GetFromClipboard
lesen = .GetText

End With
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Results of the laboratory shear test

Ty

INSTITUT FUR BODENMECHANIK UND GRUNDBAU
GEOTECHNISCHES LABOR

A-BD10 GRAZ, RECHBALMERSTRASSE 12, ALISTRIA

3

Tel: +43 (0] 316 B73-6237 Fao: +43 |0} 316 873-6238 IBG
AUFTRAGGERER: BODEMART: LABORNUMBMER:
Institut fiir Felsmechanik und Tunnelbau 18747
PROJEKT: TIEFE= AUFTRAGSNE:
Scherversuch 2746
BEZEICHNUNG: BEARBEITER: DATUM:
Ankerfiillung Hen 18.05.14 - 73.05.14

RAHMENSCHERVERSUCH NACH ONORM B 4416

Biichsengrife: 225 x 225 x 200 mm

GROSSTHORN: < 16 mm Versuch 1 Versuch 2 Versuch 3 Versuch 4
KONSOLIDIERUNGSDRUCK a,  kN/m?
KONSOUIDIERUNGSZEIT t. h
NORMALSPANNUNG a  kN/m® 100 200 400
SCHERFESTIGKEIT T, kN/m® 76,5 1638 316,8
SCHERWEG 5, mm 15,2 10,4 94
RESTSCHERFESTIGKEIT T kN/m®
RESTSCHERWEG s, mm
WASSERGEHALT nach dem Versuch w %
REIBUNGSWIMKEL (") 378 ° PROBEMZUSTAND gestiirt
KOHASION (c') kM/m? SCHERGESCHWINDIGKEIT 0,3 mm/min
RESTSCHERWINKEL () ® RESTSCHERGESCHWINDIGKEIT mm,fmin
400+
-
o I
E
= 300
= L 7
= 2
=~ o
L L T
b LT
s L -0
'_ e
® 200 L
L ¥
=T -
w - ®-
= -
[ B -7
w i
L -
100 o
- ) m(
0 i 1 1 1 L 1 1 1 1 1 1 1 1 1 1 L L 1 L
4] 100 200 300
NORMALSPANNUNG a [kN/m3]
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Results of the laboratory oedometer test
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YOUNGS MODULUS - TO THE END OF THE LOAD LEVEL
Applicant MHr Laboratory Number 001
Project Oedometer Analysis on Pea Gravel Investigator Al Haddad

Sample Number 001 Date 06.08.2014 - 07.08.2014

# Situation Normal Stress o'y [MPa] Strain €, [-] E; [MPa] | Duration [hh:mm]

1 loading 1 0.12 0.0161 90 01:04
1.97 0.0374

2 loading 2 1.97 0.0374 80 01:05
4.09 0.0640

3 loading 3 4.09 0.0640 70 01:05
6.10 0.0942

4 loading 4 6.10 0.0942 70 01:05
8.14 0.1223
8.14 0.1223

5 unloading 1 6,860 01:10
3.73 0.1217

ol 11217

6 reloading 1 SHIS g 1,440 01:10
8.13 0.1247
8.13 0.1247

7 loading 5 100 01:05
10.25 0.1463

8 loading 6 10.25 0.1463 120 01:05
12.48 0.1647
12.48 0.1647

9 loading 7 140 01:05
14.62 0.1799

10 loading 8 14.62 0.1799 180 01:05
16.74 0.1915

YOUNG'S MODULUS - TO THE END OF THE LOAD LEVEL
Applicant MHr Laboratory Number 001
Project Oedometer Analysis on Pea Gravel Investigator Al Haddad

Sample Number 001 Date 06.08.2014 - 07.08.2014

# Situation Normal Stress o'y [MPa] Strain €, [-] E; [MPa] Duration [hh:mm]

11 unloading 2 16778 01915 -* 01:21
7.63 0.1915
7. 191!

12 reloading 2 64 1915 3,450 01:20
16.68 0.1941

13 loading 9 16.68 0.1941 300 01:05
18.83 0.2014
18.83 0.2014

14 loading 10 290 01:05
21.03 0.2090

15 unloading 3 21.08 02090 25,730 00:00
10.07 0.2095

comment

infinite at this stage.

*) It is not possible to evaluate the young's modulus at load stage unloading 2 because the strains are identical. Due to this, the youngs modulus would be
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TIME - LOAD - DIAGRAM

Applicant

MHr

Laboratory Number

001

Project

Oedometer Analysis on Pea Gravel

Investigator

Al Haddad

Sample Number

001

Date

06.08.2014 - 07.08.2014

Load [kN]
o2}
a
o

Hl

L

I

=
o
]

—

10,000

20,000

30,000

40,000

Time t [s]

50,000

60,000

——Load Cell C6A

70,000

TIME - FRICTION FORCE - DIAGRAM

Applicant

MHr

Laboratory Number

001

Project

Oedometer Analysis on Pea Gravel

Investigator

Al Haddad

Sample Number

001

Date

06.08.2014 - 07.08.2014

Friction Force

120

100

80

Fr [kN]
g

40
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L
I

20,000
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Timet [s]

40,000

——C9B-1
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70,000

——Sum C9B
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TIME - NORMAL LOAD - DIAGRAM

Applicant MHr Laboratory Number 001
Project Oedometer Analysis on Pea Gravel Investigator Al Haddad
Sample Number 001 Date 06.08.2014 - 07.08.2014
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TIME - NORMAL STRESS - DIAGRAM
Applicant MHr Laboratory Number 001
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NORMAL STRESS - AXIAL STRAIN - DIAGRAM (log. Scale)

Applicant MHr Laboratory Number 001
Project Oedometer Analysis on Pea Gravel Investigator Al Haddad
Sample Number 001 Date 06.08.2014 - 07.08.2014
Until the End of Each Load Stage
0.00
Zo.10
]
[=
g
9]
8
Z 015
0.20
D]
0.25 T 1
0.5 5.0 50.0
log. Normal Stress o'y [MPa] Normal Stress - Axial Strain
NORMAL STRESS - AXIAL STRAIN - DIAGRAM (log. Scale)
Applicant MHr Laboratory Number 001
Project Oedometer Analysis on Pea Gravel Investigator Al Haddad
Sample Number 001 Date 06.08.2014 - 07.08.2014
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Input File of the numerical shear box calculation

2 —SHERR BOH CALCULATION -- -
5 _______________________________________________
4 *% Normal Pressure: 400kN/mZ

E_ W W o o o e e T T T T T
:E w

7 ** Created by Christoph Sinkovec

= *% Tnstitute for Rock Mechanies and Tunnelling

8 ** Graz Uniwversity of Technology

10 w

_'_ S U
12 ** (1) Input of the Geometry

'_5 T e e e e e e
_5_ w

15 *Node

la 1, -10z.5, -10Z.5, 17.
17 Z, -102_5, 37.5, 17.
18 3, -102._5, 37.5, 7.
15 4, -10Z.5, -10Z.5, 7.
Z0 5, 87.5, 57.5, 17.
21 a, a7.5, 37.5, 7.
22 7. a7.5, -10z2 .5, 7.
23 FfEE4E84E some lines deleted Ef$8E£8EE
Z4 17810, 8Z.5, 2Z.5, Z3
25 17811, 8z.5, 3Z.5,
Ze 17812, 32.5, 4z .5,
27 17813, 32.5, 52.5,
ZB 17814, 8Z.5, gZ.5,
29 17815, 9Z.5, JZ.5,
30 17818, 3z.5, 82.5,
31 17817, 32.5, 32.5,
32 *Element, type=PFD3D, ELSET=deml
33 1, 170
34 2, 1111
a5 3, 111z
38 4. 1113
37 5, 1114
38 @, 11is
359 7. 1lils

40 a, 1117

11 5, 1118

4z fEfEE¢EEE some lines deleted EEf8EE8EE

43 13130, 3000

44 13151, 3001

45 13132, 3002

i 13133, 3003

47 13134, 3004

45 13135, 3005

13138, 3008
13137, 3007
13138, 3008
123135, 3005
3 12200, 3010

[

m oo
=
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*Element, type=54ER

13201, 17, 485, 4311, 536

13202, 485, 488, 4312, 4311

13203, 488, 487, 4313, 431z

13204, 487, 488, 4314, 4313

13205, 488, 483, 4315, 4314

1320e, 48%, 430, 431€, 4315

1 13207, 430, 431, 4317, 43ls

13208, 431, 432, 4318, 4317

EEEEEEEEE some lines deleved FEEEREFEE

oo
(%]

o
[

=4 15321, €13, &€20, 1104, 1145
15322, €820, €€Zl1, 1103, 1104
=1 15323, €821, &€22, 110z, 1103
&7 15324, €822, ®€€2Z3, 1101, 110z
= 15325, €823, €24, 1100, 1101
&3 1532e, €624, &€2Z5, 1033, 1100
70 15327, €825, &€Z&, 10398, 10393
71 15328, €826, 1071, 5&, 10393
T2 *Nset, nset=BOH U
73 31, 3z, 33, 34, 35, 38, 37, 38, 33, 40, 700, 701, 702, 703, 704,
T4 70&, 707, 708, 703, 710, 711, 71z, 713, 714, 715, 71, 717, 718, 718, 720,
7l 72z, T&s, 724, 7T&s5, TZe, 727, T8, 7%, 730, 731, T3z, 733, 734, 735, 738,
Te 738, 735, 740, 741, T4z, 743, 744, 745, 748, T47, 748, 745, 750, 781, 75z,
7T BEEEEEEEE some lines deleted FEREEEEEE
&05¢&, €057, €058, €053, €060, €061, €062, €0€3, €064, €085, e&0e6, €067, €0&3, €083, €070,
€072, €073, €074, €075, €07€, €077, €078, €073, ., 8081, e082, €083, &084, €085, €088,
8 ¢088, €08%, 030, €091, €0%2, €033, €054, &0%5, &0%&, €037, €038, €059%, €100, €101, €10z,
81 €104, €105, &10%
B2 *Elset, elset=BOH_U, generate
83 13923, 14858, 1
=E *Nset, nset=BCH 01
85 21, 2z, z3, z4, Z5, Zg, 27, z8, z3, 30, 537, 38, 533, 540, 541,
=[ 543, 544, 545, 54, 547, 548, 545, 550, 551, 55, 553, 554, 555, 558, 557,
87 55%, 5&0, 581, 5&2, 583, 564, 565, 566, 5€7, 5&8, 5€%, 570, 571, 57z, 573,
EEEEEEEEE some lines deleted FEFEREFEE
5451, 5452, 5453, 5454, 5455, 5458, 5457, 5453, 5453, 5480, 5481, 5462, 5463, 5484, 5485,
S4g7, 5468, 5463, 5470, 5471, 5472, 5473, 5474, 5, 5476, 5477, 5478, 5479, 5480, 5481,
2l 5483, 54584, 5485, 5486, 5487, 5488, 548%, 54350, 5 . 54352, 5433, 5434, 5435, 5438, 5437,
52 5455, 5500, 5501, 5502, 5503, 5504, 5505, 550&, 5507, 5508
*Elset, elset=BOK_0l, generate
13357, 13328, 1
*Nset, nset=BOH OZ
41, 4z, 43, 44, 45, 4g, 47, 45, 45, 50, 51, 5z, 53, 54, 55,
o7 863, 864, 8e5, 8e€e, 867, 8€8, 863, 870, 71, 87z, B73, 874, 75, 7&e, 877,
38 g87%, 880, 881, 882z, 883, &S84, 885, &8¢, 887, 888, 883, 8%0, 831, 8%z, 833,
55 EREEEEEEE some lines deleted EEEEREEEE
1 €575, €580, €581, €582, €583, €584, €585, &58€, €587, €588, €585, €590, €591, €532, €533,
101 €595, €596, €597, €538, €553, €600, €601, &€02, ©e03, &e04, €05, &e0&, €607, ©e08, €03,
102 &8ll, €61z, &el3, ©el4, &el5, e€ele, €617, &els, ©€l3, €620, @€Zl, €622, 6623, ©eZ4, €625,
103 *Elset, elset=BOK_ 02, generate
104 14857, 153zs8, 1
*Nszet, nset=TOPFLATE
17, 18, 13, Z0, 485, 486, 487, 488, 48%, 430, 4391, Z, 433, 434, 435,
4537, 435, 43%, 500, 501, S0z, 503, 504, 505, 506, 507, 508, 50%, 510, 511,
513, 514, 515, 51, 517, 518, 51&%, 520, 521, 52z, 523, 524, 525, 5Z&, 527,

EEEEEEEEE some lines deleted FEFEREFEE

110 5031, 5032, 5033, 5034, 5035, 5036, 5037, 5038, S039, 5S040, 5041, S042, 5043, 5044, 5045,

111 5047, 5048, 5043, 5050, 5051, 5052, 5053, 5054, 5055, 505&, 5057, 5058, 5053, , 5081,
112 S0&3, 5064, 5085, 5066, 5067, S50e8, 506€%, 5070, 5071, 507z, 5073, 5074, 5075, 5076, 5077,
113 50735,

*Elset, elzet=TOEEFLATE, gensrate

13201, 13338, 1

*N=et, nset=TENSICON
1 ZZ, 23, 7, 30, 41, 44, 47, 48, 550, 551, 55z, 553, 554, 555, G558,
1 558, 555, 50, b5e€1, 5Se2, ©20, €21, ©2Z, ©IZ3, &24, ©BZ, €83, &84, €85, «&8&,
1 &8s, €85, &5%0, €91, €52, €593, €534, @55, &%&, €537, €58, &339, ., 895, B35&,
1 858, 958, 957, 958, 955, 9&0, 9€l, 9eZ, 59€3, 984, 965, 39¢a, &7, 9€8, 9g3,

[ ST

fEEEEEEEE some lines deleted E$EEEEEEEE

=1 -1
[EL I
=1 = mn

"o
Fowo
[

w

W
o - R
m kY Wy
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5]

[ e e el
[ ST

] oy e s L

W R R M

WD wow
[

6317, @318, €319, €320, 6321, &32F, @323, €324, €325, 6326, €327, @328, €329, £330,
&333, 6334, €335, 6336, 7, & ., 6333, &340, 6341, ©34Z, €343, ©344, €345, 6348,
#3438, €350, €351, &352, 53, . = &6, €357, €358, €353, €360, €361, 6362,
©385, 6366

*Elset, elset=TENSICH
13845, 13846, 13847, 13848, 13845, 13850, 13851, 13852, 13853, 13854, 13855, 13858,
13861, 13862, 13863, 13864, 13865, 13866, 13867, 13868, 13865, 13870, 13871, 13872,
13877, ls2e7ve, 123879, 13880, 13881, 13882, 13882, 13884, 123885, 13886, 13887, lasss,

FEEEEFEEY some lines deleted EFEEREEFEE
14537, 14938, 14939, 149540, 14941, 14942, 14943, 14944, 14945, 14946, 14947, 143948,
14353, 14554, 14355, 14556, 14357, 14355, 14353, 14360, 14561, 14362, 14363, 14364,
145369, 14570, 14371, 14572, 14973, 14574, 14975, 14376, 14577, 14378, 14373, 14380,
14585, 14986, 14987, 14588, 14989, 14550, 14931, 143532

e

M

*% (2) Material Parameters Discrete Elements

W

™

*% Dadiug = Smm (0.005m)

** Density = 2600 kg/m3 (Z.& 10-~-3kg/m3)

"

*discrete section,elset=deml, shape=sphere, density=2Z.ge-0%, zalpha=7

"

** Make the sets rigid

"

*RIGID BODY, REF NODE = 21, ELSET = box u

*RIGID BODY, REF NOLDE = 21, ELSET = box_ ol

*RIGID BODY, REF NODE = 41, ELSET = box ol

*RIGID BODY, REF NODE = 17, ELSET = topplate

™

™

** Important: Change the node number if the geometry is changing!!

"

W

*#* (2) Materisl Parameters of the box

.

"

*Material,

“density
7.85e-0%

*elastic

name=5TEEL

2_0Bet+5,0.3

"

e

SECTION,

SECTION,

SECTICHN,

SECTION,

ELSET=box_ol,

ELSET=topplate,

MATERTRAT=STEE

ELSET=box_oZ, MATERIAT=STEEL,

MATERIRL=STEEL,

ELSET=box u, MATERIAT=STEEL,

B e e

-

e

"

*surface,
deml,
*surface,
box_u,
*surface,
box_ol,
*surface,
box_oZ,

*surface,

type=slemsnt,

type=element,

type=slemsnt,

type=element,

type=element,

name=deml

name=box_u

name=box ol

name=box o

name=tension

tension,
*Surface, type=ELEMENT, name=TOEPPLATE
TOPPLATE, SHEG

"

-1 B

13857,
13873,
13889,

14343,
14583,
14381,

13838,
13874,
12890,

14350,
143686,
14382,

13853,
13873,
13891,

14851,
14387,
14383,

13880
13878
l3g32

14552
l45g8
14584
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[

*% Name: BC-1 Type: Velocity/Angular wvelocity
*Boundary, type=VELOCITY

BOX U, 1, 1
BOX U, 2, Z
BOX U, 3, 3
BOX U, 4, 4
BOX U, 5, 5
BOX U, &, €

*% Name: BC-2 Type: Velocity/Angular wvelocity
*Boundary, type=VELOCITY
BOX O01, 1, 1

BOX_O1, 2, 2
BOX ©1, 3, 3
BOX 01, 4, 4
BOX O1, 5, 5
BOX 01, &, &

*% Name: BC-3 Type: Velocity/Angular wvelocity
*Boundary, type=VELOCITY

BOX 02, 1, 1
BOX 02, 2, 2
BOX 0Z, 3, 3
BOX 02, 4, 4
BOX_0Z, 5, 5
BOX_0Z, &, &

(5]
%]
b

*% Name: BC-3 Type: Velocity/Angular wvelocity

ZZZ *Boundary, type=VELOCITY
ZZ3 TOPPLRATE, 1, 1
Z:4 TOPPLRATE, Z, Z
ZZ5 TOPPLRATE, 4, 4
226 TOPPLATE, 5, S
2 TOPELATE, &, &
2 o
2 W o o o o e S
z *+ (g) force-overclosure relaticnship based on Hertz contact focrmulsticn
z i {output data of the Excel £file - transferred by the macro)
: o ———————————————————————————————————————————— o
z e deml : Radius = 5mm E= Z200.000 HN/mmZ, poisson's ratio = 0_Z0
Z il box: E= 208.000 N/mmZ, poisson’'s ratio = 0.Z5
2 o
o

*surface interaction, name=Fl:Z
*Contact Damping, definition=DAMPING COEFFICIENT
0.a7

*surface behaviour, pressure-overclosure=tabular

0.0000000E+00 0.0000000E+00
1.ZeeZ348E+00 Z2_.5000000E-04
3.5880302E+00 4 _S5875000E-04
&.5466775E+00 |, T7.4750000E-04
FEEEEEEEE some lines deleted EEFEEEEEE
3.4750735E4+03 |, 4.3005000E-02
3.5015724E+03 4 _S9Z53750E-02
3.5281322E+03 4 _S9502500E-02
3.5814522E+03 5.0000000E-02

o

*surface interaction, name=Fll

*friction

0.70

*Contact Damping, definition=DBMPING COEFFICIENT
0.a7

*surface behaviour, pressure-overclosure=tabular
0.0000000E+00 , 0.0000000E+00

8.880555€eE-01 , Z.5000000E-04

2.4480305E+00 , 4.5B875000E-04

FEEEEEEEE some lines deleted EEFEEEEEE
2.4004710E+03 , 4.3Z53750E-02

Z2.418878BE+03 4 _950Z500E-02

-455231%E+03 5_0000000E-02

ra
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Zg4d il

:E_E_ W T o - - - - . - - - - - - -
268 *% (7) BTEP 1 - settling of particles

:E_ W T o - - - - . - - - - - - -
2&8 i

289 *step

2

step 1 - settling of particles

-

%]
;

*dynamic, explicit, direct
0.2e-€,0.50
o

(5]
[ %]

(5]
W

74

(5]

*dload

T& deml, grav, %800.0,0.,0.,-1.0
topplate, grav, 9800.0,0.,0.,-1.0
*contact

[ S S )

(%]

*contact controls assignment, rotational terms=structural

a0 o

(%]

(5]
i
[

*contact inclusions

(%]
[
;

ZBZ deml  box u
ZB3 deml , box ol

1
s

[*]
o

deml , box oZ

deml , topplate

deml , deml

*contact property assignment
deml ,box u,F1lZ

deml ,box ol, Pl

deml box oZ, Pl

deml , topplate, P1£

Rl ORI R ORDORD

(5]

(]

282 deml ,deml, P11
2593 *output, history, frequency=1

CEM1 ,CRMZ CEM3 K CVR1, CVRZ, CVR3
*energy output, wvar=all

& o

(]

(]

(5]
1]

*output, £field, number interval=&0

(5]
1]

(5]

*node output

2 U, vV, BM, RT

S:: &

301 i

302 *end step

S_ e

3 . ————————————
2l *% (B) STEP Z - pressure

3 16 T e o o o e e - - - - - - - - -
3:_ L

308 *Itep

30 Itep & - pressure

o

[

317 *dynamic, explicit, direct

312 0.2e-&,0.20

313 il

314 *+ LOADS

315 il

a1 *% Name: Load-3 Type: Pressure

317 *Dsload

el TOERPLATE, B, —-0.38430

S e

S e

321 *% 100 kN/mZ2 =» 0.08430 N/mmZ (0,10 - 0.0157)

322 % 200 EN/mZ2 => 0.18430 N/mmZ2 (0,20 - 0.0157)

323 % 300 kEN/mZ2 => 0.28430 N/mmZ2 (0,30 - 0.0157)

3:1_ e e e e e e e e e e e e e o e e e oy e ke e e e oy e e e e e e e e e e e e e e e e e e v e e e e e e o e e e e e e e e e e e o o e e e
= % 400 kEN/mZ2 => 0.38430 N/mm2 (0,40 - 0.0157) - own weight #**&*wess
SEE e e e e e e e e e e e e e o e e e oy e ke e e e oy e e e e e e e e e e e e e e e e e e v e e e e e e o e e e e e e e e e e e o o e e e
3:_ L

328 il

325 *output, history, frequency=1

330 CEM1 , CRMZ CEM3 CVR1, CVRZ CVR3

331 *energy output, wvar=all

o

9]
o]
]



Annex D 71
333 *gutput, £ield, number interwal=1Z2Z

334 *node output

335 U, vV, BM, RT

336 had

337 had

338 *end step

333 W e e e e e e
340 ** () S5TEP 3 — shearing (shearing speed: 3mm/sec)
341 e
342 il

343 *ITep

344 step 3 - shearing

345 had

348 *dynamic, explicit, direct

347 0.Ze-g,10

348 had

345 *% BOUNDRRY CONDITIONS

350 il

351 *% Name: Vel-BC-4 Type: Velocity/Angular velocity
352 *Boundary, type=VELOCITY

353 BOX 01, 1, 1, 3

354 BOX OZ, 1, 1, =

355 TOPPLATE, 1, 1, 3

356 had

357 *gutput, history, fregquency=1l

358 CRM1, CRM2Z  CEM3, K CVR1, CVRZ, CVR3

355 *energy output, wvar=all

EL] had

36l *gutput, £ield, numbker interwal=1Z00

382 *node output

363 U, vV, BEM, RT

364 *Contact Cutput

365 CFORCE, CSTREESS, CTHICE, FSLIP, FSLIER

3686 A

367 had

3e8 *end step




Annex E

Annex E

Python Code for the evaluation of the shear test
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o
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oo
o m

= = =)
Wk o

i

0
f Name: shear diagram creator (without laboratory tests)

"

# Zuthor: sinko

£

f Created: 14.11.2014

# Copyright: {c) sinkovec 2014
o

from pylak import *

import math

import matplotlib

import matplotlib.pyplot as plt

import numpy as np
from scipy import stats

import matplotlib.image as mpimg

# input number !!

dl,3l,d2,32,d3,53,d4,34 = np.loadtxt (number+"” _txt"”, doype=£float, unpack=True)

dll,s11 ,d12,312,d13,513,d14,314 = np.loadtxt{"lzb.txt", dtype=float, unpack=True)

fig = plt.figure(figsize=(3, ©}}

namel="numerical $%“sigma {n}3%= 1000 kM /m

i

£ numerical results

linel, = plt.plot({dl,sl,
lineZ, = plt.plot({dZ, s,
line3, = plt.plot{d3,s3,
line4, = plt.plot{d4, =4,

1000 kN/ms-25°
2000 kM/ms-2
2000 kN/ms~

2
4000 kMN/ms-~25°'

% labeld
plt.ylabel({'shear stress

aus [kN/m$~25]1")
plt.xlebel('shear distance $'“tus [mm]"'}
plt.ticklabel format{style='plzin', axis='kboth', uselffiset=Falae)

first_legend = plt.legend{handles=[linel lineZ line3, K line4d] bbox to_ snchor=[0.5%5, 0.33:5],

title="numerical results",prop={'size':3}, loc="upper right')
plt.grid (True)

plt.xlim({0,40}

plt.ylim(0,150)

plt.savefig('sd_'+number+' png')
#plt.show()
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o4
&5 plt.clf(} # clean up the plot window
(13
a7 E ————"—-————————
(1= £ (b) included the laboratory results
() E ————"—-————————
70
71 fig = plt.figure{figsize=(3, &)}
T2
7 namel="numerical 3% sigma {n} = 1000 kN/m$~Z5'
T4
75 F numerical results
linel, = plt.plot{dl,sl, 'k',6label= 1000 kN/m$~25')
lineZ, = plt.plotid2, 32, 'o',lakbel= 2000 EN/m$-~25")
78 line3, = plt.plot{d3,s3, 'm',label='$‘sigma_{n}$= 3000 kN/m3~Z5"}
79 line4, = plt.plotid4,s4, 'c', label='$'sigma {n}$= 4000 kN/ms~Z5"'}
20
81 £ laborstory results
8z line5, = plt.plot{dll,sll, 'k:',(flabel="3%3igmz_{n}s= 1000 kN/ms~25")
83 line&, = plt.plot{dl2,slZ, 'g:',Klabel="3%sigmza_ {n}3= Z000 kN/m$~Z5")
54 line7, = plt.plot(dl3,sl13, 'm:',é label='"3%sigma {n}3= 3000 kN/ms~Z5")
B5 line8, = plt.plotidl4,sld, 'c:', label="$'sigma_{n}$= 4000 kN/m$~Z%")
=13
87 ¢ lzheling
28 plt.ylabel ('shear stress 3'\\tauf [kN/ms~2Z3]")
89 plt.xlabel('shear distance $%“wtu$ [mm]"')
=14 plt.ticklabel format {style='plzain', axis='both', uselfiset=Falae)
a1 fplt.title ("Shear Diagram")
92
53
54 legendl = plt.legend(handles=[linel lineZ, line3,é line4] bbox to anchor=[0.335, 0.355],
a5 title="numerical results",prop={'size':3}, loc="upper right')
=13 ax = plt.geca() .add artist{legendl)
a7 plt.legend(handles=[line5 line&, line7, 6 line8] bbox to anchor=[0_7&85, 0.33%5],
a8 title="laboratory results",prop={'=size':9}, loc="upper right')}
99
100 plt.grid(True)
101 plt.xlim (0,40}
102 plt_ylim(0,4Z0)
103
104 £ Save to file
105 plt.savefig('sd_lzb '+number+' .png')
108 fplt.show()
107
108 plt.clf() £ clean up the plot window
109
110 E ————"—-————————
111 § Plot 2 - max shear stress / normal stress
112 g -
113
114 £ create max walues
115 Slmax=max (31)
11& gZmaex=max (3Z)
117 s3max=max (33)
118 S4max=max (34)
113
1z0 £ create array
121 shear max=array([0,slmax,simax,s3max, sdmax])
122
123 sigma n=array([-5,100,200,300,400]) £ adapt first value to avoid negative cchesion
1z4
125 £ create compensation line
1z¢& x0,x1,x2,x3 ,x4= stats.linregress(sigma_n,shear max}

127 shear est=xl+x0*array(sigma n)
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128

125 # Frictiom angle

130 phi = np.arctan(x0)*120/np.pi

131 shearline=({"friction angle %%

132 '$~heirc$ ‘n cchesion

133

134 E -
135 # (a) without the laboratory results

136 B
137

138 plt.figure{figsize=(&, &)}

135

140 dotsl, = plt.plot{sigma n,shear max, 'bd', lakel='single wvalues')

141 linel, =plt.plot{sigma_n,shear est,'b’', label =''n '+shearline)

142

143 § labelling

144

145 plt.ylabkel ('shear stress 3%\ 2 [kN/ms~25]1")

146 plt.xlabel {'normal stress $hsigma {nls [EN/ms-~25]1")

147 plt.ticklabel format(s ', axis='both', uselffset=Falaa)

148

145 first legend = plt. legend(handles=[dotsl, linel] kkox to anchor=[0.01,  0.33],
150 title="numericzl results “n",prop={'size':8}, loc=I,borderaxespad=0.)
153

152 plt.grid {True}

153 plt.xlim(0,420)

154 plt.ylim{0, 420}

A=t

158 plt.savefig('sn_'+number+'.png')

157 #plt.show()

158

155 plt.clf() £ clean up the plot window

160

161 e e
182 # (b) included the laboratory results

1a3 E - ------—--"-—
1a4

185 sllmax=m=x(s11)

1cé zlimax=msx({s1Z)

167 gl3max—max {313}

188 slimax—m=x(sl4)

1&5

170 £ create array

171 shear_ lab max—array([5,sllmax,sliZmax,hsl3max,sl4max])

172

173 sigma n lab=array([-20,100,200,6300,400])

174

75 £ create compensation line

17&

177 x10,x11 x12 ,x13,xld4= stats.linregress{sigma n lab,h shear lab_max)

178 shear lzb est=xll+xl0*zrray({sigms_n_lazb)

175

180 # Frictiom angle

181 phi_lzb = np.arctan{xl0)*120/np.pi

182 shearline lab=('friction angle 3.phis = "+atr{round(phi_lab 2})+

183 '$~%ecirc$ “n cochesion o = "+atr{round (x1l,2)}+"'00 XN/ ms~25")

184

185 £ create plot figure

188 plt.figure(figsize=(g, &)}

187 dotsl, = plt.plot{sigms n,shear max, 'bd', label='single wvaluess')}

188 linel, =plt.plot{sigma n,6 shear est,kK 'b', label ='n '+shearline)

185 dots2, = plt.pleot{sigma_n_lab,shear lab max, 'rd', label='single wvalues'}
150 lineZ, = plt.plot(sigms n lzb,shear lszbk est,'r:', labkel=''n '+shearline lab)

131
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152 § labelling

153 plt.ylakel {'shear taufy [kHN/m$~25]1')

134 plt.xlabel {'norm=l stress $h\3igma {n}s [kN;

135 plt.ticklabel format{style='plzin',6 axis='both', usebffset=Falae)

136 $plt_title ("Shear Diagram")

157 plt.grid{True)

138 plt. xlim{0, 420}

155 plt.ylim{0,420)

Zoo

Z01 # Legend

202 legendZ = plt.legend{handles=[dotsl,linel] ,bbox to anchor=[0.01, 0.33],title="numericzl results ‘n",prop={'size':8}, loc=i)
203 ax = plt.gca() .add artist(legendZ)

204 plt.legend({handles=[dotsZ,lineZ] ,bbox_to anchor=[0.01, 0.75],title="lzboxr results ‘n",prop={'size':E}, loc=Z)
205

20& plt.savefig('sn l:zb '+number+'.png')

207

208 fplt.show()

Z0%

210
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Annex F

Numerical shear test results

—
o

shear stress v [kKN/m

140

120

100

80

60

40

20

Variation Ola

T
. [numerical results| |

7,= 100 kN/m?
7,= 200 kN/m?
7,= 300 kN/m?
7,= 400 kN/m?

shear stress r [kN/m? ]

400 {

350

300

250

200

150

100

50

10 15 20 25 30
shear distance » [mm]
I — I T T T T
numerical results : .
$ & single values
[| __ friction angle ¢ = 12.33 1
cohesion c =0.760 kN/m"
0 50 100 150 200 250 300 350 400

normal stress o, [kN/m? ]

40
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Variation 01b

I
140k b .|l L].; [numerical results | |
: ; | ' | — &,=100kN/m?
7,= 200 kN/m?
120} -

a,= 300 kN/m*
7,= 400 kN/m?

[
[=]
o

=]
o

shear stress 7 [kN/m? ]

0 5 10 15 20 25 30 35
shear distance u [mm]

aooll  numerical results

4 & single values

350 {

__ friction angle ¢ = 20.58" o e [ P B
cohesion ©=2.670 kN/m* |

250

200

shear stress = [kN/m? ]

150k S ........ ________ S .......... .......... b _
wl ]

50L. L ....... ...... L B ......... .......... L _

i i i i i i i i
0 50 100 150 200 250 300 350 400
normal stress o, [kN/m? ]
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Variation 02a

I
140 RS N TR TR ‘.........|numerical results
: : : : : ‘| — =100 kN/m?
i — o= 200 kN/m?
120 R O — S I S — | — o,=300kNm? [

7,= 400 kN/m?

=

(=)

o
T

oo
o

60 |- JLl EE— S S S S S i

shear stress 7 [kN/m? ]

a0l LRI S S S T T il

0 5 10 15 20 25 30 35 40
shear distance u [mm]

aooll  numerical results

4 & single values

350 {

__ friction angle ¢ = 12.08
cohesion © =0.480 kN/m® |

300k T ....... ........ e .......... .......... [ _

250
200k ........ ....... ....... ......... ......... .......... ........ _

150+

shear stress = [kN/m? ]

100+

50+

1 1 L 1 1 L 1
0 50 100 150 200 250 300 350 400
normal stress o, [kN/m? ]
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Variation 02b

I
140 RN R T e U . [numerical results | |
— 7,= 100 kN/m?
: i — o= 200 kN/m?
120 T, ST S PR t — a=300kN/m? |

— 7,= 400 kN/m?

=

(=)

o
T

H' i ‘ ! A \
. M :& ‘ “!‘M’wwmﬁ " v

20 '*1‘“ 4 Wm e ____________ ]

0 5 10 15 20 25 30 35 40
shear distance u [mm]

oo
o
T

[=1]
[=]

shear stress 7 [kN/m? ]

aooll  numerical results

4 & single values

350 {

__ friction angle ¢ = 14.74"
cohesion © = 0.680 kN/m” |

300k T ....... ........ e .......... .......... [ _

250

200F------- ........ ....... ....... ......... ......... .......... ........ _

shear stress = [kN/m? ]

150k T ....... ........ A .......... .......... R _
wol ]

50k O ....... T ......... .......... R _

1 1 L 1 1 L 1
0 50 100 150 200 250 300 350 400
normal stress o, [kN/m? ]
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shear stress 7 [kN/m

140

120

= 100

oo
o

[=1]
[=]

S
<)

Variation 03

20

I
i |numerical results

— 5,= 100 kN/m?
— 5= 200 kN/m?

— o,= 300 kN/m* |

— 7,= 400 kN/m?

shear stress = [kN/m? ]

10 15 20 25
shear distance u [mm]

35

400

350 {

numerical results

4 & single values

__ friction angle ¢ = 19.08
cohesion € =3.60 kN/m* |

200+

50F.-..- [P

| | | | |
50 100 150 200 250 300

normal stress o, [kN/m? ]

|
350

|
400

40
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Variation 05

T T T T T T I
140 Lo i i.......|numerical results| |
: : : : : ‘| — &= 100 kN/m?
—  o,= 200 kN/m®
120 — a,= 300 kN/m? [
—  a,= 400 kN/m®
~_ 100 .
£
=
=
=
- BOFL- b PR W AN
w
vy
@
2
« B0 J
(17
w
=
[
40 .
20 J

0 i i i i i i i
0 5 10 15 20 25 30 35 40
shear distance u [mm]

400 | nﬁmeric'aul resuits

4 & single values

350 {

__ friction angle ¢ = 18.7 g
cohesion © = 3.480 kN/m” |

200k ........ ...... ....... ......... ......... .......... ....... _

shear stress = [kN/m? ]

50F.-..- [P

1 1 L 1 1 L 1
0 50 100 150 200 250 300 350 400
normal stress o, [kN/m? ]
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shear stress 7 [kN/m

140

120

= 100

oo
o

[=1]
[=]

S
<)

20

Variation 07

T
i |numerical results
‘| — &= 100 kN/m?
— o,= 200 kN/jm?

— 7,= 400 kN/m?

— o,= 300 kN/m* |

shear stress = [kN/m? ]

10 15 20 25 30 35
shear distance u [mm]

400

350 {

numerical results

4 & single values

__ friction angle ¢ = 16.34
cohesion € =4.620 kN/m” |

200+

50+

1 1 L 1 1 L 1
50 100 150 200 250 300 350 400
normal stress o, [kN/m? ]

40
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Annex G

Input file of the numerical oedometer test

(5]

L T B S

[y
(5]

3
4

BRI ORI ORI ORI ORI RD
Mo W RO

(%]
o

z

3

[

LS

k]
4
4
4
4
4

T

*% Created by Christoph Sinkovec

*+% Institute for Rock Mechanics and Tunnelling

**% Graz Uniwversity of Technology

e

A

-100.,
100.,
100.

-100.

EEERERERE

&0
T0.
80.
50.

EEERERERE

e
*Node
1, -1l00.,
z, -1l00.,
3, -100.,
4, -100.,
fEEEfEfEE gome lines deleted
12850, 8a.,
12851, 8a.,
12852, 8a.,
12853, 8a.,
*Element, type=PD30, ELSET=deml
1, 138
Z, Z2EZ73
3, Z2Z74
4, ZZ75
fEEEfEfEE gome lines deleted
8797, 278
&738, 277
&733, 278
&300, 275
*Element, type=54R
&301, 17, 385, 3717, 3810

§802, 389, 390, 3718, 3717
§803, 390, 391, 3719, 3718
§804, 391, 332, 3720, 3713
tifEf#EEf some lines deleted
10915, 7042, €994, 7058, 7426
10920, 7428, 7301, 7287

10921, 7431, 7205, 7182, 7155
10922, 7254, 7206, TI36

*Element, type=53

3057, €458, 5752, &081
3058, &087, &0&7, &073
305893, &113, & 078

5z
3080, €123, &10

EEEFEFERE

FEEEEEEEE some lines deleted EEEFEEEEE

10013, 7187, 7213, 7
10014, 7433, 7308, 742
10015, 7435, 71%0, 7232
*Naet, nset=BOTTOM
23, 947, 9543, 5458, 5§50
982, 983, 984, 985, B5&e
978, 97%, 980, 981, 882
994, 9585, 95%&, 937, 8938

fEfEfEEEE gome lines deleted
@503, €510, ©511, &512, €513
@525, ©5Za, ©5EZ7, €528, €529
@541, ©542Z, ©543, ©544, €545
@557, ©558, ©553%, &580, €56l
*Elset, elset=BOTICH, generat
3057, 39389, 1

-

-

-

-

851, 3982
387, 9&8
g83, 984
833, 1000

BEEEREEEE

5514, &51%
6530, @531
6546, €547
6562, €563

-
-
-

-

r
r
r
r

=P
SR
(SIS

=]
L)

L)

momon

[}]

[}]

[}]

[}]

o
Il
o

-

383,

L
oo
[}

-

[y
(=]
[=]
fard

-

L= = =) )
oo

oy B
W m Ry

[}]

371,

[y
=Y RN Y ]
[ ]
m Ko O

oy @y
[T i
Wk
WGy

[Tl
o

961
977
933
100%

e R
(= =T

Mmoo

oy @y
i
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*MNset, nzset=BOH T

7

&5 15, Z0, 575, 57, 577, 578, 573, 580, 581, 5Bz, 583, 584, 585, 586, 587, 588

66 58%, &30, 531, 532, 533, 534, 535, &5%&, 537, §%3, 538, €00, ©01, €02, €03, €04

3] &d5, &0, <07, <08, €03, €10, <11, elz, &13, €14, €15, «l&§, €17, elg, 13, @&z0
€21, &2, €23, 24, €25, &2, €27, 8, €29, €30, &31, ®32Z, €33, &34, 5, &3¢

FEEFEEEEE some lines deleted EEEEE88ffE

70 4571, 43572, 4373, 4574, 4575, 4378, 4577, 4578, 4573, 4980, 45981, 4582, 4583, 4984, 43585, 435B8¢

71 4587, 43988, 438%, 4530, 4531, 4352, 4553, 4534, 4535, 4958, 4557, 45%38, 4583, 5000, 5001, 5002

72 5002, 5004, 5005, 500€, 5007, 5008, 500%, 5010, 5011, 5012, 5012, 5014, 5015, 501€, 5017, 5018

73 501%, 5020, 5021, 5022, 5023, 5024, 5025, 5026, 5027, 5028, 5023, 5030, 5031, 5032

T4 *Elset, elset=BOK U, generate

75 7853, B304, 1

TE *Nset, nset=BOH O

77 17, 18, 21, 22, 389, 350, 331, 83%2, 393, 354, 3%5, 3%c, 397, 3858, 3533, 400

401, 402, 403, 404, 405, 406, 407, 408, 4093, 410, 411, 412, 413, 414, 415, 416
417, 418, 419, 420, 421, 422, 423, 424, 425, 42I6, 427, 428, 429, 430, 431, 432
i 433, 434, 435, 436, 437, 433, 435, 440, 441, 443, 443, 444, 445, 44§, 447, 448
1 fEfEEE$4E some lines deleted $HEEEEEEE

B2 5815, &8le, 5617, 5818, 5613, 5620, 5621, 5622, 5623, 5624, 5625, 5626, 5627, 5628, 5623, 5630
83 5e31, 5€3Z, 533, 5e34, 5635, 563¢, 5€37, 5638, 5633, 5640, 5641, 5842, 5643, 5644, 5645, 5040
24 5847, 5848, 5649, 5850, 5651, 5652, 5653, 5654, 5655, 5656, 5657, 5653, 5653, 5660, 5661, GSE6EZ
85 Se83, 5eoed4, 5465, 5ede, 5667, 56638, 5663, 5670, 5671, 5&7Z, 5673, 5&74, 5675, 56876, 5677, 5878
= 5673, 5880, 5681, 5682, 5683, 5684, 5685, 5886, 5687, 5888, 5685, 58930

B7 *Elset, elset=BOX O

i
i
i

€801, 6802, €803, &804, €805, &80&, &807, €308, €803, €510, &3811, &8512, &313, 6514, €215,
g81%, &820, €821, €BZZ, ©8Z3, €824, ©825, €B8BZ¢g, ©BZ7, ©BZB, €829, €830, 8831,
6833, 6834, €835, 6036, €837, €838, €839, €040, €841, &54Z, 043, 6544, 6545, 6046, 6847,

51 &845%, &850, &851, &852, eB853, ©854, &855, &858, ©857, &BBE, €853, &80, &88l, &8cZ, 8863,
tiffEf#EE some lines deleted E##E#ffEs

S500%, 5010, %011, S01z, 5013, 5014, S015, =%01s, 5017, =018, 5015, 5020, %021, B022, 5023, 5024
5025, 902Z¢, 9027, =028, 95025, 5030, 9031, =032, 5033, 9024, 9035, 303¢, 9037, 9038, 9033, 3040
9041, 9042, 5043, 5044, 3045, 904&, 5047, 9048, 9045, 39050, 9051, 9052, 9053, 3054, 3055, 9056
*Nset, nset=TCFPLATE

T Z4, 1040, 1041, 1042, 1043, 1044, 1045, 1046, 1047, 1048, 1045, 1050, 1051, 1052, 1053, 1054
8 1055, 105+, 1057, 1058, 1058, 1080, 1081, 10&2, 10€3, 1084, 1085, 1l0&s 10&%, 1070
1071, 107z, lov=3, 1074, 1075, 107¢, l1ov7, lovs, 1075, 1080, 1081, 108z, 1083, 1084, 1085, 1l08¢
1087, 1oss, 1os8s, 10%0, 1051, 10%z, 10%3, 1054, 1055, 10%&, 10597, 1058, 10%5, 1100, 1101, 1102
tiffEf#EE some lines deleted E##E#ffEs

m o
w
o
o
-
=1}
o
et
o

wn
[

a3

L
o

7383, 7384, 7385, 7386, 7387, 7388, 7389, 7330, 7391, 7392, 7393, 7394, 7395, 7336, 7397, 7398
7393, 7400, 7401, 7402, 7403, 7404, 7405, 7406, 7407, 7408, 7409, 7410, 7411, 7412, 7413, 7414
7415, 7416, 7417, 7418, 7419, 7420, 7421, 7423, 74 7 7426, 7427, 7428, 7429, 7430

7431, T43EZ, 7433, 7434, 7435, T43&, 7437, 7438
*Elset, =lset=T0OFFLATE, generate
5930, 108Zz, 1

*% (Z) Materizsl Parameters Discrete Elements

P e o
-

#% Radius = S5mm (0.005m)

** Density = Z€00 kg/m3 (Z.& 10~-3Skg/m3)

-

*discrete section,elset=deml, shape=sphere,f density=2_.&e-0%, alpha=7

o

** Make the sets rigid

-
121 *RIGID BODY, REF NODE = 17, ELSET = box o
122 *RIGID BODY, REF NODE = 13, ELSET = box_u
123 *RIGID BODY, REF NODE = 23, ELSET = bottom
1 *RIGID BODY, REF NODE = 24, ELSET = topplate
-

126 ** Tmportant: Change the node numbers if the geometry is changing!!
7 L
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#% (3% Materizl Parameters cof the box

*Material, name=STEEL
*density
7.85e-038
*elastic

Z_08et5,0.3
e

L

*SHELL SECTICN, ELSET=box u, MATERIAL=STEEL,

z,

#SHELL SECTION, ELSET=box o, MATERIAL=STEEL,

z,

*SHELL SECTICN, ELSET=topplate, MATERIAL=STEEL,
‘r

*5HELL SECTICN, ELSET=bottom, MATERIAL=STEEL,

#% (4% Surface definiticn

&

*surface, type=element, name=deml
deml,

*surface, type=element, name=box u
box u,

*gurface, type=element, name=box o
box o,

*Surface, type=ELEMENT, name=TOFPFLATE
TOPELATE, SNEG

*Surface, type=ELEMENT, name=bottom
bottom,

&

S
{5) Boundary Conditions
S
o

*% Name: BC-1 Type: Veloccity/&ngular velocity
*Boundary, type=VELOCITY

BOX U7, 1, 1
BOX U, 2, 2
BOX U, 3, 3
BOX U, 4, 4
BOX U, 5, 5

BOX U, &, &
*% WName: BC-Z2 Type: Velccity/Rngular velocity
*Boundary, type=VELOCITY

BOX O, 1, 1
BOX O, 2, 2
BOX O, 3, 3
BOX O, 4, 4
BOX O, 5, 5

BOX ©, &, ©

*% Name: BC-3 Type: Velocity/Angular wvelocity
*Boundary, type=VELOCITY

BOTTOM, 1, 1

BOTTOM, Z, 2
BOTTOM, 3, 3
BOTTOM, 4, 4
BOTTOM, 5, 5
BOTTOM, &, &

*% Name: BC-3 Type: Velccity/Angular velocity
*Boundary, type=VELOCITY

TOPELATE, 1, 1
TOPPLATE, 2, 2
TODELATE, 4, 4
TOPPLATE, 5, §
TOPELATE, &, &
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B o e e e e e e e e e e . e e e e e e e e e e e e e e e e e e e

ke

R

force-overclosure relationship based on Hertz contact formulation

2 . —————————————————————————————————————————————————
202 e deml : Badius = 5S5mm E= Z00.000 N/mmZ, poisscn's ratic = 0.Z20
203 il box: E= 208.000 N/mmZ, poisson's ratioc = 0.25
;' L
2 Ed
2 *surface interaction, name=Flf
20 *friction
20 0.50
20 *Contact Damping, definition=DRMPING COEFFICIENT
210 0.av
213 *surface behawvior, pressure-overclosure=tabular
212 0.0000000E+00 , O.000000CE+00
21 1_2862346E+00 |, Z_5000000E-04
z 3_5680302E+00 , 4_3B75000E-04
2 FEEFFEEFE some lines deleted FEEFFFEEE
21 3.5015724E+03 |, 4_.5Z53750E-02
21 3.5281322E+03 , 4.5502500E-02
Z18 3_5814522E+03 , 5_.0000000E-02
Ed

(5]
I
(15}

i *surfzce interaction, name=Fl1

*friction

Ry B3 RD
K1 B3R
I

a.70
223 *Contact Damping, definition=DRAMPINGE COEFFICIENT
2z4 0.a7
225 *surface behawvior, pressure-overclosure=tabular
228 0.0000000E+00 , 0.0000000E+00
227 8.8B805556E-01 2_5000000E-04
228 2.4480305E+00 4 _S9875000E-04
223  EEfEfEEEE some lines deleted E$HEEEEEEE
230 2.4004710E+03 , 4.3253750E-02
231 2_.4188788E+03 | 4 _5502500E-02
232 2_4552313%E+03 5.0000000E-02
2_\5‘: Ed
25{_ W e e o o e e e e S S
235 *% (7) BIEP 1 - settling of particles
256 S S
2-\3_ Ed
238 *step
239 step 1 - settling of particles
25_ L

(5]

*dynamic, explicit, direct
0.Ze-g,1.00

&

*dload

deml, grawv, 9800.0,0.,0.,-1.0
topplate, grev, 9800.0,0.,0.,-1.0
*contact

B3 ORI R3ORD

(5]

I Y

= *contact controls assignment, rotational terms=structural
L

Ry ORI RD

*contact inclusions

deml, box_u

deml,box o

3 deml, copplate

4 deml , bottom

deml , deml

*contact property assignment
deml, box u,plf
deml box o, plf

deml , topplate,plf

deml ,bottom, plf

deml, deml, F11

g2 *output, history, freguency=1
63 CEM1 CEMZ CREM3 CVR1, K CVRZ, CVE3
*energy output, war=s11l

o

(5]

253
252
25

Ry B3 RD

(5]

B3 ORI B3 ORD
-V
I

(5]

*output, field, number interwal=&d

Ry B3 RD

*node output
U, v, BM, BT

(5]
=3
m

-



Annex G 87
285 e

270 il

271 *end step

272 el

E"S R e
Z274 *% (8) BTIEF Z - pressure (01)

:"5 R e
278 e

277 *3tep

278 Itep 2 - pressure

275 el

280 *dynamic, explicit, direct

2B1 0.2e-6,1.00

2Bz il

283 +% LOBDS

ZB4 il

285 *+ Wame: Load-3 Type: Pressure

288 *Dsload

287 TOPPLATE, B, —-0.08430

2B8 el

285 il

2350 e

291 *% (01) 0.0843 MN/mmZ (0.10 — 0.0157) <<<<<<<aCC<C
2582 % (02) 1.3843 N/mm2 (2.00 — 0.0157)

253 *% (03) 3.9843 N/mmz (4.00 — 0.0157)

254 % (04) 5.5843 N/mmZ (6.00 — 0.0157)

2585 *% (05) T7.3843 N/mmz (8.00 — 0.0157)

2598 *% (0g) 3.9843 MN/mmzZ (4.00 — 0_0157)

297 w% {07) T7.9843 N/mmz (8.00 — 0.0157)

258 *% (08) 9.9843 N/mmz (10.00 - 0.0157)

25995 % {059 11.59B8432 N/mm2 (12.00 - 0_.0157)

300 el

3._1 L

302 *output, history, freguency=1l

303 CBM1,CEMZ CEM3 CVE1l, K CVERZ, K CVE3

304 *energy ocutput, war=all

305 el

308 il

307 *output, field, number interwval=400

308 *node output

305 U, vV, BM, RT

310 *Contact Cutput

311 CFORCE, CSTRESS

31z el

213 il

314 *end step

315 R e
31e *% {8) STEP 3 - pressure (02)

317 e
218 il

315 el

320 bl 2222222232222 222222 2023233 2 222222222222 20
321 ** yuntil load stage 0% (step 10)

322 ** change of the pressure on the topplate

323 ** gyverything else is the same!!

3Z4 e R EEEE RS R RS R E R RS
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Annex H

Input file of the annular gap model

2 ANNULAR GAP CRLCULATION
5 _______________________________________________
ﬁ_ -
5 ** Creasted by Christoph Sinkovec
& #% TInstitute for Rock Mechanics and Tunnelling
7 #% Eraz University of Technology
E EEd
E B o o
10 ** (1) Inmput of the Geometry
11 o
1% .
12 *Hode
14 1, 510., 1000., 4550
15 zZ, 910., -1000., 43550
15 3, 110_, -1000._, 4550
17 4, 110., 1000., 4550.
18 5, 510., -1000., T850.
15 g some rows deleted EE#EE#
20 7542, 210., -500., 7850
21 7543, z10._, 800, TEEO.
iz 7544, 210, 700, kEELN
23 7545, Z10., -800., T850.
24 7548, Z10., -500., T850.
25 *Element, type=PD3D, ELSET=deml
26 1, 185
27 Z, 1347
Z 3, 1348
b 4, 1343
30  gE##E¥ some rows deleced EEEEEE
=l 4738, 93¢
32 4757, 8937
a3 4738, 8938
34 4793, 9335
35 4500, 540
36 *Element, type=54R
37 4501, S, =244, z443, Z508
38 4802, 244, 245, 2450, 2449
35 4803, 45, Z4@, 451, 2450
40 4804, 48, 247, Z45Z, 2451
41 g some rows deleted EEEEEE
4z ©345, 3685, 3687, 3873, 3eec
43 ©34%, 3668, 3671, 3680, 3651
&347, 3652, 3673, 3687, 3684
£348, 3689, 2653, 3888, 270
*Element, type=53
€131, 535, 534, 21
€132, @24, G©es, 623
&133, G566, ©24, G5&7
fff#fE some rows deleted EE£§E#
51 g241, 514, 1z, 358
52 €242, 3881, 3673, 3877
53 £243, 3883, 3682, 3872
54 *Nset, nset=ARNNULAR GAP
55 g, i1a, 11, 1z, 13, 14, 15, lsa,
56 250, 51, 252, 253, B4, 255, ZBs, 287,
57 268, &7, 2€8, 2€%, 270, 271, 272, 273,
28z, 83, =284, 285, 28e, 287, 288, 283,
EEEEEF some rows deleted EEEEEF
3597, 3598, 35995, 3600, 5601, 3602, 3603, 3604,
gl 38l3, 3el4, 3€l5, 3ele, 3617, 3els, 32851, 365Z,
82 38€l, 3€€2, 3663, 3664, 5665, 3e6€, Iee7, 3I6e€s,
83 3877, 3€78, 3€7%, 3680, 5681, 3€8Z, 38533, 3684,
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A
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w
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[=]
(= )

=1 i

wowow
=3
[}
o

w

Ra Ra R R
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=1 =

o
[

=1

oh o gy
o ko

(SRS S ]

o
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(ViR )

R ORYOROM
-1
oo =]

[¥]
o

(TR TR )
oM
-1 o

')

o

W 0

LI I R )

ooy e
[=]

o
=
[

Ra R R R
w

Wy e

-1 P

woow
o gy &y
=1
[ LR = )

w
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3
e

*Elset, elset=RNNULRE GAP
&5 4301, 4802, 4803, 4804, 4805, 480&, 4807, 4808, 480%, 4810, 4811, 481z, 4813, 4814, 4815, 481s
=1 4317, 4818, 481%, 4320, 4821, 4822, 4823, 4824, 4825, 48Z¢, 4827, 4828, 4823, 4830, 4831, 4832
&7 4833, 4834, 4835, 483&, 4837, 4838, 4835, 4840, 4841, 48942, 4843, 4844, 4845, 4845, 4847, 48348
&8 4345, 4850, 4851, 485Z, 4853, 4854, 4355, 4858, 4857, 4858, 485%, 48€0, 4881, 4882, 4883, 48&4
85  ¢Ef$EE some rows deleted FEEEEE
70 ©234, €285, €288, €287, €88, €289, €290, €Z51, €52, €293, €294, €Z%5, ©Z%e, 8297, €298, E€Z5%
71 €300, €301, €302, €303, €304, €305, €308, €307, €308, €303, €310, €311, €312, €313, €314,
72 ©3le, @317, €318, ©31%, ©320, ©3Zl1, €322, ©323, ©324, £5, ©3Zg, €327, ©328, ©3Z%9, =330,
73 £332, €333, €334, €335, €338, €337, €338, €33%, ©340, 341, €34Z, ©343, ©344, 8345, @348, €347
T4 ©348,
75 *Nzet, naet=FRONT
Te 19, Z0, 21, 2z, Z3, 538, 533, 540, 541, 542, 543, 544, 545 548, 547,
77 543, 550, 551, 6552, 553, s4, 555, 655&, 557, 558, 55%, G5e&0, 5el, 582, 583, G5ed
78 &5, 5Se&&, 5&7, 5e8, b5€3, 570, 571, 572, 573, 574, 575, G578, 577, 578, 579,
79 (EEEEE some rows deleted FEEEEF
=} gel, @&, ©©3, ¢©o4, ee5, ©€8, €e7, €88, €3, &70, 3IEls, 3e20, 3eZl, 3I6iZ, 3823, 3824
81 3825, 38Z€, 3827, 3628, 36825, 3630, 3631, 383Z, 3633, 3634, 3835, 3836, 3637, 3638, 3633, 3840
82 3641, 3642, 3643, 3644, 3645, 3646, 3647, 36848, 3643, 3650
=k} *Elset, elset=FRONI, generate
84 8131, &237, 1
55 -
86 e
B7 #% (2] Material Parzmeters Discrete Elements
EE -
EE Ed
3 *% Badius = 5.0mm (0.005m)
91 ** Density = Ze00 kg/m3 (2.6 10-~-3kg/m3)
EE Ed
53 *discrete section,elset=deml, shape=sphere, density=Z_.8e-05%, =zlph==10.0
54 50,
55 Ed

-

L
a0

7 ** (3) Material Parameters of the box
S U S—

"

*% Density = 7850 kg/m3 (7.85e-0% 10~-%kg/m3)
** Youngs Modulus = 210_000 N/mmz

102 ** Popisscn's Ratic = 0,30 -

Ed

-

*Material, name=S5TEE
*density

7.85e-039

*elastic
Z.10e+05,0.3

110 "

W

e

“SHELL SECTICON, ELSET=front, MATERIAL=STEE
10,
#SHELL SECTION, ELSET=annular_gap, MATERTAT=STEE
10,

"

|
3|
B0

I
I
(i3]

118 ** (4) Surface definition

O
120 i
121 *surfzce, type—element, name=deml
122 deml

r
123 *surface, type=slemsent, name=Ifront

124 front,

125 *surface, type=element, name=annular_ gap
12g annulzar gsp,

127 "



Annex H

*# Name: BC-1 Type: Velocity/Angular welocity
*Boundary, type=VELOCITY
FRONT, 1, 1

FRONT, 2, 2
FRONT, 3, 3

137 ** Name: BC-2 Type: Velocity/angular wvelocity
1 *Boundary, type=VELOCITY

RMNULRR GRE, 1, 1

RWNULRR GRP, 2, 2
REMNULRR GRE, 3, 3

ey

[

wr

e
5

** (g8) force-overclosure relationship based on Hertz contact formulation

o —————————————————————————————————————————————————————————

el deml - Badius = 5mm E= Z0.000 poisson's ratio = 0.20 density = 0.00Z¢&
e

"

*surface interaction, name=FPlf
*Contact Damping, definition=DAMPINGE COEFFICIENT

153 0.a7
152 *surface behawvior, pressure-overclosure=tabular
15 0.0000000E+4+00 , 0.0000000E+00

oo

3_8834885E-04
1_03€1311E-03
1_503e04cE-03 1_4385001E-05
Z2_.89307311E-03 , 1.95%8000ZE-05
fEfEEf some rows deleted EEEEFE

4_5350004E-0%8
5_5300008E-048

1.01z2381 , 9.B401273E-04
1.020684 , S.B300778E-04
1.0284Z¢ ,  9.5400220E-04
1.038188 , 9.98393723E-04

&

*surface interaction, name=Pll

*friction

0.35
*Contact Damping, definition=DAMPINGE COEFFICIENT
0.a5
*surface behawvior, pressure-overclosure=tabular
170 0.0000000E+00 , O0.0000000E+00
171 8.88BBBSTE-05 , Z.453933%E-0¢
172 2.5141580E-04 , 4.5533535E-0¢
172 f##$##f some rows deleted EfEE&E
174 0.245775¢ , 4.52453%21E-04
175 0.2478534 , 4.5435323E-04
1768 0_2455320 . 4.85T7483Z5E-04
177 0_251415Z2 , 4.9333327E-04
e
S S
*% {(7) STEP 1 - Movement back
W U o o o e o - -
L
*step
step 1 - movement back
"

*dynamic, explicit, direct

187 0.5e-5,0.10

e

*+« BOUNDRRY CONDITICHNS

e

** Name: Vel-BC-3 Type: Velocity/Zngular velocity
*Boundary, type=VELOCITY

3 FRONT, 1, 1, -45000

ﬁ_ -

*contact

*contact controls assignment, rotational terms=structural
"




Annex H

deml, front

deml, annular_ gap

deml , deml

*contact property assignment
deml, front, P1£

deml annular gap,P1f£
deml , deml, F11

*output, history, frequency=1
CRM1, CEMZ , CEM2, CVR1,CVRZ, CVES
*energy output, wvar=all

&

*output, field, number interwval=Z2z00
*node output

u, vV, BEM, RT

-

[ 51

*end step
&

i
o

[ ST S S
L

*#% (2] STEP 2 - gettlement of the Particles

*step

step Z - settlemsnt
&

*dynamic, explicit, direct

0_5e-5,50

ke

*dload

228 deml, gresv, 9800.0,0.,0.,-1.0
LR

% BOUNDRRY CONDITICNS
*Boundary, type=VELOCITY
FRCNT, 1, 1, O

-]

(ST ST T
[TV S T b

231 Ed
232 *output, history, fregquency=1

CRM1,CRMZ, CRM3, CVR1, CVRZ, CVR3
*energy output, wvar=all
&

*output, field, number interwval=500

B B T

(ST SR T % R N ]
[CUI 75 R VL kR 4

*node output

Z38 u, vV, BEM, RT
2339 *Contact Cutput

CFCRCE, CSTRESS, CTHICKE, FSLIP, FSLIER
&

*end step

** (5] STEP 3 - movement forward

*step

step 3 - movement forward

L

*dynamic, explicit, direct
0_5e-5,20

-

*% BOUMDRRY CONDITICNS
*Boundary, type=VELOCITY
FRONT, 1, 1, 200

L

*output, history, frequency=1
CEM1, CEMZ K CEM3 CVR1, CVRZ, CVE3
*energy output, wvar=all

o

*output, f£ield, number interwal=100
*node output
u, ¥, BM, RT

2
3

Zo4d *Contact Cutput

265 CFORCE, CSTRESS, CTHICE, FSLIP, FSLIER
2g8 it

Z2e7 *end step



