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Chapter 20. Finite Element Method (FEM) — Introduction

The objective of this chapter is to explain basic terms of the particular field of problems
and practical application of GEO 5 — FEM program to solve some geotechnical problems.

GEO 5 — FEM program allows for the modelling of various types of problems
and analyses. The text below explains basic terms and general procedures in a more detailed
way — individual analysis modules are described in other chapters.

From the problem type aspect, GEO 5 — FEM program distinguishes two basic cases:

— a planar problem: this analysis module is suitable for solving linear structures
(a tunnel, embankment, open cut, dam etc.), for which it applies that their longitudinal
dimension is by an order of magnitude larger than the lateral dimensions of the area

being solved.

In such a case it is proper to relate the analysis to 1 rm of the structure and solve
the problem under the assumption of plane-strain deformation. Deformations in planes
parallel to the longitudinal axis of the structure can be disregarded in this case.
Thus the development of deformations and stresses in the massif is taken
into consideration only in the plane perpendicular to the longitudinal axis and,
as aresult of lateral contraction, also the normal stress in the longitudinal direction.
Regarding beam elements, it is the case of solving a 1m wide plate strip (for more
details visit Help — F1).

— axial symmetry: this analysis module is suitable for solving rotationally symmetric
problems. This assumption must be satisfied by both the geometrical arrangement
of the structure and loading. A suitable example is the analysis of a vertically loaded

single pile, circular excavation or pumping groundwater from a circular borehole.

Similarly to the case of the plane-strain deformation, this is the case of a generally
three-dimensional problem, which, however, can be again converted into the planar

problem solution. The solution is then related to 1rad of the x(r)-radius arch.

Theaxis of symmetry always represents the  x(r)coordinate origin.
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Shear components of deformation in the direction of rotation can be disregarded.
The evolution of a circumferential normal component of stress and deformation is also
taken into consideration, in addition to the components of stress and deformation

in the cross-sectional plane (for more details visit Help — F1).

From the type of analysis point of view, the program allows the following cases to be solved

using individual modules:

— stress: it serves to solve basic geotechnical problems in ground environment
and arock mass (e.g. for determining the vertical or horizontal geostatic stress,
pore pressure, deformations, volumetric changes and sub-grade deformations, as well

as analysing internal forces along a diaphragm wall structure length (height) etc.).

— steady flow: it assumes a zero change in the saturation degree with time; individual
construction stages are completely independent of each other (in contrast

with the unsteady flow).

— unsteady flow: this analysis module allows for determination of the evolution of pore
pressures (the total head) and the current degree of saturation with time possible.

In this case, the analysis methodology is similar to that of the stress analysis.

— slope stability: during the analysis, this program reduces the input values

of the internal friction angle ¢, or the soil cohesion c,, and seeks the onset of failure

associated with the evolution of the critical region of localized plastic deformation.
The result is the factor of safety corresponding to classical slope stability analysis
methods. The definition and input of a model in this regime is completely identical

with that of the “Stress” module.

— tunnels: this module allows for performing the analysis of underground excavation
(modelling of the 3D effect of excavation attributed to the New Austrian Tunnelling
Method), accounting for degradation of beams, temperature-induced loads
acting on beams, swelling-induced loads acting within specified regions

and monitoring of results.
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0 Project parameters Calculation of geostatic stress (1st stage)

Project type : Plane strain | Analysis method : IGeostatic stress |z||

Analysis type : Stress & Design standards

¥ Tunnels Concrete structures : EM 1992-1-1 {EC2) =]

[V Allow to input water as the result of steady waterflow analysis —
-

Steel structures : EN 1993-1-1 {EC3)
[¥ Advanced input

[¥ Detailed results

Settings

., Settings *“ frame

GEO 5 — FEM program incorporates the possibility of so-called advanced specification,
where it is possible to define in more detail complementary input parameters of soils
for individual material models, to develop mixed meshes with multi-nodal elements

and visualise larger numbers of output variables.

Note: The standard setting assumes drained boundary conditions. In such the case
the analysis assumes steady-state conditions, where the skeleton deformation has no influence
on the development of pore pressures. In such a case pressures have only the character
of external loads and do not vary during the course of the analysis. In the case of undrained
conditions, where the entire boundary of the particular area behaves as being fully
impermeable, we solve the opposite case, i.e. the fully coupled problem of the skeleton
deformations and pore pressures under the assumption that all changes are immediate

and the influence of time does not take effect.

The method of determining the initial stress (1% construction stage) is assumed

in the program as:

— geostatic stress: The standard method for the analysis of the vertical geostatic stress

is based on the following relationship:

7, =37 [kPal

where: y, — bulk density of soil in i"" layer,

h, — thickness of i" layer.
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— K, procedure: It is used in the cases where the user needs to define another initial

lateral stress. For example, the actual lateral stress in overconsolidated soils
can be significantly higher than that in normally consolidated soils (for more details

visit Help — F1). The lateral pressure coefficient K, is set as a soil parameter.

If this parameter is not specified, it is provided by:

where: v — Poisson’s ratio.

Input parameters of soils also depend on the selected material model for stress or flow
analysis, respectively. The most important input parameters for stress analysis comprise
the modulus of elasticity E and Poisson’s ratio v (to be specified for all models),

and for non-linear models, the angle of internal friction ¢, and the soil cohesion c, .

The steady-state condition after the redistribution of pore pressures is assumed in the program
and effective parameters of shear strength of soils or rocks are therefore used during

the analysis (for more details visit Help — F1).

The selection of the material model and subsequent setting of soil parameters belong among
the most important and at the same time most problematic tasks when the FEM modelling of
a structure is being carried out. Material models try to plausibly describe the behaviour of soil

or rock). They can be divided into two basic groups, namely linear and non-linear models.

Note: The correct selection of the material model is absolutely necessary for giving a true
picture of the real behaviour of the structure. Non-linear models are necessary
for the majority of structures (e.g. the analysis of a sheeting wall structure using a linear
model of soil will give completely unrealistic results), but the application of linear models
can be in many cases very proper, simplifying the entire analysis. A simplified procedure

recommended for the modelling of problems using the FEM is presented in Help — F1).
Linear models give relatively fast, but not very accurate, assessment of the real material

behaviour. They can be used in the cases where we are interested only in the stress

or deformations of the ground mass, not in the area and mode of the potential failure.
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They can also be used in the cases where only a local failure develops, having no fundamental
influence on the development of a global failure, but which may result into the premature
termination of the analysis in the program (for more details visit Help — F1).

The group of linear models comprises:

— elastic model: It uses conversion relationships between the stress and deformation

given by Hooke’s law (within the linear elasticity scope).

— modified elastic model: It makes incorporating the influence of surcharge loading

orunloading into the analysis possible, using the secant modulus E,

and the unloading/reloading modulus E,, .

Although, if we try to obtain a plausible description of the ground mass behaviour
or if we are interested in the distribution location of areas of potential failures, it is necessary
to adopt non-linear models. Basic non-linear models can be again divided into two groups.
The first group of models is based on the classical Coulomb failure condition. It comprises
the Drucker-Prager, Mohr-Coulomb and Modified Mohr-Coulomb models. Using these
models, it is also possible to model hardening or softening of soils. A common feature
of these models lies in the unlimited elastic deformation under the assumption of geostatic

stress (for more details visit Help — F1).

The second group of material models, which are based on the notion of the critical
state of soil, is represented by the Modified Cam-clay, Generalized Cam-clay
and Hypoplastic clay models. These models provide a significantly better picture of the non-
linear response of soil to external loading. Individual material models differ not only in their

parameters, but also in the assumptions.

The boundary between the linear (elastic) and non-linear (plastic) response
of the material is formed by the surface of plasticity. The mathematical expression
of the surface of plasticity represents a certain failure condition (plasticity function).

Exceeding this condition leads to the development of permanent (irreversible) plastic strains.

Engineering manuals for GEO5 programs - Part 3 www.finesoftware.eu


http://www.finesoftware.eu/

Note: Apart from the basic material parameters adopted for linear models, the non-linear
models require introducing certain strength-related characteristics of soils,
which are necessary for the formulation of yield conditions. The onset of evolution plastic

strain depends on the value of angle of internal friction ¢ and cohesion c. The dilatancy
angle w controls informs magnitude of the plastic volumetric strain (for more details

visit Help — F1).

The selection of a material model suitable for the analysis of geotechnical structures adheres
first of all to the character of the soil/rock environment. In the Finite Element Method-based
process of comprehensive modelling of more complex problems, the selection
of the numerical model represents an absolutely essential influence on specifying the input

data and assessing the analysis results.

Working with interface, model dimensions:

The description of the work with the specification of individual interfaces is in a more
detailed way presented in the program help (see F1). The input data essential for numerical
analyses using the FEM are the so-called world coordinates (specifying the magnitude
of the area being solved), where it is necessary, especially for stability analyses, to secure
sufficient neighbourhood (the interface width) to obtain meaningful results.

Note: The depth of the FE mesh is also very important. It is possible to visualise the end
of the mesh as an incompressible sub-grade. If there is no incompressible sub-grade specified
for the particular geological profile, it is possible to assume that internal forces
will disappear at a certain distance from the loading spot or from the contact of the structure
with the sub-grade; no deformation will therefore develop. The world boundaries
of the problem being solved are subsequently defined to be at this distance (for more details
visit Help — F1).

The interface can be imported from other programs of the GEO 5 system via the clipboard.
The program further allows the import and export of interfaces in *DXF format
and the import of interfaces in gINT format. To simplify the specification of interface
points (geometry) it is possible to use the so-called interface corrector (for more details
visit Help — F1).
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Mesh generation:

The successful generation of a mesh is the last item of the process of setting the structure
topology (interfaces between soil layers, lines of structures, parameters of soils and rocks,
contacts etc.). Individual construction stages are modelled and analysed subsequently.
When the mesh is being generated, the program automatically generates also the standard

boundary conditions. The standard setting of the boundary conditions comprises:

— smooth pin at the mesh nodes found along the horizontal bottom edge,

— sliding pin at the mesh nodes along the left-hand and right-hand vertical edges.

The GEO 5 — FEM program has a built-in automatic corrector of the specified geometry.
This means that the program itself finds intersections of lines and all closed areas
and develops an adequate model before the generation of the finite element mesh (for more
details visit Help — F1).

The newly developed areas can be subsequently removed from the analysis or new soil
can be assigned to them. The user will become aware of the main advantages of this system
particularly when analysing tunnels and braced structures. Specifying even
a very complicated structure becomes a very simple and fast matter (for more details
visit Help — F1).

The correctly generated finite element mesh is the basic condition for obtaining results
regarding the real behaviour of the structure. GEO 5 — FEM program has a built-in automatic
mesh generator, which significantly simplifies this task. Despite this fact it is necessary

to adhere to certain rules:

— The denser the mesh the more accurate results. On the other hand, the problem
analysis becomes significantly slower. The objective therefore is to find the optimum
density of the mesh. It depends both on the user experience and the finite element

used.
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— The mesh of elements should be sufficiently dense, especially in the area where large
stress gradients can be expected (spot support, sharp corners, underground excavations
etc.). It is perform mesh refinement around individual points or lines. It is necessary
for the density-refining radius to be at least 3 to 5 times larger than the density
in the density refining centre and both values at the points (the density and radius)
to be in a reasonable proportion to the mesh density prescribed for the surrounding
area. In this way smooth transition between the areas with different density

will be secured.

Note: Singular lines must be dealt with similarly. In the cases of more complicated problems
it is advisable to carry out a preliminary analysis of a course finite element mesh
and on the basis of the analysis of generated results, to carry out a local refinement
of the mesh density (for more details visit Help — F1).

The program uses six-node triangular elements with automatic mesh smoothing by default

(for more details visit Help — F1).

Construction stage:
When the structure topology specification and the finite element mesh generation are finished,

the analyses are then carried out for individual construction stages.

The construction stages correspond to the gradual building of the construction, and the correct
specification and sequence are very important. The analysis of each stage (with the exception
of stability analyses) is based on the results of the preceding stage. Information about
individual construction objects and their properties is maintained between the construction
stages. The rule of properties inheritance is applied between the construction stages

when a stage is being edited or specified (for more details visit Help — F1).
The first construction stage (the analysis of the primary geostatic stress) represents

the initial state of the massif before the construction commencement. For that reason

the analysis result refers to the stress in soil or rock mass, not to deformations.
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Note: A principal problem of the FEM analysis usually lies in the non-convergence of some
of the construction stages. If the results of one phase are not available, the analysis
of the subsequent stage is impossible. As for the correct modelling, the program authors
recommend to follow a recommended procedure for the modelling of construction process

(for more details visit Help — F1).

Analysis settings and description:

During the course of the analysis the program tries to find (iterate) such a solution at which
the equilibrium conditions in the massif are met for the specified boundary conditions.
The iteration process and the analysis convergence can be followed on the screen (for more
details visit Help — F1).

The analysis can be interrupted at any time; in such a case the results are available for the last
successful convergence of the loading increment. Correct results can be obtained
when the 100 per cent loading is reached. Nevertheless, it may happen that the analysis passes
off only up to a certain percentage of the loading, which means that the program
has not succeeded in finding the correct solution and the analysis does not converge (for more
details visit Help — F1). In such the case it is possible to change the standard analysis
parameters setting or to carry out some modifications of the model:

— increasing the structure stiffness,

— reducing the applied loads,

— reduce the soil excavation area,

— improving soil characteristics,

— changing the material model of soils in plasticity locations,

— adding beam reinforcing elements or tensional elements,

— adding boundary conditions,

— changing the iteration course in the analysis settings (e.g. increasing the number

of iterations).

Note: The visualisation of plastic strains showing critical locations with the anticipated
development of failure surfaces can provide the advice why the analysis does not converge
(for more details visit Help — F1).

10
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The program provides a default set of analysis parameters ensuring sufficient accuracy

and speed. However, an experienced user may want to change certain parameters or test

their influence on the analysis accuracy (for more details visit Help — F1).

Note: The authors of the program recommend that any changes in the setting of analysis

parameters should be approached very carefully, after thoroughly studying the problems.

Incorrectly selected settings may cause not only incorrect iteration of the solution

and slowing the analysis down, but also inaccurate results (for more details visit Help — F1).

It is possible in the analysis stage to change the following parameters in the “Settings”

window:

the solving method (and its settings): Newton-Rapshon method — NRM,
Arc-length method — ALM.

the stiffness matrix: the initial stress method; the full or modified NRM.

the initial computation step: the ratio between the load in the particular loading step
and the prescribed overall load (the standard setting value is 25 per cent of the overall
load).

the maximum number of iterations: for achieving equilibrium within the framework

of the given loading increment.

the convergence criterion: the setting of the error tolerance (changes in the vector

standard) for displacement, unbalanced forces and internal energy.

the line search method: the determination of the weight coefficient n for meeting

the equilibrium  condition, resulting in the acceleration or dampening

of the computation process.

plasticity: the setting of the tolerance for the error in the return to the yield surface,
expressing the accuracy required for meeting the yield condition.

11
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Note: Individual analysis settings, including basic equations for meeting the equilibrium
conditions or yield conditions, are described in more detail in the program Help (for more
details visit Help — F1).

Visualisation and interpretation of results:
The visualisation and interpretation of results is one of the most important parts
of the program. GEO 5 — FEM program allows several basic types of graphical outputs:

— the drawing of the deformed structure

— planar representation of quantities in the ground mass (it is possible to represent
absolute values or values compared with another construction stage)

— internal forces in beams and on contacts

— forces in anchors and reactions

— settlement trough

— tilted cross-sections or vectors and directions of the quantities

Note: The program uses certain coordinate systems for the representation of results.
All outputs and selected results can be printed in the analysis protocol (for more details
visit Help — F1).

Some results cannot be drawn concurrently because of the necessity for transparency
and comprehensibility. It is, for example, impossible to draw a deformed structure and,
at the same time, the distribution of internal forces along a beam. It is always necessary
to choose only one variant. The program gives notice at the bottom of the dialogue window
in the case of setting inadmissible combinations of outputs.

The program makes the setting of an arbitrary quantity of point monitors and line monitors

possible at any place of the structure or outside the structure. Monitors have several functions:

— visualising the values of quantities at a particular point (the point monitor),
— visualising the values of the difference at a distance between two points compared
with the previous construction stage d [N] or compared with the setting phase where

N , is the number of the construction stage (the line monitor).

12
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Chapter 25:
Chapter 26:
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Chapter 28:
Chapter 29:

Finite Element Method (FEM) — Introduction.

Terrain settlement analysis.

Settlement of a circular silo foundation.

Collector lining analysis.

Numerical solution to a sheeting wall structure.

Slope stability assessment.

Numerical modelling of tunnel excavation adopting the NATM method.
Steady water flow analysis — Body of the embankment.

Steady water flow analysis — Flowing in and out of a well.

Unsteady water flow analysis — Filling of a dam reservoir.
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Chapter 21. Terrain settlement analysis

This example contains the solution to terrain settlement under surcharge loading using
the Finite Element Method.

Task specification:
Determine the terrain settlement induced by strip surcharge loading q =250 kPa
along the length of 4.0 m and the total settlement after subsequent unloading. The geological

profile is homogeneous; the soil parameters are as follows:

—  Unit weight of soil: 7 =19.0kN/m*

— Modulus of elasticity: E =15.0 MPa

— Poisson’s ratio: v=0.35

— Soil cohesion: ¢, =8.0kPa

— Angle of internal friction: @, =29.0°

—  Unit weight of saturated soil: V. =21.0kN/m’

Regarding the modified elastic model, the input parameters of soils will be considered
as follows:

— Modulus of soil deformation: E,, =15.0 MPa

— Unloading modulus: E, =45.0 MPa

Compare the analysis of the settlement or the total vertical deformation value d, [mm]

with other material models (we will not take the Clam-Clay model and Hypoplastic model

for clays into consideration because the soil mass is formed by cohesionless soil).
Note: The Mohr-Coulomb and Drucker Prager models are used in the engineering praxis

even for cohesive soils because they are based on the shear failure and use common

input parameters of soils and rocks (¢, ).

Solution:

14
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We will use GEO 5 — FEM program for the analysis. We will describe the solution
to this example step by step in the text below:

— Topology: settings for and modelling of the problem,

— Construction stage 1: geostatic stress analysis,

— Construction stage 2: introduction of surcharge loading, terrain settlement analysis,

— Construction stage 3: terrain surface unloading, terrain settlement analysis,

— Assessment of results (conclusion).

Topology: settings for and modelling of the problem
First we will go over to the problem settings, where we will characterise the problem
type itself, the type of the analysis and the primary stress analysis method.

l Project parameters Calculation of geostatic stress (1st stage)
Froject type : Plane strain [*)l  Analysis method : | Geostatic stress =)
Analysis type : Stress = Design standards
[ Tunnels Concrete structures : EN 1992-1-1 (EC2) i3
[~ Allow to input water as the result of steady waterflow analysis —
Steel structures ; EM 1993-1-1 (EC3) i

[ Advanced input
[~ Detailed results

Settings

Problem settings — Problem characteristics; primary stress analysis

We will not switch on the Tunnels, Advanced input and detailed results options — they
are intended for experienced users of finite elements or for another type of problems.

Their description exceeds the scope and purpose of this manual.

Note: The planar problem (plane-strain conditions assumed) is suitable for solutions
to linear structures (a tunnel, embankment, open cut, dam etc.), for which it applies
that their longitudinal dimension is by an order of magnitude larger than the lateral
dimensions of the area being solved — zero deformations are assumed in the direction
of the y axis. The analysis is carried out under the assumption of plane-strain deformation
(for more details visit Help — F1). The other problem type (axial symmetry) is solved

in the subsequent chapter.

15
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Note: the Stress type of the analysis deals with stresses and deformations within the area
being solved. It is the basic analysis type; other analysis types and other options (flow,
slope stability) will be described separately in other chapters.

Note: Two options are available for the primary stress analysis (for construction stage 1):

— geostatic stress: It is a standard method for the geostatic stress analysis, taking into
consideration the dead weight of soils and horizontal stresses and horizontal stresses
according to the theory of elasticity. The lateral pressure coefficient is then given

14
byKozl—.

— K, procedure (according to Jaky, for overconsolidated soils etc.).

As for the present analysis, we choose the Mohr-Coulomb model of soil
(the comparison for various models is presented at the end of this example) and specify
the particular soil parameters. This non-linear model will allow us to follow the development

of plastic strains or the distribution of potential failure zones.

16
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Add new soils @
Identification tmn
Name : Soil Mo, 1 Pattern
;, and colour :
Deskio
Material model = es_ E
Material model : Im.;.hr - Coulomb j C .
Basic data = .. _‘_ll
Unit weight : 1= 19,00 [kN/m?] L ' .t
Elastic modulus : E= 15,00  [MPa] LT
Poisson's ratio : v = 0,35 [ [T
Model Mahr - Coulomb R
Angle of internal friction : Oeff = 29,00 [9] Pictures
Cohesion of soil : Ceff = 8,00 [kPa] R
Dilation angle : W= 0,00 [ — I.—.L— |
Classification
Uplift pressure = Classify
Calc. mode of uplift : standard -
| J Delete
Saturated unit weight : Teat = 21,00 [kNjm3]
[ Add
Cancel

Setting soil parameters
Note: The elastic model assumes the soil behaviour according to Hooke’s law (ideally elastic
material). The main advantage of this model is that it always analyses the results to the very
end. The disadvantage is that the soil behaves in this way only when the loading magnitude
issmall — it is therefore unsuitable for real structures. On the other hand, it is suitable
for modelling areas in which we do not expect plastic failures of material (e.g. gabion walls,

stiff sub-grade etc.) or for the verification of a basic numerical model.

Note: The modified elastic model allows for differences in the behaviour of soil
under surcharge loading and unloading, however, more realistic results are obtained using
more advanced constitutive relationships (Mohr-Coulomb, Drucker-Prager), which already

take plasticity into consideration.

Then we will set the world coordinates (the magnitude of the numerical model

of the problem being solved) and the terrain interface. We will choose the world coordinates

17
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to be sufficient for the results not to be affected by conditions at the edge. For our particular
problem we will choose the model dimensions (—15m;15m) and will set the thickness

of 15.0 m for the layer to be examined. We will set the terrain coordinates — one point

with the coordinates [0,0] will be sufficient, the program will add the interface automatically.

World coordinates @

Dimensions

Minimum ¥ range : -15,00 | [m]
Maximum X range : 15,00 | [m]

Depth of deepest interface point : 15,00 | [m]

IE Ranges I Interface: ([# Add Modify  [=) Remove
List of interfaces Current interface points
[m)(@] @) Interface | x [m] z [m]
[» 1 ||interface 1 B 1 -15,00 0,00] +
15,00 0,00

Interface

Specified terrain shape — current interface points, world coordinates
Note: The guidance values of recommended dimensions to set the model boundaries
for individual solution cases are presented and described in more details in the program Help

(for more details visit Help — F1).

Subsequently we will assign the soil to the area developed in this way.
We will leave out other frames for the specification of contact types, free points

and lines; they are meaningless for our problem.

The next step is the generation of the Finite Element (hereinafter referred to as FE)
mesh. For the mesh generation parameters, we will choose the length of 1.0m for the elements
edge (the edge length is chosen depending on the problem dimensions and variability).
We will check the option Mesh Smoothing and push the Generate button. The program
will automatically generate and smooth the FE mesh. We will verify whether the mesh density
is adequate taking into consideration the problem magnitude.

18
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Construction stage: [® [=] ||[Topa] | [1]

! |l ® Generate Error analysis

Mesh generation parameters Mesh generation result

Edge length : m] Finite element mesh was successfully generated.

[¥ Mesh smoothing Mumber of nodes 2375
Mumber of elements 1318 (region 958, beam 90, interface 270)

Mesh generation

Generation of the finite element mesh — Topology (triangular mesh)

Note: The standard triangular mesh with six-node elements is suitable for the majority
of geotechnical problems. In the advanced input mode, the program allows also for other
mesh types (mixed, triangular) to be generated — this is intended for experienced FEM users.

Note: The correctly generated finite element mesh is the basic condition for achieving results
reasonably well representing the real behaviour of the structure. The FE mesh significantly
affects the values obtained because the FEM analysis primarily determines the values
of nodal displacements. The remaining variables (stresses, strains) are determined

from these values subsequently.

Unfortunately, it is impossible to provide a general rule for the correct mesh density because
of the fact that individual problems are different. For beginners tothe FEM analysis
we recommend that first a courser mesh should be chosen, the problem analysis be carried
out and then several other variants containing the smoothing of the mesh or its parts be tried.
(Itis also possible to refine the mesh density around the points or lines — more details
are contained in the other chapters of EM). It applies in general that the courser the mesh

the stiffer model behaviour (the resultant settlement value is smaller).

19
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Construction stage 1: primary stress analysis
When the FE mesh generation is finished, we will switch to Phase 1 (using the tool bar

on the left side of the screen) and then we will carry out the geostatic stress analysis

by pushing the “Analyse” button. Subsequently we will examine the results for the geostatic

stress o, o [kPal.

Construction stage: & (= | [Topo] | [1] |

I/’Show <none> @ F | Values: overal Var'lahle: Surface: ¥ | Mesh: ¥ =

0,00
25,00
50,00
75,00

100,00
125,00
150,00
175,00
200,00
225,00
250,00
275,00
281,59

<0,00kPa ..
.. 281,59 kPa=

<nenex

F F e

(%) Course of analysis

0 |I [ Analyze Settings

Construction stage 1 analysis — primary geostatic stress

Construction stage 2: introduction of surcharge loading
In the next step we will add construction stage 2. Subsequently we will define

the surcharge load acting on the terrain surface and will set the relevant characteristics.

Then we will confirm everything by the “Add” button.
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MNew surcharges @

Surcharge name
MName : Surcharge Mo, 1

Surcharge properties

Type : strip E]
Location : on terrain E]
Origin N= -2,00 | [m] |_7,
-

Length : I = 4,00 | [m] 1 #
Slope o= 0,00 | [9 10,0

-

AL 7

Surcharge magnitude

Magnitude : q= 250,00 | [kN/m?]

| ®add || X cancel |

Setting new surcharges

At this construction stage we will again carry out the analysis and examine the results,
first for the vertical normal stress o, ., [kPa].

Construction stage : [# (=] | [Topo] [1]

IfShow <mone> @ F | values: overal hd Variahle: Surface: #j | Mesh: 3¢ =

0,00
30,00
60,00
50,00

120,00
150,00
180,00
210,00
240,00
270,00
300,00
331,38

<0,00kPa ..
.. 331,38 kPa>

Uniform A

& FH e

Construction stage 2 analysis — vertical normal stress o, [kPa]

Then we will switch to the visualisation for drawing the vertical settlement d, [mm].

It follows from the drawing that the maximum vertical deformation amounts to 107.8 mm.
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Construction stage : [# = | [Topo] [1]
I/'Show <I0ne> @ F | Values: overal * Variable:|Settementd z ~ || Surface: @ | Mesh: 3¢ =

-3,5
0,0
10,0
20,0
30,0
40,0
50,0
60,0
70,0
80,0
90,0
100,0
107,8

<-3,5mm..
.. 107,8 mm:>

Uniform -

s E e

Construction stage 2 analysis — surcharge-induced vertical deformation d, [mm]

When a FE problem is being examined, an important output parameter is given
by equivalent plastic strains (for non-linear models). They represent the locations
where the yield condition was exceeded, i.e. the soil is in the state of plastic deformation,

exhibiting permanent plastic strains.

Construction stage: [# [= | [Topo] [1]

I}‘Show <none> @ F| | values: overal hd Variable: Surface: ¥j | Mesh: ¥ =

0,00
0,25
0,50
0,75
1,00
1,25
1,50
1,75
2,00
2,25
2,50
2,61

<0,00 % ..
. 2,61 %>

Uniform -

F F e

[%]

Construction stage 2 analysis — equivalent plastic strain ratio &

eq.,pl.
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Construction stage 3: terrain surface unloading
In the next step we will add construction stage 3. At this construction stage we do not

consider the terrain surcharge. Then we will again carry out the analysis and will determine

the values of stress and deformations. The total settlement after the terrain surface unloading

amounts to 24.1 mm (for a triangular FE mesh).

Construction stage: [® (= | [Topc] [1] [2]

I}'Show <one> @ F values: overal ~ variable: [Settementdz ~ | Surface: Fj | Mesh: 3¢

4,9
-2,5
0,0
2,5
50
7,5
10,0
12,5
15,0
17,5
20,0
22,5
24,1

<-4,9mm ..
o 24, 1mm>

Uriiform A

F FH e

Construction stage 3 analysis — vertical deformation induced by the surcharge d, [mm]

This completes the basic analysis. We will carry out also other comparative analyses
for another density of the mesh (with the length of the edges of elements of 1.5 m and 2.0 m)

and the other material models.
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Assessment of results:
The following table presents the results for the total settlement d, [mm] at the same

example, but for different material models of GEO 5 — FEM program, with various lengths

of the triangular element mesh edge.

Material spl:g?:?g g Stage 2 Stage 3 Note
model / program [m] d, [mm] d, [mm]

Elastic 1.0 88.3 0

Elastic 1.5 88.4 0

Elastic 2.0 83.1 0

ELM 1.0 88.2 58.8

ELM 1.5 88.3 58.9

ELM 2.0 83.1 55.4
DP 1.0 123.0 36.9
DP 1.5 120.7 32.5
DP 2.0 120.5 42.2
MC 1.0 107.8 24.1
MC 15 106.9 19.7
MC 2.0 106.7 28.3

MCM 1.0 97.5 111 ---

MCM 1.5 96.3 7.8

MCM 2.0 96.0 16.4

Settlement --- 153.6 - CSN 73 1001

Total settlement results — summary

Note: For the purpose of the analytical solution in GEO 5 — Settlement program we took into
consideration the settlement analysis according to the oedometric modulus (in accord
with CSN 73 1001 standard). We defined the modulus of deformation of soil

as E,, =5.0 MPa and the structural strength coefficientas m =0.2.
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Conclusion:

It is possible to deduce several following conclusions from the summary table
of the total settlement:

— A denser mesh leads to larger plastic strains and larger settlement values.
— Drucker-Prager model is in this particular case slightly more compliant

than the classical Mohr-Coulomb model or the Modified Mohr-Coulomb
material model.
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Chapter 22. Settlement of a circular silo foundation

The objective of this manual is to describe the solution to a circular silo foundation settlement
using the Finite Element Method and the Axial Symmetry module.

Task specification:
Determine the settlement of a circular silo foundation (thickness of 0.5 m and diameter

of 20.0 m) induced by the complete filling of the silo, i.e. the surcharge q =150 kPa.

Further determine the total settlement of the silo after subsequent emptying.
The geological profile, including parameters of soils, is identical with the profile described
in the previous task (chapter 21. Analysis of terrain settlement induced by strip surcharge
loading). Apply the axial symmetry to this particular case. The circular silo foundation

is made from a matured reinforced concrete, class C 20/25.
I

=100 |kN/m

s

05 m

t

1\ a=150 kN/m’

Task specification chart — a circular silo foundation
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In this case, the values of the total vertical deformation, i.e. settlement d, [mm],
will be derived from the Mohr-Coulomb material model only. The comparison of the other
material models with various mesh densities was carried out in the previous chapter

21. Analysis of terrain settlement induced by strip surcharge loading.

Solution:
The analysis will be performed using the GEO 5 — FEM program. The following

paragraphs provide the step by step description of the solution procedure:

— Topology: settings for and modelling of the problem (free points),

— Construction stage 1: primary geostatic stress,

— Construction stage 2: modelling of and loading on beam elements, settlement
analysis,

— Construction stage 3: unloaded terrain surface settlement (deformation) analysis,
internal forces,

— Assessment of results: comparison, conclusion.

Note: To solve this task we shall represent the silo foundation made of reinforced concrete
by beam elements free of contact elements thus assuming a perfect bond between
the foundation and the soil. The issue of contact elements will be analysed in more detail

in Chapter 24. Numerical solution to a sheeting wall structure.

Topology: problem settings
We will select the “Axial symmetry” option in the Project type of the “Settings”

frame. The other data will remain the same.

l Project parameters Calculation of geostatic stress (1st stage)
Project type : I,a.xial symmetry |£|I Analysis method : Geostatic stress =]
Analysis type : Stress Ad Design standards
r Concrete structures : EM 1992-1-1 (ECZ) |z|
[~ Allow to input water as the result of steady waterflow analysis —
Steel structures ; EM 1993-1-1 (EC3) hl

[ Advanced input
[~ Detailed results

Settings

“Settings” frame
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Note: Axial symmetry is suitable for solving rotationally symmetric problems.
This assumption must comply both with the geometrical arrangement of the structure
and the loading. The solution to this problem — a circular silo foundation — is therefore

a suitable example.

The solution is related to 1rad of the x(r)-radius arch. The axis of symmetry always
represents the x (r)coordinate origin. Shear components of deformation in the direction

of rotation can be disregarded. The evolution of a circumferential normal component of stress
and strain (hoop stress and strain) is also taken into consideration, in addition
to the components of stress and strain in the cross-sectional plane (for more details

visit Help — F1).

In the “Interface” frame, we will first set the new world coordinates. Then we will set

the coordinates of the first point of the interface to [0,0]. The next point of the interface

(at the edge) will be added by the program automatically.

World coordinates @

Dimensions

Minimum X range : 0,00 | [m]
Maximum X range : 30,00 | [m]

Depth of deepest interface point : 15,00 | [m]

7l oK

'||2 Ranges || Interface: [® Add Modify =l Remove
List of interfaces Current interface points
(w){m)@] Interface | ¥ [m] 2 [m]
[+ 1 ||interface1 | - 1 0,00 0,00] -
2 30,00 0,00

Interface

“Interface” frame + “World coordinates” dialogue window

Then we will define the parameters of soils and assign them to the interface region

No. 1. In this particular case neither rigid bodies nor contact types will be considered.

28

Engineering manuals for GEO5 programs - Part 3 www.finesoftware.eu


http://www.finesoftware.eu/

For the mesh generation, we will first set the elements edge length equal to 2.0 m.

' |} ™ Generate [%] Error analysis

Mesh generation parameters Mesh generation result
Edge length [m] Finite element mesh was successfully generated.
¥ Mesh smoothing Number of nodes 721

Number of elements 424 (region 240, beam 46, interface 138)

“Mesh generation” frame — Triangular mesh with the element edge length of 2.0 m

Upon examining the generated mesh we may conclude that for a given problem
the resulting mesh is too coarse. For that reason we will change the length of the edges

of mesh elements to 1.0 m.

Construction stage: @ = [

! [ B cenerate Error analysis

Mesh generation parameters Hesh generation result
e ] Finite element mesh was successfully generated.,
¥ Mesh smoothing Number of nodes 2377

Number of elements 1318 (region 958, beam 90, interface 270)

Mesh generation

“Mesh generation” frame — Triangular mesh with the element edge length of 1.0 m
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Note: It would be reasonable for the area under the circular silo foundation being solved
to refine the density of mesh using line refinement (for more details visit Help — F1). We will

describe this function in more detail in the following chapter 23. Collector lining analysis.

Construction stage 1: primary geostatic stress

After generating the FE mesh, we will switch over to construction stage 1
and will carry out the primary geostatic stress analysis. We will leave the analysis settings
as “Standard” (for more details visit Help — F1).

I ™ analyze Settings Course of analysis

Stress analysis was successfully completed. o
Analysis settings @ standard
Attained loading = 100,00 %6

Analysis

“Analysis” frame — Construction stage 1

Construction stage 2: modelling of and loading on beam elements
In the next step we will add construction stage 2. Then, in the “Beams” frame,
we will define the following parameters: beam location, material and concrete class, cross-

section height (0.5m) and beam ends supports (for more details visit Help — F1).

Mew beams @
Topology Name
Location : terrain segment &2 Name :
Terrain segment : | Terrain segment Mo, 1 - Support
Parameters Startpt. : [
¥ Indude self weight End pt. : — [ZJ
Cross-section and material
Cross-section type : | rectangular wall [*]| Material type : Iconcrehe EJI
Cross-section height : h= [m] MName : C 20425
[ Catalog J I User I

Iy = 1,04E-02 m*jm; A = 5,00E-01 m2fm; E = 30000,00 MPa; G = 12500,00 MPa
Contacts

I Introduce left contact [ Introduce right contact

I = Add I £ Cancel |

“New beams” dialogue window — Construction stage 2
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Subsequently we will proceed to the “Beam loads” frame, where we will set the load
magnitude f =100 kN/m; we will consider it as the weight of the circular silo walls

acting on the foundation.

Mew beam loads @

Loaded beam

Location : Beam Mo. 1 E]
Load characteristics

Type of load : concentrated force E]

Direction : perpendicular to beam E]

Angle : o= 0,00 | [ Y - \q*“
L
Point of application : W= 10,00 | [m] ‘\,_)}{\ﬂ‘

Load magnitude

I [ add I | Cancel |

“New beam loads” dialogue window — loads induced by walls, acting on the circular

foundation

Further we will set the value of the uniform continuous load to q =150 kN/m?,

representing the filling of the circular silo, acting on its bottom or the upper edge

of the foundation.

Mew beam loads @
Loaded beam
Location : Beam Mo. 1 E]

Load characteristics

Type of load ; distr. uniform on the whole beam E]
Direction : perpendicular to beam E]
Angle : o= 0,00 9

Load magnitude

Magnitude : g= 150,00 | [kMfm?]

[ [ Add ] | Cancel |

“New beam loads” dialogue window — load on the circular foundation induced

by filling the silo
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Construction stage: [® (= | [Topo] [1]

| |
i ;
I |
I )
I )
I |
I |
I |
[ |
= |
I |

o ACA AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT A

“Beams loads” frame — Construction stage 2

At this stage, we will again carry out the analysis and will examine the results
for settlementd, [mm]. It follows from the picture that the maximum vertical displacement

is 102.0 mm. To better understand the structure behaviour we will visualise the deformed

mesh (the button in the upper part of the screen).
Construction stage: @ = | [Topo] [1)

E— ® F  values: overal v Variahle: Surface: B Mesh: 3¢ [dz] 1,00 26|

= undeformed

- R T T T S U -} qa  deformed by magnitude
R = [ B

=3

o deformed by coefficient

<-3,0mm ..
.. 102,0 mm>

} e _&Zl .

“Analysis” frame — Construction stage 2 (vertical deformation d, and the depression)

We will click on the “Show” button and check options “Plot” and “Values”

in the “Depression” flag (for more details visit Help — F1).
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Construction stage 3: unloaded terrain surface settlement, internal forces

As a next step we will add construction stage 3. At this construction stage
we will remove the uniform continuous load. Further on we will take into consideration only
the beam loading induced by the circular silo walls, which is identical with that determined
in the previous construction stage, i.e. f =100 kN/m.

Construction stage: [# [= | [Topa] [1] [2]

= I Bl
= 5 <
I Bl
= <
= Bl
I Bl
1= Bl
I ol
5 Bl
I Bl

A A AT AT AT A AT AT A A A ATAAA LA A AT AT A

,, Beam loads” frame — Construction stage 3

Then we will repeat the analysis and will determine the values of displacements.

The total settlement value after the terrain surface unloading d, is 28.9 mm.

Construction stage: & = [Topo] [1] [2]

I}'Shuw <none> [ ] Zl Values : overall ~ Variable:| Setlementd 7 ~ || Surface: E Mesh: x@ 1,00 CE] [m]

0,5
0,0
2,5
5,0
75

10,0

12,5

15,0

17,5

20,0

22,5

25,0

27,5

28,9

“Analysis” frame — Construction stage 3 (vertical deformation d, with the settlement trough)
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Now we will examine the radial moment diagrams M, [kNm/m] for construction

stages 2 or 3 (using the “Show” button in the “Distributions” flag) and will record
the magnitude of local extremes in a table. The main structural reinforcement of the circular
silo foundation can be designed and assessed for these values in an arbitrary static program
(e.g. FIN EC — CONCRETE 2D).

Construction stage : [# (=] | [Topa] [1][3]

Ij'show <none> @ 7F | values: overal ~ Variable: Settementdz ~ | Surface: % | Mesh: ¥ =

o I
l o |
=

|
RIS !
=5 Kl
I Kl
I Kl
I Kl
I Kl
= il
I Kl
I Kl
I Kl
I Kl
I Kl
|

“Analysis “ frame — Construction stage 2 (variation of radial momentM, )

Construction stage: [# (= | [Topc] [1] [2]

| P <none> @ 7| values: overal ~ Variable: Settementdz v | Surface: 3 | Mesh: 3¢ =
] o |

<l
I l o
= o
I[ﬁ al
Ia K
[T K
[ K
I K
= K
= Al
[ Al
|

“Analysis “ frame — Construction stage 3 (variation of radial momentM, )
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Assessment of results:
The following table presents the results for the total settlement d, [mm] and radial
moments M, [kNm/m] for construction stages 2 and 3, in which we modelled the loading

or unloading of the circular silo foundation. We carried out the analysis for the Mohr-

Coulomb material model with the triangular element mesh having edge length equal to 1.0 m.

Material Stage 2 Stage 3 Stage 2 Stage 3
Model d, [mm] d, [mm] | M, [kNmym] | M, [kNm/m]
Mohr-Coulomb +160.1
102.0 28.9
(1.0m) 336 ~162.2

Results for total settlement d, and radial moments M, for individual construction stages

Conclusion:
Several following conclusions can be drawn from the results for the quantities being

examined:

— When the silo is full (as a result of the action of the uniform continuous load),
a positive bending moment prevails along the beam length, where its bottom fibres
are stretched.

— After emptying the silo (as a result of the subsequent unloading), the circular
foundation is loaded only by the silo walls. A negative bending moment prevails
along the beam length, where its upper fibres are stretched.
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Chapter 23. Collector lining analysis

The objective of this example is to perform the analysis of a mined collector with emphases
on the lining response using the Finite Element Method.

Task specification:

Determine the lining response of a mined collector; its dimensions can be seen
in the following chart. Determine internal forces acting on the collector lining. The collector
lining (0.1 m thick) is made from reinforced concrete, class C 20/25, the bottom
is at the depth of 12.0 m. The geological profile is homogeneous; the soil parameters

are as follows:

—  Unit weight of soil: 7 =20.0kN/m’
— Modulus of elasticity: E =12.0 MPa
— Poisson’s ratio: v=0.40
— Effective soil cohesion: cs =12.0 kPa
— Effective angle of internal friction: @, =21.0°
—  Unit weight of saturated soil: Yeu = 22.0kN/m’
_/,-/_
1.0m
1.5m
;.—:’ T oy oy T
| 1.0m I
T A

Task specification chart — mined collector

We will determine the values of displacements and internal forces only for the elastic
model because we do not expect the development of plastic deformations.
We will subsequently use the Mohr-Coulomb material model for the verification

of yield condition.
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Solution:
To analyse this task we adopt the GEO 5 — FEM program. The following paragraphs
provide the step by step description of the solution procedure:

— Topology: settings for and modelling of the problem (interface, free points
and lines — refining the density)

— Construction stage 1: primary geostatic stress,

— Construction stage 2: modelling beam elements, analysing displacements,
internal forces

— Assessment of results: comparison, conclusion.

Topology: problem settings
In the “Settings” frame we select the option geostatic stress to perform the analysis

of the construction stage 1. We will consider the problem or the analysis type as plane strain.

0 Project parameters Calculation of geostatic stress (1st stage)
Project type : Flane strain =] Analysis method : IGeostah'c stress |z||
Analysis type : Stress -/ Design standards
[ Tunnels Concrete structures : EM 1992-1-1 (EC2) =]
[ Allow to input water as the result of steady waterflow analysis —
Steel structures : EN 1933-1-1 (EC3) =

[~ Advanced input
I Detailed results

Settings

“Settings” frame

Further we will set the world coordinates and the terrain interface. We will choose

sufficiently large world dimensions so that the results are not affected by the conditions

at the edge. For our particular problem we will choose the model dimensions(—15m; 15 m);

we will set the depth of 20.0 m for the layer to be examined.
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World coordinates (=3

Dimensions

Minimum X range -15,00 | [m]
Maximum X range : 15,00 | [m]
Depth of deepest interface point : 20,00 | [m]

ok | [ % cancel |

[9l Ranges || Interface: (@ Add Modify (=) Remave
List of interfaces
[E]@]m‘ Interface ‘ x [m]

[ * 1 |Interface1 \'

Current interface points
z [m]

-15,00 0,00f =

15,00/ 0,00

Interface

“Interface” frame + “World coordinates” dialogue window

Now we will specify respective soil parameters including the material model and
subsequently we will assign the soil to the created region (for more details visit Help — F1).

Add new soils IE'
Identification Mode! elastic Draw
Name : Soil Mo, 1 fatiem
and colour
Material model = Deskmp/
<
Material model : Ielastic E]I 5////0///
g s //;
Basic data v
k PRV
Unit weight : T= 20,00 | [k/m-]
Pictures
Elastic modulus : E= 12,00 P
MPa] ko e 4
S ‘s ////
Poisson's ratio : V= 0,40 | [ S ///B
Uplift pressure = ////0///
Calc. mode of uplift : standard E]
o Classification
Saturated unit weight : et = 22,00 | [kNjm?]
%] Add

“Add new soils " dialogue window

The next step is to set the structure geometry. First we will define coordinates of free

points (“Add” button), forming the collector corners (for more details visit Help — F1).
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Mew free points @

Location of free point
Coordinate : = 0,00 | [m]

z= -10,50 | [m]

®add | [ 50 Cancel

1.5 2
[-1,0 %ﬂ ; 58P, 50]
[ LrR g,tmmp,

@
[1,00; -1p10m); -12,00]

'| Free points: | Add

Modify (=) Remove

Location
No. % [m] z [m]
1 -1,00 -10,50
2 1,00 -10,50
3 1,00 -12,00
= -1,00 -12,00
» 5 0,00 -10,50

Free points

Free points :

-

“Free points” frame + “New free points” dialogue window

Subsequently we will click on “Add” button in “Free lines” frame and will connect

the given points on the screen by respective lines by means of the cursor (for more details

visit Help — F1). To set the arc with the radiusR =1.0 m, we must change the line type

(using the “Edit” button).

-

Line type
Line type:
Starting point
Point object :
Free paint :
Radius
Radius :
Induded angle

Information

Modify free line properties

Input options :

arc EI Input options :

End point
free points E] Point object :

No. 2(1,00;-10,50)  [=]

R-[ soo]m

obtuse (=]

Free point :
Orientation
Orientation :

Origin (1,00; -10,50) [m] , end (-1,00; -10,50) [m], radius 1,00 [m] , orientation positive , angle obtuse

[l

radius E]

free points (=]
No. 1(-1,00;-10,50) [=]

positive E]

[ok+@ |[ok+m || mok | X cancel |

“Modify free line properties” dialogue window
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We will examine the resultant structure outline. Through this step, the collector

geometry setting will be finished and we will go over to the FE mesh generation (for more
details visit Help — F1).

©[n.nu, -10,50]

'| Freelines: [ Add [®) Modify =) Remove

Type of Mode of Lines topology Free lines :

Ine input

1 Jsegment Origin (-1,00; -12,00) [m] , end {-1,00; -10,50) [m]
2 Jsegment Origin (1,00; -10,50) [m] , end (1,00; -12,00) [m]

(> 3 Jarc radius. Origin (1,00; -10,50) [m] , end (-1,00; -10,50) [m], radius 1,00 [m], orientation positive,, angle obtuse
2 Jsegment Origin (-1,00; -12,00) [m] ,_end (1,00; -12,00) [m]

“Free lines” frame

For the mesh generation parameters we will choose the element edge length of 1.0 m

and push the “Generate” button. The program will automatically generate and smooth
the FE mesh.

“Mesh generation” frame — element edge length of 1.0 m (without local refinement)
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It is obvious at first glance that the generated mesh in the collector surroundings
is very coarse. We will therefore increase the density. We can refine the mesh density either

around lines or around free points. The following procedure is suitable for the refining
of density around the collector lining (in general the excavation):

— we will specify a free point in the vicinity of the excavation centre,
— we will refine the density around this point.

[ Mew free points @ﬁ
Location of free point
Coordinate : X = 0,00 | [m]
Z= -10,50 | [m]

I [ Add I E Cancel i

“New free points” dialogue window

Note: Internal forces in beams are analysed at individual points of the mesh

and it is therefore necessary to sufficiently refine the free lines and points of the FE mesh
(for more details visit Help — F1).

To refine the finite element mesh density, we will specify the respective radius

r=12.0 m and the element edge length/ = 0.2 m. Then we will return to “Mesh generation”
frame and generate the FE mesh again.

( Mew point refinements @ﬁ
Point
Point object : free points lEJ
Free paint : Ma. 5 (0,00; -10,50) EJ_I
Fefinement
Radius : r= 12,00 | [m]
Length : | = 0,20 | [m]
| ®add || X cancel

“New point refinements” dialogue window
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Note: The elements mesh should be sufficiently dense especially in the region where large
stress gradients can be expected (point support, sharp corners, underground excavations
etc.). It is necessary for this density-refining radius to be at least 3 to 5 times larger
than the density in the density refining centre and both values (the density and radius)
atthe points to be in a reasonable proportion to the mesh density prescribed
for the surrounding region. In this way smooth transition between the regions with different

density will be secured (for more details visit Help — F1).

Construction stage: @ =1 ||[Topo] |[1]

0 ™ Generate Error analysis

Mesh generation parameters Mesh generation result
Edge length 1,00 | [m] Finite element mesh was successfully generated.
¥ Mesh smoothing MNumber of nodes 6048

Mumber of elements 3235 (region 2699, beam 134, interface 402)

Mesh generation

“Mesh generation” frame — FE edge length of 1.0 m (with locally increased mesh density

in the collector surrounding)

Construction stage 1: primary geostatic stress

After subsequent generation, the mesh in the collector vicinity looks significantly
better. Now we will go over to construction stage 1 and will carry out the analysis
of the primary geostatic stress. We will maintain the “Standard” analysis setting (for more

details visit Help — F1).
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I ™ Analyze | ¥l Settings Course of analysis

Stress analysis was successfully completed. -
Analysis settings : standard
Attained loading = 100,00 %6

|.|5.nalysis
q

“Analysis” frame — Construction stage 1

Construction stage 2: modelling of beam elements
In the “Activity” frame, we will first model the excavation of soil from the collector
cross-section — we will set the particular region as inactive (for more details visit Help — F1).

|Cnnstruct'|nnstage: = = | [Tope] [1]

S L S A A R S S S S S N S A A N N S Y S

V| = Adopt [ Active ] Inactive
Activity when compared to the previous stage is modified.
Regions activity
Region Active [ inactive
* 1 JActive M |

2 |Inactive

| Activity

“Activity” frame — Construction stage 2

Then we will go over to “Beams” frame and will model the mined collector lining.
We will define the following parameters — the beam location (we take all free lines
into consideration), material and concrete class, cross-section height (0.1 m) and the supports

of beam ends (for more details visit Help — F1).
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New beams @

Topology MName
Location : Ifree ling: E]I Name : Beam No. 1
Free line : Free line No. 4 ] Support
Parameters Startpt. : — =]
W Include self weight End pt. : — =]
Cross-section and material
Cross-section type : | rectangular wall [x]| Material type : Iconcrebe E]I
Cross-section height : hi= [m] Mame : C 20425
Cross-section width : b= 1,00 | [m] [ Catalog ] [ User ]

1, = 8,33E-05 m*m; A = 1,00E-01 m2/m; E = 30000,00 MPa; G = 12500,00 MPa
Contacts

[ Introduce left contact [ Introduce right contact

| ®add |E

“New beams” dialogue window — Construction stage 2

All beam elements of the collector are drawn in the diagram below.

3

“Beams” frame — Construction stage 2

Now we will carry out the analysis and will visualise the results for the vertical

geostatic stress , , [kPa], lateral displacement d, [mm] and internal forces in the collector

lining.
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|Construcl:‘|nnstage: = = | [Tope] [1]

Values: overall A Variahle:ISigmaz,eﬂ, vI| Surface: ¥ | Mesh: ¥ =—

‘I}’Show | <none> v | @ F

0,00
35,00
70,00

105,00

140,00

175,00

210,00

245,00

280,00

315,00

350,00

385,00

391,95

<0,00kPa ..
.. 391,95 kPa>

Uniform -

;7T e

“Analysis” frame — Construction stage 2 (vertical geostatic stress o, )

It follows from the picture that the maximum horizontal displacement is 2.2 mm
(the collector behaves as a rigid body). To better understand the structure behaviour,
we will visualise the deformed mesh (the button in the upper part of screen).

|(nnstmclinnstﬂge: = = ‘ [Topo] [1]
|I &~ Show

<none> hd | ® F| | Values: overal - Variable:ISetHementdx ‘I Surface: 3 | Mesh: 3¢ i 1,00 2 [m] |
=7
o1 04 Ol 01 g4 45 00 o, 22
-2,0
0
o1 00 00 0101700 9 00 16
0,2 i -1,2
0,2 6e 0,8
0,4
0,0
0,4
0,8
1,2
1,6
2,0
2,2
o 2,2 mmz
-
F T e

“Analysis” frame — Construction stage 2 (horizontal displacement

d, after excavating the soil)
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Note: Individual current views presented on the screen can also be downloaded
as independent objects (using the red button in the upper left part of the desktop,
on the horizontal tool bar). They can also be managed afterwards. In this way
the visualization of results is significantly accelerated (for more details visit Help — F1).

Construction stage: [ (= | [Topo] [1]

I}" Show <none - [B | values: overall * Variable: Setflementdy ~
Mew picture @
Properties
Mame: Settlement dx -
Descrip:
| ok | [ X cancel {

Horizontal tool bar + “New picture” dialogue window

Now we will examine the diagrams for bending moments M [kNm/m], shear forces
Q [kN/m] and normal compressive forces N~ [kN/m] for construction stage 2 (using “Show”

button in “Distributions” flag).

FEM - results visualisation settings @
| Basic I Construction I Values in grid I Tilted sections I Depressionl Distributions IForces and reactions I Vectors and directions

Beam variables Contact tractions Drawing mode oK

v Moment (M) [ Standalone contacts on the left [~ Hatch Cancel

¥ MNormal force - compression (MN-) ™ standalone contacts on the right v Adjust scale

¥ MNormal force - tension (N+) ™ Beam contacts on the left Label : significant =

¥ Shear force (Q) ™ Beam contacts on the right —

[~ Normal stress - total (gead) Lettering height : | medium -2

™ Perpendicular deformation (D) [~ Normal stress - effective (oes)
Iv Shear stress (1)
I Pore pressure (u)

Warning

All settings of results are displayed correctly.

“FEM — results visualisation settings” dialogue window

Note: To maintain sufficient clarity and comprehensibility some results cannot be displayed
concurrently. It is, for example, impossible to draw a deformed structure concurrently
with diagrams for internal forces along the beam; it is always necessary to choose only
one variant. The program gives notice at the bottom of the dialogue window in the case

of setting inadmissible combinations of outputs (for more details visit Help — F1).
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The collector lining reinforcement can be designed and assed for these values
in any arbitrary static program (e.g. FIN EC — CONCRETE 2D). We will record the results

in a summary table.

[=]
ol
[
o

“Analysis” frame — Construction stage 2 (variation shear force Q)
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84,6

ag

23,2
-206,8 -206,8
= = P
5 2 g
-215,2 =

“Analysis” frame — Construction stage 2 (variation of normal compressive force N ™)

Verification of the yield condition: Mohr-Coulomb material model
Now we will verify whether plastic strains develop when adopting non-linear models.

13

We will return back to “Topology” mode and change the material model to ,,Mohr-Coulom

in “Soils”. After completing the analysis, we will examine the equivalent plastic strains.

|(unstmcﬁnn stage: [# [= | [Topa] [1]

Values: overal - Variable:IEpsdcn eq. ple 'I‘ Surface: % ‘ Mesh: 3¢ w|

|I;‘Show | <none> - | ® F

<0,00 % ..
.. 0,00 %>

Uniform -

F T e

“Analysis” frame — Construction stage 2 (equivalent plastic strains ¢,

according to the MC model)
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It follows from the previous diagram that the yield condition for the Mohr-Coulomb

model is not exceeded — equivalent plastic strains & are zero, which corresponds

eq.,pl.
to the structure  behaviour determined according to the elastic material model.
Resulting values of displacements, geostatic stress and internal forces are therefore identical.

Assessment of results:

The following table presents the values of extreme internal forces along beams
(the collector lining) for construction stage 2 (the values of bending moments, shear forces
and normal forces). We carried this analysis out for an elastic material model with locally

increased density of triangular elements.

Material Construction stage 2
model N~ [kN/m] | M [kNm/m] | Q[kN/m]
—160.1 +61.9 +202.6
Elastic
—215.2 —-61.8 —206.3

Curves for internal forces along beams (extremes) — Construction stage 2

Conclusion:
The following conclusions can be drawn from the numerical analysis results:

— Local density refinement of finite element mesh leads to more accurate results.
— If non-linear material models (e.g. Mohr-Coulomb) lead to zero values

of equivalent plastic strains & the structure behaves elastically and the results

eq.,pl.

of internal forces, displacements and stresses are identical for both model types.

Note: The analysis we have carried out is in reality based on an unrealistic assumption
that the lining acts concurrently with excavating the soil. This procedure would be suitable
for structures carried out by jacking through soft soils (jacking of complete structures
into soil). In reality the ground mass is unloaded and deformed in the direction
of the excavated space when the soil is being excavated. A real example of tunnel modelling
is described in Chapter 26. Numerical modelling of tunnel excavation adopting
the NATM method.
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If, in our particular case, the lining had not been activated immediately (it can be modelled
as another stage without specifying beam elements), the excavation would have collapsed;
for the elastic model this is presented by large deformations, whilst the program will not find

the solution in the case of the non-linear model.

|Cnnstru|:timstage: = | [Topa] [1]

|I}'Show |<none> hd | ] Z| Values : overal hd Variahle:ISetﬂementdz 'I| Surface: ﬁ Mesh = % =

-36,3

-30,0

-24,0

-18,0

-12,0

6,0

0,0

6,0

12,0

18,0

24,0

28,2

<-36,3mm ..

. 28,2mm=

Uniform -
F T e

Analysis without beam elements (settlement d, according to the elastic model)

o Analysis error.

(11 [WOT1] Analysis failed to converge, Maximum number of
relaxations of one calculation step exceeded.

(i} Attained loading = 87,50 %

vl oK

“Error” dialogue window — analysis without using beam elements

(according to the MC model)
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Chapter 24. Numerical solution to a sheeting wall structure

The objective of this manual is to analyse deformations of an anchored sheet pile wall
and determine diagrams of internal forces using the Finite Element Method.

Task specification:

Determine the state of stress (deformations) of an anchored sheet pile wall consisting
of 500x340x9,7 mm VL 503 interlocking piles; the structure scheme for individual
construction stages is shown in diagrams below. Determine internal forces acting along
the anchored wall length. Sheet piles are from EN 10 025: Fe 360 steel. The wall structure
is 10 m long (high).

T D'.-_I-' ::r. ] e "'-l 3 ED
340 3.50 = d--_,.: v.} A
. sy, el d— gl — E o
10.00 | &, =9
Construction stage 2 — extracting soil up to the depth of 3.5 m
T 5 TR a g n _‘,-"'
> [
2.480 A q";f, 300
¥, * ~a .
gog 2 oot (0 I 7 51 _J_
10.00 ‘---_...:_:-:
e —— i — e B R - b '|-|-|.|.|_|_|I

Construction stage 3 — adding the anchor and extracting soil up to the depth of 5.5 m
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The geological profile consists of two soil types with the following parameters:

— 0.0to3.0m: Silty sand (SM — medium dense soil),

— downfrom3m: Low plasticity clay (CL, CI — stiff consistency).

Soil parameters / Classification Silty sand (SM) IE(I);/;// E)Cl:aitlgltgl
Unit weight of soil: » [kN/m?| 18 21
Modulus of elasticity: E [MPa] 10 4,5
Poisson s ratio: v [-] 0,3 0,4
Cohesion of soil: ¢, [kPa] 5 12
Angle of internal friction: ¢ [°] 29 19
Dilation angle:  [°] 0 0
Saturated unit weight: 7., [kN/m?] 20 23

Table with the soil parameters — anchored sheet pile wall

Solution:

We will use GEO 5 — FEM program for this problem analysis. We will describe

the solution to this example step by step in the text below:

— Topology: settings for and modelling of the problem (interface, contacts,

increasing density of lines)

— Construction stage 1: primary geostatic stress, specification of point monitors

— Construction stage 2: activation of regions, specification of beams,

analysis of deformations, internal forces

— Construction stage 3: excavation of soil, specification of anchors, analysis results

+ monitors.

— Assessment of results: comparison, conclusion.

Engineering manuals for GEO5 programs - Part 3
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Topology: problem settings
We will leave the analysis method for construction stage 1 as geostatic stress.

We will consider the analysis type as plane strain.

0 Project parameters Calculation of geostatic stress (1st stage)
Project type : Flane strain ] Analysis method : IGeostah'c stress |E||
Analysis type : Stress ] Design standards
[ Tunnels Concrete structures : EM 1992-1-1 (EC2) ]
[ Allow to input water as the result of steady waterflow analysis P EN 1983-1-1 (EC3) —
el structures : -1- -
[~ Advanced input
I Detailed results
w
(=]
£
B
i
L%}
(X3 L3 »
Settings” frame

Further we will set the world coordinates; we will choose sufficient dimensions

of the world so that results are not affected by conditions at the edge. For our problem

we will choose model dimensions <— 20 m; 20 m), we will set the depth from the lowest

interface point to 10 m.

[ World coordinates @ﬁ
Dimensions
Minimum X range : -20,00 | [m]
Maximum X range 20,00 | [m]
Depth of deepest interface point ; 10,00 | [m]
l ok || X cancel |

“World coordinates” dialogue window

When diaphragm wall structures are being designed, it is necessary to define
the depths up to which the soil will be excavated at individual construction stages as soil
interfaces. In this particular case we will therefore set the terrain surface level to 0.0 m
and horizontal interfaces at the levels of — 3.0 m, — 35 m and — 5.5 m. The point

with coordinates [0.0; 0.0] forms the top of the diaphragm wall.
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L
) 1 !
€ ]
]
V| = Ranges I Interface: [® Add Modify [=] Remove
| List of interfaces Current interface points
@@][ﬁ Interface % [m] z [m]
1 [interface 1 - 1 -20,00 -5,50| ~
2 |Interface 2 2 0,00 -5,50
3 JInterface 3 3 20,00 -5,50
* 4 |Interface 4
o
&
o o -
5
€ ’»
Interface” frame

Now we will specify respective parameters of soil and subsequently we will assign
the soil to the created region. We will choose the Modified Mohr-Coulomb model

(see the note).

Add new soils (mE3a]
Identification Model Madified Mohr - Coulomb Dran
MName : Silty sand (SM) Angle of internal friction : Qaff = 29,00 | [4 ‘ P:tbelrn ‘
and colour
Cohesion of soil : Ceff = 5,00 | [kPa]
Material model = DE,SktOD
Dilation angle : y= 0,00 | [ A
Material model : IModiﬁed Mohr - Coulomb E]I . '// .
Basic data = . ./,( .
Unit weight : = 18,00 | [knjm?] S eSS
Pictures
Elastic modulus : == 10,00 | [MPa] L
Ty
Poisson's ratio : v= 0,30 | [ Lo -
Uplift pressure = / & .I S
Calc. mode of uplift : standard E]
L Classification
Saturated unit weight : fear = 20,00 | [knifm]

“Add new soils " dialogue window
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Note: When sheeting structures are being designed, it is necessary to introduce contact
elements between the soil and the beam. Solving problems without contact elements leads

to totally unrealistic results (for more details visit Help — F1).

Solution without contacts Solution with contacts

r
di /mm/ ‘ ‘
1
|
|
l

deformation of sheeting to a soil deformation of sheeting from a soil
(wrong) (right)

The application of a suitable material model to a numerical analysis of sheeting structures

The following figure presents the assigning of soil to the geological profile.

s AR i / 7 A
S e ‘/./‘/»/,/'/ //-/‘//'/ Ny
O ‘/,/,'//./ A

Soil assignment

Region Assigned soil
1 |sity sand (sM) -
2 |Low plasticity day (CL,CI), consi ™
3_JLow plasticity day (CL,CI), consi~
4 |Low plasticity day (CL,CI), consi~

A

Assign

“Assign” frame
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The next step lies in setting contact parameters (using the “Add” button).
When sheeting structures are being analysed, it is always necessary to define the contact
with the non-linear material model for beam elements. In this particular case we will select
the “Mohr-Coulomb” option to obtain realistic results. We assume the reduction of soil

parameters on the contact to be &c=du =0.3 and will keep standard values of the contact

stiffness K, = K, =10 000 kN/m®.

MNew contact types @
Identification
Name : Contact sheeting - soil
Properties
Material model : IMohr-Coqumb E|I
Contact stiffnesses
Shear stiffness : Ks= 10000,00 | [kM/m3]
MNormal stiffness : Kn= 10000,00 | [kM/m3]
Contact parameters
Mode of input : Iinput by reduction of soils E||
Reduction ¢ : & = 0,30 4
Reduction u : u = 0,30 [
Dilation angle w= 0,00 | [
Tensile strength : Ri= 0,000 | [kPa]

I [ Add I £ Cancel §

“New contact types” dialogue window

Note: Contact elements are used in the analyses where it is necessary to allow
for the interaction between the structure and the surrounding environment — an interface
between two totally different materials (soil — sheeting). A typical example of the use
of contact elements is the modelling of sheeting structures, retaining walls or tunnel linings,
where we use the contact element for simulating a thin area of soil or rock in which intense
stressing, most of all shear stress, takes place. The contacts can be introduced even
between individual soil interfaces. The contact element is an element with zero thickness,
expressing the relationship between contact stresses and relative changes in displacements

along the contact (for more details visit Help — F1).
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-

normal spring

contact

%

-~ .
E/ shear spring

!

Schematic representation of a contact element

Note: Despite the fact that the selection of parameter K, is not important in the case

of completely plastic behaviour of the contact, the magnitude of this quantity is crucial
for the successful solution to the non-linear problem in question. Too high stiffness values

(over 100 000 kN/m®) may lead to oscillation of the numerical solution. On the contrary,
too low parameter values K, and K, (under 10 000 kN/m®) may lead to unrealistic
deformations of structures. However, the values of contact stresses K, and K, themselves
are not significantly affected by the selection of stiffness K, and K, (for more details

visit Help — F1).

Subsequently we will set the sheeting structure geometry in “Free points” and “Free
lines” frames. The principle of setting free points and free lines was described in more detail

in the previous chapter 23. Collector lining analysis.

Mew free points @

Location of free point

Coordinate : X= 0,00 | [m]

I= -10,00 | [m]

I 4| Add I | Cancel {

“New free points” dialogue window

First we will set a new free point with coordinates [0.0; — 10.0]. The free line forming
the sheeting wall will originate by connecting this point with the terrain interface point

(for more details visit Help — F1).
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P o

Mew free line @

Line type
Line type: I segment a
Starting paint End point
Point object : Ifree points @ Point object : Iinterfau:e 1 @
Free point : Mo, 1{0,00; -10,00) [*] Point ofinterf, 1: Mo, 2 (0,00; 0,00) [*]
Information

Origin (0,00; -10,00) [m] , end (0,00; 0,00) [m]

I % Add I | Cancel |

“New free lines” dialogue window

The last step in setting the topology is the generation of the finite element mesh.
It is reasonable to refine FE mesh in the sheeting wall surroundings. In the ‘“New line

refinements” we will select the respective extent radius » =5.0 m and the element edge

length /=0.25m.

P 1

Mew line refinements @
Line
Line object : free line E]
Free line : Mao. 1 {segment) E]
Fefinement
Radius : r= 5,00 | [m]
Length : | = 0,25 | [m]

| ®add || X cancel |

“New line refinements” dialogue window

Then we will go over to “Mesh generation” frame and will generate a mesh
with the element edge length of 1.0m (using “Generate” button). The program
will automatically smooth the refined FE mesh.

Note: Subsequently we will visually check whether the finite element mesh density is adequate
to the extent and complexity of the given problem (for more details visit Help — F1).
The increased mesh density contributes to the stabilisation of the non-linear analysis similarly

to the effect of the decrease in shear stiffness.
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Construction stage: @ = |[Topo] | [1]

aviY)

=
Aﬁb
R
RYATAVAN
A
Vg'

<
<7
<
Sk
S
s

Faly

' '| (B Generate
Mesh generation parameters
Edge length :

¥ Mesh smoothing

Mesh generation

Error analysis

Mesh generation result

Finite element mesh was successfully generated.
Number of nodes 4867
Mumber of elements 2340 (region 1772, beam 292, interface 876)

“Mesh generation” frame — element edge length of 1 m (with locally increased mesh density)

Construction stage 1: primary geostatic stress

After generating the mesh we will go over to construction stage 1 and will set

the ground water table level (hereinafter referred to as the GWT) at the depth of 3.0 m

under the terrain surface (see the diagram).

Construction stage: ¥ = D’opo]

|
|
| [-20.00: -3.00] [0,00; -3.00] ﬂb,oo; -3,00]
|
|
|
|
|
|
|
'| Water type :IGWT vI [®] Substitute Modify [=I Remave
GWT points
% [m] z[m]
-20,00] -3,00|
0,00 -3,00
20,00 -3,00

Water

“Water” frame — Construction stage 1 (GWT at the depth of 3.0 m)
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We will carry out the analysis of the primary geostatic stress. We will leave

the “Standard” analysis setting in place (for more details visit Help — F1).

Construction stage: # (=) | [Topo]

| # show <nones v | @ | Values: overal Variable: Surface: T | Mesh: 3¢ =

0,00
20,00
40,00
60,00
20,00

100,00

120,00

140,00

160,00

180,00

200,00

212,54

“Analysis” frame — Construction stage 1 (Vertical geostatic stress o, )

For the purpose of observing values of certain quantities (during the course

of the analysis of individual construction stages) we will define the so-called point monitors

in the program (using the “Add” button). We will select the monitored locations at the points

which will represent the head and toe of the sheeting wall being modelled, i.e. [0.0; 0.0]

and [0.0; — 10.0] and further in the region of the excavation of soil at the construction

pit bottom [0.0; — 5.5].

Construction stage: & = | [Topo]

M

N
Settlement d Z = 0,0 mm
Settiement d X = 0,0 mm
Sigma Z, tot. = 2,13kPa
Sigma X, tot. = 0,95 kPa
[TauXZ = 0,00 kPa

h

Settiement d Z = 0,0 mm
Settiement d X = 0,0 mm
Sigma 2, tot, = 110,27 kPa
Sigma X, tot, = 81,83 kPa
[Tau X2 = 0,00 kPa

fusl

l
Settlement d Z = 0,0 mm
Settiement d X = 0,0 mm
Sigma Z, tot, = 214,73 kPa
Sigma X, tot. = 166,48 kPa
[TauXZ = 0,00 kPa

m@)@] Actve Monitor type
Mo,

1| Monitors: & Add [®] Modify = Remove

x [m]

Point { Point 1

z[m]

% [m]

2 [m]

point

-

0,00

0,00

> point

0,00

o
=&

point

0,00

-10,00

| (%] Settings |

Point monitors
Settiementd z
Settiementd
SIgMa 2, 1ot
SIgMa x, tot,
Tauyz =

“Monitors” frame — Construction stage 1 (point monitors)
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Note: We will edit the individual values of quantities we want to visualise in the results using
“Settings” button (at the bottom right of the screen). When analysing sheeting structure,
we are most of all interested in the change in geostatic stress and the magnitude

of the vertical or lateral displacements.

Construction stage 2: modelling of beam elements

At this construction stage we will first go over to “Beams” frame and will model
the sheet pile wall. We will define the following relationships: the location, material and steel
class, cross-section type (VL 503), the support of beam ends and contacts (for more details
visit Help — F1).

Mew beams @

Topology Mame
Location : free line [EJ MName : Beam Mo. 1
Free line : Free line MNo. 1 ] Suppart

Parameters Startpt. : k>— [=]| Magnitude | According to 5[] 0,34 | [m]
¥ Indude self weight End pt. : — [ZJ

Cross-section and material
Cross-section type : Isheet pile EJI Material type : IStEE| EJI
Type : Sheetpile WL 503 S00x340x 9.7 [ZJ MName : EM 10025 : Fe 360

I Catalog I [ User I

I = 2,12E-04 m*/m; A = 1,49E-02 m2/m; E = 210000,00 MPa; G = 31000,00 MPa

Contacts
¥ Introduce left contact [+ Introduce right contact
Contact type : Contact sheeting - soil E] Contact type : Contact sheeting - sail EJ

I [® Add I [ Cancel {

“New beams” dialogue window — Construction stage 2

Note: We assume a rotational degree of freedom at the toe of the wall. This boundary
condition will ensure for us that there will be zero bending moment at the sheet pile wall toe

(for more details visit Help — F1.
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The following figure presents a beam element together with contacts.

Construction stage: [® = | [Topo] [1]

Al

&l

=l
= &l
I Al
= ll
I Al
= @l
I =l
I =l

KN AT AT A AT AT AT A A A AT A A ALA A AT A AA

“Beams” frame — Construction stage 2

Then we will model the excavation of soil in “Activation” frame — we will set

the given regions in the program with the mouse cursor as inactive (for more details visit F1).

Construction stage: ® = | [Topa] [1]

Al

I

|

=l
<l

=l
el
|

I I

AT AT AT AT AT A A A A A A AL A LA A

'| = Adopt Active I Inactive I

Activity when compared to the previous stage is modified.

“Activation” frame — Construction stage 2

Note: It is obvious from the preceding figure that the automatic structure corrector built
inthe program divided the interfaces of soils crossed by the wall into individual

circumscribed regions (for more details visit Help — F1).
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Further, in the “Water” frame we introduce the change in the GWT according to

the following figure. The other parameters will remain unchanged.

Construction stage: [# [=| | [Topa] [1]

&l
&l

[0,00; -3 00] ﬁh,uo; -3,00]

-
| [-20,00; -3,50] [0,00; -3,90] K|

I &l
I kI
I &l
I
I

&l
&l

I &l

ATA AT A A A A LA A AL AL AN A AL ALAA

V| (%] Adopt  Water tvpe:IGWT vI [ Substitute Modify [=] Remove
Water input has changed when compared with the previous stage.
GWT points
% [m] z [m]

-20,00 -390 -

0,00 -3,90

3 0,00 -3,00

4 20,00 -3,00

I

B -

“Water” frame — Construction stage 2 (changes in the course of the GWT)

Now we will carry out the analysis of construction stage 2 and will examine the results
for the diagrams of internal forces along the beam, equivalent plastic strain and the deformed

structure.

Construction stage: [® (=) | [Topo] [1]

| P <none> v | @ TF| Values: overal - Varialsle: Surface: j Mesh: 3¢ g:‘ m)

<0,0mm ..
.. 65,5 mm:>
Uniform -

&£ 7 e

“Analysis” frame — Construction stage 2 (settlement d, — deformed structure)
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Construction stage: ® [= | [Topo] [1]

1 # show Equivalentpla: = | @ TF | Values: overal - Variable: Surface: % | Mesh: 3¢ =

<0,00 % ..
2,52 %>
Uniform -

& F e
“Analysis” frame — Construction stage 2 (equivalent plastic strain &,
and displacement vectors)
Construction stage: @ [= | [Topo] [1]
7
‘ l
il
S l
__________________ — 74
e il
= |
e il
-11.0
|17 l
= l
I g <l
e il
e l
| A A L N L AN

“Analysis” frame — Construction stage 2 (distribution of bending moment M )

Construction stage 3: settings for anchors
We will add construction stage 3 and will extract the remaining soil. First we will

select the given region with the mouse cursor and click the “Inactive” button.

64

Engineering manuals for GEO5 programs - Part 3 www.finesoftware.eu


http://www.finesoftware.eu/

Construction stage: | = | [Tope] [1] [2]

[%] Adopt Active | Inactive |

Activity when compared to the previous stage is modified.
Regions activity

Region Active [ inactive

1 J|Inactive

2| Active

3 _||Inactive
4 | Active
5 | Inactive

L4 a4 44

Activity

6 _||Active

“Activation” frame — Construction stage 3

Then we will push the “Add” button in “Anchors” frame and, in the “New anchors”

dialogue window, we will set a steel anchor with pre-stressing force F =185kN.

We will consider the anchor to be at the depth of 2.9 m under the terrain surface — we will set

the anchor head coordinates by the point [0.0; — 2.9].

Note: Anchors are modelled in the program by means of an elastic rod element with constant
normal stiffness. A failure of the anchoring element is controlled by specifying the maximum
force. The anchor is fixed to the soil at two points — at the beginning and at the end.
No interaction between soil and the reinforcing element is assumed along the anchor length

(for more details visit Help — F1).

We will assume the following anchor parameters for this particular problem:

— Anchor length: =12 m,

— Anchor slope: a=15°,

— Anchor diameter: d =10 mm,
— Anchor spacing: b=1m.
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Note: Anchor stiffness is defined in the analysis by the modulus of elasticity, anchor cross-
sectional area and spacing of anchors. It is necessary to realise that, in the case of plane-
strain deformation, discrete anchors are replaced by a 1 m-wide membrane.
Another important input data of anchors is the pre-stressing force and the anchor breaking

force. In this particular case we will not take the possibility of the reinforcement element

breaking, therefore we will set break force F_ to a sufficiently high value (for more details

visit Help — F1).
Mew anchors @ﬂ
Anchor location
Origin Iattach to terrain of curr, stage |z||
= 0,00 | [m]
Z= -2,90 | [m]
End point : input length and slope of anchor E|
Length : = 12,00 | [m]
Slope o= 15,00 | []
Anchor spacing : b= 1,00 | [m]
Anchor stiffness
Mode of input : anchor diameter =]
Diameter : d= 10,0 | [mm]
Elastic modulus : E= 210000,00 | [MPa]
Break force : Fc= 1E80 | [kM]

[ Active in compression
Anchor force

Force : F= 185,00 | [kn]

| ®add | [ X cancel

“New anchors” dialogue window — Construction stage 3

Note: The anchor becomes deformed during the course of the analysis. As a result
of the deformation of the anchor and the surrounding massif, the pre-stressing force set
for the anchor can drop. Therefore, if we want to achieve the concrete pre-stressing force,
it is necessary to introduce additional stress into the anchor during the next stage or to set
sufficiently higher pre-stressing force (the resultant force in the anchor after the analysis
isindicated in the diagram at the anchor head, under the pre-stressing force set).
At the subsequent construction stages the anchor parameters cannot be changed; it is only
possible to add stress to achieve the new pre-stressing force or to remove the entire anchor

from the structure.
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The embedment of the anchor in ground mass should be sufficiently tough (fixing to

an element) so that unrealistic pulling of the anchor out does not occur when significant

plastic strains develop in the vicinity of the anchor root (fixing to a node, too great increase

in density in the root surroundings), causing unrealistic loss of the pre-stressing force.

In the last step of setting construction stage 3 we will change the ground water table

level according the diagram below. The other input parameters will remain unchanged.

Construction stage: [ (=) | [Topa] [1] [2]

3 [m]

GWT points

z [m]

-20,00

0,00

0,00

20,00

Water

Water input has changed when compared with the previous stage.

-5,90 +
-5,90
-3,00
-3,00

I
I
0,00 e [,00; 3,001
|1 20,00 5,20 [,00; -5,50) |
| I
| I
| I
| I
| I
V| (%] Adopt  Water tvpe:l GWT M I (% Substitute Modify [=I Remave

“Water” frame — Construction stage 3 (change in the GWT level)

Now we will carry out the analysis of construction stage 3 and will again examine

the results of the numerical solution (similarly to the previous construction stage).

Construction stage: = | (Tope] (0 (21 ]

| P2 Deformedstru~ | @ | Values: over

all

<0,0mm ..
.. 94,3 mm>

Uniform -

F 7 e

“Analysis” frame — Construction stage 3 (settlement d, — deformed structure)
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It follows from this figure that the maximum lateral displacement in the vicinity
of the sheeting wall formed by steel sheet pilesis d. =94.3 mm.

Construction stage: [® = | [Topo] [1] [2]
I/‘Show <none> ~ @ F|| Values: overal ~ Variable : |Epsilon o, i, 7 || Surface: %3 | Mesh: ¥ =

0,00
0,80
1,60
2,40
320
4,00
4,80
5,60
6,40
7,20
8,00
8,80
9,33

“Analysis” frame — Construction stage 3 (equivalent plastic strain ¢

eq.,pl.)

It is obvious from the plotted equivalent plastic strains that the largest plastic strains
are developed in the soil in the vicinity of the sheeting wall toe. In the previous stage,
soil was plasticised in the vicinity of the anchor location (for more details visit Help — F1).

Construction stage: (% =l | [Topo] [1] [2]

0,0

1|
&
= )
\ L)
______________ 534 = T— !
I &
I &
I &
= 0.0 <l
= <l
I &

| S0 A A A A A A A A A A A A A A A A A A A

“Analysis” frame — Construction stage 3 (distribution of bending moments M )
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We will identify local extremes in the diagram of the curves for bending moments
along the sheeting wall length; we will record them in the table which is presented in the last
part of this chapter.

Now we will examine the results for monitors and will determine deformations

at the sheeting pile wall head.

Construction stage: ® (= | [Topa] [1] [2]

1 +H 1

Settlementd Z = 22,5 mm
Settlementd X = 58,0 mm L1
Sigma Z, tot. = 4,07 kPa

Sigma ¥, tot, = 22,90 kPa

Tau XZ = -2,07 kPa ll
Pore pressure u = 0,00 kPa
T =l
.________________———fgsetﬁementd2=l.5mm ‘“"""--..
|[> Settlement d ¥ = 83,8 mm <]|
Sigma Z, tot. = 96,97 kPa
Sigma X, tot. = 53,21kPa
I Tau ¥Z = 6,34 kPa il
Pore pressure u = 25,00 kPa
I <l
[ =l
Settlementd Z = -10,1mm
I Settlementd X = 86,5 mm =l
Sigma Z, tot. = 185,19 kPa
|[> Sigma ¥, tot. = 143,35 kPa <]|
Tau ¥Z = 24,77 kPa
|[> Pore pressure u = 70,00 kPa {”
I |
[ =l

AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT A AT AT AT AT AT AT AT A

“Monitors” frame — Construction stage 3 (Point monitors)
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Assessment of results:

The following table presents extremes of internal forces along the sheet pile wall
height for construction stages 2 and 3. They are the values of bending moments. We carried
this analysis first for the Modified Mohr-Coulomb material model with locally increased
density of mesh using the line-refinement option. Then we compared these results

with GEO 5 — Sheeting assessment program.

Material Stage 2 Stage 3 —field | Stage 3 — anchor
model / program | M [kNm/m] | M [kNm/m] M [kNm/m]

MC
14.0 -54.1 78.1
(Mohr-Coulomb)
MCM
7.4 —-63.4 79.5

(Modified M-C)

Sheeting assessment
* 29.16 —-28.91 110.57
(analytical solution)

Summary of results — bending moments along the sheeting structure length (height)

Note *: For the analytical solution we considered the analysis of the sub-grade of horizontal
reaction module according to Schmitt (for more details visit Help — F1). We defined

the supplementary parameters as follows:

— Soil class SM, medium dense: pressure at rest analysis — cohesionless soil,
angle of friction between structure and soil
0=17°,

soil deformation modulus E,,; =10 MPa..

— Soil class CL, stiff consistency: pressure at rest — cohesive soil (v =0.4),
angle of friction between structure and soil
o=14°,

soil deformation modulus £, =4.5 MPa .
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We considered the analysis setting as “Standard — Limit states”. The analysis of earth
pressures was carried out without reducing the soil parameters. Further we did not take
into consideration the value of the minimum dimensioning pressure (for more details
visit Help — F1).

Conclusion:

The following conclusions can be drawn from the numerical analysis results:

— The locally increased density of the FE mesh in the surroundings of lines
leads to more accurate determination of the internal forces results.

— It is necessary for analyses of sheeting walls to use contact elements and non-
linear material models, allowing for the development of plastic strains and giving
truer picture of the real behaviour of structures in the surrounding ground mass.

— Maximum equivalent plastic strains & represent the potential locations

eq.,pl.

of failure (as a result of exceeding the material yield condition).
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Chapter 25. Slope stability assessment

The objective of this manual is to analyse the slope stability degree (factor of safety) using

the Finite Element Method.

Task specification:

Determine the slope stability degree, first without the action of strip surcharge

and then under the strip surcharge q=350KkN/m?. The slope geometry scheme

for all construction stages (including individual interface points) is shown in the following

diagram. Then carry out the slope stabilisation by means of pre-stressed anchors.

1
@
[0,00; -9,00] [11,00; -,00]

1

[0,00; -11,50]

[14,00; -11,00]

3 4[29,50; -2,50] |

[£1,00; -2,50]

&
[32,25; -4,00]°  [40,00; -4,00]6

3

o

[21,00; -9,25]

[40,00; -9,00] 4

Scheme of the slope being modelled — individual interface points

The geological profile consists of two soil types with the following parameters:

Soil parameters / Classification Soil No. 1 Soil No.2—-R4

Unit weight of soil: » [kN/m?] 18 20
Modulus of elasticity: E [MPa] 21 300
Poisson’s ratio: v [-] 0.3 0.2
Cohesion of soil: ¢, [kPa] 9 120
Angle of internal friction: ¢, [°] 23 38
Dilation angle: y [°] 0 0

Saturated unit weight: 7., [kN/m?| 20 22

Table with the soil parameters — verification of slope stability
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Solution:
We will use GEO 5 — FEM program for the analysis of this problem. We will describe

the solution to this example step by step in the text below:

— Topology: settings for and modelling of the problem (interface, mesh generation),

— Construction stage 1: analysis of the factor of safety of the original slope
without the strip surcharge,

— Construction stage 2: analysis of the factor of safety of the slope under the strip
surcharge,

— Construction stage 3: slope stabilisation by means of anchors; slope stability
analysis.

— Assessment of results: comparison, conclusion.

Topology: problem settings
We will set the analysis type in “Settings” frame with the Slope stability option.

We will leave the other parameters unchanged.

l Project parameters Design standards
Project type : Plane strain E| Concrete structures @ |EN 1992-1-1 (ECZ) E|
Analysis type : Islc.pe stability ILII Steel structures : EM 1993-1-1 (EC3) -
-

[ Allow to input water as the result of steady waterflow analysis
[ Advanced input
[ Detailed results

Settings

“Settings” frame

Note: The setting and development of the model in the “Slope stability” mode is completely
identical with the “Stress” mode. The slope stability analysis i performed by pushing
the “Analyze” button. Individual analyses of the slope stability at the construction stages
are totally independent and have no relationship with previous stages and analyses
(for more details visit Help — F1).
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Further we will set the world coordinates. We will choose the world dimensions

sufficiently large so that the results are not affected by conditions at the edge.

For our particular problem we will choose the model coordinates <0 m; 40m>

and set the depth up from the lowest interface point to 10 m.

Then we will define the interface points for individual soil layers that are defined
in the following table.

P o

World coordinates @
Dimensions
Minimurm X range : 0,00 | [m]
Maximum X range : 40,00 | [m]
Depth of deepest interface point : 10,00 | [m]
l ok |} & cancel {

“World coordinates” dialogue window

Interface 1 Interface 2
% [m] z [m] % [m] z [m]

1 0,00 -9,00 0,00 -11,50
2 11,00 -9,00 14,00 -11,00
3 21,00 -2,50 21,00 9,25
4 29,50 -2.30 40,00 -9.00
5 32,25 -4,00

] 40,00 -4,00

List of points for individual soil layers interfaces

Now we will set respective parameters of soils and subsequently will assign soils
to individual areas. We will choose the Drucker-Prager model (for more see the note).

We will consider the dilation angle y for both soil layers equal to zero, i.e. the material

does not change its volume when exposed to shear stress (for more details visit Help — F1).

Note: It is necessary for the slope stability analysis to choose a non-linear soil model,
which assumes the development of plastic strains and is formulated on the basis of strength

parameters of soils ¢ and ¢.
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In this particular case we chose the Drucker-Prager material model, because of the more
yielding response of the structure compared with the classical Mohr-Coulomb model
(for more details visit Help — F1). The comparison of results achieved using individual non-

linear material models is presented in the table at the end of this example.

Add new soils @
Identification Model Drucker - Prager Draw
Mame : Soil Ma. 1 Angle of internal friction :  qug = 23,00 | [ Pattern
and colour
Cohesion of soil : Ceff = 9,00 | [kPa]
Material maodel @ i
— Dilation angle : y= 0,00 | [4 s
Material model : IDrucker - Prager ul s /// s
Ay
Basic data = VA
a
asic vy A
Unit weight : = 18,00 | [ki/m]
Pictures
Elastic modulus : E= 21,00 | [MPa]
g
Poisson's ratio : v= 0,30 [ ///' ///
. '/ o A
Uplift pressure = LA A
Calc. mode of uplift : standard |z|
o Clazsification
Saturated unit weight : fsat = 20,00 | [knjm?] EE—
Classify
Delete
Cancel

“Add new soils” dialogue window

The following diagram shows the assignment of soils to the geological profile.

Construction stage: @ = |[Topo] | [1]

} ;
T T
| YA A s |
| TS AL I Ve
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! b o
| gy R S S R PR P
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I ///////////////////// o A S
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/ 1 s s s e (s e
‘ /'////i///-/////;//ﬁ////’////////)’//'////////ij////// A /7////;‘
I i /////.////7//.////////// A S PO S -
R e I 7//////// L i
A A S S R R S T S AR ST SR R S ST S
/////‘// LA /(/////-////////y/ 2 R AR S S S R SR e N S S
PP s T A o AL AL e AR R R e S b L R
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J R S S R S S R S S SR SR S R R S S S S S de e A A
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B I I T T o R S S . I TR TR S S SR
b e R e e e o i e S e e e R T e i R R e e R i R e g
B TR TR T O TR T T T VR TR TR S T VR PR S S ' T T TR T O T
o T T T T A S TR T SR S A R SR SR A A T S
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B T S R S S S SR SRS S S SR S ST S S S SR R T S
LS T S S SR S R S SR SN S S S SR S ST S S SR S S S

ety
CE -+
A ’Pj

Soil assignment

Region Assigned soil |
1 |50l No. 1 - [ +
2 |50l Mo, 2-R4 ~

Assign
]

“Assign” frame
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This is the last step in the process of setting the topology is the generation of the finite
element mesh. The mesh density significantly affects the resultant degree of stability

(factor of safety) and it is therefore always necessary to choose a sufficiently fine mesh.

For this particular example we will choose the element edge length of 1.5 m
and will generate the mesh (using “Generate” button). The results are obtained
with the GEO 5 — FEM program for the mesh with the element edge lengths of 1.0, 1.5

and 2.0 m presented in a table at the end of this chapter.

Construction stage: [ (=] B1]

bR

Mesh generation parameters Mesh generation result

Edge length : m] Finite element mesh was successfully generated.

¥ Mesh smoothing Number of nodes 1666
Mumber of elements 987 (region 573, beam 102, interface 308)

0 [ | ™) Generate [Z] Error analysis

Mesh generation

“Mesh generation” frame — element edge length of 1.5 m
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Construction stage 1: analysis of the degree of stability (factor of safety)

After generating the FE mesh we move to construction stage 1 and will perform

the analysis (by pushing the “Analyse” button). We will keep the analysis setting

as “Standard”.

Analysis settings

General | Newton - Raphson I Line search | Plasﬁcityl

=3

Method : Mewton - Raphson
stiffness matrix change © | after each iteration
Max. number of iterations for one calc, step :

Initial calculation step :

[x] ¥ Line search

2

100

0,25 | [H

Reduction of soil parameters : Ireduce c, phi

=]

Initial reduction step :
Displacement error :
Imbalanced forces error :

Energy error

¥ Respect material interfaces

0,90 | [
0,0100 | [
0,0100 | [

0,0100 | [

I Default settings I

I [ oK I[ Canr_ell

“Analysis setting” dialogue window

Note: The slope stability analysis itself is based on the c, ¢ soil strength-related parameters

reduction. The factor of safety is defined within the framework of this method as a parameter

to be applied to reducing the actual values of parameters c, ¢ leading to the loss of stability

(for more details visit Help — F1). The slope stability degree is defined in the program

by the relationship: FS =tang ®/tang *,

where: ¢ °  —real value of internal friction angle,
¢ ?  —value of internal friction angle at failure.
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One of outputs very useful for stability analyses is the plot of displacement vectors

and equivalent plastic strain & Plastic strains show the shape and magnitude

eq.,pl.*

of the potential failure surface (see the following diagram).
Construction stage: [# [=  [Topo]
Ij‘Shnw <none @ F| values: overal Variable: surface: #f | Mesh: ¥ =

0,00
0,20
0,40
0,60
0,80
1,00
1,20
1,40
1,60
1,80
2,00
2,18

0 I ™) Analyze (%] Settings [%] Course of analysis

Slope stability analysis successfully completed.
Analysis settings : standard
Factor of safety FS = 1,69

Analysis performed for reduced parameters of

soils

Region

number

1 13,58 5,31

2 22,44 70,86

The maximum number of relaxations of the reduction step exceeded.

oeff [7] ceff [Pa]

Analysis

“Analysis” frame — Construction stage 1 (equivalent plastic strains ¢, ,, )

Note: The “Stability” mode program allows for plotting the displacements (in the Z and X
directions) and strains (total or plastic) only. The structure deformation corresponds
to the analysis state for reduced soil parameters, therefore it has nothing in common
with the real deformation — it only gives a picture of the entire slope behaviour

or the structure at the moment of failure (for more details visit Help — F1).
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Construction stage 2: adding the slope surcharge, analysis
At this construction stage we will first go over to “Surcharge” frame to define

the following parameters — the surcharge characteristics and magnitude.

Mew surcharges =]

Surcharge name

Mame : Surcharge No. 1

Surcharge properties

Type : strip >

Location : on terrain ~

Crigin X = 22,00 | [m]

Length : I = 7,00 | [m] 4 I—7/+a

W

. - o [0,0]
Slope : o 0,00 | [€] %{Z

Surcharge magnitude

Magnitude : q= 35,00 | [kN/m?]

|_®add ][

“New surcharges” dialogue window — Construction stage 2

Now we will carry out the analysis of stage 2 and will examine the equivalent

plastic strains.

Construction stage: @ = | [Topo] [1]

I}‘Shuw <none> ® 7 values: overal - Variable:|Epsion o, 5. 7| Surface: ¥ | Mesh: ¥ =

<0,00 % ..
.. 0,88 %>

;- :.-Zl .

0 I [®] Analyze Settings Course of analysis

Slope stability analysis successfully completed.
Analysis settings : standard
Factor of safety FS = 1,42
Analysis performed for reduced parameters of
soils

Region o]
ber 9 [7] ceif [kPa]

1 16,14 6,32

2 26,67 84,23
The maximum number of relaxations of the reduction step exceeded.

Analysis

“Analysis” frame — Construction stage 2 (equivalent plastic strains ¢, )
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Construction stage 3: slope stabilisation with anchors, analysis
We will add construction stage 3. Then we will push “Add” button in “Anchors”

frame and will set a steel anchor with the pre-stressing force F =50 kN in “New anchors”

dialogue window. We will consider the following anchor parameters for this problem:

— Anchor length:  1=16m,

— Anchor slope: a=17°,

— Anchor diameter: d =20 mm,
— Anchor spacing: b=1m.

p -
Mew anchors @

Anchor location

Origin : attach to terrain of curr, stage |L|
X= 15,99 | [m]
= -5,75 | [m]
End point : Iinput length and slope of anchor @
Length ; | = 16,00 | [m]
Slope : o= 17,00 | [7]
Anchor spacing ; b= 1,00 | [m]
Anchor stiffness
Mode of input : anchor diameter |£|
Diameter ; d= 20,0 | [mm]
Elastic modulus ; E= 210000,00 | [MPa]
Break force : Fc= 1000000,00 | [kN]
[ Active in compression
Anchar force
Farce ; F= 50,00 | [kN]

I [ Add I | Cancel |

“New anchors” dialogue window — Construction stage 3

Note: At the slope stability analysis, pre-stressed anchors enter the analysis itself
as surcharge loading induced by the force acting at the anchor head — the anchor stiffness
therefore has no effect on stability. However, soil at the anchor head may get plasticised.
It is therefore necessary after the analysis is finished to verify the location and reality
of plastic strains representing the shear surface. In the case of the soil under the anchor head

getting plasticised, it is necessary to edit the model (for more details visit Help — F1).
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The other input parameters will remain unchanged. Now we will carry out the analysis
of construction stage 3 and will again examine the solution results (similarly to the previous

construction stage).

Construction stage : [# =l | [Topo] [1] [2]

| £ svon <none> @ 7| values: oversl * variable:|epsion o || Surface: i | Mesh: ¥ =

1 l [ Analyze  [F) Settings [ Course of analysis

Slope stability analysis successfully completed.
Analysis settings : standard
Factor of safety FS = 1,67
Analysis performed for reduced parameters of
soils

Region o
number ot [ ceff [Pa]

1 13,80 540

2 22,80 72,01
The maximum number of relaxations of the reduction step exceeded.

alysis

“Analysis” frame — Construction stage 3 (equivalent plastic strains ¢, )

This step concludes the initial analyses. We will record the resultant values
for the slope stability degree in a summary table; now we will carry out the assessment
of the given problem for other material models (Mohr-Coulomb and Modified Mohr-

Coulomb).

Note: The verification of the shear surface shape is very important in some cases,
because a local failure of the structure may take place even in different areas than we expect
(for more details visit Help — F1). In the following diagram, we can see the evolution
of the localized plastic zone of soil in the vicinity of the anchor head during the course
of the analysis with the mesh density of 1.0m for Drucker-Prager model. If this case happens,

it is reasonable to edit the structure model, for example as follows:

— toincrease the mesh element edge length,

— to introduce a soil with higher strength-related parameters c, ¢ at the anchor

head,
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— to define beam elements at the anchor head (the distribution of load into the soil

will be improved).
Construction stage: [ = | [Topa] [1] [2]

@ F | values: overal = Variable:|Epsion e, 5, v || Surface: #4 | Mesh: ¥ =

Ij' Show <none>

0,00
0,03
0,08
0,09
0,12
0,15
0,18
0,21
0,24
0,27
0,30
0,33
0,36
0,37

<0,00 % ..
. 0,37 %>
<none>
F A e

0 I [®) Analyze (%] Settings

Slope stability analysis successfully completed.
Analysis settings : standard
Factor of safety FS = 1,03

Analysis performed for reduced parameters of

soils
Region o
nusnber 9eff [7] caif [Pa]
1 22,43 8,78
2 37,05 117,00

The maximum number of relaxafions of the reduction step exceeded.

Analysis

[%] Course of analysis

“Analysis” frame — Construction stage 3 (localized plasticity of soil under the anchor head,

DP model with 1.0 m mesh)

Construction stage: @ = | [1 [z]

Analysis: & = || [1
Slip surface : [#] Substitute (=] Remave

Gircular slip surface Analysis

Center : Mod Method : Eishop ]| Slope stability verification (Bishop)
ety ‘:I Sum of active forces : Fa= 333,26 KNjm
x= 12,72 | [m] Analysis type : | | Optimization ]| sum of passive forces : Fp= 481,02 kij/m
z= 537 | [ Angles: Sliding moment : Mz = 4825,66 khm/m
° REShictong; srotinout Resistingmoment: Mg = 7109,81 kNmjm
u | Radius : wy = 7,10 | [ | ™ Assume anchors as infinite Factor of safety = 1,47 < 1,50
2 >
| r- 48| w- 5708|(1 | [ 8 Anavee Slope stzbiity NOT ACCEPTABLE
5

| [E) Detailed results |

m

“Analysis” frame — Construction stage 3 (analytical solution according to Bishop

with optimisation of the circular slip surface)
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Assessment of results:

The following table presents the slope stability degree (factor of safety) results
for individual construction stages. We carried out the calculation for some non-linear material
models in GEO 5 — FEM program and various FE mesh densities. For comparison,
we also present the results achieved by GEO 5 — Slope stability program (according to Bishop

and Spencer).

. Mesh
Material spacing Stagel | Stage2 | Stage3 Note
model [m] FS FS FS
* Soil under
the anchor
*
DP 1.0 1.67 1.44 1.03 head gets
plasticised.
DP 15 1.69 1.42 1.67
DP 2.0 1.74 1.48 1.69
* Soil under
the anchor
*
MC 1.0 1.56 1.35 0.90 head gets
plasticised.
MC 1.5 1.58 1.35 1.56
MC 2.0 1.60 1.41 1.56
* Soil under
x the anchor
MCM 1.0 1.78 1.56 1.14 head gets
plasticised.
MCM 1.5 1.81 1.54 1.78
MCM 2.0 1.85 1.60 1.81
BISHOP
) ) 1.51 1.33 1.47 see below
(analytical solution)
SPENCER
) ) 151 1.32 1.52 see below
(analytical solution)

Summary of results — slope stability degree (factor of safety)
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Note: We considered the analysis settings as “Standard — Factors of safety”. We carried out
the analysis first according to Bishop and then according to Spencer with the optimisation
of a circular shear surface (without limitation).

Conclusion:
The following conclusion can be drawn from the numerical solution results:
— The locally increased density of the FE mesh leads to more accurate results;
on the other hand, the duration of the analysis for each construction stage
IS extended.
— It is necessary for the analyses to wuse non-linear material models,
allowing for the development of plastic strains.

— Maximum equivalent plastic strains &, , express the locations where a potential

shear failure surface is located.

— Drucker-Prager material model features slightly more yielding response
than Mohr-Coulomb model.
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Chapter 26. Numerical modelling of tunnel excavation using the NATM

method

The objective of this manual is to describe numerical modelling of a single-track railway tunnel using
the Finite Element Method.

Problem specification:

Develop a model and assess the primary lining of a single-track railway tunnel for speeds
ranging from 160 to 230km/h. The tunnel cross-section is designed on the basis of the respective
SZDC (Railway Infrastructure Administration, state organisation) Standard Sheet see the picture).

A e
P ey
- ~
- -
..\r
..

—

xha
L=

e ~yeszmeses

[ CEOR R,

-*
0
*

Net tunnel profile for a single-track railway tunnel according to SZDC Standard Sheet

The tunnel will be driven using a conventional tunnelling method (the New Austrian
Tunnelling Method, the Sequential Excavation Method) with the excavation sequence consisting of
top heading, bench and invert (the so-called horizontal sequence). The overburden is about 14 meters
high. The 200 mm thick primary lining is in C 20/25 sprayed concrete. The excavation crown is
supported with hydraulically expanded rockbolts (HUIS, type WIBOLT EXP) with the capacity of
120kN. We assume on the basis of the assessment of the stages of survey operations that geological
layers are parallel with the terrain surface. The composition of the geological profile is obvious from
Table 1.
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Table 1 — Parameters of soils and rocks

Soil, rock Profile y Pa | Ca v E et E
(specification) m] | kN/m] | ] | kea] | ] | [mPa] | [MPd]
Silty sand
(S4/5M) 0-3 19,5 29 10 0,3 10 30
Silty gravel
G4/ GM) 3-5 19,5 33 8 0,3 70 210
Heavily weathered 5_10 24 29 30 0,33 45 135
slate (R5)
Slightly weathered over 10 2 38 250 0,25 350 1050
slate (R3)
Anchored region B 24 29 63 0,33 45 135

(R5)

Solution:
We will apply the GEO 5 — FEM program to the analysis of this problem. In the text
below, we will step by step describe the solution to this example:

Topology: the problem settings and modelling (contact elements, modelling of the lining)
Modelling the construction procedure: primary tunnel lining material, Excavation steps
Construction stage 1: primary geostatic stress state of rock massif

Construction stage 2: modelling of the top heading excavation, activation of the unsupported
excavated opening

Construction stage 3: supporting the top heading vault with an immature concrete primary
lining

Construction stage 4: improving material characteristics of mature concrete (top heading)
Construction stage 5: modelling of the tunnel bench excavation, activation of the unsupported
excavated opening

Construction stage 6: supporting the bench side-walls with an immature concrete primary
lining

Construction stage 7: improving material characteristics of mature concrete (bench)

Results, conclusion: terrain surface settlement trough, rock massif deformation, distribution of

internal forces and displacement of the primary tunnel lining, forces in anchors.
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Note: The modelling in GEOS5 — FEM program consists of two parts: In the first part, it is necessary to
define the magnitude of the numerical model itself in the topology mode, specify the interfaces between
soils and rocks, define the tunnel structure geometry by means of points and lines and assign them to
respective interfaces of the model (for more details visit Help — F1).

In the second part, individual construction stages are defined and calculations themselves are carried
out. During the course of individual stages, our aim is to model the actual course of the construction
of the particular underground structure by activating, deactivating or changing materials in pre-
circumscribed regions of the model, by adding or removing beam elements representing the structures
(e.g. the tunnel lining) and by changing their parameters (material, dimensions). We will achieve a
numerical model for which we assume that its behaviour will be identical with the future behaviour of

the real underground structure and which will be used for dimensioning of the tunnel structure.

Topology (Part 1): specifying the problem (profile) interfaces and soil parameters

In the “Settings” frame, we will leave the analysis of the Construction Stage 1 to be the
geostatic stress state. The “Stress” analysis type is applied. In addition, we will switch the “Tunnels”
mode, which allows us to model the realistic course of the primary tunnel lining construction.

L Project parameters Calculation of geostatic stress (1st stage)
Project type : Plane strain E| Analysis method : IGeostaﬁc stress |z||
Analysis type : Stress >

Design standards

Concrete structures : EM 1992-1-1 (ECZ)

I~ Allow to input water as the result of steady waterflow analysis

1]

1]

Steel structures ; EM 1993-1-1 (EC3)
I Advanced input

[~ Detailed results

Settings

Frame ,, Settings *

Note: In the case of the “Tunnels” mode selection, it is possible to use the program
for modelling, for example, the Excavations (modelling the 3D effect of the excavation
faceusing the New Austrian Tunnelling Method), specifying and analysing
the degradation of beams, the thermal loads acting of beams and regions, the loads acting
on the regions induced by swelling and conducting the monitoring of results (for more details
visit Help — F1).
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Further we will specify the magnitude of the numerical model of the problem being solved and

the terrain interface. Regarding this particular problem, we will select the model dimensions

<— 50 m; 50 m> and specify the thickness of the layer being investigated at 50 m.

P "

Waorld coordinates @
Dimensions
Minimum ¥ range : -50,00 | [m]
Maximum X range 50,00 | [m]
Depth of deepest interface point ; 50,00 | [m]
I OK I : Cancel |

Dialogue window ,, World coordinates “

Note: The interface of the problem being analysed, or the coordinates of the world,
must be selected sufficiently great so that the stress state and rock massif deformations in the
location of the structure being analysed (or in the regions of interest) are not affected by
boundary conditions of the model. The guidance values of the recommended dimensions of the
boundaries of the models are presented for individual cases of the solutions and described in

a more detailed way in the program Help (for more details visit F1).

Interface1 Interface 2 Interface 3 Interface 4
% [m] z [m] % [m] z[m] % [m] z[m] % [m] z [m]
-50,0 22,0 -50,0 19,0 -50,0 17,0 -50,0 12,0
50,0 22,0 50,0 19,0 50,0 17,0 50,0 12,0

List of points for individual interfaces between soils and rocks

In the “Soils” frame, we will define the parameters of soil or rock layers as well
as the parameters of the rock in the region in which the rockbolts are located (see the note).
We applied the Mohr-Coulomb material model to the modelling of the problem. It allows us
to take the regions of local or global failures into consideration (for more details visit Help).
Note: The rockbolts are introduced into the numerical model using a method in which the region of
the rock mass reinforced with rockbolts in the vicinity of the excavated opening corresponding to the
length of rockbolts is replaced with rock exhibiting better material parameters. In such the cases an
increase in the rock cohesion is usually assumed. The overall cohesion of rock increased by the action

of rockbolts is given by:
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C.. =C, +c, [kPa]

where: c,,,  overall cohesion of rock increased by the action of rockbolts,
C, original cohesion of rock,

c increase in the cohesion by the action of rockbolts.

S

The increase in cohesion by the action of rockbolts is calculated in accordance with the following

relationship:

1+sin i °
o =Ny TSPy 1 120 1wsin29" 1 _ 450 4p,
A4, 2-cos@, y,, 2.058 2-cos29° 1,5

where: N, rockbolt capacity [kN],
A, region allotted to one rockbolt [mz],
¢y angle of internal friction of rock [°]

7«  anchoring reliability factor [—]

In this problem, we take 10 pieces of HUIS rockbolts with the capacity of 120 kN, spaced at 3.5 m,
into consideration. The resultant shear strength, or cohesion, in the region reinforced with anchors

corresponds to R5 rock type:

C,.s =C, +C, =30+33=63kPa

The modulus of elasticity E [M Pa] was not determined directly by the geological
survey. For that reason its value was derived from the modulus of deformation E,, [MPa]
using a general relationship E=3-E .

We will take zero dilatancy angle  [°] into consideration for all layers of soils

and rocks. Subsequently we will assign the soils and rocks into individual regions

(see the following picture).
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Add new soils \EI
Identification Mode!l Mohr - Coulomb e
MName : strongly weathered slate RS Angle of internal friction :  gegr = 29,00 | [
Cohesion of sail : Ceff = 30,00 | [kPa]
Material model =
Dilation angle : W= 0,00 | [9
Material model : IMohr - Coulomb
Basic data =
Urit weight : T= 24,00 | [kMjm]
Elastic modulus : E= 135,00 | [MPa]
Poisson's ratio : v= 0,33 [H
Uplift pressure [z T
Calc. mode of uplift : standard lZJ —
. . Classification
Saturated unit weight : Yoot = 25,00 | [kMjm] P —
Classify
Delete
¥ Add
Cancel

Dialogue window ,, Add new soils “

Soil assignment

Region Assigned soil
1 ||silty sand 5M - L) -
2 ||silty gravel Gm - =7
3 ||strongly weathered slate RS~
4 ||slightly weathered slate R3 T | [E==

Assign

Frame ,, Assign“
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The next step is to specify the type of contact elements which are introduced at the interface
between the lining and the soil or rock in the “Contact types” frame. We assume the following

parameters of contacts to exist at the interface:

Shear strength: K = 20,000 kN/m’

Normal stiffness: K, = 50,000 kN/m?,

Reduction for soils: oc = du =0.8.

b "

Mew contact types @
Identification

Mame : Mohr-Coulomb
Properties

Material model ; Mohr-Coulomb E]
Contact stiffnesses

Shear stiffness : ks = 20000,00 | [kfm3]

Mormal stiffness K = 50000,00 | [k/m3]
Contact parameters

Maode of input : input by reduction of soils |E]

Reduction c & = 0,30 | [H

Reduction Bl = 0,80 | [H

Dilation angle : v= 0,00 | [

Tensile strength : Ry = 0,000 | [kPa]

@ add | | X Cancel §

Dialogue window ,, New contact types “

Note: The contact elements allow for making provisions for the interaction between materials
found along the interface between the soil and the structure, or between individual soil types
etc. The thickness of a contact element is zero. The element expresses the relationship
between contact stresses and relative changes in displacements along the contact

(for more details visit Help — F1).

91

Engineering manuals for GEO5 programs - Part 3 www.finesoftware.eu


http://www.finesoftware.eu/

In this case we consider the contact elements to be located at the interface between
the primary lining and rock, i.e., we consider a certain possibility of the primary lining
shifting on the surface of the excavated opening.

Contact elements are generally introduced in less competent soils; they can be disregarded, with some
caution, for fresh unbroken rocks (in the cases of tunnel structures). The problems and the method of
introducing contact elements have been described in a more detailed way in Chapter 24 Numerical

solution to a bracing structure (for more details see http://www.finesoftware.eu/support/engineering-

manuals/). The guidance values of stiffness K and K, [kN/ m3] are presented in Help (for more

details visit F1).

In this way the basic specification of the problem (the interface modelling, soil
parameters, and contact types) is finished. Now we will pass to the modelling of the primary

tunnel lining and, subsequently, to the specification of the region reinforced with anchors.

Topology (Part 2): modelling of the lining and the region reinforced with rockbolts

We will pass to the “Lining” frame and, using the “Add” button, will specify
the primary tunnel lining points, the excavation geometry and its location in the region
being solved. We will assume the lining thickness of 200 mm, taking into consideration
the particular structure type (the lining of a railway tunnel is being modelled).

Note: We can specify the tunnel lining in the program by means of individual points and lines or we
can define it as the so-called macro-element. The advantage of the latter solution lies in the fact that
when the geological profile changes, we can shift the lining as a whole in an arbitrary way

(horizontally or vertically). For more details visit our Help — F1.

The excavated cross-section geometry is specified in the “Lining — FEM” module by means of

ten free points (see Table 2), which are interconnected by free lines (see Table 3).

Table 2 — Free points of excavation (primary lining)

) Location Location
Point No.
x[m] y [m]
1 4.81 2.25
2 341 6.11
3 -3.41 6.11
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Note: The generators of the
to the parameters. The elements are subsequently worked with independently, without any possibility
of subsequent changing their parameters. If the generation parameters are correct, the current

graphical form of the generated elements is shown when the parameters are being modified (for more

4 -2.62 -0.80
5 2.62 -0.80
6 -4.81 2.25
7 2.62 -1.30
8 4.17 -1.30
9 -2.62 -1.30
10 -4.17 -1.30

details visit Help — F1).

lining geometries generate

Table 3 — Free lines of excavation (primary lining)

Line No. Type of line | Mode of input Lines topology
Origin — point 1, end — point 2
1 . . .
are centre centre (-1,19; 2,25), orientation positive
Origin — point 2, end — point 3,
2 . . .
arc centre centre (0,00; 3,25), orientation positive
3 segment - Origin — point 4, end — point 5
Origin — point 3, end — point 6,
4 arc centre centre (1,19; 2,25), orientation positive
5 segment - Origin — point 7, end — point 8
Origin — point 1, end — point 8,
6 arc centre centre (-5,39; 2,25), orientation negative
7 segment — Origin — point 5, end — point 7
8 segment - Origin — point 9, end — point 10
Origin — point 10, end — point 6,
9 arc centre centre (5,39; 2,25), orientation negative
10 segment — Origin — point 4, end — point 9
11 segment — Origin — point 6, end — point 1

The free points on the

in the following picture.

excavation contour line for the primary lining are drawn
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Construction stage: [® (=] ||[Topa] | [1]

[-3,41; 6,11]

,41; 6,11]

1

[-4,81; 2,25]

[-4,17; -1,30] [-2,62; -1,30]

[4,81; 2,29]

[2,62 -1,30] [4,17; -1,30]

Modes =
oo FrEe lines

= Line refinements
- Settings

' | Ranges | Free points: [ Add Modify =] Remove
@@@ Location
Mo. x [m] z [m]
s 1 4,81 2,25
2 3,41 6,11
2 3 -3,41 6,11
g|ICal -2,62 -0,80|
i 5 2,62 0,80
i

% Generator of shapes of lining

[%] Generator of anchored regions

Free points :

Manage -
‘ =) Remove | . OK I

l Cancel

Module ,, Lining — FEM *“ — Free points of excavation (with horizontal sequencing)

The excavation crown support using rockbolts is taken

into consideration during

the construction of the underground structure. This support is usually modelled in the engineering

practice as the improvement of parameters of the rock which is found in the particular region. For that

reason it is in addition necessary in this case to specify the region reinforced with rockbolts — by

means of free points (see Table 4) and free lines (see Table 5).

Table 4 — Free points near anchored region with hydraulically expanded rockbolts

Engineering manuals for GEO5 programs - Part 3

Location Location
Point No.
x[m] y [m]
11 7.81 2.25
12 5.71 8.04
13 -5.71 8.04
14 -7.81 2.25
94
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Table 5 — Free lines near anchored region with hydraulically expanded rockbolts

. . Mode of .
Line No. Type of line input Lines topology
Origin — point 14, end — point 13
12 arc radius Radius — 9,0 m, orientation — negative
Angle —acute
Origin — point 13, end — point 12
13 arc radius Radius — 7,45 m, orientation — negative
Angle —acute
Origin — point 12, end — point 11
14 arc radius Radius — 9,0 m, orientation — negative
Angle — acute
15 segment - Origin — point 14, end — point 6
16 segment - Origin — point 11, end — point 1

Further, we will add a new free point No. 15 with the coordinates [0,0; 2,25] in the “Lining”
module and will subsequently increase the density of the mesh of finite elements around it (see
Topology —Part 3).

Now we will examine the resultant geometry of the primary lining of the tunnel being
modelled, together with the region reinforced with rockbolts. We will place the lining in the space of
the region being solved to the coordinate system origin, i.e. to the [0,0] coordinate, using the
“Settings” frame. We will confirm the end of the specification of the points in the “Lining” module by

means of the “OK” button.

12

[-5,71; 8,04] ,71; 8,04]

[-3,41; 6,11]

15

14

[-7,81; 2,25 [-4,81; 2,25] [4,81; 2,25] [7,81; 2,25]

[0,00; 2,25]

[-4,17; -1,302,562; -1,30] [2,62; -1,3004,17; -1,30]

Free points near anchored region and free points of primary lining
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In the last part of the structure topology settings we will pass to generating the finite
element mesh and increasing its density.

Topology (Part 3): generation of the finite element mesh and increasing its density

The finite element mesh significantly affects the resultant calculation values. Prior to the mesh
generation itself, we will increase the density in the excavated space (around point No. 15) with the
element edge length / = 0.5 m and the reach radius r =28 m.

Note: Through this step we will provide a sufficiently dense mesh in the surroundings of the region of
interest (the excavated opening). The process of increasing the density of free points or lines has been
described in more detail in Chapter 23. Collector lining analysis (for more details see
http://www.finesoftware.eu/support/engineering-manuals/).

[ Mew point refinements @

Point

Point object : free points lEJ

Free point : IND. 15 {0,00; 2,25) EJ]
Refinement

Radius : r= 25,00 | [m]

Length : | = 0,50 | [m]

| ®add |[ X cancel |

Dialogue window ,, New point refinements “

Subsequently we will pass directly to the generation of the FEM mesh.

In the “Mesh generation” frame, we will set the length of the elements edge at 2.0 m and will select

the “Mesh smoothing” option.
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Construction stage : [® [= |[Topo]| [1]

! 1
| L . |
[ - |
[ L e |
T, 0
! -
o s EAVVATAYAY P ‘ s
! ih‘m- o g o) ﬂ.mr A 4“4"1!1!
ARYAivar,, ‘hﬁ_& 7 mﬂﬁmvmm‘; H e -
/! r b v
RV AV ANV
i
i
pAv (VAVANANAY
A¥i VAV
0
g
i%:
o LAY %
0 l ™ Generate Error analysis
Mesh generation parameters Mesh generation result .
Edge length : (] Finite element mesh was successfully generated.
W Mesh smaothing Mumber of nodes 11174

Mumber of elements 6354 (region 4610, beam 436, interface 1308)

Mesh generation

Frame ,,Mesh generation “ — Refinement of points near excavation region (length 0.5 m)
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Notes on the modelling of the construction procedure:

In this part of the manual we present for easy reference important notes relating
to the construction procedure itself — the primary tunnel lining material, the excavation sequence
(individual excavations). This information is useful for the numerical modelling of our example

because some input data is repeated (e.g. the excavations).

Note: The construction stages take into consideration the tunnelling process. To be able to compile
individual construction stages, we need to know the primary tunnel lining material, the excavation
sequence and hydro-geological conditions to be encountered during the course of the tunnel

excavation.
We will design the primary lining to be 200 mm thick, in C 20/25 sprayed concrete. We will introduce
into the numerical model only sprayed concrete and the influence of the strength, or the modulus of

elasticity, increasing with time (see Table 6).

Table 6 — Values of modulus of elasticity for sprayed concrete (development with time)

" o of g Modulus of elasticity Shear modulus
aturation of sprayed concrete E._ [M p a] G [M Pa]
Immature concrete 2900 1134
Mature concrete 29 000 11 340

Note: The tunnel excavation is modelled as a 2D problem, which does not fully allow for the spatial
changes in the stress state of the rock mass which take place during the course of the excavation in the
region of the excavation face. During the course of the excavation operation, the temporarily
unsupported excavated opening is supported by the face-advance core (the longitudinal and
transverse rock arch) and by the part of the excavated opening previously provided with the support.
This behaviour can be described only by a 3D model; in a 2D model the behaviour in the direction of

excavation progress is solved only approximately.

The method which is most frequently used in the engineering practice (generally called the 4 method
or the S method), assumes that the primary stress state of the massif, i.e. the original stress o,
acting before the excavation in the surroundings of the future excavated opening, gradually changes
with time according the relationship(l—ﬂ)- o, (for the primary stress state £ =1). If we model a
change in the primary stress at 2 calculation stages (construction stages), the unsupported excavated

opening is loaded by the value of (1—,8)-0'0 at the first stage and the remaining load of -0,
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is taken into consideration at the second stage.
In the case of the sequential excavation system, this procedure has to be applied separately to each

partial heading. The value of coefficient £ depends on rock mass geology, the advance per round and

the size of the excavated profile; it is relatively hard to determine. In GEO5 — FEM, this method is
represented by the so-called Excavation. We have estimated its value for the purpose of numerical

modelling as # = 0.6 for the single-track profile for both the top heading and bench.

Construction stage 1: primary geostatic stress state

After generating the FE mesh we will switch to construction stage 1 and will carry out the
analysis of the primary geostatic stress state of the massif. We will maintain the “Standard” analysis
setting for all construction stages (for more details visit Help — F1).

Construction stage : [® (= | [Topo]

I}‘Show <none [ ] Z| Values : overal Variahle: Surface : E Mesh : % P

0,00
150,00
300,00
450,00
600,00
750,00
900,00
1050,00
1200,00
1350,00
1507,99

| <0,00kPa ..
.. 1507,99 kPa>

Uniform -

& FH o

Frame ,, Analysis “ — Construction stage 1 (primary geostatic stress o, .« )

I ™ Analyze | ¥l Settings Course of analysis

Stress analysis was successfully completed. -
Analysis settings : standard
Attained loading = 100,00 %6

Analysis
1

Frame ,, Analysis “ — Construction stage 1
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Construction stage 2: top heading excavation, activation of the unsupported excavation
In the next step, we will add construction stage 2. Then we will model the top heading
excavation in the “Activation” frame and will carry out the Excavation for region No. 6

(using the “Add” button).

. .
Mew excavation @

Excavation name

Mame : Excavation 2 - 1

Excavation parameters

Deactivation in stage 2 : (%]

Soil remaining activity : 60,0 | [%6]

| ®add | [ X Cancel |

Dialogue window ,, New excavation “ — Construction stage 2

Note: In the engineering practice the excavation sequence (individual excavations) is specified by the
percentage of the rock deactivation relative to the remaining rock action. In this example we take the

following proportions of the excavations for individual tunnel construction stages:

top heading excavation, activation of the unsupported excavated opening: 40 % / 60 %,

top heading vault support with the immature concrete primary lining: 30 % / 30 %,

improvement of material properties of mature concrete (top heading): 30 % /0 %.
modelling of tunnel bench excavation, activation of the unsupported excavated opening: 40 %
/60 %,

supporting of bench sidewalls by immature concrete primary lining: 30 % / 30 %,
improvement of material properties of mature concrete (bench): 30 % / 0 %.

The above-mentioned percentage proportions are based on years of experience and provide relatively
reliable results. In the program it is possible to set various percentage proportions of the Excavations

for particular construction stages (e.g. 25/75, 30/45, 30/15 a 15/0) for the top heading or bench

excavation.

In essence, it is the case of the activation of the percentage proportion of the load acting on the
unsupported top heading. At this stage we take the 40% deactivation of soil (see the picture) into

consideration.
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Construction stage : @ & | fropa) 11 1]

| |
| |
| |
mam,
| Easd [
1
| 7 (60,0 %} Yy |
| ' [
| |
| |
| |
| |
| |
| |
I |
I |
| |
' Adopt [ Active ] Inactive | Excavation No. 1 |
Activity when compared to the previous stage is modified.
Regions activity List of excavations
Region Active { inactive No. New Excavation name Deactivation | Remaining
> 1 JActve - excavation in'stage 2 [%] | _activity [%]
2 ||Active - > 1 Yes Excavation 2 - 1 40,0 60,0 «
3 ||actve -1
4 J|Active -
5 J|Active -
g & |[Excavation No. 1(60,0 %) -1. i
<

Frame ,, Activity “ — Construction stage 2 (activity of 40 % of loading on excavation of top heading)

Now we will carry out the analysis and examine the results for vertical displacement
d, [mm]. For better understanding of the excavation behaviour, we will show the deformed mesh and

the settlement trough.

Construction stage: @ (= | [Tape] [1]

I A~ Show

Values : overal - Variable:ISetHementd z ‘I

<none 4 | e F

Surface: 3 ‘ Mesh: a( 1,00 2| [m]

-16
1,5
1,2
0,8
0,6
0,3
0,0
0,3
0,6
0,3
1,2
1,5
18

B e e
dooooo

& Qg
god oooog

3 4 o 1 B P D T Q9o 9ga9ga
L armma 34 SoSocaoog

o
o

= n——m9og999
o 0 oododooodooooooDoooo O 0o ooooo g

<-1,6mm ..
. 1,Bmm>
Uniform -

& FH e

Frame ,, Analysis “ — Construction stage 2 (vertical displacement d, with settlement trough)
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Construction stage 3: supporting the top heading vault with an immature concrete primary
lining
In the next step we will add construction stage 3. First of all we will model the top heading

vault support with a 200 mm thick immature concrete primary lining in the “Beams” frame.

Beam Support [m] Include Cross-section / Material / Contacts
No. Location self Degradation in current | Beam current activity .
new Start pt. End pt. weight stage [%] [%] left right

SB 25 (C 20/25), E =
2900,00 MPa; G =

1 Yes |Free line No. 1 | {— = Yes (1,00 (b)x 0,20 (h)m 1134,00 MPa; o = (not inputted) [Mohr-Coulomb
0,000010 1/K; y = 25,00
kN/m?

SB 25 (C 20/25), E =
2900,00 MPa; G =

2 Yes |(FreelineNo. 2 | = Yes 1,00 (b) x 0,20 (h) m 1134,00 MPa; o = (not inputted) | Mohr-Coulomb
0,000010 1/K; y = 25,00
kN/m?

SB 25 (C 20/25), E =
2900,00 MPa; G =

3 Yes |Freeline No. 4 | — O Yes 1,00 (b) x 0,20 (h)m 1134,00 MPa; o = (not inputted) | Mohr-Coulomb
0,000010 1/K: y = 25,00
kMN/m?

Input of primary lining of top heading with new beams — Construction stage 3 (immature concrete)

Note: We consider the beams to have a rotational degree of freedom at both ends, which means that
bending moments at the bottom ends of the beams are zero. In some cases the bearing of the ends of
beams is modelled by means of a special type of the so-called foot, which ensures the stability and

convergence in the analysis (for more details visit Help — F1).

Frame ,, Beams “ — Construction stage 3 (beams of primary lining)

In the “Assign” frame we will change the rock in the region No. 5 (to the “anchored R5” option), in

which we will take the anchoring with hydraulically expanded steel rockbolts into consideration (see

the picture).
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Construction stage: (% [=| | [Topo] [1] [2]

. Aoy
oo O o Py A ATy T e

1 r
%] Adopt A ]

e o7 A [ — [ —
AN e e R
Soil assignment changed when compared to the previous stage.

Soil assignment

Region Assigned soil
1 ||5ilty sand M > A -~
2 ||silty gravel GM v 2]
5 ||strongly weathered slate RS =
Slightly weathered slate R3 h
5 anchored R5 v
E Slightly weathered slate R3 ===k

Frame ,, Assign* — Constr. stage 3 (region anchored with hydraulically expanded rockbolts)

Further on we will pass to the activation of rockbolts in the rock mass reinforced
with anchoring in the surroundings of the top heading excavation and will edit the excavation
properties by adding 30 % of the load (using the “Edit” button).

P "

Edit excavation properties @
Excavation name

Mame : Excavation 2 - 1

Excavation parameters

Deactivation in stage 3 : 30,0 E] [3&]
Soil remaining activity : 30,0 | [B%]
OK + OK + | ok | | X Cancel {

Dialogue window ,, Edit excavation properties “ — Construction stage 3
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Then we will again carry out the analysis.

Construction stage: (® = | [Topa] [1] [2]

I/'Shnw <none> r @ Zl Values : oversl ¥ Variable:| Settlementd ; ~ | Surface: ﬁ Mesh: % ;m; 1,00 :E] [m]

-3,0
-2,0
-1,0
0,0
1,0
2,0
3,0
4,0
5,0
6,0
7,0
7.9

MO0 0000000000 S0 MINRDMOoMANEEMSRASR N 0N S 2000000
?DD COoOO0O0000000000 O 00— ——ninicinireicinird— = = O oo

01
o1
0,0
0,0
0,0
0,0
0.0
00
0,0
0,0
0,0
00
0.0
0,0
-4

<-3,0mm ..
o 7,9 mm=

<none>

& e

Frame ,, Analysis “ — Construction stage 3 (vertical displacement d, with settlement trough)

Construction stage 4: improving material characteristics of mature concrete
(top heading)

At construction stage 4, we will improve material characteristics of the already mature
concrete supporting he top heading. In the dialogue window “Modify beam properties”, we will select
the “Strengthening” option and will set respective values of the modules of elasticity. We will leave
the other parameters unchanged.

Meodify beamn properties @
Topology MName
Location : free line ] | Name:
Free line : Free line No, 2 =] Suppart
Parameters Startpt. :  —
[+ Indude self weight End pt. : —
Cross-section and material
Beam parameters in stage input 3 Type of modificati Ist'engmening E]I
rectangular wall 1,00 (b) x 0,20 (h) m
concrete 5B 25 (C 20/25); E = 2900,00 MPa; G = 1134,00 Cross-section height : h= 0,20 E] [m]

MPa; o = 0,000010 1/K; 7 = 25,00 kN/m?

Beam parameters in the previous stage 3
h=0,20m

E = 2900,00 MPa Elastic modulus : E=| 29000,00 (=1 MPa]

G = 1134,00 MPa

Shear modulus : G= 11340,00 E] [MPa]

I, = 6,67E-04 m*m; A = 2,00E-01 m/m; E = 29000,00 MPa; G = 11340,00 MPa
Contacts
[ Modify parameters

[ Introduce left contact [+ Introduce right contact
Contact type : Mohr-Coulomb
[ok+@ |[ ok+® || ®ok | [ 3 Cancei |

Dialog window ,, Modify beam properties “ — Construction stage 4 (beam no. 2)
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Beam ) Support [m] Include Cross-section / Material /

No. new  |modified Location Start pt. End pt. w:?;fnt Degradsat;igg ;[1% ;:urrent Beam cur[(.z?t activity
1 No Yes |Free line No. 1 O — Yes [Th=020m : “Iﬁéfr?%%%f&fpa: G
2 No Yes |Free line No. 2 = = Yes |Th=020m : EllxggngEgaMPa: G
3 No Yes |Free line No. 4 = O Yes [Th=020m ! 51;4?§ggnﬂggampa: G

Modify properties of primary lining (top heading) — Construction stage 4 (mature sprayed concrete)

We will activate the remaining 30 % of the load acting on the rock mass. The procedure for
editing the properties of the excavation is similar to that used at the previous construction stages.

i 1

Edit excavation properties @

Excavation name

Marne : Excavation 2 - 1

Excavation parameters

Deactivation in stage 4 : 30,0 E] [%&]
Soil remaining activity : 0,0 § [3c]
OK + OK + ok || [ cancel |

Dialogue window ,, Edit excavation properties “ — Construction stage 4
Subsequently we will carry out the analysis and examine the bending moment curve along top
heading contour line.

Frame ,, Analysis “ — Construction stage 4 (bending moment M [kN m/ m])
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Construction stage 5: modelling of the tunnel bench excavation, activation

of the unsupported excavated opening
In the next step, we will add construction stage 5. At this construction stage we will take the
deactivation of soil, or the action of 40% of the load, into consideration. The remaining action of soil,

or the massif in the vicinity of the tunnel bench excavation, is therefore 60 %.

P "

Mew excavation @

Excavation name

Mame : Excavation 5-1

Excavation parameters

Deactivation in stage 5 : [3&]

Soil remaining activity : 60,0 | [%]

M add | | X Cancel |

Dialogue window ,, New excavation “ — Construction stage 5

Note: The procedure for the modelling of this problem to be applied to the subsequent construction
stages is similar. First of all, the tunnel bench primary lining is carried out using immature sprayed
concrete. The next percentage proportion of the load will be activated subsequently. At the following
stage the material characteristics of the already mature sprayed concrete will be improved and the

remaining proportion of the load will be activated.

Construction stage: & (= | [Topo] [1] [2] [3] [4]

'| (= Adopt Active Inactive Excavation No. 1

Activity when compared to the previous stage is modified.

Regions activity List of excavations
Region Active [ inactive No. New Excavation name Deactivation Remaining I (%) Add I

2 ||active - excavation instage 5 [%] | activity [%]
i Yes Excavation 5 - 1 40,0 60,0] + Modify

3 _|Active

4 ||Active

m

5 ||Active

LIREERRRERR]

5 ||Inactive
7 |Excavation No. 1 (60,0 %)

Activity

Frame ,, Activity“ — Constr. stage 5 (activity of 40 % of loading on excav. of tunnel bench)
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Subsequently we will carry out the analysis.

Construction stage: @ & | Mopel (1 21 13 (4[]

I/‘Show snone> ~ | ® F|values: overal ~ Variable: [Setflementd 7 || Surface: ®# | Mesh: 3¢ 2k 1,00 CD [m]

41
-3,0
-1,5
0,0
1,5
3,0
4,5
6,0
7,5
9,0
10,5
12,0
13,5
13,8

@4 O TN o sOa e O 0 0 B 1
S S N A T N O O

Moo eecocooooaan
ooooooooooo0 o oo

<-4, 1mm ..
.. 13,8 mm >

<none>

F F e

Frame ,, Analysis *“ — Construction stage 5 (vertical displacement d, with settlement trough)

Construction stage 6: supporting the bench side-walls with an immature concrete
primary lining

At construction stage 6 we will set the support of the bench side-walls with a 200 mm thick
immature sprayed concrete primary lining. The top heading lining will remain unchanged at the

subsequent stages.

Beam ) Support [m] Include Cross-section / Material / Contacts
No. new | modified Location Start pt. End pt. w:?glfm Degrad:tt;(g): ligé]currenl Beam cur[;:;lt activity left right
1 No No Free line No. 2 O = Yes without modification without modification (not inputted) | Mohr-Coulomb
2 No No Free line No_ 1 = = Yes without modification without modification (not inputted) | Mohr-Coulomb
3 No No Free line No. 4 (o O Yes |without modification without modification (not inputted) | Mohr-Coulomb

SB 25(C 20/25) young
concrete; E = 2900,00
4 Yes Free line Mo. 6 | {J— — Yes |1,00(b)x 0,20 (h)m MPa; G = 1134,00 MPa; |Mohr-Coulomt| (notinputted)
o =0,000010 1/K; ¥ =
25,00 kN/m?

SB 25 (C 20/25) young
concrete; E = 2900,00
5 Yes Free line No. 9 — O— Yes |1,00(b)x 0,20 (h)m MPa; G = 1134,00 MPa; |Mohr-Coulomt| (notinputted)
a=0,000010 1/K; y =
25,00 kN/m?

Input of primary lining of tunnel bench with new beams — Constr. stage 6 (immature concrete)
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Note: We again consider the beams to have a rotational degree of freedom at both ends; the contact

between the top heading and the bench is not capable to transferring the loading by a bending moment

(it is not the case of fully continuous joints). The dimensions of the bench cross-section are identical

with those of the top heading walls, i.e. b=1.0m, 2 =0.2 m. But we must set the contacts at the

new beams in a reverse way (for more details see the picture) because the orientation of the beams

(bench side-walls) is negative.

Frame ,, Beams *“ — Construction stage 6 (overall view of the primary tunnel lining)

At this stage, we will activate additional 30 % of the loading induced by the rock massif.

i

Edit excavation properties
Excavation name

Mame :

Excavation parameters
Deactivation in stage 6 :

Soil remaining activity

Excavation 5 -1

-

()

30,0 | [%]

oK I : Cancel |

Dialogue window ,, Edit excavation properties “ — Construction stage 6
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In the last part of this stage we will again carry out the analysis.

Construction stage: [ = | [Topo] [1 [2 [3] [4] [5]
| P cnones v | @ F|values: overal - Variable: Surface: A | Mesh: B¢ i| 1,00 2] )

47
-4,0
-2,0
0,0
2,0
4,0
6,0
8,0
10,0
12,0
14,0
14,8

0, 000 1N oo e 0 R S T 0 0 0
— e T LA AL U o £ o =

a5445z32335S

<-4,7mm ..
14,8 mm>

<none>

F FH e

Frame ,, Analysis “ — Construction stage 6 (vertical displacement d, with settlement trough)

Construction stage 7: improving material characteristics of mature concrete (bench)
At the last construction stage we will improve the material characteristics

of the already mature concrete supporting the tunnel bench excavation.

Beam ) Support [m] Include Cross-section / Material /
No. new |modifieg| -oC2tiON Start pt. End pt. wz‘i!:ht Degrad;:litg): ;;n ;:urre nt | Beam cur[r;?t activity
1 No No Free line No. 2 O — Yes without modification without modification
2 No No Free line No. 1 = = Yes |without modification without modification
3 No No Free line No. 4 = O Yes without modification without modification
4 No Yes |FreelineNo.6 | {O— — Yes |Th=020m : ,lE,lgfggg%?gaMPa: G
5 No Yes |FreelineNo. 9 | — {— Yes [Th=020m : 5134?[%30’:‘?33“")3: G

Modify properties of primary lining (tunnel bench) — Stage 7 (mature sprayed concrete)

The settings procedure for increasing the capacity of the beams is similar to that used at
construction stage 4. We will activate remaining 30% of the load induced by the rock massif. By
taking this step we remove all soil from the excavation space and the loading therefore acts on the
primary tunnel lining (inclusive of the top heading and bench walls) at 100 %. Subsequently we will

carry out the analysis of the last construction stage.
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Edit excavation properties @
Excavation name

Mame : Excavation 5-1

Excavation parameters

Deactivation in stage 7 : 30,0 E] [3&]
Soil remaining activity : 0,0 § [%e]
OK + OK + ok | X Cancel }

Dialogue window ,, Edit excavation properties ““ — Construction stage 7

Now we will carry out the analysis of the last construction stage.

Construction stage: @ ) | opel [ 12 (3 [ (51 61 [F71]

I}'Shnw <none> v | ® F| values: overal - Variable: Surface: B Mesh: §¢ ax 1,00 :E] [m]

~~~~~~~~~ -5,3
| 4,0
2,0
0,0
2,0
4,0
6,0
8,0
10,0
12,0
14,0
16,0

4

ﬁﬁﬁﬁﬁﬁﬁﬁﬁ .
oo

2 LT P N O P N G G P 0 0 S
SO O O =N N MG T R = D

0,1

<-5,3mm ..
.. 16,0 mm=

<nones

F F e

Frame ,, Analysis *“ — Construction stage 7 (vertical displacement d, with settlement trough)

Further on at this stage, we will show equivalent plastic deformations &,

and the distribution of internal forces for bending moments and normal forces (the “Show” button,

“Distribution” tab sheet). We will record the results in a summary table.

It follows from the picture on page 27 that equivalent plastic ¢, , are not zero,

which fact corresponds to the structure behaviour according to the non-linear material

model (Mohr — Coulomb).
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Construction stage : ® (= | [Topo] [1] [2] [3] [4 [3] [s]

I)"Show <rIne > > | @ Z| Values: overal ¥ Variable :|Epsion o, p, || Surface: E Mesh: % =

0,00
0,15
0,30
0,45
0,60
0,75
0,50
1,05
1,20
1,35
1,50
1,65
1,74

<0,00 % ..
.« 1,74 %>

Uniform -

;T e

Frame ,, Analysis “ — Construction stage 7 (equivalent plastic strain &,,

according to Mohr-Coulomb model)

Frame ,, Analysis “ — Construction stage 7 (bending moment M [kN m/ m])
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Frame ,, Analysis “ — Construction stage 7 (normal force — compression N~ [kN/ m])

Frame ,, Analysis ““ — Construction stage 7 (perpendicular deformation)
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Assessment of the results:

The following table shows the values of extremes of internal forces (bending moments, shear
forces and normal forces) acting on the beams (the primary tunnel lining) for construction stage 7. We
carried out this analysis for the plastic material model (Mohr — Coulomb) with the locally increased
density of the triangular elements.

Construction stage 7 — Internal forces

Material
model N[kN/m] | M [knm/m] | Q [kn/m]
-184.0 —-145 -33.0
Mohr — Coulomb
+43.1 +18.5 +31.3

Extreme values of internal forces in primary lining — Construction stage 7

This table presents overall values of vertical and horizontal displacements d,, d, [mm] of the

primary tunnel lining for individual construction stages.

Values of overall displacement d,, d  [mm]
Construction stage

d i A G rin L
1 —_ —_ —_ —
2 -16 +18 —0.46 +0.46
3 -3.0 +7.9 -22 +2.2
4 -45 +13.7 -3.6 +3.6
5 -41 +13.8 -39 +4.0
6 —-4.7 +14.8 -49 +49
7 -53 +16.0 -5.8 +5.8

Values of displacement d,, d, of primary lining (extremes) — All construction stages
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Conclusion:

In this problem we demonstrated the modelling of the primary lining of a real tunnel using the
Finite Element Method. The tunnel is driven using the NATM. The tunnel excavation is divided into
certain parts. When the rock is being removed, the massif is being unburdened and the soil or rock is
being deformed, with the contour displacement direction heading toward the excavated opening

interior.

The primary lining is reinforced with KARI mesh (concrete reinforcing steel mesh welded from steel
rods 8mm in diameter, with 150 x 150 mm mesh dimensions) and steel lattice girders with 3 load-
bearing rods. The introduction of KARI mesh into the FEM numerical model (the homogenisation of
concrete and reinforcement) is disputable; it is mostly taken into consideration only after the separate

assessment of the lining.

The primary tunnel lining would be subsequently assessed on the calculated extremes of
internal forces, using a structural analysis software (e.g. FIN EC — CONCRETE 2D), as a combination
of the section stressing by a bending moment and a normal force (accordingto the interaction

diagram).

Note: The analysis of an underground structure without the use of beam and contact elements
according to a linear material model (with elastic behaviour) was described in Chapter 23. Collector

lining analysis (see http://www.finesoftware.eu/support/engineering-manuals/).

114

Engineering manuals for GEO5 programs - Part 3 www.finesoftware.eu


http://www.finesoftware.eu/
http://www.finesoftware.eu/support/engineering-manuals/

Chapter 27. Steady water flow analysis — Body of the embankment

This problem example describes the solution to stationary or steady, flow through

an embankment body using the Finite Element Method.

Problem specification:

Carry out the analysis of steady flow through an embankment using

the van Genuchten model. In this analysis, determine the distribution of pore pressures u,,

which are used as input parameters for stability calculations. In addition, determine
the saturation degree S and the overall balance of the inflow on the upstream side of the dam,
or the outflow at the embankment base. The water table on the upstream side
of the embankment is at the level of 2.5 m above its bottom. On the outflow side,

water can flow freely. The embankment geometry scheme is obvious from the picture below.

SC, CLAYEY SAND

7/ s - = — — — -

% TSI S S AT T T
« S AL LSS SIS IS LSS ST ST T

SIS AL LSSl S SS ST AL SIS LSS SIS
AV I S AV A A A LSS LIS IS LSS
‘////////-//.////////‘///// LTSS ST LSS SIS
LSS S LSS TS TS S LSS TS LTSS ST SIS
SIS s B o siT PSS TS S A S SIS LSS S S
GA IS S sss s MG s s S p S S St A PSS
S A ST SIS SIS SIS IS ST SSTLS TS TS S AL ST SS S S SIS SIS
VD IV A A LV A I D A A A A A
P B A S D SV S

Scheme of the embankment body — task for steady water flow analysis

The embankment consists of two soil layers, which have the following parameters:

Parameters of soils

CS, clayey sand
(medium dense)

MS, sandy silt
(firm consistency)

Permeability coeff. in direct. ,, X “: &, [m/day] 31.10" 2,27-107°
Permeability coeff. in direct. ,,Z “: k_, [m/ day] 3.1-107" 2.27-1072
Initial void ratio: e, [-] 0.75 0.60

Transition zone model (material model)

van Genuchten

van Genuchten

Model parameter: & = & [1/m]

1.0

1.0

Table with soil parameters — steady water flow analysis (the embankment body)
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Note: The filtration coefficient of individual soil layers [m/day] was determined

on the basis of the assessment of laboratory permeability meter tests according to
ISO/TS 17892-11:2004 (EN) Geotechnical investigation and testing — Laboratory testing
of soil — Part 11: Determination of permeability by constant and falling head.

The initial void ratio e, is used for the determination of soil porosity n=e,/(1+¢,) and,
subsequently, for the determination of the velocity of the flow of the fluid seeping solely
through pores v=v*/n [m/s]. The flow velocity v** =qg/A is determined according to
Darcy’s Law, it expresses the value of the average volumetric flow rate Q [m3 /S] through
the entire area of passage A [mz]. It applies in general that soil porosity of 50 % corresponds

to the void ratio e =1 (for more details visit Help — F1).

Guidance values of the model parameter 5za[]/m], depending on grain-size classes
of individual soil types according to USDA and FAO for the van Genuchten model,
are presented in the theoretical part of the GEO 5 — FEM program Help (for more details
visit F1).

Note: From version 18 of GEO5 — FEM on, the model parameter &§=[/m] is denoted

in the program as o [1/m].

Solution:
We will apply the GEO 5 — FEM program to this problem analysis. In the following

text we will step by step describe the solution to this example:

— Topology: the problem settings and modelling (interfaces, soils, mesh generation);
— Construction stage 1: settings of the linear flow — boundary conditions,
calculation of quantities;

— Assessment of results: conclusion.

Topology: problem settings
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In the “Settings” frame, we will select the analysis type using the steady water

flow option.
L Project parameters Design standards
Project type : Flane strain E| Concrete structures : EM 1992-1-1 (EC2) |z|
Analysis type : ISteady waterflow E|| Steel structures : EM 1993-1-1 (EC3) ia
-
-

[ Advanced input
| Detailed results

Settings

Frame ,,Settings “

Note: in the cases of both steady and unsteady flow it is in general the description of the flow
through an unsaturated, or partly saturated, environment. Flowing through a fully saturated
environment exists only under the water table. Flowing through a partly saturated
environment (above the water table) follows an appropriate material model (for more details
visit Help — F1).

A zero change in the saturation degree with time is assumed in the case of the steady flow;
individual construction stages are fully independent of each other — as opposed
to the unsteady flow. The introduction of relevant boundary conditions is also part
of the analysis. Even if it is the case of the steady flow, it is a non-linear problem
(e.g. solving an unconfined aquifer problem) requiring the application of the Newton-

Raphson iterative method (for more details visit Help — F1).

Further, we will set the world coordinates. For our problem, we will choose the model

dimensions of <O m; 23 m> and will set the depth from the lowest point of the interface at 2 m.

r‘|.I"|"|:rrluz:| coordinates @ﬂ
Dimensions
Minimum X range ; 0,00 | [m]
Maximum X range : 23,00 | [m]
Depth of deepest interface point : 2,00 | [m]
l oK | | X Cancel {

Dialogue window ,, World coordinates “
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Subsequently, we will define the interface points for individual soil layers which

are presented in the following table.

Interface 1 Interface 2

% [m] z[m] % [m] z [m]
1 0,00 3,00 5,00 4,50
2 2,00 3,00 15,00 3,50
3 5,00 4,50
4 8,00 &,00
5 10,00 &,00
G 15,00 3,50
7 20,00 1,00
8 23,00 1,00

List of points for individual interfaces between soil layers

The scheme of the embankment body geometry inclusive of individual points

of the interface is presented in the following picture.

o
[2,00; 3,00]

o
[000; 1,00 [23,00; L00]

Frame ,, Interface

Now we will set respective soil parameters and, subsequently, will assign the soils
to individual regions. We will choose the van Genuchten flow model for the solution

of this problem.

Note: The relationship between the velocity of the flowing fluid and the change
in the hydraulic gradient, or the pore pressure, follows the Darcy’s Law. The current version
of the GEO 5 — FEM program (v5.17) assumes constant values of filtration coefficients.
The dependence between the permeability coefficient and the pore pressure is not taken

into consideration (for more details visit Help - F1).
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Add new =oils @

Identification Draw
MName : Clayey sand (3C) Pattern
and colour
Desktol
Water flow E.s P
Permeability coeff, in X-direction : kot = 3,100E-01 | [m/day] . T
Permeability coeff. in Z-direction : kot = 3,100E-01 | [m/day] Pictures
Initial void ratio : eg= 0,75 | [H b L
Transition zone model : Ivan Genuchten e T
Model parameter : &= 1,000 Classification

Cancel

Dialogue window ,, Add new soils “

The following picture presents the assigning of soils to the embankment body.

Soil assignment

Region Assigned sol
1 ||Clayey sand (sC) | =]
2 |Sandy sit (MS), consistency firr®) 7277

Assign

Frame ,, Assign“

The last step in the topology settings is the generation of the finite element mesh.
For this problem we will choose the length of the edge of elements of 0.25 m and will
generate the mesh (using the “Generate” button). By visual examination we can see

that the FE mesh density is sufficient.
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V|| ® Generate | [ Error analysis

Mesh generation parameters Mesh generation result

Bl ] Finite element mesh was successfully generated.
Number of nodes 8573

V¥ Mesh smoothing
Number of elements 4676 (region 3660, beam 254, interface 762)

Frame ,, Mesh generation* — edge length 0.25 m

Construction stage 1: boundary conditions, steady water flow analysis

After generating the FE mesh, we will pass to construction stage 1 and,
in the “Line flows” frame; we will define boundary conditions on all lines bounding the set
embankment body. On the upstream side (lines 3, 5, 6 and 7) pore pressure values are defined
by the water table level, by the coordinate z,, =5.5m. On the outflow side (lines 1, 9, 10

and 11), where we are not able to define the location of the outflow point unambiguously,
we will define this boundary as a seepage surface.

[ Madify line flow properties @
Line
Location : mesh line El
Mesh line : Mesh line Mo. 3 2
Parameters
Boundary type : IpDrE pressure @ Pore pressure Ideﬁne by GWT coordinate @
GWT coordinate : IGWT = 5,50 | [m]
| ok+@® || ok+®m |[ ®ok | [ X cancel |

Dialogue window ,, Modify line flow properties

Note: The location of the outflow point is determined by the program automatically,
depending on the embankment body geometry, boundary conditions and hydraulic parameters

of soil (for more details visit Help — F1).
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Location Boundary type Parameters
Mesh line no. 1 Seepage —
Mesh line no. 2 Impermeable -
Mesh line no. 3 Pore pressure Zyr =5.5m
Mesh line no. 5 Pore pressure Zyr =5.5m
Mesh line no. 6 Pore pressure Zyr =5.5m
Mesh line no. 7 Pore pressure Zyr =5.5m
Mesh line no. 8 Impermeable —
Mesh line no. 9 Seepage -
Mesh line no. 10 Seepage —
Mesh line no. 11 Seepage —

Boundary conditions for steady water flow analysis — embankment body (line flows)
Note: The boundary conditions for the water flow on the lines can be as follow:

— Impermeable
— Permeable: the pore pressure on the line is equal to zero.
— Pore pressure: It is possible in the program either to set the distribution of

the pore pressure p [kPa] numerically or to define the pore pressure distribution

by specifying the water table level, i.e. to prescribe the hydraulic head h [m]

— Inflow, or outflow, on the line ¢[m/day]: the rate of the fluid flow to/from

the region is prescribed in the program. The default setting corresponds

to the impermeable boundary, which complies with the condition q=0.

— Seepage surface: this boundary condition is introduced in the case where
the boundary cannot be divided unambiguously into a part with the pore pressure
prescribed and a part with the inflow or outflow prescribed. In such the case
the analysis is conducted in two steps. The respective interface is determined
in the first step, whilst the problem analysis, with the boundary conditions known,
is carried out in the second step. In some cases it is necessary to repeat both steps
several times (for more details visit Help - F1).
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Now we will examine the embankment body including the determined boundary

conditions (lines of flows along individual edges).

T 7T T 1T 1T 177

Frame ,, Flow lines

Subsequently we will pass to the “Analysis” frame and will solve the given problem

(by pushing the “Analyse” button). We will maintain the “Standard” analysis settings.

Analysis settings @
Method ; Mewton - Raphsaon
Stiffness matrix change : | after each iteration E]
Max. number of iterations for one calc. step : 100
Initial calculation step : 1,00 | [
Imbalanced pore pressures error ; 0,0001 | [
Imbalanced fluxes error : 0,0001 | [

[ Respect material interfaces

Relaxation factor of calculation step : 2
Maximum number of relaxations of calculation step : 2
I Default settings I I 0K I [ Cancel ]

Dialogue window ,, Analysis settings “

The analysis result contains the distribution of pore pressures, rates and directions
of flows, the information on the magnitude of flows into the massif and the outflows
from the massif, respectively. We will gradually examine the results for these quantities

in the program and subsequently will record their values.
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(Construction stage : [ [Tapa]
| # 500w <none> @ F | values:

Frame ,, Analysis “ — Construction stage 1 (pore pressure u,, )

Note: The program does not depict the values of negative pressures in the region of partly
saturated soil (for more details visit Help — F1).

Construction stage: (¥ [Topc]

|| #5mom <none> ® 7| values: Varial:le: Surface: %3 | 3¢

TI1T T T TTTTT

Frame ,, Analysis “ — Construction stage 1 (velocity v, )
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Construction stage: @ =/ | [Topo]

| F 5w <none> @ 7 Values: Variable :|Satiratondeg. § ~ | Surface: %F | 3¢

7492
76,00
73,00
80,00
82,00
84,00
86,00
83,00
90,00
92,00
94,00
96,00
98,00
100,00

<74,92%

100,00 %3
Uriform -
F A e

T T 1T 717117

Frame ,, Analysis ““ — Construction stage 1 (saturation degree S)

Now we will examine the vectors and directions of the steady flow (using the “Show”

button in the “Vectors and directions” tab sheet).

FEM - results visualisation settings @
| Basic | valuesin grid | Tilted sections | Water fiow | Vectors and directions |
Vectors 0K,
Values : water flow E]
Mode : Idraw E]I
Warning

All settings of results are displayed correctly.

Dialogue window ,, FEM — results visualisation settings “

s~ | @ ] o

TTTTYTTTT

Frame ,, Analysis ““ — Construction stage 1 (water flow vectors and directions)
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Assessment of the results:
In this problem we applied the van Genuchten material model of flow. We carried out
the solution to the steady water flow through the embankment body for a triangular mesh

with the edges of elements 0.25 m long; we obtained the following results:

— distribution of pore pressures:  u,, =0+65.0 kPa,
— velocity in the Z direction: v, =—0.12+0.02 m/day,,
— velocity inthe X direction: v, =0+0.34 m/day,

— degree of saturation: S§=74.92+100 %.

Now we will read from the pictures the balance of the overall inflow and outflow,
respectively, for individual flow lines. These values can also be obtained from the text output

generated by the program.

Locati Inflow Outflow
ocation [m?/den / m] [m?/den / m|

Flow line no. 1 0.045 -
Flow line no. 3 — —0.08
Flow line no. 4 — —0.005
Flow line no. 5 — —0.001
Flow line no. 6 — —0.002
Flow line no. 8 0.018 -
Flow line no. 9 0.001 -
Flow line no. 10 0.02 -

TOTAL 0.084 —0.088

Calculated overall inflow and outflow — steady water flow analysis (embankment body)
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Conclusion:

In this problem we have demonstrated the solution to the steady (stationary) water
flow through an embankment body. By knowing the course and distribution of pore pressures,
the overall balance of the inflow and outflow, or possibly the saturation degree, we will obtain
much better idea of the water regime and the real behaviour of the ground body
(embankment). The calculated results can be used further, e.g. for determining the overall
stability of the earth structure or for hydro-geological purposes (designing flood prevention

measures, water supply and water management, power generation etc.).
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