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1.1

General Information

D-GEeo PIPELINE (formerly known as MDrill) has been developed especially for geotechnical
engineers and mechanical engineers. D-GEO PIPELINE’s graphical interactive interface re-
quires just a short training period for novice users. This means that skills can focus directly on
the input of geotechnical and engineering data and on the drilling fluid pressure calculations
and strength pipeline calculations.

Preface

D-GEO PIPELINE is a graphical interactive Windows tool for designing pipelines installed by
using one of the three following techniques:

<& the horizontal directional drilling (HDD) technique
¢ the micro-tunneling technique
¢ the construction in trench technique

In case of HDD technique, D-GEO PIPELINE can be used to calculate the maximum allowable
pressure of the drilling fluid and to assess whether this maximum pressure remains higher
than the minimum required drilling pressure. The design is completed by means of a pipe
stress analysis.

In case of micro-tunneling, D-GEO PIPELINE can be used to calculate the minimal face support
pressure to prevent the possibility of collapse in of the soil in front of the micro tunneling shield
and also the maximum face support pressure which should not be exceeded to prevent uplift
of the soil above the micro tunneling machine or a blow out of drilling fluid towards the surface.

In case of installation in a trench, D-GEO PIPELINE can be used to check the uplift safety as the
soil cover above the pipeline may be insufficient to withstand the buoyant force of an empty
pipeline.

Easy and efficient

D-GEO PIPELINE has proved to be a powerful tool in the everyday engineering practice of
designing pipelines constructed by means of horizontal directional drilling, micro tunneling
or trenching. D-GEO PIPELINE’s graphical user interface allows both frequent and infrequent
D-GEO PIPELINE users to evaluate the feasibility of pipeline configurations.

Complete functionality

D-GEO PIPELINE provides the complete functionality for the design of pipelines installation.

Product integration

D-GEO PIPELINE is an integrated component of the Deltares Systems. This means that rel-
evant data with MGeoBase (central project database), D-GEO STABILITY formerly known as
MStab (stability analysis), MSeep (seepage) and D-SETTLEMENT, formerly known as MSet-
tle (settlements) can be exchanged. MGeobase is used to create and maintain a central
project database containing data on the measurements, geometry and soil properties of sev-
eral cross-sections.

D-GEO PIPELINE also interacts with Scia Pipeline program for advanced structural analysis of
pipeline behavior by exporting the D-GEO PIPELINE results in a csv file.
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Installation of pipelines

Pipelines are an important part of the linear infrastructure. They are the lifelines of our modern
society. Successful operation of a pipeline system on long term is strongly related to the
quality of the engineering works carried out before the installation of the pipeline.

The installation of pipelines is carried out in trenches from times immemorial. After excavation
of the trench the pipeline is installed on the bottom of the trench and is subsequently covered
by the excavated soil. Since the seventies, last century, other techniques for pipeline instal-
lation are introduced. These so called trench less techniques such as horizontal directional
drilling and micro tunneling are applied on a large scale since the eighties. They provide a log-
ical alternative when pipelines need to cross roads, railways, dikes, wetlands, rivers and other
structures that have to remain intact. These techniques minimize the impact of installation
activities in densely populated and economical sensitive areas.

The program D-GEO PIPELINE provides tools for the design of pipeline installation in a trench
and trench less, by using the micro tunneling technique or the horizontal directional drilling
technique. The tools allow the user to minimize the risks during and after installation.

Horizontal Directional Drilling technique

HDD techniqueD-GEO PIPELINE enables the fast design of a pipeline configuration, installed
using the horizontal directional drilling technique. With the horizontal directional drilling tech-
nique, three installation stages are considered:

<& Pilot drilling
¢ Reaming the initial pilot borehole
¢ Pulling back the pipeline

PILOT DRILLING ‘

Entry Polnt Extt Palnt

Dirsction of Operation —s-

il None-Magnetlc

Figure 1.1: HDD / Pilot drilling (DCA-guidelines)

Figure 1.2: HDD / Pre-reaming (DCA-guidelines)
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Figure 1.3: HDD / Pull back operation (DCA-guidelines)

During the final stage, a drilling is carried out, using a relatively small drill bit, under the object
that has to be crossed — for example, a road, railway, waterway or a nature reserve. This initial
borehole is called a pilot hole. The diameter of the pilot hole is then enlarged using a reamer.
Depending on the required final borehole diameter, the borehole can be enlarged in several
stages using reamers of increasing diameters. After reaming, the diameter of the borehole
should be 1.3 to 1.5 times larger than the diameter of the pipeline. After preparing the pipeline
near the exit point of the borehole, the pipeline is finally pulled into the borehole.

Figure 1.4: Reamer and cutting wheel

During all drilling stages, drilling fluid is pumped under pressure into the borehole. The main
function of drilling fluid is to transport cuttings from the drilling head through the borehole
and to the ground surface. A specific minimum pressure is required for the transport function
of the drilling fluid. However, the fluid pressure in the borehole should not exceed a specific
maximum value. The maximum value is related to the strength of the soil around the borehole.
If the maximum fluid pressure is exceeded, a ‘blow-out’ may occur. Besides the pressure of
the drilling fluid, other factors play a role in the design process. Both the strength of the
pipeline during the pull back operation and the strength of the pipeline in operation need to be
sufficient to withstand the forces acting on the pipeline.

Micro Tunneling

Micro tunneling is the technique which uses a micro tunneling boring machine (MTBM) to
remove the soil. Micro tunneling usually starts horizontal at a certain level below the surface.
Start and reception shafts are created for the micro tunneling machine. In the start shaft a
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jacking frame and micro tunneling machine in front of pipe sections are installed. The jacks
push the pipe elements section by section ahead towards the reception shaft. As the length
of the advancing micro tunnel increases, the friction forces along the micro tunneling machine
and the pipe segments will increase. Lubrication fluid may be applied to reduce the friction.
Very often at the front of the Micro tunneling machine drilling fluid is used for soil removal and
front stabilization.

Figure 1.5: Jacking frame and micro tunneling machine in the start shaft

1.2.3 Installation in trench

The majority of the underground pipelines are installed in a trench. After excavation of the
trench the pipeline is installed on the bottom of the trench (Figure 1.6) and is subsequently
covered by the excavated soil. The interaction between the pipe and the condition of the soil
material, which is placed back in the trench plays an important role in the engineering of the
pipe.

Figure 1.6: Pipeline installation in a trench
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Features in standard module (HDD)

In the Netherlands, HDD technique has been used on a large scale since the 1980s. Since
the 1970s, Deltares (formerly known as GeoDelft) has been involved in the development and
execution of trench less technologies. Years of research have resulted in one of the first
design codes for HDD, as well as in a computer program. Since the release of the first version
in 1995, D-GEO PIPELINE provides users with the minimum and maximum drilling fluid pressure
during the different phases of construction. D-GEO PIPELINE can also analyze the stresses in
the pipeline during and after the installation for different pipeline materials.

This section contains an overview of D-GEO PIPELINE’s options available for Horizontal Direc-
tional Drilling (standard module).

Soil profile

¢ Multiple layers. The two-dimensional soil structure can be composed of several soll
layers with an arbitrary shape and orientation. Each layer is connected to a particular
soil type.

¢ Verticals. By placing verticals in the geometry, the coordinates for which output results
will be displayed can be defined.

< Soil properties. The well-established constitutive models are based on common soil
parameters for strength and deformation of behavior of specific soil types.

Pipeline materials

D-GEO PIPELINE is capable of dealing with pipelines made of different materials: steel and
polyethylene. For both pipe materials, a database containing the material data is available.
The database enables a quick re-calculation for alternative material types and dimensions.

Factors

D-GEo PIPELINE applies partial safety factors to the soil parameters (weight, cohesion, friction
angle and Young’s modulus) and to the loads according either to the NEN series or to the
European Standard CEN.

Results

Following the analysis, D-GEO PIPELINE can display results in long table and graphical form.
The tabular report contains:

¢ an echo of the input

< soil mechanical calculation results per vertical

< drilling fluid pressures calculation results per vertical
¢ pulling force in the pipeline per characteristic point
<& strength pipeline calculation results

<& settlement results per vertical

A graphical output of the drilling fluid pressures for all drilling stages and vertical stresses per
vertical can also be viewed.
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Features in additional modules

D-GEO PIPELINE comes as a standard module (section 1.3), which can be extended further
with other modules to fit three other applications related to pipeline installation:

¢ Micro Tunneling module (section 1.4.1)
¢ Trenching module (section 1.4.2)

Micro Tunneling module

Face support pressures

The micro tunneling machine changes the stress conditions in the soil. The deviations from
the original stress conditions are largely determined by the size of the overcut and the applied
shield. Small deviations from the original conditions are acceptable as the stability of the soil
adjacent to the micro tunneling machine is maintained. A relative low face support pressure
may lead to collapse of the soil in front of the shield, which in turn may lead to subsidence
of the surface or to settlement of soil layers below a construction or pipeline. A relatively
high face support pressure can lead to a blow out of drilling fluid or may lead to heave of the
surface.

Figure 1.7: Face support pressures

While drilling the shield pressures have to be kept between certain limits. To prevent the
possibility of collapse in of the soil in front of the micro tunneling shield, causing subsidence,
the soil at the front is kept stable by maintaining a minimal face pressure. Depending on the
soil type the minimal face support pressure can be calculated using Jancsecz and Steiner
theory (Jancesz and Steiner, 1994), or Broms and Bennermark theory (Broms and Benner-
mark, 1967). A maximum support pressure should not be exceeded to prevent uplift of the
soil above the micro tunneling machine or a blow out of drilling fluid towards the surface. The
support pressure, the target pressure during drilling should be in between the two limits. At
the target pressure, the face support pressure is in equilibrium with the current horizontal soil
pressure.
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Thrust force

The micro tunneling machine is at the front of the advancing pipe sections. As the length of
the advancing micro tunnel increases, the friction forces along the micro tunneling machine
and the pipe segments increases. Lubrication fluid may be applied to reduce the friction.
D-GEo PIPELINE compares the predicted thrust force with the maximum allowable thrust force
of the pipeline.

Surface subsidence

During the micro tunneling drilling process the volume of removed soil is generally larger than
the volume of the tunnel (overcut). The volume difference will lead to soil movement towards
the borehole, which in turn will lead to surface subsidence. The magnitude of the subsidence
(trough) is also calculated.

Arching effect

D-GEO PIPELINE applies a reduced neutral soil load to incorporate the effect of arching. The
amount of reduction depends on the depth of the pipeline, diameter and the soil properties.
For micro tunneling the effect of arching on the soil load is calculated. Due to the relative
small overcut around the borehole arching is not completely developed.

S

——

S Shear strain

10

—a

\‘_
)

Figure 1.8: Modelisation of the effect of arching

Pipeline stress analysis

For pipe stress analysis very often special programs need to be used. These programs need
an advanced set of soil mechanical parameters, provided by D-GEO PIPELINE. This will gener-
ate a complete spring model around the pipeline for further analysis.

Trenching module

Installation in a trench is the most common way of pipeline installation. In case of pipeline
installation in a trench the interaction between the pipe and the soil material, which is placed
back in the trench plays an important role in the development of the soil load. Besides the
condition of the soil material with which the trench is back-filled, the following parameters
determine the soil load for a pipeline in a trench:

<& Dimensions of the trench

< Soil type in which the trench is excavated
¢ Soil type with which the trench is back-filled
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< Unit weight of the soil material with which the trench is back-filled
¢ The stiffness of the pipeline

Figure 1.9: Pipeline installation in trench

Features

¢ Graphical user interface for input of soil data.

¢ Advanced input of the ground water pressure distribution.

¢ Upheaval and Uplift check.

<& Graphical output of the calculated uplift safety factor.

¢ Graphical output of the calculated upheaval safety.

¢ 3 dimensional pipeline configuration.

¢ Calculation of settlement of the soil layers below the pipeline.

¢ Output of soil mechanical parameters for an extensive pipeline stress analysis.

Initial soil load

For advanced pipe stress analyses very often special programs need to be used. These
programs need an advanced set of soil mechanical parameters, provided by D-GEO PIPELINE.
The programs will generate a complete spring model around the pipeline for further analyses.
The soil mechanical parameters include the initial soil load. In the period directly after the
installation of the pipeline in the trench, the compaction of the fill plays an important role in the
soil pipe interaction. The compaction of the fill leads to differential settlement of the fill above
the pipe and adjacent to the pipe.
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poorly compacted

Figure 1.10: Compaction of the fill after pipeline installation

Uplift safety

Pipeline installation in wet soft soil environments may lead to buoyant behavior of the pipeline.
In case of superficial installation the soil cover above the pipeline may be insufficient to with-
stand the buoyant force of an empty pipeline.

History

D-GEO PIPELINE is formerly known as MDrill until version 5.1. This program is a dedicated tool
for designing pipelines constructed using the horizontal directional drilling technique (HDD),
the micro tunnelingor the construction in trench. Deltares has been developing D-GEO PIPELINE
since 1992.

The first successful pipeline installation using the HDD technique Horizontal Directional Drilling
was carried out under a river in the US. From 1979 onwards, the HDD technique gradually
broke through internationally. The first application in The Netherlands was in 1983/1984 for
the construction of a gas pipeline under the Buiten IJ in Amsterdam. Unlike conventional
construction methods, the HDD technique can be used to construct pipelines without digging
trenches and pits — for example, using sag pipes, pipe jacking or micro tunneling. And it also
significantly shortens the construction time.

After the first application of the HDD technique, the NV Nederlandse Gasunie (Dutch Gas
Corporation) took the initiative to form a research team to investigate the new construction
technique. GeoDelft was a member of that research team, which investigated the construction
of two pilot projects in the Netherlands.

The two pilot horizontal directional drillings were carried out in 1985. While the pipeline was
being installed, measurements were taken to gain a greater understanding of the behavior
of the soil around the borehole. The results of the research were used to define preliminary
guidelines that must be taken into account when designing and constructing pipelines using
the HDD method.

Since the first pilot projects, a large number of HDD’s have been carried out, and the HDD
technique has become a quick and reliable method for constructing cables and pipelines under
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waterways and other objects.

Continuation of the research has led to a greater store of knowledge about soil behavior, the
stresses in the pipes, and the fluid pressures in the borehole. The D-GEO PIPELINE computer
program was developed on the basis of this knowledge.

MDrill version 1.0 was first released in 1995. Some new features, such as the option for
performing a strength calculation, were added in 1998.

MDrill version 4.0 includes an adapted calculation of maximum allowable drilling fluid pres-
sures and an adjusted strength calculation according to the NEN 3650 series.

MDrill version 5.1 includes an adapted calculation of maximum allowable drilling fluid pres-
sures and an adjusted strength calculation according to the new NEN 3650 series. Horizontal
curves can be taken into account. The settlement calculation using the Koppejan or the Iso-
tache models is also added. Bundled pipeline are now supported. A library with standard
pipes for steel and polyethylene is available. The mud pressure charts have been improved.
Exporting soil parameters in versatile format (*.csv) is possible.

D-GEo PIPELINE version 6.1 (2010) includes two new techniques for pipeline installation: the
Micro tunneling module (section 1.2.2) and the Construction in trench module (section 1.2.3).
New tutorials (7 to 12) have been added to explain the use of both techniques. Small bugs
have been solved: pulling forces for bundled pipes, (horizontal) projected length needed for
vertical testing and mud pressure plots, default values for maximum deflection of Steel and
PE have been exchanged, factor on modulus of subgrade reaction correctly used, in case of
bundles the load angle and bedding angle are given by user (not automatically set to 30 de-
grees any more), the maximum test pressure is increased. Moreover some minor changes in
the report have been made.

D-GEo PIPELINE version 6.2 (2012) includes an adaptation for dead end pipe ("Dead end"
pipe has no production phase). Moreover some minor issues have been solved.

D-GEo PIPELINE version 6.3 (2013) includes the following changes: the changes in the Dutch
norm NEN 3650:2012 series (NEN, 2012a,b,c) and NEN 3651:2012 (NEN, 2012d) are incor-
porated, it is possible to add traffic loads, safety factors from the European Standard CEN are
added, the report is available in French, the temperature stresses are calculated, the known
issue about thrusting forces is solved and the wrong usage of boundaries (for micro-tunneling)
is solved.

D-GEo PIPELINE version 14.1 (2014) For micro tunneling, the calculation of the minimum and
maximum face support pressures is updated so that the target value is between the minimum
and maximum values. The “Check on calculated stresses for load combination 1 (HDD)” is
now correctly performed. The linear settlement coefficient ag is now a user-defined value in
the Pipe Engineering window (section 4.6.3.1). For HDD - Strength calculation, the load factor
on installation fistan is used for the calculation of the axial bending stress oy, (Equation 23.23).

D-GEO PIPELINE version 15.1 (2015) The default value of the allowable deflection of pipe for
steel is changed to 15% (instead of 5%), as prescribed by the NEN. For bundle, the piggability
is checked using the diameter of the considered pipe, not the equivalent diameter. A toggle
button Same scale X and Y axis ' is implemented in the Input and Top View windows
(Figure 2.1), to switch between same scale for X and Y-axis and not same scale for X and
Y-axis. A Reset button in the Defaults window (Figure 4.43) is added to get the default factors
prescribed by the selected norm (NEN or CEN); when a factor differs from the norm, it is
displayed in red.
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D-GEo PIPELINE version 16.1 (2016) With this version, license(s) can be borrowed for a cer-
tain period allowing working without connection to the licence server (see section 3.2.5 for
more information).

Minimum System Requirements

The following minimum system requirements are needed in order to run and install the D-GEO PIPELINE
software, either from CD or by downloading from the Deltares website via MS Internet Ex-
plorer:

¢ Operating systems:
0 Windows 2003,
0 Windows Vista,
0 Windows 7 — 32 bits
0 Windows 7 — 64 bits
0 Windows 8
¢ Hardware specifications:
0 1 GHz Intel Pentium processor or equivalent
o 512 MB of RAM
O 400 MB free hard disk space
O SVGA video card, 1024 x 768 pixels, High colors (16 bits)
O CD-ROM drive
0 Microsoft Internet Explorer version 6.0 or newer (download from www.microsoft.com)

Definitions and Symbols

Co-ordinate system

The horizontal axis is defined as the X axis. The vertical axis is defined to be the Z-direction.
Upward is positive and downward negative. Perpendicular to the cross section is the Y di-
rection. The L co-ordinate is the projection of the horizontal co-ordinate X along the pipeline
trajectory.

\@

X

Figure 1.11: Co-ordinate system

Geometric data

A Cross-section of the pipe: A = 7 (12 — 1?) mm?
D, Outer diameter of the pipe mm
Degq Equivalent diameter of the bundled pipeline mm
Dy Average diameter of the pipe: Dy = D, — dj mm
D, Inner diameter of the pipe: D, = D, — 2 d, mm
d Minimum wall thickness of the pipe: d = d,, (1 — 6;/100) mm
dn Nominal wall thickness of the pipe mm
dn;eq Equivalent nominal wall thickness of a bundled pipeline mm
I Moment of inertia of the pipe: I, = 7 (D3 — D}!) /64 mm*
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Iy Moment of inertia of the wall: I, = d3 /12
lovercut Difference between the hole radius and the outer radius of the prod-
uct pipe (micro tunneling)

7o Quter radius of the pipe

Ty Average radius of the pipe

T Inner radius of the pipe

Wh Resisting moment of the pipe: W, = 2 I/ D,
Wy Resisting moment of the wall: TV, = d2/6

0y Negative wall thickness tolerance

Pipe material data

Ey Young’s modulus of the pipe

Rep Yield strength of the steel pipe

Rep:short  Yield strength of the polyethylene pipe at sort term
Repiong  Yield strength of the polyethylene pipe at long term
Yo Unit weight of the pipe material

Process data

Pd Design pressure
D Test pressure
At Temperature variation

Pipeline configuration

Xiett X-coordinate of the left point

Yiett Y-coordinate of the left point

et (Vertical) Z-coordinate of the left point
Xright X-coordinate of the right point

Yiight Y-coordinate of the right point

Z,ight (Vertical) Z-coordinate of the right point
Pleft Left angle of the pipe

Dright Right angle of the pipe

Ziowest ~ Lowest level of the pipe

Riest Vertical bending radius of the pipe at the left side
Riignt Vertical bending radius of the pipe at the right side
R Bending radius of the rollers

Soil properties

Adhesion

Direct compression index acc. to Isotache model
Secular compression index acc. to Isotache model
Coefficient of secular compression rate acc. to Isotache model
Cohesion

Undrained cohesion

Primary compression coefficient below F,

Primary compression coefficient above F,
Secondary compression coefficient below P,
Secondary compression coefficient above P,
Young’s modulus

Shear modulus: G = E/ (2 (14 v))

CR Over-consolidation ratio

o

o
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Preconsolidation pressure

Pre-overburden pressure

Friction angle between the soil and the pipeline
Friction angle

Unsaturated (dry) unit weight

Saturated (wet) unit weight

Unit weight of water

Poisson’s ratio

Soil mechanical data

Alyb fluid

B
By
C

Q QL
o O

SEE L

Fen
kv;df
kv;lub fluid

kv, pipe
kv,top
kv, bottom

FEETRIIS

Gh,r

QH,I’,V

4o
Gp;max
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Adhesion of the lubrification fluid

Width of the foundation element (= D,)

Half width of the covered ground column

Compression index (soil dependent constant)

Depth factor for the effect of the cohesion

Depth factor for the effect of the soil cover

Permanent friction due to arching effect

Maximal adhesion

Soil cover above the borehole

Soil cover above the borehole in the incompressible layer

Soil cover above the top of the pipe if the pipe is situated in a com-
pressible layer or thickness of the compressible layer if the pipe is
situated in an incompressible layer

Horizontal modulus of subgrade reaction

Modulus of subgrade reaction of the drilling fluid

Modulus of subgrade reaction of the lubrification fluid (micro tunnel-
ing)

Vertical modulus of subgrade reaction of the pipe

Vertical modulus of subgrade reaction of the soil upward

Vertical modulus of subgrade reaction of the soil downward

Active earth pressure ratio

Neutral earth pressure ratio: Ko = 1 — sin ¢

Load coefficient according to Brinch Hansen

Load coefficient according to Brinch Hansen

Length of foundation element

Bearing capacity factor for the effect of the cohesion

Bearing capacity factor for the effect of the soil cover

Bearing capacity factor for the effect of the effective weight of the
soil under the foundation surface

Maximum passive vertical stress

Ultimate vertical bearing capacity

Horizontal bearing capacity

Neutral horizontal stress of the soll

Neutral reduced horizontal stress of the soll

Initial vertical stress of the soil

Neutral vertical stress of the soil

Reduced neutral vertical stress of the soil

Reduced neutral vertical stress increased with a possible traf-
fic load, including safety factors: ¢n,v = fan1 X fane X
(Qn;r + fqv X QV)

Passive vertical stress of the soll

Maximum passive vertical stress

kN/m?
kN/m?
Radians
Radians
kN/m?
KN/m?3
KN/m?3

N/mm
N/mm
N/mm
N/mm
N/mm
N/mm
N/mm
N/mm
N/mm

DD DN DN NN NN

N/mm?
N/mm?
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Zmax

dd

5Iub fluid
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oy’

Traffic load

Shape factor due to cohesion

Shape factor due to soil cover

Shape factor due to effective weight of the soil under the foundation
element

Maximal axial friction along the pipeline

Maximal displacement

Relative displacement of the soil column

Delta lubrification fluid

Average friction angle over the height of the borehole

Percentage of compaction depending on the type of fill and type of
compaction

Effective isotrope stress: oy = (0} + 0y,) /2

Vertical effective stress at the compressibility border

Effective horizontal stress at the pipe center:o, = K x sigma,,
Effective vertical stress at the pipe center

Stress analysis data

S
J2

/3
F, rr

Frr,

Gt
K,

Ky

ky
Ly
Lrol
Ltotal
Lo

T

T

17
T3a
T3b
Fy

qr

Q
Qeﬂ
inlling
Quplift
pipe
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Factor of friction between pipe and pipe-rollers

Friction between pipe and drilling fluid

Factor of friction between pipe and soil

Direct re-rounding factor

Indirect re-rounding factor

Curved force

Moment coefficient for directly transmitted stress at the bottom of
the pipeline, depending on the bedding angle 3

Moment coefficient for indirectly transmitted stress at the bottom of
the pipeline, depending on the bedding angle 3

Moment coefficient for directly transmitted stress at the top of the
pipeline, depending on the bedding angle /3

Moment coefficient for indirectly transmitted stress at the top of the
pipeline, depending on the bedding angle /3

Direct deflection factor depending on the bedding angle 3

Indirect deflection factor depending on the bedding angle 5

Length of the curved part of the pipeline

Length of the pipeline on the roller-lane

Length of the pipeline from the entry to the exit point

Length of the pipeline in the straight part of the borehole

Total pulling force in the pipeline

Pulling force due to friction of the pipeline on the roller-lane

Pulling force due to friction between pipe and drilling fluid

Pulling force in the curved part of the borehole due to soil reaction
Pulling force in the curved part of the borehole due to curved forces
Part of pipe filled with fluid during the pull-back operation

Soil reaction

Weight of the pipeline filled with water

Effective weight of the pipeline

Weight of the filling (water)

Uplift force

Weight of the pipeline

Bending radius

Maximum displacement

Load angle

N/mm?

kN/m

m

m
Radians
Radians

N/mm
N/mm
N/mm
N/mm

[N SR SR V]

N/mm
N/mm
N/mm
N/mm
N/mm
mm

mm
Radians
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Alpha pipe material (for polyethylene)

Bedding angle

Calculated deflection of the pipe

Allowable deflection of the pipe

Allowable deflection of the pipe (piggability)

Unit weight of the filling fluid

Characteristic stiffness pipeline-soil

Axial bending stress

Internal stress around the pipeline caused by test pressure py
Axial internal stress

Internal stress around the pipeline caused by design pressure pqy
Tangential stress (directly transmitted) as a result of the bending
Tangential stress (indirectly transmitted) as a result of the bending
Axial stress due to pull-back

Drilling fluid data

dp/dz
-flOSS
h

L

Pmaxd
Pmax;und
D1

P2

Q@
Qam
Qreq
Ry
Rp;max
u
Eg;max
Yo

Hdf
Tdf

Flow resistance per unit length of borehole

Circulation loss factor

Height between drilling head and exit point of the drilling fluid
Distance in the borehole between the drilling head and the exit point
of the drilling fluid

Maximum drilling fluid pressure for drained conditions

Maximum drilling fluid pressure for undrained conditions

Static pressure of the drilling fluid column

Excess pressure necessary to maintain the annular flow of drilling
fluid with cuttings in the borehole

Calculated flow rate

Annular back-flow rate

Requested flow rate necessary to initiate flow of drilling fluid
Radius of the borehole

Maximum allowable radius of the plastic zone

Pore pressure

Maximum deformation of the borehole

Unit weight of the drilling fluid

Plastic viscosity of the drilling fluid

Yield point of the drilling fluid

Partial safety factors

fburst
fsilo
f

u
fuplift
fah

N

S

9o

01
“Yimp;long
“Yimp;short
Tm

Ym:test

Deltares

Safety factor on hydraulic heave

Overburden factor on silo effect

Safety factor on water pressure u

Safety factor on uplift

Safety factor on the horizontal effective stress

Stability ratio for the calculation of the minimal support pressure
Factor of importance

Maximum allowable deflection of the pipe

Maximum allowable deflection of the pipe for piggability
Safety factor on implosion at long term

Safety factor on implosion at short term

Partial material factor (only for steel).

Partial material factor test pressure (only for steel)

Radians
%

%

%
N/mm?
mm~!
N/mm
N/mm
N/mm
N/mm
N/mm
N/mm

N/mm

[NCIE G R \CI \CIR \C R V]

kN/m3

kN/m?
kN/m?
kN/m?
kN/m?

m3/s
m3/s
m3/s
kKN/m?
kN/m?3

kN.s/m?
kN/m?
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Contingency factors

fe Contingency factor on the cohesion (c or ¢) -
Jeover Contingency factor on soil cover -
fe Contingency factor on the Young’s modulus £ —
fx Overall factor on bending moment: fx = fu X finstan X R -
frv Contingency factor on the bedding constant &, -
fm Contingency factor on the bending moment M -
fpress;bore Contingency factor on the pressure borehole -
Joul Contingency factor on the pulling force 7T’ -
Janz Contingency factor on the soil load ¢, -
fr Contingency factor on bending radius R -
finrust Contingency factor on thrsut force -
fo Contingency factor on the tangent of the friction angle ¢ -
f7 Contingency factor on the total unit weight v -

Load factors

finstal Load factor on installation -
fpd Load factor on design pressure py -
fpd;comb Load factor on design pressure pq in combination -
fot Load factor on test pressure p; -
Jant Load factor on soil load gp, -
Jtemp Load factor on stress due to the temperature variation At -
fov Load factor on traffic load g, -

Abbreviations
HDD Horizontal Directional Drilling
MTBM  Micro Tunneling Boring Machine

PE Polyethylene
LC Load Combination
Getting Help

From the Help menu, choose the Manual option to open the User Manual of D-GEO PIPELINE
in PDF format. Here help on a specific topic can be found by entering a specific word in the
Find field of the PDF reader.

Getting Support

Deltares Systems tools are supported by Deltares. A group of 70 people in software develop-
ment ensures continuous research and development. Support is provided by the developers
and if necessary by the appropriate Deltares experts. These experts can provide consultancy
backup as well.

If problems are encountered, the first step should be to consult the online Support at:
www.deltares.com in menu ‘Software’. Different information about the program can be found
on the left-hand side of the window (Figure 1.12):

< In ‘Support - Frequentely asked questions’ are listed the most frequently asked technical
questions and their answers.

< In ‘Support - Known issues’ are listed the issues of the program.

¢ In ‘Release notes D-Geo Pipeline’ are listed the differences between an old and a new
version.
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DE',tGres Areas of expertise  Software  Academy  Facilities  Aboutus  Contact

Enabling Delta Life 7—

D-Geo Pipeline

Features >
Demo / Screenshots >
Service packages >
Technical Specifications 2
Other related software >
We are here to help you with all your Deltares software products and solutions.
Quer the last decades, Deltares has been developing and improving D-Geo Pipeline, which comes with
Documents everything a modelling professional needs in a flexible, stable, robust, easy-to-use modelling suite. Deltares

offers high quality software services to consultancy firms, governmental organizations, universities and
research institutes worldwide, using these software products.

&  Brochure D-Geo Pipeline 53]
4 To obtain the support of your convenience, please contact sales@deltaressystems.nl. For those with
& Release notes D-Geo Pipeline 53] i
Maintenance & Support in place, please contact support@deltaressystems.nl
& D-Geo Pipeline verification report 2]
Known issues
& D-Geo Pipeline Manual 2]
Solved in For Micro-tunneling, the calculation of the minimum and maximum face support
14114 pressures does not use the correct safety factor on water pressure

For Micro-tunneling, during the calculation of the minimum and maximum face support
pressures, the “Contingency factor soil cover” (default 1.10) is applied on the water
pressure instead of the “Safety factor water pressure” (default 1.05).

Figure 1.12: ‘Products’ menu of Deltares Systems website (www.deltaressystems.com)

If the solution cannot be found there, then the problem description can be e-mailed (preferred)
or faxed to the Deltares Systems support team. When sending a problem description, please
add a full description of the working environment. To do this conveniently:

<& Open the program.

¢ If possible, open a project that can illustrate the question.

& Choose the Support option in the Help menu. The System Info tab contains all relevant
information about the system and the DSeries software. The Problem Description tab
enables a description of the problem encountered to be added.
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suppart ]
DeltaresSystems
Fiotterdamseweg 185 Phone: +31 88 3357309
P.0. Box 177 Fax: +31 88335 81 11
5 ML-2600 MH Delit E-mail: support@deltaresspstems.nl

System Info  Problem Description

Please explain your issue here...

Send.. | Frint... | Save bs.. | Cloze I Help |

Figure 1.13: Support window, Problem Description tab

<& After clicking on the Send button, the Send Support E-Mail window opens, allowing
sending current file as an attachment. Marked or not the Attach current file to mail
check-box and click OK to send it.

Send Support E-Mail ﬂ

Thiz problem repart will be sent to “supporti@deltaressystems.nl'. Y'ou
can also send the curent file as an attachment. Check the checkbox
below to do this.

Sending of the problem report with E-mail iz only pozsible if the mail
program oh your system is configured as 'default Simple MAPI client'!
[congult your system administrator].

Thiiz will anly wark. if vour E-mail pragram can reach extemal [Intemet)
E-mail addresszes.

[~ Attach current file ko mail

Cancel | Help |

Figure 1.14: Send Support E-Mail window

The problem report can either be saved to a file or sent to a printer or PC fax. The document
can be emailed to geo.support@deltaressystems.nl or alternatively faxed to +31(0)88 335
8111.

Deltares

Since January 1st 2008, GeoDelft together with parts of Rijkswaterstaat /DWW, RIKZ and
RIZA, WL |Delft Hydraulics and a part of TNO Built Environment and Geosciences are form-
ing the Deltares Institute, a new and independent institute for applied research and special-
ist advice. Founded in 1934, GeoDelft was one of the world’s most renowned institutes for
geotechnical and environmental research. As a Dutch national Grand Technological Institute
(GTI), Deltares role is to obtain, generate and disseminate geotechnical know-how. The insti-
tute is an international leader in research and consultancy into the behavior of soft soils (sand
clay and peat) and management of the geo-ecological consequences which arise from these
activities. Again and again subsoil related uncertainties and risks appear to be the key factors
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in civil engineering risk management. Having the processes to manage these uncertainties
makes Deltares the obvious partner in risk management for all parties involved in the civil and
environmental construction sector. Deltares teams are continually working on new mecha-
nisms, applications and concepts to facilitate the risk management process, the most recent
of which is the launch of the concept "GeoQ" into the geotechnical sector.

For more information on Deltares, visit the Deltares website: www.deltares.com.

Deltares Systems

Deltares Systems (formerly known as Delft GeoSystems) converts Deltares’s knowledge into
practical geo-engineering services and software. Deltares Systems has developed a suite
of software for geotechnical engineering. Besides software, Deltares Systems is involved in
providing services such as hosting on-line monitoring platforms, hosting on-line delivery of
site investigation, laboratory test results, etc. As part of this process Deltares Systems is
progressively connecting these services to their software. This allows for more standardized
use of information, and the interpretation and comparison of results. Most software is used
as design software, following design standards. This however, does not guarantee a design
that can be executed successfully in practice, so automated back-analyses using monitoring
information are an important aspect in improving geotechnical engineering results. For more
information about Deltares Systems’ geotechnical software, including download options, visit
www.deltaressystems.com.

On-line software (Citrix)

Besides purchased software, Deltares Systems tools are available as an on-line service. The
input can be created over the internet. Heavy duty calculation servers at Deltares guarantee
quick analysis, while results are presented on-line. Users can view and print results as well
as locally store project files. Once connected, clients are charged by the hour.

For more information, please contact the Deltares Sales team:

sales@deltaressystems.com.
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2.1

2.2

Getting Started

This Getting Started chapter aims to familiarize the user with the structure and user interface
of D-GEO PIPELINE. The Tutorial section which follows uses a selection of case studies to
introduce the program’s functions.

Starting D-GEO PIPELINE

To start D-GEO PIPELINE, click Start on the Windows menu bar and then find it under Programs,
or double-click a D-GEO PIPELINE input file that was generated during a previous session.

For an D-GEo PIPELINE installation based on floating licenses, the Modules window may ap-
pear at start-up (section 3.2.5). Check that the correct modules are selected and click OK.

When D-GEO PIPELINE is started from the Windows menu bar, the last project that was worked
on will open automatically, unless the program has been configured otherwise under Tools:
Program Options (section 3.2).

Main window

When D-GEO PIPELINE is started, the main window is displayed (Figure 2.1). This window
contains a menu bar (section 2.2.1), an icon bar (section 2.2.2), a View Input window (sec-
tion 2.2.3) displaying the pre-selected or most recently accessed project, an info bar (sec-
tion 2.2.4), a title panel (section 2.2.5) and a status bar (section 2.2.6).

= D-Geo Pipeline *Horizontal Directional Drilling* - D:\..\Project HDD designed with D-Geo Pipeline (ol x|
File Project Soil Geometry GeoObjects Loads Pipe Defaults Calcuation Results Tools Window Help

= - =
ER=A Ni=N s |® ®

[ View Input =]
Geametry | Inputl "L Top View .

[ N O o = = O - O

[ clay, moderate
[ sand, moderate
[ ciay, compact
[ Peat

[ sand, compact

on

tn

-10.000 420.000

bbb b b
L e e iy

Figure 2.1: Main Window

The first time D-GEO PIPELINE is started after installation, the View Input window will be closed.
When a new file is created, the default model is Horizontal directional drilling and the project
name is Project1.
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The menu bar

To access the D-GEO PIPELINE menus, click one of the items on the menu bar.

File Project Soil Geometry GeoObjects Loads Pipe Defaults  Calculation  Results Tools  Window  Help

Figure 2.2: D-GEO PIPELINE menu bar

The menus contain the following functions:

File

Project
Soil

Geometry
GeoObjects

Loads
Pipe

Defaults
Calculation

Results
Tools

Window

Help

2.2.2 Theicon bar

Standard Windows options for opening, saving and sending files as well
as several D-GEO PIPELINE options for exporting and printing the active
window and reports (section 3.1).

Definition of the model types, options for Project Properties and View
Input File (section 4.1).

Definition of soil type properties (section 4.2).

Definition of layers, soil types and piezometric lines (section 4.3).
Definition of the border between compressible top layers and underly-
ing non-compressible soil layers, the border between impermeable and
permeable soil layers and definition of the verticals (X-coordinates) for
which results will be shown (section 4.4).

Definition of the traffic loads if present (section 4.5).

Definition of the pipeline configuration and input of pipeline parameters
(section 4.6).

Input of factors (section 4.7).

A wide range of calculation options. Determine the settlements and
stresses along the verticals (chapter 5).

Graphical or tabular output of the results (chapter 6).

Options for editing D-GEO PIPELINE program default settings (sec-
tion 3.2).

Default Windows options for arranging the D-GEO PIPELINE windows
and choosing the active window.

Online Help (section 1.8).

The buttons on the icon bar can be used to quickly access frequently used functions (see

below).

SH|E0EE| e ®

Figure 2.3: D-GEO PIPELINE icon bar

Click on the following buttons to activate the corresponding functions:

D= |G |
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Start a new D-GEO PIPELINE project.
Open the input file of an existing project.
Save the input file of the current project.

Print the contents of the active window.
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Display a print preview of the current contents of the View Input window.

|5 |2

Open the Project Properties window. Here the project title and other identification
data can be entered, and the View Layout and Graph Settings for the project can be
determined.

Start the calculation.

Display the contents of online Help.

o ¢ |

Display the first page of the Deltares Systems website: www.deltaressystems.com

2.2.3 View Input

The View Input window displays the geometry and additional D-GEO PIPELINE input for the
current project. The window has three tabs:

& Geometry
In this view (Figure 2.4), the positions and soil types of different layers can be de-
fined, inspected and modified. For more information about these general options for
geometrical modeling, see chapter 7. See also the description of the Geometry menu
(section 4.3).

|5 view Input — 18l x|
Geometry J:\rvput {Top\f\aw N

[ T P T O I P O P - -

Materials
[ Clay, moderate
[ sand, moderate
[ chay, compact
[ Peat

[ sand, compact

Jen

jén

&

Sand, compact

-10.000 420.000

L.
LU ey

m

Figure 2.4: View Input window, Geometry tab

<& Input
In this view (Figure 2.5), the additional D-GEO PIPELINE-specific input can be defined,
inspected and modified. See below in this section for more information about the various
options.
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=
Gisametry | Tt | Tap View
Edit 2 —
m ) 57 [ . sand, moderate
S E [ 7. Sand, mederate
e g [ & Peat
o) o [ s.clay, moderate
’,;‘ S = [ 4 sand, moderate
s [ ; [ 3 ciay, compact
i _ 57 [ 2 Peat
Tools % S 1 1.5ang, compact
Fae S
- g ’H];
x =
E -10.000 420.000
B
Figure 2.5: View Input window, Input tab
<& Top View
In this view (Figure 2.6), the top view of the pipeline longitudinal cross section is shown.
=
Geometry {\nput {Top\f\ew .
T L = O = I
Ly
% 2 3
2% ||E=
i =
Tools & 75
50 || ==
= =
x E H
BT B
K| | D

Figure 2.6: View Input window, Top View tab

The panel on the left of the view includes buttons for entering data and manipulating the
graphical view. Click the following buttons to activate the corresponding functions:
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Select and Edit mode

J In this mode, the left-hand mouse button can be used to select a previously-defined

verticals or loads in the View Input mode. Item can then be deleted or modified

by dragging or resizing, or by clicking the right-hand mouse button and choosing
options from the menu displayed. Pressing the Escape key return the user to this

Select and Edit mode.

Pan button

Click this button to change the visible part of the drawing by clicking and dragging

the mouse.

Add point(s) to boundary / PL-line

“# | Click this button to add points to all types of lines (lines, polylines, boundary lines,

PL-lines). By adding a point to a line, the existing line is split into two new lines. This

provides more freedom when modifying the geometry.

Add single lines(s)

ﬂ Click this button to add single lines. When this button is selected, the first left-hand
mouse click will add the info bar of the new line and a “rubber band” is displayed
when the mouse is moved. The second left-hand mouse click defines the end point
(and thus the final position) of the line. It is now possible to either go on clicking start
and end points to define lines, or stop adding lines by selecting one of the other tool
buttons, or by clicking the right-hand mouse button, or by pressing the Escape key.
Add polyline(s)

ﬂ Click this button to add poly-lines. When this button is selected, the first left-hand
mouse click adds the starting point of the new line and a “rubber band” is displayed
when the mouse is moved. A second left-hand mouse click defines the end point
(and thus the final position) of the first line in the poly-line and activates the “rubber
band” for the second line in the poly-line. Every subsequent left-hand mouse click
again defines a new end point of the next line in the poly-line. It is possible to end
a poly-line by selecting one of the other tool buttons, or by clicking the right-hand
mouse button, or by pressing the Escape key.

Add PL-line(s)

< | Click this button to add a piezometric level line (PL-line). Each PL-line must start
at the left limit and end at the right limit. Furthermore, each consecutive point must
have a strictly increasing X co-ordinate. Therefore, a PL-line must be defined from
left to right, starting at the left limit and ending at the right limit. To enforce this, the
program will always relocate the first point clicked (left-hand mouse button) to the left
limit by moving it horizontally to this limit. If trying to define a point to the left of the
previous point, the rubber band icon indicates that this is not possible. Subsequently
clicking on the left side of the previous point, the new point will be added at the end
of the rubber band icon instead of the position clicked.
Zoom in

+ | Click this button to enlarge the drawing, then click the part of the drawing which is to

be at the center of the new image. Repeat if necessary.

Zoom out

= | Click this button, then click on the drawing to reduce the drawing size. Repeat if

necessary.

Zoom rectangle

Click this button then click and drag a rectangle over the area to be enlarged. The

selected area will be enlarged to fit the window. Repeat if necessary.

Measure the distance between two points

Click this button, then click the first point on the View Input window and place the

cross on the second point. The distance between the two points can be read at the

bottom of the View Input window. To turn this option off, click the escape key.
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*

Add calculation vertical
Click this button to graphically define the position of a vertical.

Undo zoom

Click this button to undo the zoom. If necessary, click several times to retrace each
consecutive zoom-in step that was made.

Zoom limits

Click this button to display the complete drawing.

Same scale for X and Y axis
Click this button to use the same scale for the horizontal and vertical directions.

Automatic regeneration of geometry on/off

Ed| When selected, the program will automatically try to generate a new valid geometry
~  whenever geometry modifications require this. During generation, (poly)lines (solid
blue) are converted to boundaries (solid black), with interjacent layers. New layers
receive a default material type. Existing layers keep the materials that were assigned
to them. Invalid geometry parts are converted to construction elements.
Automatic regeneration may slow down progress during input of complex geometry,
because validity will be checked continuously.
Undo
x3 | Click this button to undo the last change(s) made to the geometry.
Redo
ru | Click this button to redo the previous Undo action.
Delete
# | Click this button to delete a selected element. Note that this button is only available
~  when an element is selected.
Info bar

This bar situated at the bottom of the View Input window displays the co-ordinates of the
current position of the cursor and the distance between two points when the icon Measure the
distance between two points Elis selected from the Edit panel.

Title panel

This panel situated at the bottom of the main window displays the project titles, as entered on
the Identification tab in the Project Properties window (section 4.1.2).

Status bar

This bar situated at the bottom of the main window displays a description of the selected icon
of the icon bar (section 2.2.2) or of the View Input window (section 2.2.3).
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2.3 Files

*.dri

*.drd

*.drs

*.drd

*

.geo

*

.set
*.err
.gef

*

Input file (ASCII):

Contains the D-GEO PIPELINE specific input. After interactive generation, this file
can be used in subsequent D-GEO PIPELINE analyses.

Dump file (ASCII):

Contains calculation results used for graphical output.

Setting file (ASCII):

Working file with settings data. This file does not contain any information that is
relevant for the calculation, but only settings that apply to the representation of
the data, such as the grid size.

Dump file (ASCII):

Contains calculation results used for graphical and report output.

Input file (ASCII):

Contains the geometry data that can be shared with other D-Series programs.
Working file (ASCII):

Contains program settings data.

If there are any errors in the input, they are described in this file.

Measurements data in self describing Geotechnical Exchange Format.

2.4 Tips and Tricks

2.41

Keyboard shortcuts

Keyboard shortcuts given in Table 2.5 are another way to reach the features of D-GEO PIPELINE
directly without selecting it from the bar menu. These shortcuts are also indicated in the
corresponding sub-menus.

Table 2.5: Keyboard shortcuts for D-GEO PIPELINE

Keyboard shortcut Opened window

Ctrl + N New

Ctrl+ O Open

Ctrl+ S Save

F12 Save As

Shift + Ctrl + C Copy Active Window to Clipboard
Ctrl+ P Print Report

Ctrl + M Model

Ctrl+ T Materials

F9 Start Calculation

Ctrl + R Report

Ctrl + U Drilling Fluid Pressures Plots

Deltares
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Exporting figures and reports

All figures in D-GEO PIPELINE such as top view and graphical output can be exported in WMF
(Windows Meta Files) format. In the File menu, select the option Export Active Window to
save the figures in a file. This file can be later imported in a Word document for example or
added as annex in a report. The option Copy Active Window to Clipboard from the File menu
can also be used to copy directly the figure in a Word document.

The report can be entirely exported as PDF (Portable Document Format) or RTF (Rich Text
Format) file. To look at a PDF file Adobe Reader can be used. A RTF file can be opened
and edited with word processors like MS Word. Before exporting the report, a selection of the
relevant parts can be done with the option Report Selection (section 6.1).

Copying part of a table

It is possible to select and then copy part of a table in another document (an Excel sheet for
example). If the cursor Llis placed on the left-hand side of a cell of the table, the cursor
changes in an arrow which points from bottom left to top right. Select a specific area by using
the mouse (see a in Figure 2.7). Then, using the copy button (or ctrl+C) this area can be
copied.

Eeginx | Begin' | BeginZ |  Material E mod Begin | Begin'' | BeginZ |  Material E mod

[m] [m] [m] [N rmm#] [rm] [rm] [rm] [N 4mim 2]

| | 000 000 200200 2000 0.00 4000 000 200 200 2000 0.00

| 5000 1000 2002 00 2000 0.00 5000 10.00 200 200 2000 0.00

(B 2000 20000 m 2000, 0.00 20.00(  20.00] |2.00 2000 |

(| o000 2000 ] 2 DD 2000 00l | 2000] 1oof2o0 2000|000

|| 20000 1000 200 2000 [ilil] 2000] 40.00] 1.00]200 2000 [ 0.00]

| soo0|  so0%d noojzoo o0 0.00 8000 500  0.00/200 2000 0.00
a) [ fooo0| 5000 200/200 2000 0.00 b) 100000 5000 200200 2000 0.00

BeginX | Begn' | BegnZ | Material E mod
[m] [mJ“\’ [m] [N/mm#]
-80.00 200200 2000 000

50.00 BSSIDE 200 200 2000 0.0
-20.00 BN 0.00/2.00 2000 0.00

(¥

| ooo .00/ 200 2000 0.00

|| 2000 ESSRONGE  -1.00 200 2000 0.00

| 5000 BN 000200 2000 0.00
C) [ 10000 BENENDN 200 200 2000 0.00

Figure 2.7: Selection of different parts of a table using the arrow cursor

To select a row, click on the cell before the row number (see b) in Figure 2.7). To select a
column, click on the top cell of the column (see c¢) in Figure 2.7). To select the complete table,
click on the top left cell (see d) in Figure 2.7).

In some tables the buttons Cut, Copy, and Paste | 2 are also present at the left hand.
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3 General

This chapter contains a detailed description of the available menu options for inputting data
for a project, and for calculating and viewing the results. The examples in the Tutorial section
provide a convenient starting point for familiarization with the program.

3.1 File menu

3.1.1 General options

Besides the familiar Windows options for opening and saving files, the File menu contains a
number of options specific to D-GEO PIPELINE:

<& New
Select this option to display the New File window (Figure 3.1). Three choices are avail-
able to create a new geometry:

O Select New geometry to display the View Input window, showing only the geome-
try limits (with their defaults values) of the geometry;

O Select New geometry wizard to create a new geometry faster and easier using
the wizard option (involving a step-by-step process for creating a geometry, see
section 4.3.2);

O Select Import geometry to use an existing geometry.

New File x|
Geometny

= Mew geometry

= Import geometry

u] 4 I Cancel | Help |

Figure 3.1: New File window

& Copy Active Window to Clipboard
Use this option to copy the contents of the active window to the Windows clipboard so
that they can be pasted into another application. The contents will be pasted in either
text format or Windows Meta File format.

& Export Active Window
Use this option to export the contents of the active window as a Windows Meta File
(*.wmf), a Drawing Exchange File (*.dxf) or a text file (*.txt).

& Export Report
This option allows the report to be exported in a different format, such as PDF or RTF.

& Export Results as xml
This option allows the inputs and results to be exported in an XML format.

& Export Results as csv
This option allows the inputs and results to be exported with the SCIA pipeline wizard
in a csv format (Excel). For detailed information, refer to section 3.1.2.
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& Page Setup
This option allows definition of the way D-GEO PIPELINE plots and reports are to be
printed. The printer, paper size, orientation and margins can be defined as well as
whether and where axes are required for plots. Click Autofit to get D-GEO PIPELINE to
choose the best fit for the page.

<& Print Preview Active Window
This option will display a print preview of the current contents of the View Input or
Results windows.

<& Print Active Window
This option prints the current contents of the View Input or Results windows.

& Print Preview Report
This option will display a print preview of the calculation report.

<& Print Report
This option prints the calculation report.

Option ”Export Results as csv”

For advanced structural analyses, for example the SCIA Pipeline program (Sci) can be used or
an other program. Such a program has advanced options for structural modeling and allows
for accurate analyses of stress distribution (Figure 3.2). In order to do so, such a program
for an advanced pipe stress analysis needs accurate soil mechanical parameters, which are
supplied by D-GEO PIPELINE in a CSV (comma-separated values) format file by means of the
option Export Results as csv from the File menu bar of D-GEO PIPELINE.

[ s
MOBRNOHD SAVWID LASH[ LR b8b 6+ AAMRANE & @ FEAARRAF DB 0B R ES B R pa

star, € OP T E =

Figure 3.2: 3D configuration in SCIA Pipeline

The CSV file contains the following data’s (calculated without safety factors).

General
Company [-] Name of the company who performed the calculation
with D-GEO PIPELINE.
Software [-] Version number of D-GEO PIPELINE used.
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General

Date
Time

Pipeline data’s

P1(x)
P1(y)
P1(2)
)
)
)

T

2(x
2(y
2(z
Length Pipe

T 0

Pipe nr
Diameter Tube
Thickness Tube
Material Tube

[yyyy/mm/dd]
[hh:mm:ss]

[mm]
[mm]

]

Date of the calculation with D-GEO PIPELINE.
Time of the calculation with D-GEO PIPELINE.

X co-ordinate of the begin point of the pipeline.

Y co-ordinate of the begin point of the pipeline.

Z co-ordinate of the begin point of the pipeline.

X co-ordinate of the end point of the pipeline.

Y co-ordinate of the end point of the pipeline.

Z co-ordinate of the end point of the pipeline.

Length along the pipeline between the begin point P1
and the end point P2.

Diameter of the pipe.
Wall thickness of the pipe.

Note: Pipeline data’s are not calculated (only user inputted), but are needed in order to
prepare the SCIA Pipeline file.

Calculation verticals

Section nr
X

y
z

Horizontal soil mechanical data

From
Curved
Delta

f

Qa

Qn

Qc

Qp

CH

Cc2

Gap
UCF(XX)

[-]

[m]
[m]
[m]

[m]
[boolean]
[m]

[m]
[kN/m?]
[kN/m?]
[kN/m?]
[kN/m?]
[kN/m3]
[kN/m3]
[mm]

]

Number of the calculation vertical.

X co-ordinate of the calculation vertical.
Y co-ordinate of the calculation vertical.
Z co-ordinate of the calculation vertical.

Position along the pipeline.

Presence or not of curved part along the pipeline.
Horizontal position of the pipeline measured perpen-
dicular from line P1-P2.

Horizontal settlement of the soil.

Horizontal active soil pressure.

Horizontal neutral soil pressure.

Horizontal consolidation pressure.

Horizontal passive soil pressure.

Horizontal modulus of subgrade reaction of the soil.
Horizontal modulus of subgrade reaction of the sail.
Gap

Uncertainty on parameter XX.

Note: Horizontal soil mechanical data are given at both left and right sides of the pipe section.

Vertical soil mechanical data

From
Curved

Deltares

[m]
[boolean]

Position along the pipeline.
Presence or not of curved part along the pipeline.
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Delta [m] Vertical position of the pipeline measured perpendicu-
lar from line P1-P2.

f [m] Vertical settlement of the soil.

Qa [kN/m2] Vertical active soil pressure.

Qn [kN/m?] Vertical neutral soil pressure.

Qc [kN/m?] Vertical consolidation pressure.

Qp [kN/m?] Vertical passive soil pressure.

C1 [kN/m?] Vertical modulus of subgrade reaction of the soil.

c2 [kN/m3] Vertical modulus of subgrade reaction of the soil.

Gap [mm] Gap

UCF(XX) [-] Uncertainty on parameter XX.

Note: Vertical soil mechanical data are given at both top and bottom sides of the pipe section.

Water
Water height [mm]
C1 [kN/m?3] Unit weight of water.
QP [kN/m?] Water pressure.
UCF(XX) [-] Uncertainty on parameter XX.

Axial soil data for friction

From [m] Position along the pipeline.
Coef_Mu_x [-] Friction coefficient in axial direction.
Cx [kN/mq] Stiffness of the friction spring.

Coef _Mu_rx [-] Friction coefficient in axial direction.
Crx [kN/m3] Stiffness of the friction spring.
Factor [-1 Factor on friction.

UCF(XX) [-] Uncertainty on parameter XX.

3.2 Tools menu

On the menu bar, click Tools and then choose Options to open the Program Options window.
In this window, the user can optionally define their own preferences for some of the program’s
default values through the following tabs:

<& (section 3.2.1) View tab

<& (section 3.2.2) General tab
<& (section 3.2.3) Locations tab
<& (section 3.2.4) Language tab
<& (section 3.2.5) Modules tab
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General

3.2.1 Program Options - View

Toolbar
Status bar
Title panel

= Program Options

General | Locations Language.Modu\es

W Toolbar
W Status bar

[~ Title panel

o]

Cancel

Figure 3.3: Program Options window, View tab

Mark the relevant check-box to display the tool bar and/or status bar

(section 2.2.6) each time D-GEO PIPELINE is started.

Mark this check-box to display the project titles, as entered on the Iden-
tification tab of the Project Properties window (section 4.1.2), in the title

panel (section 2.2.5) at the bottom of the View Input window.

3.2.2 Program Options - General

Deltares

= Program Options

Wiew Locations | Language | Modules
Startup with Save on Calculation
" Mo project ® Always Save
 Lastused project " Ahways Save As
" Mew project

Use Enter key to
¢ Press the default button (Windows-style)

" Setfocus to the next contral (DOS-style)

o]

Cancel |

Figure 3.4: Program Options window, General tab
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Startup with

Save on
Calculation

Use Enter key to

Click one of these toggle buttons to determine how a project should be
initiated each time D-GEO PIPELINE is started.

No project: Use the buttons in the toolbar or the options in the File
menu to open an existing project or to start a new one.

Last used project: The last project to be worked on is opened automat-
ically.

New project: A new project is created comprising a sheet pile wall with
a "dummy" soil layer on both sides.

Note that the Startup with option is ignored when D-GEO PIPELINE is
started by double-clicking on an input file.

The toggle buttons determine how input data is saved prior to calcu-
lation. It can either be saved automatically, using the same file name
each time, or a file name can be specified every time the data is saved.
Use the toggle buttons to determine the way the Enter key is used in
D-GEO PIPELINE: either as an equivalent of pressing the default button
(Windows style) or to shift the focus to the next item in a window (for
users accustomed to the DOS version(s) of the program).

3.2.3 Program Options - Locations

Working
directory

Use MGeobase
database

Settlement
program
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= Program Options @
‘wiew | General Locafions |Language | Modules |

[7 Save lastused current directory as working directony

Working directany
2 N

v Use MGeobase database

MGeobase database

|J \Suppurt\MGeDBase\\ J

Settlement program
|C:\Pr0gram Files (x861\Dettares\DSetlernentyDSett J

oK Cancel

Figure 3.5: Program Options window, Locations tab

D-GEo PIPELINE will start up with a working directory for selection and
saving of files. Either choose to use the last used directory, or specify
a fixed path.

Enable this check-box to specify the location of the MGeoBase
database with material data, geometric data etc. Use of this option also
requires once-off local installation of Interbase client software, assum-
ing that the database is residing on a server on which server software
has already been installed.

The calculation of the settlement of the soil layers below the pipeline
is performed externally by D-SETTLEMENT (formerly known as MSet-
tle), the settlement calculation program of the Deltares Systems tools.
Therefore, the directory where the program is installed must be speci-
fied by clicking the Browse button.
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3.2.4 Program Options - Language

7= Program Options @

Wiew I Genera\] Locations  Language |M0du\es|

Interface language English -
Output language English A
Diutch
English
German

French

OK | Cancel | |

Figure 3.6: Program Options window, Language tab

Interface language  Currently, the only available interface language is English.
Output language The output languages English, German, Dutch and French are sup-

ported. The selected output language will be used in all exported
reports and output plots.

3.2.5 Program Options - Modules

For a D-GEO PIPELINE installation based on floating licenses, the Modules tab can be used to
claim a license for the particular modules that are to be used. If the Show at start of program
check-box is marked then this window will always be shown at start-up.

For a D-GEO PIPELINE installation based on a license dongle, the Modules tab will just show
the modules that may be used.

: Program Options @

“View 1 Generall Locations | Language M

License LFk

W D-Geo Fipeline Standard module
W Micro Tunneling madule

W Trenching module

W HOD

W Evaluation mode

MNo modules borowed Feturn borrow ‘ Borrowing... |

[ Show at start of program Lsers
0K Cancel | |

Figure 3.7: Program Options window, Modules tab
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Click this button to see which modules are (at this moment) in used and
Users who (within the company) is using them.

Click this button to borrow the selected modules for a certain period. The
Borrowing.. modules will be taken from the server pool and will be available on this
computer even if no connection to the license server is available. Set the
date and time for the expiration of the borrowing and press OK.

Return borrow

g

Click this button to end the borrow immediately.

Help menu

The Help menu allows access to different options.

Error Messages

If errors are found in the input, no calculation can be performed and D-GEO PIPELINE opens
the Error Messages window displaying more details about the error(s). Those errors must
be corrected before performing a new calculation. To view those error messages, select the
Error Messages option from the Help menu. They are also written in the *.err file. They will
be overwritten the next time a calculation is started.

I=I[=1 S

Program  : D-Geo Pipeline
Version  : 6.3

License  : Unknowm
Company

Dun identification :

Date 1 9-7-72013
Time : 17:15:04

ERROR{S) IN CALCULATION VERTICALS
Mo calculation verticals present

End of D-Geo Pipeline file

Figure 3.8: Error Messages window

Manual

Select the Manual option from the Help menu to open the User Manual of D-GEO PIPELINE in
PDF format. Here help on a specific topic can be found by entering a specific word in the Find
field of the PDF reader.

Deltares Systems Website

Select Deltares Systems Website option from the Help menu to visit the Deltares Systems
website (www.deltaressystems.com) for the latest news.

Support

Use the Support option from the Help menu to open the Support window in which program
errors can be registered. Refer to section 1.9 for a detailed description of this window.
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General

3.3.5 About D-GEO PIPELINE

Use the About option from the Help menu to display the About D-GEO PIPELINE window which
provides software information (for example the version of the software).

About D-Geo Pipeline x|

Deltares systems

Yersion E.3 [Build1.4) e-mail zupportEdeltaressystemns.nl
License LUnknown Tel +318833573909
Copyright = Deltares 1995-2013

Enabling Delta Life

Figure 3.9: About D-GEO PIPELINE window
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4 Input

Before the design calculations can be started, data for the project needs to be input. The
examples presented in the Tutorial section (chapter 8) can be a convenient starting point.

4.1 Project menu

On the menu bar (section 2.2.1), click Project to display the following menu options:

O (section 4.1.1) Model to select the required analysis model.

O (section 4.1.2) Properties to enter a project identification and change the default settings
for viewing data.

<O (section 4.1.3) View Input File to inspect the D-GEO PIPELINE ASCII input file.

4.1.1 Model

On the menu bar, click Project and then choose Model to open the Model window.

Model x|
hodel
% Hatizontal directional drilling

¥ Ends at surface

Dutch Standard NEN =]
 Micro tunneling

 Construction in trench

' Koppejan

" |sotachen

(0] | Cancel Help

Figure 4.1: Model window

Model

Select the technique for pipeline installation:

& Horizontal directional drilling, see section 1.3;

<& Micro tunneling, see section 1.4.1;

& Construction in trench, see section 1.4.2;
If Horizontal directional drilling is selected, the safety factors according
to either the Dutch Standard NEN or to the European Standard CEN
can be applied. For more information, refer to section 4.7.1.1.

Ends at surface

Enable this check-box if the pipeline ends at surface. In this case,
D-GEo PIPELINE will automatically calculate the vertical co-ordinate Z
of the exit point of the pipeline (see section 4.6.1).

Deltares
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Settlement Enable the check-box Use settlement to calculate the vertical displace-
ment of the soil below the pipeline due to installation. D-GEO PIPELINE
will use the D-SETTLEMENT computer program. The required settlement
model (Koppejan or Isotache) must be selected. For background infor-
mation, see section 21.10.2 and section 21.10.1 respectively for Koppe-
jan and Isotache models.

Note: The check-box Use settlement is available only when the pro-
gram D-SETTLEMENT (formerly known as MSettle) is installed, and when
the location of the executable (DSettlement.exe) is specified in the Lo-
cations tab of the Program Options window (section 3.2.3).

Note: The pipeline settlement can also be entered manually (if avail-
able) in the Calculation Verticals window (refer to section 4.4.2).

4.1.2 Project Properties

On the menu bar, click Project and then choose Properties to open the input window. The
Project Properties window has two tabs, which allow the settings for the current project to be
changed:

<& Identification, to specify project identification data.
& View Input, to define the appearance of items in the View Input window.

Project Properties - Identification

Use the Identification tab to specify the project identification data:

Project Properties X|

|dentification | Wiew [nput |

Tite1  |Project D-Gea Pipsline

Titez  |HDD

Tiled |

Date W ¥ s curent date
Drawn by |DSC

Project 1D [012-23456

Annex D |12

[~ Save as default oK. I Cancel | Help |

Figure 4.2: Project Properties window, Identification tab

Titles Use Title 11to give the project a unique, easily recognizable name. Title
2 and Title 3 can be added to indicate specific characteristics of the
calculation. The three titles will be included on printed output.

Date The date entered here will be used on printouts and graphic plots for
this project. Either mark the Use current date check-box to automati-
cally use the current date on each printout, or enter a specific date.
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Drawn by Enter the name of the user performing the calculation or generating the
printout.

Project ID Enter a project identification number.

Annex ID Specify the annex number of the printout.

Enable the check-box Save as default to use these settings every time D-GEO PIPELINE is
started or a new project is created.

Project Properties — View

Input

Use the View Input tab to define the appearance of the View Input window (section 2.2.3).

Project Properties x|

|dentification  View Input |

Displ_
W s e
¥ Legend

[~ Same Scale for x and y Az ¥ Layers

¥ Laper Colars

¥ Bulers
- = Material Nurnbers

] Wi = Material Mames
I~ Large Cursor
¥ Calculation Werticals Grict
- o I~ Show Grid

Poaints

[~ Snapto Gnd

Labels
I~ | Pairts

¥ Calculation Verticals

Layer labels az
£+ Layer Mumbers

Grid distance  [m] I'I.DDD

[~ Save as default

] I Cancel | Help |

Figure 4.3: Project Properties window, View Input tab

Display
Info Bar

Legend

Same scale for x and y
axis

Layer colors

Rulers

Origin

Large Cursor

Calculation Verticals
Points

Labels

Points

Calculation Verticals
Layers

Deltares

Enable this check-box to display the information bar at the bot-
tom of the QOutline View window.

Enable this check-box to display the legend.

Enable this check-box to display the x and y axis with the same
scale.

Enable this check-box to display the layers in different colors.
Enable this check-box to display the rulers.

Enable this check-box to draw a circle at the origin.

Enable this check-box to use the large cursor instead of the small
one.

Enable this check-box to display the verticals.

Enable this check-box to display the points.

Enable this check-box to display the point labels.
Enable this check-box to display the vertical labels.
Enable this check-box to display the layer labels.
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Layers labels as

This choice is available only if the Layers check-box of the Labels sub-window is marked.

There are three ways to display the legend of the layers:

Layer Numbers The legend displays one box for each layer. Each layer (and
therefore each box) is displayed in a different standard color.
Next to each box, the layer number and the material name are
displayed, corresponding to the color and number of the layer in
the adjacent Geometry window.

Material Numbers The legend displays one box for each material. Each material
(and therefore each box) is displayed in a different color which
can be changed by the user (see section 7.3.3). Next to each
box, the material number and name are displayed, correspond-
ing to the color and number of the material in the adjacent Ge-
ometry window.

Material Names The legend displays one box for each material. Each material
(and therefore each box) is displayed in a different color which
can be changed by the user (see section 7.3.3). Next to each
box, only the material name is displayed, corresponding to the
color and name of the material in the adjacent Geometry win-

dow.
Grid
Show grid Enable this check-box to display the grid points.
Snap to Grid Enable this check-box to ensure that objects align to the grid
automatically when they are moved or positioned in a graph.
Grid distance Enter the distance between two grid points.

Enable the Save as default check-box to use the current settings every time D-GEO PIPELINE
is started.

View Input File

On the menu bar, click Project and then choose View Input File to display an overview of the
input data.

The data will be displayed in the D-GEO PIPELINE main window. Click on the Print Active
Window &l icon to print the file.

Soil menu

The Soil menu is used to enter the soil properties for the analysis. In the Soil menu, choose
Materials to open the Materials input window in which the soil type properties can be defined.
The Properties can either be imported directly from an MGeoBase database (Database tab),
or be inputted manually (Parameters tab):

¢ Manual input of standard parameters (section 4.2.1);

¢ Manual input of settlement parameters acc. to Koppejan (section 4.2.2);
¢ Manual input of settlement parameters acc. to Isotache (section 4.2.3);
¢ Import from database (section 4.2.4).
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4.2.2

Input

Materials — Standard

If the Use settlement check-box in the Model window (section 4.1.1) is unmarked, the following
window is displayed.

Materials x|
atenal narme Total Unit Weight
Saft Clay Abave phreatic level [kN/m3] I'I .00
Medium Clay
Stiff Clay Below phreatic level [kMN/m3] |2D. oo
Peat
Looge Sand
ene Sand Cohesion kN/m2] [0.00
Gravel Phi [dea] |3D. i}
Loam
Muck Cutop [kMAma] |0.00
Undetermired
Cu bottom [kMAma] |0.00
Emad tap [kM/m2] I'I 000.00
Emad battam [kM/m2] |1 500.00
Adhesion [kNAm=] |0.00
Add insert | 1= Eriction angle [Melta] [deg] [0.00
Delete | Rename| Poizzon ratio [Mu) [] |0.35
ak I Cancel | Help |

Figure 4.4: Materials window, Parameters tab

Total Unit Weight The unit weight of the unsaturated soil above the user-defined
Above phreatic level phreatic line.

Total Unit Weight Below The unit weight of the saturated soil below the user-defined
phreatic level phreatic line.

Cohesion Cohesion of the soil.

Phi Angle of internal friction of the soil.

Cu top The apparent undrained cohesion ¢, at the top of the layer.

Cu bottom The apparent undrained cohesion ¢, at the bottom of the layer.
Emod top Young’s modulus of the soil at the top of the layer.

Emod bottom Young’s modulus of the soil at the bottom of the layer.

Adhesion Adhesion of the soil. The adhesion is only available if the Con-

struction in trench or Micro Tunneling model have been selected
in the Model window (section 4.1.1).
Friction angle (Delta) Friction angle between soil and pipeline. The delta friction angle
is only available if the Construction in trench or Micro Tunneling
model have been selected in the Model window (section 4.1.1).
Poisson ratio (Nu) Poisson ratio of the soil.

The Young's modulus £ and the Poisson ratio  are used to calculate (7, the shear modulus:

E
G = ) (4.1)

Materials — Settlement Koppejan

If the Use settlement check-box in the Model window (section 4.1.1) is marked and the Koppe-
janmodel is selected, D-GEO PIPELINE will calculate the settlements according to the Koppejan
model. Therefore, the Koppejan parameters need to be put in as shown in Figure 4.5. For
background information, refer to section 21.10.2.
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Over-consolidation Ratio (OCR)

Primary compression coefficient below
preconsolidation pressure (Cp)
Primary compression coefficient above
preconsolidation pressure (Cp’)
Secondary compression coefficient
below preconsolidation pressure (Cs)

Secondary compression coefficient
above preconsolidation pressure (Cs’)
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Sitiff Clay
Peat

Loose Sand
Dense Sand

Undetermined

Add Ingert

Delete | Rename|

Total Unit \weight

Above phreatic level

Below phreatic level

Cohesion

Phi

Cu top

Cu bottorm

Emod top

Emod battarmn
Adhesion

Frictian angle [Melta)

Poizzon ratio [Mu]
Settlerent Koppejar
Overconsolidation Fatio [OCR]

Primary compression coefficient

Below preconsolidation pressure [Cp)

Above preconzolidation pressure [Cp”

Secondary compression coefficient

Below preconsolidation pressure [Cg]

kn/ms] [14.00
kn/ms] [14.00

knmz) [zoo
[deg] [1800
knmz] [loon
knmz] 1500
[kW/ma] [S0000
knm2] [tooooo
k/me] Jooo
[deg] Jooo |
[ Joes

i a0

[ [400E+01
] [ [rooE

[ [1B0E+02

Above preconsalidation pressure [Cs'] [ |3.50E +02

ok I Cancel | Help |

Figure 4.5: Materials window, Parameters tab (Settlement acc. to Koppejan)

The Over-Consolidation Ratio (OCR) is defined
as the ratio of pre-consolidation pressure and
initial in situ vertical effective stress.

The primary compression coefficient Cj, is used
to calculate the primary settlement.

The primary compression coefficient Cp’ is used
to calculate the primary settlement.

The secondary compression coefficient Cs is
used to calculate the secondary (time depen-
dent) settlement.

The secondary compression coefficient Cs’ is
used to calculate the secondary (time depen-
dent) settlement.
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4.2.3 Materials — Settlement Isotache

If the Use settlement check-box in the Model window [section 4.1.1] is unmarked and the
Isotache model is selected, D-GEO PIPELINE will calculate the settlements according to the
Isotache model. Therefore, the Isotache parameters need to be put in as shown in Figure 4.6.
For background information, see section 21.10.1.

Materials ]
I aterial name Total Unit Wwieight
. Above phreatic level [kM/m=] I‘I 4.00

Medium Clay

Stiff Clay Below phreatic level [kM#m3] I‘I 4.00

Peat

Looge Sand

Dense Sand Cohesion [kN/m&] |2.un

Sand

Gravel Phi [dea] I'I 2.00

Loam

Muck Cutop [kM/m#] I'I 0.00

Undetermined
Cu bottorm [lkM A& ] I‘I 5.00
Emad top [kM/m#] IEDD.DD
Emod battam [kM/m#] I'I 000.00
Adhesiar [kMme] ID.DD
Friction angle [elta) [deq.] ID.DD
Paizzon ratio [(Nu) [] ID.45

Settlement |sotachery

Direct compression index (3] [ I‘I [Oo0E-02
Secular compression index [b) [ I‘I O00E-m
Coefficient of secular compression rate (] [-] |5.UUEIE-U3

Add Inset | = = Pre-averburden pressure [POF) [kN e |1U.UU
Delete | Fename| » + Owerconsolidation ratio (OCR) 8l lm—

Ok I Cancel | Help |

Figure 4.6: Materials window, Parameters tab (Settlement acc. to Isotache)

Direct compression The direct compression index a relates natural strain during re-
index (a) compression or swell to the change of vertical effective stress.
Secular compression The secular compression index b relates natural strain during
index (b) virgin loading to the change of vertical effective stress.
Coefficient of secular The coefficient of secular compression rate c relates natural
compression rate (c) strain to the change of time. A zero value indicates non-creeping
soil.
Pre-overburden The Pre-Overburden Pressure (POP) is defined as the pre-
pressure (POP) consolidation pressure minus the initial in situ vertical effective
stress.
Overconsolidation The Over-Consolidation Ratio (OC'R) is defined as the ratio
ratio (OCR) of pre-consolidation pressure and initial in situ vertical effective
stress.
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4.24

Materials — Database

The Database tab in the Materials window is only available if a location of an MGeobase
database was specified in the Locations tab of the Program Options window (section 3.2.3).

Select the Database tab in the Materials window to see the available soil types. Select a soil
type, and use the Import button ~lto import the soil type with associated properties.

Materials

Parameters  Database |

=

M aterials

Clay. clean, moderate
Clay. clean, stiff

Clay, clean, weak
Clay. organ. moderate
Clay, organ, weak
Clay. 2l san. moderate
Clay, sl zan, stiff

Clay, =l zan, weak

Sand

Sand, moderate
Clay. moderate
Clay, compact

Clay, ve san, stiff
Denze Sand

Gravel

Gravel, 5l si, loose
Gravel, 3l sil. moderate
Gravel, =l si, stiff
Gravel, ve sil, looge
Gravel, we sil. moderate
Gravel, ve s, stiff
Loam

Loam, sl san, moderate
Loam. sl zan, stiff
Loam, sl san, weak

Add

Delete

Insert | -

Rename| +

Help

[ o ]

Cancel |

Figure 4.7: Materials window, Database tab

4.3 Geometry menu

On the menu bar, click Geometry to display the menu options. These options are explained
in the following sections.

GO0

GO OO0

<
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New (section 4.3.1). Start creating a new geometry manually.

New Wizard (section 4.3.2). Create a new geometry using a wizard.

Import (section 4.3.3). Import a geometry file in the D-series exchange format.

Import geometry from database (section 4.3.4). Import geometry from a database.
Export (section 4.3.5). Save a geometry file for exchange with other Deltares Systems
programs.

Export as Plaxis/Dos (section 4.3.6). Save a geometry file in a different format.

Limits (section 4.3.7). Set the range of the horizontal coordinates.

Points (section 4.3.8). Add or manipulate points.

Import PL-line (section 4.3.9). Import a PL-line file in the D-Series exchange format.
PL-lines (section 4.3.10). Add or manipulate piezometric level lines.

Phreatic line (section 4.3.11). Define phreatic level lines.

Layers (section 4.3.12). Define or modify layer boundaries and corresponding soil
types.

PL-lines per layer (section 4.3.13). Select the piezometric level line at the bottom and
top of each layer.

Check geometry (section 4.3.14). Check the validity of the geometry.
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New

Select this option to display the View Input (Geometry) window, showing only the geometry
limits (with their default values) of the geometry. It is possible to now start modeling the
geometry (for more information on this subject, see chapter 7). However, it is possible to
create a new geometry faster and easier using the Geometry Wizard (section 4.3.2). This
wizard involves a step-by-step process for creating geometry.

New Wizard

The New Wizard is usually the fastest and easiest way to start creating new geometry. The
wizard uses predefined shapes and soil types.

To use the geometry wizard, click the Geometry menu and choose New Wizard. This wizard
provides the following step-by-step guidance:

<& Basic layout

& Shape selection
<& Shape definition
¢ Material types
< Summary

New Wizard — Basic Layout

Newwizard x|

Define meazurements basic layout

J Ground Level
Phreatic Lewvel

Layer W

Limit Left

Limit Right

Lirit left m [oon
Limit right m [H00
Mumber of layers [max. 10] [-] |5—
Ground lewvel [m] |0.00
Fhreatic level [m] |-1.00

Help |

Figure 4.8: New Wizard window (Basic Layout)

In the Basic Layout window (Figure 4.8), the basic framework within which the project is
defined can be entered. The graphic at the top of the window explains the required input.
When satisfied with the input, just click the Next button to display the next input screen.
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New Wizard — Shape Selection
Newwizard R {

~Select top layer shape by clicking on the degired picture

<Previous| Mext > | Cancel | Help |

Figure 4.9: New Wizard window (Top Layer Shape)

In the Top Layer Shape window (Figure 4.9), one of nine default top-layer shapes can be
selected. A red frame indicates the selected shape. Click the Previous button to return to the
Basic Layout screen, or the Next button to display the next input screen with shape-specific
input data.

New Wizard — Shape definition

x

~Define measurements for top layer shape

W [m] [250 O [(m [250 6 [ml [600

k2 [m] [250 2 [m [300 7 [ml 1250

h3 [m [roo 3 [m [s00 L8 [m [300

he [m oo L4 [m [s00 L9 [m [250
L5 [m] [200

< Previous | Cancel | Help |

Figure 4.10: New Wizard window (Top Layer Specification)
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The Top Layer Specification window (Figure 4.10) enables to specify the sizes of the selected
top layer shape.

New Wizard — Material Types

Newwizard x]
Set material types Set all layers to material type
Layer Mr. Material T
ayer M aterial Type Soft Clay =
1 I Derse Sand j
2 Soft Clay -
I J Apply |
3 ILoose Sand j
4 IF'eat j
Shaw properties of material tupe
5 I Denze Sand j

I Soft Clay h I

<Previous| Mext > | Cancel | Help |

Figure 4.11: New Wizard window (Material Types)

In the Material Types window (Figure 4.11), the materials used for the layers in the project
can be specified. The number of layers was defined in the first screen (Basic Layout). The
materials that can be chosen from are predefined (see Table 4.10).

Table 4.10: Unsaturated and saturated weight of the predefined materials

Material type Unsaturated weight Saturated weight
[KN/m3] [KN/m3]
Soft Clay 14 14
Medium Clay 17 17
Stiff Clay 19 19
Loose Sand 17 19
Dense Sand 19 21
Loose Aggregate 17 19
Dense Aggregate 19 21
Peat 12 12

The materials for each layer can be selected individually (using the selection boxes at the
left-hand side of the screen) or one material for each layer at once can be selected (using the

selection box at the top right of the screen). The parameters of each material can also be
reviewed.
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New Wizard — Summary

Newwizard x]

Bazic layout

Limit Left [m] 0.00

Lirnit Right [rm] 75.00

Murnber of Layers [-] 5

Ground Lewvel [ MAP] 0.00

Phreatic Level [ MAP] -1.00
Top layer

k1 [m] 250 L1 [m] 250
L1 L2L3 L4 LS LE L7 L& L9

h2 [m] 250 L2 [m] 3.00
b3 [m] 100 L2 [m] 800
it hd [m] 1.00 L4 [m] 400

L5 [m] 200

hz L [m] 600

L7 [m] 1250

h3 hd L& [m] 200
L9 [m] 250

Material types
Layer1: Denge Sand

Layer 2:  Soft Clay
Layer3:  Loose Sand
Layer4: Denge Sand
Layer5: Peat

< Previous | Cancel | Help |

Figure 4.12: New Wizard window (Summary)

The Summary window (Figure 4.12) displays an overview of the data entered in the previous
wizard screens. If necessary, click Previous to go back to any screen and change the data
as required. Clicking Finish will confirm the input and display the geometry in the View Input
Geometry window. In this window, the geometry can be edited or completed graphically as
described in chapter 7. Of course, the Geometry menu options can also be used for this
purpose (section 4.3).

Import

This option displays a standard file dialog in which an existing geometry can be selected
stored in a geometry file, or in an existing input file for D-GEO STABILITY (formerly known as
MStab), D-SETTLEMENT (formerly known as MSettle), MSeep and D-SHEET PILING (formerly
known as MSheet). For a full description of these programs and how to obtain them, visit
www.deltaressystems.com.

When selecting the geometry, it is imported into the current project, replacing the current
geometry. The imported geometry is displayed in the View Input (Geometry) window. It is
also possible to use this option to analyze the settled geometry at different stages, as all other
input is retained.

Import geometry from database

To be able to import a geometry from a database, this option has to be provided with the
purchased version of D-GEO PIPELINE.

To import a geometry from a database do the following:

¢ Click Import from Database in the Geometry menu.
& The Select Geometry dialog will appear.
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Again, the imported geometry will replace the current one and will be displayed in the View
Input (Geometry) window.

Note: This option is only available when the correct database directory has been specified
using the Locations tab in the Program Options menu (see section 3.2.3). For more informa-
tion on MGeoBase, visit www.deltaressystems.com.

Export

This option displays a standard Save As dialog that enables the user to choose a directory, a
file name and a format in which to save the current geometry to a file. The file will be saved in
the standard geometry format for the Deltares Systems programs (*.geo). Files in this format
can be used in a multitude of Deltares Systems programs, such as D-GEO STABILITY (formerly
known as MStab), D-SETTLEMENT (formerly known as MSettle), MSeep and D-SHEET PILING
(formerly known as MSheet). For a full description of these programs and how to obtain them,
visit www.deltaressystems.com.

Export as Plaxis/DOS

This option displays the Save As Plaxis/DOS dialog that enables the user to choose a di-
rectory and a file name in which to save the current geometry. The file will be saved using
the old DOS-style geometry format for the Deltares Systems programs. Files in this format
can be used by the finite element program Plaxis and in old DOS-based versions of Deltares
Systems programs such as D-GEO STABILITY (DOS) and MZet (DOS).

Saving files of this type will only succeed, however, if the stringent demands imposed by the
old DOS style are satisfied:

¢ number of layers < 20

¢ number of PL-lines < 20

¢ number of lines per boundary < 50
< total number of points < 500

To be able to differentiate between an old DOS-style file and a normal geometry file, the file
dialog that prompts for a new file name for the old DOS-style geometry file suggests a default
file name, prefixing the current name with a ‘D’.

Limits
Use this option to edit the geometry limits.

Geometry Limits ll

Geometny Limits

Boundary lirnit at left — [m] ID.DDD
Boundary lirnit at right ] |?5.DDD

Cancel | Help |

Figure 4.13: Geometry Limits window

A limit is a vertical boundary defining the ‘end’ at either the left or right side of the geometry.
It is defined by an X-coordinate only.
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Note: This is the only type of element that cannot be deleted. Moreover, the values entered
here are ignored if they resulted in an invalid geometry.

Points

Use this option to add or edit points that can be used as part of layer boundaries or PL-lines. A
point is a basic geometry element defined by its coordinates. Since the geometry is restricted
to two dimensions, it is allowed to define an L and Z co-ordinates only.

[DPoints X
3, -
e L Co-ordinate Z Co-ordinate —

] [m]
I
[ 3N -10.000 -17.000
| 2 420000 A7.000
— |3 -10.000 0.040
4 0.000 0.040
5 55170 1.230
E TR.ES0 1.670
i 94,480 1.080
I g 94,480 -1.880
- H 119.880 1.720
a 137.550 1770
1 163.010 -1.670
2 188.560 -1.700
3 1598.320 -2.580
4 202027 273
5 209.620 -3110
B 223600 -3.960
7 233630 -4.170
18 280.553 -3.228
149 251.590 -3170
20 259140 -1.830
21 2589.140 0.250
22 268.290 2160
23 273710 2140 ;I
kel ) 04 FOon 1 00
Cancel | Help |

Figure 4.14: Points window

L Co-ordinate Projection of the horizontal co-ordinate along the pipeline trajec-
tory.
Z Co-ordinate Vertical co-ordinate.

Note: When a point is to be deleted, the system will check whether the point is used as part
of a PL-line or layer boundary. If so, a message will be displayed.

Confirm x|

9y A least one of the selected points is used in a boundaryFl-Line/line.
\{/ Deleting such point{s) might result in deletion of

the boundaries|Pl-Lines/line using such point(s).

Continue this oparation?

Figure 4.15: Confirm window for deleting used points

When Yes is clicked, all layer boundaries and/or PL-lines using the point will also be deleted.

Every change made using this window (Figure 4.14) will only be displayed in the underlying
View Input (Geometry) window after closing this window using the OK button. When this
button is clicked, a validity check is performed on the geometry. Any errors encountered
during this check are displayed in a separate window. These errors must be corrected before
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closing this window by clicking the OK button. Of course, it is always possible to close the
window using the Cancel button, but this will discard all changes.

Import PL-line

This option displays a standard file dialog in which an existing PL-line, created with the pro-
gram WATEX and stored in a PL-line file (*.mpl), can be selected.

WATEX (Deltares, 2004) is a reliable prediction tool to assess the pore pressure behavior. It
consists of transient analytical solutions, put together by the conditions of continuity of head
and discharge. The user specifies a number of locations, where the pore pressure response
is required.

When a PL-line file is selected, the Options for Import of Pl-line window (Figure 4.16) is
displayed. When clicking the OK button, then the PL-line is added to the current PL-lines
in the project.

Options for Import of Pl-Line
Geometry left limit [m] |-10.000
Geometry right limit [m] |42D.DDD
Pl-Line left limit [r] {-10.000
Pl-Line right limit [m] IZDDD.DDD
Shift Pl-Lire [m] ID.DDD
Pl-Line nurnber |2
ak I Cancel | Help |

Figure 4.16: Options for Import of PL-line window

PL-Lines

Use this option to add or edit Piezometric Level lines (PL-lines) to be used in the geometry. A
PL-line represents the hydraulic head Hydraulic head of the water in the pores of the soil. A
PL-line can be defined for the top and bottom of each soil layer (see section 4.3.13). The bot-
tom soil layer is assumed to be infinitely thick. Here, therefore, only one PL-line is necessary
for the top of that layer. Pore pressures in this layer are hydrostatic with increasing depth.

5
Pl-Lines Paints
! = Eslﬂtje[ L-Coor. Z-Coor,
EIJE k1 30 -1300.000 1340
2 95 -46E.105 1.340
}* 3 a1 -460.000 0300
— | 14 94 0.000 -0.080
i 92 100.000 -0.080
*

Ok, | Cancel | Help

Figure 4.17: PL-Lines window
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In the lower part of the window, the buttons Add, Insert and Delete PL-lines can be used. The
selection box on the left can be used to navigate between PL-lines that have already been
defined. Use the table to add/edit the points identifying the PL-lines. It is only possible to
select points that are not attached to layer boundaries (section 4.3.12).

Note: It is only possible to manipulate the Point number column — that is, the coordinate
columns are purely for informative purposes. To edit the coordinates of the points, choose the
Points option from the Geometry menu (see section 4.3.8).

Every change made using this window will only be displayed in the underlying View Input
(Geometry) window after closing this window using the OK button. When clicking this button,
a validity check is performed on the geometry. Any errors encountered during this check are
displayed in a separate window. These errors must be corrected before closing this window
using the OK button. Of course, it is always possible to close the window using the Cancel
button, but this will discard all your changes.

Phreatic Line
Use this option to select the PL-line that acts as a phreatic line. The phreatic line (or ground-
water level) is used to mark the border between dry and wet soil.

Phreatic Line x|

Select the PlLine [by

nuriber] which acts az m
phreatic line:

Cancel | Help |

Figure 4.18: Phreatic Line window

Select the appropriate line number from the drop-down list and click the OK button.

Note: At least one PL-line has to be defined to be able to pick a phreatic line from the
drop-down list.

Layers

This option enables to add or edit layers to be used in the geometry. A layer is defined by its
boundaries and its material. Use the Boundaries tab to define the boundaries for all layers by
choosing the points that identify each boundary.
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Boundaries | Materialsl
Boundaries Paints
0 -
1 S= ESllelt:er L-Coor. Z-Coar.
: e [P (33 0000 -2000
3 2 14 202.027 -2.734
5 }" 3 15 209.620 -3110
—_ 4 16 223600 -3.960
i 5 17 233630 -4.170
g {5 18 250.553 -3.228
7 3 420.000 -3.500
*
Add Inzert |
Delete
ak. I Cancel | Help |

Figure 4.19: Layers window, Boundaries tab

On the left-hand side of the window, it is possible to add, insert, delete or select a boundary.
In the table on the right, it is possible to modify or add the points that identify the selected

boundary.

Note: It is only possible to select points that are not attached to PL-lines (section 4.3.10).

Note: It is only possible to manipulate the Point number column, because the coordinate

(&) ()

columns are purely for informative purposes. To manipulate the coordinates of the points,
choose the Points option in the Geometry menu (see section 4.3.8).

Note: When inserting or adding a boundary, all points of the previous boundary (if this exists)
are automatically copied. By default, the material of a new layer is set equal to the material of

the existing layer just beneath it.

The Materials tab enables to assign materials to the layers.
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Boundaries Materials |
Available materialz Lavers
Mame | Mumber | I aterial name | Load |
| P Peat i Sand, moderate

Sand, moderate
Peat

Clay. moderate
Sand, moderate
Clay. compact
Peat

Sand, compact

Sand, compact
Sand

Sand, moderate
Clay, moderate

Clay, compact N |

o o

I T O 5

ak. I Cancel | Help |

Figure 4.20: Layers window, Materials tab

On the left of the screen, a list containing all defined materials (see the Materials option in the
Soil menu in section 4.2.1) is displayed. On the right, a list of all defined layers together with
their assigned materials (if available) is displayed.

To assign a material to a layer, first select that layer on the right of the window. Then select
the required material on the left of the window. Finally, click the Assign button &l

In case of settlement calculation using the Koppejan or the Isotache model (section 4.1.1), the
loading is defined by marking the Load check-box of one or several layers. D-GEO PIPELINE
assumes that those layers are non-uniform loads.

Every change made using this window will only be displayed in the underlying View Input
(Geometry) window after closing this window by clicking the OK button. When clicking this
button, a validity check is performed on the geometry. If errors are encountered, a dialog
window asks if auto-correction should be tried. Remaining errors are reported and can be
corrected manually. The error correction is confirmed by clicking the OK button and discarded
by clicking the Cancel button.

PL-lines per Layer

Use this option to define the top and bottom PL-lines for the defined layers. The PL-lines
represent the pore pressure in a soil layer. For each soil layer (except the deepest layer), two
PL-line numbers can be entered — one that corresponds to the top of the soil layer, and one
that corresponds to the bottom. Therefore, different PL-lines can be defined for the top and
bottom of each soil layer. To do this, select the appropriate PL-line at top / PL-line at bottom
field and enter the appropriate number.
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D PL-lines per Layer
| Layer FL-line FL-line
Mumber at top at biottom

8 1 33

7 99 93

a [ 99 93
= 5 99 93
4 99 93

3 93 93

2 2 2

7 1 2 2

Ok I Cancel | Help |

Figure 4.21: PL-line per Layer window

Note: For the deepest soil layer, no second PL-line number is required. For this layer a
hydrostatic increase of the pore pressure is automatically assumed from the pore pressure at
the top of the layer downwards.

The following values can be used as PL-line numbers (N):

0 <N <99 The number corresponds to one of the PL-lines defined during the geometry
input. Capillary water pressures are not used — that is, if a negative water
pressure is calculated for a point above the phreatic line, the water pressure
in that point is defined as 0.

N=0 Each point within the layer has a water pressure equal to 0 (define 0 for PL-
line at top of layer).
N =99 It is possible to have a number of overlying soil layers with a non-hydrostatic

pore pressure (for example, a number of layers consisting of cohesive sail). In
this case, a large number of PL-lines would have to be calculated, one or two
for each layer. To avoid this, D-series software is able to interpolate across
layer boundaries. For layers with a non-hydrostatic pore pressure, 99 can be
entered as the PL-line number. For this layer, the interpolation will take place
between the PL-line belonging to the first soil layer above with a real PL-line
number, and the PL-line belonging to the first soil layer below with a real PL-
line number. The first and the last soil layer must therefore always have a real
PL-line number.

Note: A real PL-line number is not equal to 99.

Water pressures above the phreatic line are set to zero. An example using two different PL-
lines is given in Figure 4.22 showing how the pore pressure varies in the vertical.
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PL-line 2

PL-line 1

SAND

CLAY

99
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Figure 4.22: PL-lines and vertical pressure distribution

When clicking the OK button, the program performs a validity check on the geometry. Any
errors encountered during this check are reported. A dialog window enables to disregard or
correct the errors. The error correction is confirmed by clicking the OK button and discarded
by clicking the Cancel button.

4.3.14 Check Geometry

When this option is selected, the program checks the validity of the geometry (section 7.2) with
respect to the requirements. If the geometry complies with all the requirements, a message
will confirm this.

Information

\ij) The geometry has been tested and is ok,

Figure 4.23: Information window to confirm a valid geometry

If any errors are encountered during this check, they are displayed in a separate window.

44 GeoObjects menu
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Boundaries Selection

Click GeoObjects on the menu bar and select Boundaries Selection to define the boundaries
between compressible top layers and under laying non-compressible layers and the boundary
between drained (i.e. cohesive) top layers and under laying non-cohesive (i.e. undrained)
layers (Figure 4.24). This is done by choosing the layer number of the underlying layer.

Boundaries Selection B Boundaries Selection [ x|
Boundaries Boundaries
Top of layer Top of layer
Drained and undrained layers 1 Boundary impermeable / permeable layers 1
Compressible and uncomprezsible layers |1 Compressible and uncompressible layers |1
Cancel | Help | Cancel | Help |
a) b)

Figure 4.24: Boundaries Selection window for (a) HDD/Micro-tunneling and (b) for
Trenching

The boundary between compressible and non-compressible layers is drawn as a blue bold
line and the boundary between drained and undrained layers (i.e. impermeable and perme-
able layers) is drawn as a black bold line in the Input tab of the View Input window (see
section 2.2.3).

Calculation Verticals

Click GeoObjects on the menu bar and select Calculation Verticals to define the L-coordinate
for each vertical. D-GEO PIPELINE will perform calculations along each of these verticals. At
least one vertical is necessary to perform any calculation.

The verticals must be placed within the left and right project limits.For an accurate impression
of the change in drilling fluid pressure along the pipeline, it is advised to use at least 10-15
verticals.

It is possible to generate a number of verticals using the Auto generation of L co-ordinates op-

tion and clicking the Generate button _&eese | D-GEO PIPELINE will generate verticals between
the First and Last co-ordinates with a fixed width, entered in the Interval field.
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= Conordnats Additoral Selemant Automatic generation of L-co-ordinates
= = | EistL m [1000
HJE (3K ud 30.00 ut [ili] LastL [m] 420.00
}’“ g gg;g gg Interval [m] R.0O0
4 B0.44 0o
5 70.59 0o Generate
B 80,74 0o _l
T 90.88 0.0
g 101.03 0.0
3 111.18 0.0
1} 121,32 0.0
1 13.47 0o
2 141.62 0o
3 151.76 0o
4 161.91 0o
5 17206 0o
5 1824 0o
7 19235 0o
a 20250 0o
19 212658 0.0
20 22273 0.0
2 23294 0.0
22 24309 0.0
23 28324 0o
24 263,38 oo
25 27383 0o
2B 28368 0o
27 29382 0o
28 303.97 0o
29 3412 0o
El 32426 00~
Cancel | Help
Figure 4.25: Calculation Verticals window
L-coordinate Defines the locations in geometry in the L direction where the calcula-
tions are performed. L represents distance along the pipe line projec-
tion in the horizontal plane incremented with the entry coordinate. The
L-coordinate value must increase with each vertical.
Additional Enter an additional settlement for the selected vertical. This settlement
Settlement will be added to the calculated settlement (according to Koppejan or
Isotache) in the table of the Deformation section of the Report window
(section 6.2.2).
First L L co-ordinate of the starting point of generated verticals.
Last L L co-ordinate of the ending point of generated verticals.
Interval Interval between generated verticals.
Generate Click this button to generate automatically verticals from First to Last L

with the mentioned Interval.

4.5 Loads menu

4.5.1 Traffic Loads

On the menu bar, click Loads and then choose Traffic Loads to open the corresponding in-
put window in which the positions of traffic loads can be defined. Traffic loads will have an
influence on the calculated soil load stress, only for the calculation verticals situated
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Traffic Loads

Load hame

¥ co-ordinate at start [m] |5. oo
# co-ordinate at end [m] |25.EIU

Load type

Add Ingert | & & Graphl ¢ Graph2

Delete | Rename|

ok Cancel Help
| |

Figure 4.26: Traffic Loads window

X co-ordinate at Enter the X co-ordinate of the starting point of the selected traffic load.
start
X co-ordinate at Enter the X co-ordinate of the ending point of the selected traffic load.
end
Load type According to article C.5.1 of NEN 3650-1 (NEN, 2012a), two load mod-
els are considered, depending on the type of road:
¢ For dual carriageways and regional roads, Graph | (i.e. 'Load
Model 3’ of European standard EN NEN-1991-2) is assumed;
¢ For other roads, Graph Il (i.e. ’'Fatigue Load Model 2, Lorry 4’
of European standard EN NEN-1991-2) is assumed. This load
model covers the 'set of frequent lorries’ which can occur on Eu-
ropean roads, such as described in EN NEN-1991-2, with excep-
tion of the special transports).
For more information, refer to section 21.14.

4.6 Pipe menu

4.6.1

4.6.1.1

Pipeline Configuration

On the menu bar, click Pipe and then choose Pipeline Configuration to open the correspond-
ing input window in which the geometric characteristics of the pipeline can be defined. The
Pipeline Configuration window displayed depends on the selected model.

Pipeline Configuration for HDD

If the Horizontal directional drilling option in the Model window (section 4.1.1) is selected, the
Pipeline Configuration window shown in Figure 4.27 is displayed.
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. r-coordinates Harizantal bendings
Left paint %-coordinate [m] |p.000 = -
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Right point -coordinate m [280
Right poirt Z-cocrdinate m [oE
Angles [entry/exit] 'AI
Angle et ldeg) [1500
Angle right [deg] IT
. [
Bending radius right [m] |500.000
Bending radius pipe on rollers [m] IIIDT
i o
Angle of pipe [deg) [00D
Pulling direction product pipe
" From left to right = From right to left
Ok I Cancel | Help
Figure 4.27: Pipeline Configuration window (for HDD)
Left point X-coordinate of the left point which corresponds whether the entry or
X-coordinate the exit point of the pipeline (called X e in Figure 4.28).
Left point Y-coordinate of the left point which corresponds whether the entry or
Y-coordinate the exit point of the pipeline (called Yief in Figure 4.28).
Left point Z-coordinate (i.e. vertical level) of the left point which corresponds
Z-coordinate whether the entry or the exit point of the pipeline (called Zjef in Fig-
ure 4.28). This coordinate corresponds with the surface level for
X = X\t and is automatically calculated by the program.
Right point X-coordinate of the right point which corresponds whether the entry or
X-coordinate the exit point of the pipeline (called Xign; in Figure 4.28).
Right point Y-coordinate of the right point which corresponds whether the entry or
Y-coordinate the exit point of the pipeline (called Yign: in Figure 4.28).
Right point Z-coordinate of the right point which corresponds whether the entry or
Z-coordinate the exit point of the pipeline (called Zigy; in Figure 4.28). This coordi-
nate corresponds with the surface level for X = X4y and is automati-
cally calculated by the program.
Angle left Left angle of the pipe (called @t in Figure 4.28).
Angle right Right angle of the pipe (called yignt in Figure 4.28).

Bending radius
left

Bending radius
right

Bending radius
pipe on rollers

Lowest level of

Bending radius of the pipe at the left side (called Rjef in Figure 4.28).
Bending radius of the pipe at the right side (called [ign; in Figure 4.28).

Only available for HDD model. Bending radius on the pipe roller, de-
pending on the diameter of the product pipe (called R,gjers in Fig-
ure 4.28).

Lowest level of the pipe (called Z\owest in Figure 4.28).

pipe

Angle of pipe Horizontal angle of the lowest straight part of the configuration.

Pulling direction  The pulling force at characteristics points can be calculated for a pulling

product pipe direction From left to right (i.e. the left point is the entry point) and From
right to left (i.e. the right point is the entry point).

X1 X co-ordinate of the beginning point of the horizontal bending (see Fig-
ure 4.28).
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Y1 Y co-ordinate of the beginning point of the horizontal bending (see Fig-
ure 4.28).

X2 X co-ordinate of the ending point of the horizontal bending (see Fig-
ure 4.28).

Y2 Y co-ordinate of the ending point of the horizontal bending (see Fig-
ure 4.28).

Radius Radius of the horizontal bending (called Rpenging in Figure 4.28).

Direction From the drop-down menu, select the direction of the horizontal bend-

ing (Left or Right). For example, the horizontal bending of Figure 4.28
has a left direction.

Top view X5y

(X3:Y,)

S
&/
£/ (Kright s Yright)
|
|(X\e¢:?Yleﬁ) / 2]
H / 5 !
/ v

zZ

ight s Zright)
)

(Kiefe i Zie)

Figure 4.28: Schematization of the pipeline (HDD)

Needless to say, the coordinates must be defined properly. For example, the X-coordinate of
the right point must have a higher value than the coordinate of the left point.

The pipeline configuration is given at the center of the pipe. It is assumed that during all
drilling stages (pilot, drill and pullback) the defined center of the pipeline is the same. From
each pipe, the diameter of the pipe as well as the diameter of the hole must be known.

Pipeline Configuration for Micro tunneling

If the Micro tunneling option in the Model window (section 4.1.1) is selected, the Pipeline
Configuration window shown in Figure 4.29 is displayed.
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. r-coordinates Harizantal bendings
Left point X-coordinate [m] =

e 1 [m] | 1 [m] | ®2 [m] | 2 [m] | Radius [m] | Direction
Left point ¥-coordinate [m]

ElJc I T4.E70 0.000 162.040 7.690 500,000 Right =
Left point Z-coordinate [m] 5 | 271.550 27130 358920 34.820 500.000 Left =

* -

Right paint X-coordinate [m] [406.610 B
Right paint Y-coordinate [m]
Right point Z-coordinate [m]

Angles [entry/exit]

Angle left [deq]
Angle right [deq]
Bending radivs

Bending radius left [m] |500.000
Bending radius right [m] |500.000
Bending radivs pipe anjrallers [m] 300000

Pipe between radi

Lowest level of pipe [m] |-26.000

T T T

Angle of pipe [deq]

Thrusting direction praduct pipe
" From left to right = From right to left

Ok I Cancel | Help

Figure 4.29: Pipeline Configuration window (for Micro tunneling)

Thrusting direction ~ The thrusting force can be calculated for a pulling direction From left

product pipe to right (i.e. the left point is the entry point) and From right to left
(i.e. the right point is the entry point).

Refer to the table above for the definition of the other parameters

Note: To model a horizontal micro-tunneling, enter an Angle left and an Angle right of 0.

4.6.1.3 Pipeline Configuration for Construction in trench

If the Construction in trench option in the Model window (section 4.1.1) is selected, the
Pipeline Configuration window shown in Figure 4.30 is displayed. Different pipe materials
can be defined along the pipeline.
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Trench Sections
ac BeginX | Begin'' | BeginZ I aterial E mod DOuter wiall Unit weight | width trench | Slope | Offset
= diameter | thickness | pipe material battam
HJ.: [m] [m] [m] [M4mm?] [mm] [rmm] [kN ] [rmm] [:x] | [m]
|#] 10000 0000 0000 steel 2058E+05  810.00 50.00 78.50 850.00 200 0320
Jwx| | 10000 0000 0000 steel 2058E+05 810,00 50.00 78.50 g50.000 200 040
Z ¥

100.000

[5.00]

[2.000 End iench %, . Z [m]

oK I Cancel | Help |

Figure 4.30: Pipeline Configuration window (Construction in trench)

Begin X
Begin'Y
Begin Z
Material quality

Outer diameter

Wall thickness

Unit weight pipe material
Width trench bottom
Slope 1:x

Offset

End trench X
End trench Y
End trench Z

4.6.2 Product Pipe Material Data

Deltares

X co-ordinate of the begin point of the trench section.

Y co-ordinate of the begin point of the trench section.

Z co-ordinate of the begin point of the trench section.
Description of the material quality. The data in this field is
used in the report.

Outer diameter of the pipe in mm.

Wall thickness of the pipe in mm.

Unit weight of the pipe material.

Width of the trench bottom.

Slope of the trench.

Distance between the bottom of the trench and the bottom of
the pipeline.

X co-ordinate of the end point of the last trench section.
Y co-ordinate of the end point of the last trench section.
Z co-ordinate of the end point of the last trench section.
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Product Pipe Material Data for HDD

If the Horizontal directional drilling option in the Model window (section 4.1.1) is selected, click
Pipe on the menu bar and then choose Product Pipe Material Data to open the Product Pipe
Material Data window in which the characteristics of the pipe material can be entered. This
data will be used for the strength calculation. Depending on the choice between steel and
polyethylene, different values for the parameters need to be specified.

Steel pipe

Different types of steel pipes can be selected from the database (see Figure 4.31). User-
defined values can also be defined for a steel pipeline.

Product Pipe Material Data

Fipe material

Itern name £+ Steel

E  Polyethene ml
b aterial quality [S] W
Megative wall thickness talerance [%] |5—
‘rield strength [M#mnn 2] IW
Partial material factor [] I‘I‘ID—

Partial material factor test pressure [] |1 i}
roung's modulus [M#mnn 2] |2058EID.DD

Outer diameter product pipe (Do) [mm] |21 .30

Wall thickness [ram]  |3.73

LIt weight pipe material [kM/ri%] I?S.ED

Diesign pressure [Bar] |1 0.o0

Add Ingert | Test pressure [Bar] |1 200
Delete | Rename| - Temperature Y ariation [DegC] [5.00

0k, I Cancel | Help |

Figure 4.31: Product Pipe Material Data window (Steel)

Pipe material Choice between steel or polyethylene.

Click this button to import the name, the outer diameter, the
Database | wall thickness and the yield strength of a pipe material from

the D-GEO PIPELINE library (see Figure 4.31).

Material quality Description of the steel quality. The data in this field is used
in the report.

Negative wall thickness Tolerance on the wall thickness of the pipe (&;) in %. This

tolerance value is used to determine the minimum wall thickness in the
strength calculation.

Yield strength Yield strength of the pipe (Rep) in N/mm?.

Partial material factor Partial material factor of the pipe (vm). The default value is
1.1.

Partial material factor test ~ Partial material factor of the pipe used for the calculation of

pressure the stresses caused by test pressure (Ymiest). The default
value is 1.

66 of 324 Deltares



Input

Young's modulus

Outer diameter product

pipe (Do)
Wall thickness
Unit weight pipe material

Design pressure

Test pressure

Temperature variation

Modulus of elasticity of the pipe (Ep) in N/mm?. For steel, the
default value is 205800 N/mm?. It is used to determine the
stresses in the pipeline in a strength calculation.
Outer diameter of the product pipe (D,) in mm.

Wall thickness of the pipe (d,,) in mm.

Unit weight of the pipe material (), used to determine the
pulling force in the pipeline. For steel, the default value is
78.5 kN/m?.

Design pressure (pg) in Bar, used to determine the stresses
caused by internal pressure in LC 2 (section 23.5.3) and in
LC 4 (section 23.5.5).

Test pressure (p;) in Bar, used to determine the stresses
caused by test pressure in LC 2 (section 23.5.3) and in LC 4
(section 23.5.5).

Temperature variation (At) in °C, used to determine the
stresses caused by temperature variation in LC 4 (sec-
tion 23.5.5).

When clicking the Database button o= | the Steel pipes library window appears (Fig-
ure 4.32) in which the material quality (i.e. nominal pipe size), the outer diameter, the wall
thickness and the yield strength of different steel pipes can be imported.

D steel pipes library
Mominal pipesize | Outer diameter | W all thickness| Yield strength ﬂ
[inch] [romn] [rorn] [M e
> 1" 213 277 210
N 1" 213 277 240
N 1" 1.3 277 290
| " 21.3 277 320
|| " 213 277 360
N 1" 21.3 277 385
N 1" 213 277 15
N 1" 213 277 445
N 1" 1.3 373 210
| " 21.3 373 240
|| " 213 373 290
N 1" 21.3 373 320
N 1" 213 373 360
N 1" 213 373 385
N 1" 1.3 373 415
| " 21.3 373 445
|| " 213 747 210
N 1" 21.3 747 240
N 1" 213 TA7 290
N 1" 213 747 320
N 1" 1.3 747 360
| " 21.3 747 385
|| " 213 747 415
N 1" 21.3 747 445
N " 267 287 210
N ES 287 287 240
N " 287 287 290
| ' 267 287 320
|| ' 267 287 360
N " 267 2.87 385 LI
u] 4 I Cancel | Help |

Polyethylene pipe

Figure 4.32: Steel pipes library window

Different types of polyethylene pipes can be selected from the database (see Figure 4.34).
User-defined values can also be defined for a PE pipeline.
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Product Pipe Material Data
Pipe material
Item name  Steel
ml
85 + Palyethene
aterial quality [F) IF'E1 i}
Young's modulus [short] [M A 2] |1 200.00
‘foung's modulus (long] [M Amm £] IEDD.DD
Allowable strength [shart] [M Amm £] |1 0.00
Allowable strength (long) [MAmmz |2.00
Tensile factor [] |0.E5
Outer diameter product pipe (Do) [mm] |355.UD
Wall thickness [mim] |32.30
Linit weight pipe material [kM/m?]  |9.54
Diesign pressure [Bar] |1 0.00
Add Inzert | « Test pressure [Bar] |1 200
Delete | Rename| - Temperature Y ariation [DeaC] |4.DD
Ok I Cancel | Help |

Figure 4.33: Product Pipe Material Data window (Polyethylene)

Pipe material

Databaze |
Material quality
Young’s modulus (short)
Young’s modulus (long)
Allowable strength (short)

Allowable strength (long)
Tensile factor

Outer diameter product
pipe (Do)

Wall thickness
Unit weight pipe material
Design pressure

Test pressure

Temperature variation
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Choice between steel or polyethylene.

Click this button to import the name, the outer diameter, the
wall thickness and the yield strength of a pipe material from
the D-GEO PIPELINE library (see Figure 4.34).

Description of the polyethylene quality. The data in this field
is used in the report.

Modulus of elasticity of the pipe (E}) at short term in N/mm?.
Modulus of elasticity of the pipe (E},) at long term in N/mm?2.
Yield strength of the pipe at sort term (Rep;short) in N/mm?.
Yield strength of the pipe at long term (Repsjong) N/mm?.

The tensile factor a (also called alpha pipe material) is the
relation between the allowable tensile strength and the allow-
able bending strength. The default value is 0.65.

Outer diameter of the product pipe (D,) in mm.

Wall thickness of the pipe (d,) in mm, used to determine the
stresses in a strength calculation.

Unit weight of the pipe material (), used to determine the
pulling force in the pipeline. For PE, the default value is
9.54 kN/m?.

Design pressure (pg) in Bar, used to determine the stresses
caused by internal pressure in LC 2 (section 23.5.3) and in
LC 4 (section 23.5.5).

Test pressure (py) in Bar, used to determine the stresses
caused by test pressure in LC 2 (section 23.5.3) and in LC 4
(section 23.5.5).

Temperature variation (At) in °C, used to determine the
stresses caused by temperature variation in LC 4 (sec-
tion 23.5.5).
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When clicking the Database button ossber | the PE pipes library window appears (Figure 4.34)
in which the material quality, the Young’s modules (short and long), the allowable strengths
(short and long), the outer diameter and the wall thickness of different PE pipes can be im-

ported.

D PE pipes library
Material | Mame ‘Young's modulus (shart] | 'Young's modulus (long) | Allowable strength (shart] | Allowable strength (long) | Outer diameter | Yl thickness |2
quality M4 mn] [M A M./m] [ Amm?] [mm] ]
|k PE4D SDRE 125 4 25 20 34
| | PE4D SDR9 300 125 4 25 16 1.8
| | PE4D SDR 9 300 125 4 25 20 22
| | PE4D 5DR 9 300 125 4 25 25 27
| | PE4D SDR9 300 125 4 25 =2 35
| | PE4D SDR 9 300 125 4 25 40 4.3
| | PE4D 5DR 9 300 125 4 25 50 54
| | PE4D SDR Y 300 125 4 25 B3 6.8
| | PESD SDR 11 825 300 g £.3 20 2
| | PESD 5DR 11 825 300 3 B3 25 23
| | PESD SDR 11 825 300 g E3 =2 3
| | PESD SDR 11 825 300 g £.3 40 37
| | PESD 5DR 11 825 300 3 B3 50 46
| | PESD SDR 11 825 300 g E3 B3 5.8
| | PESD SDR 11 825 300 g £.3 75 6.9
| | PESD 5DR 11 825 300 3 B3 a0 82
| | PESD SDR 11 825 300 g E3 ALl 10
| | PESD SDR 11 825 300 g £.3 125 1.4
| | PESD 5DR 11 825 300 3 B3 160 145
| | PESD SDR 11 825 300 g E3 200 18.2
| | PESD SDR 11 825 300 g £.3 225 205
| | PESD 5DR 11 825 300 3 B3 250 227
| | PESD SDR 11 825 300 g E3 315 287
| | PESD SDR 11 825 300 g £.3 355 323
| | PESD SDR 138 825 300 3 B3 25 24
| | PESD SDR 138 825 300 g E3 =2 24
| | PESD SDR 136 825 300 g £.3 40 3
| | PESD SDR 138 825 300 3 B3 50 37
| | PESD SDR 138 825 300 g E3 B3 4.7
| | PESD SDR13E 825 300 g £.3 b 5.6 j
oK I Cancel | Help |

4.6.2.2 Product Pipe Material Data for Micro tunneling

Figure 4.34: PE pipes library window

If the Micro tunneling option in the Model window (section 4.1.1) is selected, click Pipe on
the menu bar and then choose Product Pipe Material Data to open the Product Pipe Material
Data window in which the characteristics of the pipe material can be entered. Depending on
the choice between steel, synthetic and concrete (Figure 4.35), different parameters need to

be specified.

Fipe material

' Steel

= Synthetic
" Concrete

Figure 4.35: Product Pipe Material Data window, Pipe material sub-window

Steel or Concrete pipe
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x
Fipe material
" Steel
= Spnthetic
" Concrete
M aterial quality [ ISteeI
Outer diameter product pipe (Do) [mm] ISDD.UD
Owercut on radius [mn] |1 0
Wwall thickness [rrinn] |1 a.00
roung's modulus [M#rrn 2] |2DSSDD.DD
Unit weight pipe material [kM#m3] |78.50
Ok I Cancel | Help |

Figure 4.36: Product Pipe Material Data window (Steel or Concrete pipe, Micro Tunneling

model)

Material quality

Outer diameter product

pipe (Do)
Overcut on radius

Wall thickness
Young’s modulus

Description of the material quality. The data in this field is
used in the report.
Outer diameter of the product pipe (D,) in mm.

Difference between the hole radius and the outer radius of the
product pipe (lovercyt) in Mm.

Wall thickness of the pipe (d,,) in mm.

Modulus of elasticity of the pipe (Fp) in N/mm?.

Unit weight pipe material Unit weight of the pipe material () in kN/m?3. Default values

Synthetic pipe

are 78.5 and 26 kN/m? respectively for Steel and Concrete
pipe.

x

Pipe material

~ Steel

{+ Spnthetic

~ Conerete

Material quality [ IPESD—
Outer diameter product pipe (Do) [mm] IW
Owercut on radius [ram] I'ID—
‘wiall thickness ] [2870
oung's modulus [short] [M A 2] IW
Young's modulus [long) [M e 2] IW
Unit weight pipe material [kM#m *] |954—

ITI Cancel | Help |

Figure 4.37: Product Pipe Material Data window (Synthetic pipe, Micro tunneling model)

Material quality

Outer diameter product

pipe (Do)
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Description of the material quality. The data in this field is
used in the report.
Outer diameter of the product pipe (D,) in mm.

Deltares



Input

Overcut on radius Difference between the hole radius and the outer radius of the
product pipe (lovercut)in mm.

Wall thickness Wall thickness of the pipe (d,,) in mm.

Young’s modulus (short) Modulus of elasticity of the pipe (£}) at short term in N/mm?.

Young’s modulus (long) Modulus of elasticity of the pipe (E}) at long term in N/mm?.

Unit weight pipe material Unit weight of the synthetic material (7p) in kN/m3. The de-
fault value is 9.54 kN/m?®.

4.6.3 Engineering Data

In the Pipe menu, choose the Engineering Data option to open the Engineering Data window.
The window displayed depends on the selected model.

4.6.3.1 Engineering Data for HDD

If the Horizontal directional drilling option in the Model window (section 4.1.1) is selected, the
Engineering Data window shown in Figure 4.38 is displayed in which data on the strength
calculation of the pipe can be defined (see chapter 23 for background information).

Engineering Data x|

Miscellanecous
" Standard

™ Pipe filled with water on rallers

™ Pipe always filled (implosion)

Part of pipe filled with fluid during pull back. [*] Iﬂi
Unitweight fluid Kjme [1000
Bedding angle [deg] [120 -
Load angle [deq] |1BD vl
Relative displacement [mm] W
Caompression inddex [ IBDDi
Linear setlement coeff. (alpha_g) for steel [mm#mmk] W
Linear setlement coeff. (alpha_g) for PE [ framb] IM
Modulus of subgrade reaction of drilling fuid (Kv) [kN/m?9  [500.00
Phi drilling fluid [deg) [1500
Cohesion drilling fluid [kM{m 2] 5.0a

Friction

Factor of friction pipe-raller (13 [ |00

Friction pipe-mud f 2) [Njmm? [0000050

Factar of friction pipe-sail {3 [ |0.20

Ok | Cancel

Figure 4.38: Engineering Data window (HDD)

Help |
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Standard/Advanced

Pipe filled with water on
rollers

Pipe always filled
(implosion)

Part of pipe filled with
fluid during pull back

Unit weight fluid
Bedding angle

Load angle
Relative displacement

Compression index

Linear settlement coeff.
(alpha_g) for steel

Linear settlement coeff.
(alpha_g) for PE

Modulus of subgrade
reaction of drilling
fluid (Kv)

Phi drilling fluid

Cohesion drilling fluid

Factor of friction
pipe-roller (f1)

Friction pipe-drilling
fluid (f2)

Factor of friction
pipe-soil (f3)
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Select Advanced to display and modify some of the Miscel-
laneous parameters (Relative displacement, Compression in-
dex, Modulus of subgrade reaction of drilling fluid, Phi drilling
fluid, Cohesion drilling fluid). If Standard is selected, then
D-GEO PIPELINE will use the default values for the five mentioned
parameters).

Mark this check-box if the pipe is filled with water on rollers.

Mark this check-box if the pipe is filled with water in all stages.
If the pipe is completely filled, the filling fluid gives an internal
fluid pressure called filling resistance py, see Equation 23.68 in
section 23.8.1.

Part of the cross-section of the pipe filled with fluid (F}) in %.
Uplift forces resulting from buoyancy of the product pipe can be
reduced by filling a part of the cross-section with water. This will
reduce the pulling force.

Unit weight of the fluid filling (7).

The bedding angle [ (see Figure 4.39). The default value is
120°.

The load angle « (see Figure 4.39). The default value is 180°.
Relative displacement between soil columns, necessary for full
development of friction (d4). The default value is 10 mm.
Average compression index of the layers in which the pipe is
installed (C'). The default value for a very compressible soil se-
quence is 6.

Linear settlement coefficient «, for steel (average over the tem-
perature variation At). The default value for steel is 0.0000117
(mm/mm)K.

Linear settlement coefficient o, for PE (average over the tem-
perature variation At). The default value for PE is 0.00018
(mm/mm)K.

The modulus of subgrade reaction (also called bedding constant)
of the drilling fluid after stiffening (ky.¢f). The default value is
500 kN/m?.

Angle of internal friction of the stiffened drilling fluid (¢4). The
default value is 15°.

Cohesion of the stiffened drilling fluid (cg). The default value is
5 kN/m2.

Factor of friction between the product pipe and the rollers on the
pipe-roller (f1). During the pullback operation this part of the
pulling force will decrease. The default value is 0.1.

Friction between the drilling fluid and the pipeline (f2). The de-
fault value is 0.00005 N/mm?2,

Factor of friction between the product pipe and the soil (f3). The
friction between pipe and soil is influenced by buoyancy of the
pipeline in the drilling fluid. The default value is 0.2.
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Figure 4.39: Definition of the bedding angle 3 and the load angle «

4.6.3.2 Engineering Data for Micro tunneling

If the Micro tunneling option in the Model window (section 4.1.1) is selected, the Engineering
Data window shown in Figure 4.40 is displayed. See chapter 24 for background information.

x
Miscellaneous
¢ Standard & Advanced
Allowable thrust farce [kM] IW
“olume loss az percentage of avercut area [z] [100
Relative displacernent [rir] IW
Compression index [-] Ir
Modulus of subgrade reaction of lubrication fluid — [kM/m ] IW
Phi lubrication fuid [deq] [1500
Adhesion lubrication fiuid kw2l [500
Factar phi for reduced soil load [ W
Delta lubrication fluid [dea] [7EO
Friction
Friction with injgction of lubricant [kPa] Ir
Friction without injection of lubricant [kPa] W

oK I Cancel | Help |

Figure 4.40: Engineering Data window (Micro tunneling)

Standard/Advanced Select Advanced to display and modify some of the Miscella-
neous parameters (Relative displacement, Compression index,
Modulus of subgrade reaction of the stiffened drilling fluid, Phi
drilling fluid, Cohesion drilling fluid). If Standard is selected, then
D-GEO PIPELINE will use the default values for the five mentioned
parameters).

Allowable thrust force The maximum allowable thrust force is usually specified by the
manufacturer of the pipe.

Volume loss as per- The volume loss determines the subsidence at the surface (i.e.

centage of overcut area the excess soil removed by the Micro Tunneling Boring Machine).
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Relative displacement

Compression index

Modulus of subgrade
reaction of lubrification
fluid

Phi lubrication fluid

Adhesion lubrification
fluid

Factor phi for reduced
soil load

Delta lubrification fluid
Friction with injection of
lubricant

Friction without
injection of lubricant

Relative displacement between soil columns, necessary for full
development of friction (dq4). The default value is 10 mm.
Average compression index of the layers in which the pipe is
installed (C'). The default value for a very compressible soil se-
quence is 6.

The modulus of subgrade reaction (also called bedding con-
stant) of the lubrification fluid (Ky.up uia). The default value is
500 kN/m?.

Angle of internal friction of the lubrification fluid (©up fuig). The
default value is 15°.

Adhesion of the lubrification fluid (aj fiuig)- The default value is
5 kN/m2.

Safety factor applied on the reduced soil stress. The default
value is 0.5.

Delta angle of the lubrification fluid. The default value is 7.5°.
The friction between the soil and the pipe in case of injection
of lubricant (M) used for the calculation of the thrust forces Fi,
(see Equation 24.8 in section 24.1.4).

The friction between the soil and the pipe in case of no injection
of lubricant (M) used for the calculation of the thrust forces Fi,
(see Equation 24.8 in section 24.1.4).

4.6.3.3 Engineering Data for Construction in trench

If the Construction in trench option in the Model window (section 4.1.1) is selected, the En-
gineering Data window shown in Figure 4.41 is displayed. In this window, information about
the filling can be entered and will be used to determine the value of the percentage of com-
paction (1 used in the calculation of the initial (or actual) vertical stress, see section 21.4 for

background information.

Engineering Data x|

Tupe of fil
* Sand
" SHiff Clay
" Soft Sais

Compaction of fil
= wiell compacted
f* Poorly compacted

Cancel | Help |

Figure 4.41: Engineering Data window (Construction in trench)

Type of fill

Compaction of fill
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Select the type of fill used for the filling of the trench: Sand, Stiff
Clay or Soft Soils.

Select the type of compaction of the filling soil: Well compacted
or Poorly compacted.
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4.6.4 Drilling Fluid Data

In the Pipe menu, choose the Drilling Fluid Data option to open the Drilling Fluid Data window
in which the drill pipe and borehole dimensions, the characteristics of drilling fluid flow, and
the properties of the drilling fluid can be defined. For background information, see chapter 22.

x
Lvill pipe and bore hole dimensions
Quter diameter pilot hole [rn] IW
Oluter diameter pilot pipe [rn] IW
Oluter diameter pre-ream hole [rn] IW
Oluter diameter drillpipe [rn] IW
Outer diameter borehole [rn] IW
Outer diameter product pipe [Da) [rn] IW
Characteristics af drilling fluid flow
Annular back flow rate pilotbaring [Litersminute] IW
Annular back flow rate pre-reaming [Litersminute] IW
Annular back flow rate ream and pull-back [Liter/minute] IW
Circulation loss factar pilatboring [ W
Circulation logs factar pre-reaming [ IF
Circulation logs factar ream and pull-back [ IF
Properties of driling fluid
Urit weight (1) e
Yieldpoint (1) kime [ootd
Plastic vizcosity {p) [kM.z/m?] IW

ak. I Cancel | Help |

Outer diameter pilot hole
Outer diameter pilot pipe
Outer diameter pre-ream
hole

Outer diameter drill pipe

Outer diameter borehole

Outer diameter product
pipe (Do)

Annular back flow rate pilot
boring

Annular back flow rate pre-
reaming

Annular back flow rate
ream and pullback
Circulation loss factor pilot
boring
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Figure 4.42: Drilling Fluid Data window

Outer diameter of the hole during the pilot hole drilling [m].
Outer diameter of the pipe during the pilot hole drilling [m].
Outer diameter of the hole during the pre-reaming of the prod-
uct pipeline [m].

Outer diameter of the pipe during the pre-reaming of the prod-
uct pipeline [m].

Outer diameter of the hole during the pullback of the product
pipeline [m].

Outer diameter of the (bundled) pipe during the pullback of
the product pipeline. This value is automatically calculated by
the program using the pipe diameters of the different pipes
as inputted in the Product Pipe Material Data window (see
section 4.6.2.1). The following formula is used:

Deq =\ Zln=1 Dc2>;i

Annular back flow rate (()ann) during the pilot hole drilling, in
liter/minute.

Annular back flow rate ((Qann) during the pre-reaming stage,
in liter/minute.

Annular back flow rate ((Qann) during the pullback stage, in
liter/minute.

Circulation loss factor ( fioss) during the pilot-hole drilling. The
default value is 0.3.
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Circulation loss factor pre- Circulation loss factor (fi.ss) during the pre-reaming stage.

reaming The default value is 0.2.

Circulation loss Circulation loss factor ( fioss) during the pullback stage . The

factor ream and pull-back  default value is 0.2.

Unit weight (y) Unit weight of the drilling fluid (vg). The default value is
11.1 kKN/mS.

Yield point (1) Yield point of the drilling fluid (74). The default value is
0.014 kN/m?.

Plastic viscosity (1) Plastic viscosity of the drilling fluid (tq:). The default value is

0.00004 kN.s/m?.

The annular back-flow depends mainly on the size of the borehole and the pump system on
the type of drilling rig used. The circulation loss factor depends on the soil layers through
which the drilling is performed. The circulation loss factor indicates the loss of the drilling fluid
in the soil surrounding the borehole.

The properties of the drilling fluid (vg, 7gr @and fig) can be obtained from the drilling fluid
manufacturer.

Defaults menu

Factors

In the Defaults menu, choose the Factor option to open the Factor input window. The content
of the window depends on the model:

¢ Refer to section 4.7.1.1 for HDD
¢ Refer to section 4.7.1.2 for Micro tunneling
¢ Refer to section 4.7.1.3 for Construction in trench

Factors for HDD

If the Horizontal directional drilling option in the Model window (section 4.1.1) is selected, the
factors for loads and strength parameters according to either the Dutch standard NEN 3650
or the European standard CEN can be specified in the Factors window. Depending on the
choice of the type of material (steel or polyethylene), different factors need to be specified.

Factors for HDD — Dutch standard NEN — Polyethylene pipe

If the Dutch standard NEN was selected in the the Model window (section 4.1.1) and if a
polyethylene material was selected in the Product Pipe Material Data window (section 4.6.2.1),
the window in Figure 4.43 is displayed.
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Figure 4.43: Factors window (HDD) for polyethylene pipe, acc. to the Dutch standard

NEN

Implosion at long
term

Implosion at short
term

Total unit weight

Cu/cohesion

Angle of internal

friction (Phi)

E-modulus

Pulling force

Modulus of
subgrade reaction
Soil load Qn

Pressure borehole
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Safety factor on implosion at long term (Yimp:ong)- The default value
is 3, as prescribed in paragraph 8.5.5.1 of NEN 3650-3 (NEN,
2012c).

Safety factor on implosion at short term (Vimp;short)- The default value
is 1.5, as prescribed in paragraph 8.5.5.1 of NEN 3650-3 (NEN,
2012c).

Contingency factor on the total unit weight above and below the
phreatic level (f,). The default value is 1.1, as prescribed in Table
B.2 of NEN 3650-1 (NEN, 2012a).

Contingency factor on the cohesion for drained and undrained con-
ditions (f;). The default value is 1.4, as prescribed in Table B.2 of
NEN 3650-1 (NEN, 2012a).

Contingency factor on the angle of internal friction (f,). The de-
fault value is 1.1, as prescribed in Table B.2 of NEN 3650-1 (NEN,
2012a).

Contingency factor on the Young’s modulus (fg). The default value
is 1.25, as prescribed in Table B.2 of NEN 3650-1 (NEN, 2012a).
Contingency factor on pulling forces (f), to take into account the
stochastic distribution in the value of the different friction compo-
nents and the uncertainty on the model. The default value is 1.4, as
prescribed in paragraph E.1.2.1 of NEN 3650-1 (NEN, 2012a).
NOTE: According to the NEN 3650-1 (article E.1.2.3), the contin-
gency factor on the pulling force for bundled pipelines should be in-
creased to 1.8 because due to the pull back of the bundled pipelines
the risk on higher pulling forces than calculated is present.
Contingency factor on the modulus of subgrade reaction ( fy). The
default value is 1.6.

Contingency factor on the reduced neutral soil stress Qn, (fan1),
used for the strength calculation of the pipeline (see section 23.5).
The default value is 1.1, as prescribed in Table B.3 of NEN 3650-1
(NEN, 2012a).

Contingency factor on the pressure borehole ( fpress;bo,e), used to
check the equilibrium between drilling fluid pressure and pore pres-
sure, see section 22.4. The default value is 1.1.
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Contingency factor on the bending moment ( fy) for steel. In para-
graph E.1.3 of NEN 3650-1 (NEN, 2012a), an overall factor on bend-
ing moment (fx) of 1.4 is prescribed. As this overall factor includes
different contingency factors (i.e. fx = fu X finstar X fr)and as
finstan = 1.1 and fr = 1.1, a default factor of 1.15 should be inputted
for fy to get fx = 1.4 as prescribed by NEN.

Contingency factor on the bending moment (fy) for PE. In para-
graph E.1.3 of NEN 3650-1 (NEN, 2012a), an overall factor on bend-
ing moment (fx) of 1.4 is prescribed. As this overall factor includes
different contingency factors (i.e. fx = fu X finstar X fr) and
as finstat = 1 and fr = 1, a default factor of 1.4 should be inputted
for fiu to get fx = 1.4 as prescribed by NEN.

Factor of importance (S). The default value is 1 (for HDD), as pre-
scribed in paragraph 6.5 of NEN 3651 (NEN, 2012d).

Maximum allowable deflection of the pipe (dg). The default value
is 15% of the pipe diameter for steel, as prescribed in paragraph
11.1.5 of NEN 3651 (NEN, 2012d).

Maximum allowable deflection of the pipe for piggability (d1). If this
value is exceeded, the pig (i.e. tool or vehicle that moves through
the interior of the pipeline for purposes of inspecting, dimensioning,
or cleaning) can be damaged or stuck. The default value is 5% of
the pipe diameter.

Maximum allowable deflection of the pipe (Jg). The default value is
8% of the pipe diameter for PE, as prescribed in paragraph 11.4.1.1
of NEN 3651 (NEN, 2012d).

Maximum allowable deflection of the pipe for piggability (d4). If this
value is exceeded, the pig (i.e. tool or vehicle that moves through
the interior of the pipeline for purposes of inspecting, dimensioning,
or cleaning) can be damaged or stuck. The default value is 5% of
the pipe diameter.

Unit weight of water (7,,). The default value is 10 kN/m®.

The ratio between the maximum allowable radius of the plastic zone
Rp.max and the soil cover H (vertical distance between the ground
level and the pipe center) for the calculation of the maximum allow-
able drilling fluid pressure in drained layer (i.e. sand), see Equa-
tion 22.28 in section 22.2.2. The default value is 0.5, as prescribed
in paragraph E.2.2.2 of NEN 3650-1 (NEN, 2012a): [? max = 0.5 H.
The ratio between the maximum allowable radius of the plastic zone
Rp;maX and the soil cover H (vertical distance between the ground
level and the pipe center) for the calculation of the maximum allow-
able drilling fluid pressure in undrained layer (i.e. clay and peat),
see Equation 22.22 in section 22.2.1. The default value is 0.5,
as prescribed in paragraph E.2.2.2 of NEN 3650-1 (NEN, 2012a):
Romax =0.5 H.

Click this button to reset all values to the default values prescribed
in the Dutch Standard NEN.

NOTE: If the input values in the Factors window differ from the de-
fault values prescribed by NEN, the value appears in red color.
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Factors for HDD — Dutch standard NEN - Steel pipe

If the Dutch standard NEN was selected in the the Model window (section 4.1.1) and if a steel
material was selected in the Product Pipe Material Data window (section 4.6.2.1), the window
in Figure 4.44 is displayed. Load factors are used for the strength calculation of the pipeline
(see section 23.5).

]

Contingency factors Load factors

Total unit weight [MEM] [ |1'10 Design pressure [ |12

Cufcohesion [NEN] [ |1.4U Design pressuie [combination) [ s

Angle of intemal friction [Phi] (NEM) [ IT Test pressure [1 [0

E-modulis [NEN) Bt || instalation Hofiio

Fuling forcs [NEN) [ [t | Soileadn oo [iso

Modulus of subgrade reaction [MEM] [ |1 .60 Temperature [ |10

Sailload On [HEN) BT || Tialficload Ho[is

Pressure borehole [NEN) [l IT 5
Miscellanenus

Bending radius [MEN) &l |1'10 et & e () 1 W

B EE=] 1 |1 19 Allowable deflection of pipe [Steel] [z 1500

Bending moment [PE] [l I1 -40 Fiogaity (Steel) ® IW
Allowable deflection of pipe [PE) [%] |2.00
Figgabilty (FE] p [5o0
Unit weight water [kN/mZ]  |10.00
Salety factor cover [drained layer) [l IW
Salety factor cover [undrained |ayer] [ [os0

oK I Cancel | Help: |

Figure 4.44: Factors window (HDD) for steel pipe, acc. to the Dutch standard NEN

Total unit weight Contingency factor on the total unit weight above and below the
phreatic level (f,). The default value is 1.1, as prescribed in Table
B.2 of NEN 3650-1 (NEN, 2012a).

Cu/cohesion Contingency factor on the cohesion for drained and undrained con-
ditions (f.). The default value is 1.4, as prescribed in Table B.2 of
NEN 3650-1 (NEN, 2012a).

Angle of internal Contingency factor on the angle of internal friction (f,). The de-

friction (Phi) fault value is 1.1, as prescribed in Table B.2 of NEN 3650-1 (NEN,
2012a).

E-modulus Contingency factor on the Young’s modulus (fg). The default value
is 1.25, as prescribed in Table B.2 of NEN 3650-1 (NEN, 2012a).

Pulling force Contingency factor on pulling forces (f), to take into account the

stochastic distribution in the value of the different friction compo-
nents and the uncertainty on the model. The default value is 1.4, as
prescribed in paragraph E.1.2.1 of NEN 3650-1 (NEN, 2012a).
NOTE: According to the NEN 3650-1 (article E.1.2.3), the contin-
gency factor on the pulling force for bundled pipelines should be in-
creased to 1.8 because due to the pull back of the bundled pipelines
the risk on higher pulling forces than calculated is present.

Modulus of Contingency factor on the modulus of subgrade reaction ( f«). The
subgrade reaction default value is 1.6.
Soil load Qn Contingency factor on the reduced neutral soil stress Qn, (fan1),

used for the strength calculation of the pipeline (see section 23.5).
The default value is 1.1, as prescribed in Table B.3 of NEN 3650-1
(NEN, 2012a).

Pressure borehole Contingency factor on the pressure borehole ( fpress;bore), used to
check the equilibrium between drilling fluid pressure and pore pres-
sure, see section 22.4. The default value is 1.1.
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Contingency factor on the bending radius (fr) used for the deter-
mination of the axial stress in the strength calculation, see sec-
tion 23.5. The default value is 1.1.

Contingency factor on the bending moment ( fy) for steel. In para-
graph E.1.3 of NEN 3650-1 (NEN, 2012a), an overall factor on bend-
ing moment (fx) of 1.4 is prescribed. As this overall factor includes
different contingency factors (i.e. fx = fu X finstar X fr)and as
finstan = 1.1 and fr = 1.1, a default factor of 1.15 should be inputted
for fy to get fx = 1.4 as prescribed by NEN.

Contingency factor on the bending moment (fy) for PE. In para-
graph E.1.3 of NEN 3650-1 (NEN, 2012a), an overall factor on bend-
ing moment (fx) of 1.4 is prescribed. As this overall factor includes
different contingency factors (i.e. fx = fu X finstar X fr) and
as finstat = 1 and fr = 1, a default factor of 1.4 should be inputted
for fu to get fx = 1.4 as prescribed by NEN.

Load factor on the design pressure (foq). The default value is 1.25
as prescribed in Table 2 of NEN 3650-2 (NEN, 2012b).

Load factor on the design pressure when used in combination
(fpd;comb). The default value is 1.15 as prescribed in Table 2 of
NEN 3650-2 (NEN, 2012b).

Load factor on the test pressure ( fpt). The default value is 1.1 as
prescribed in Table 2 of NEN 3650-2 (NEN, 2012b).

Load factor on the installation ( finstan)- The default value is 1.1 as
prescribed in Table 2 of NEN 3650-2 (NEN, 2012b).

Load factor on the reduced neutral soil stress Qn (fan2). The de-
fault value is 1.5.

Load factor on the stress due to temperature variation (ftemp). The
default value is 1.1 as prescribed in Table 2 of NEN 3650-2 (NEN,
2012b).

The load factor on the traffic load fq,, see section 21.14. The default
value is 1.35, as prescribed in Table 2 of NEN 3650-2 (NEN, 2012b).
Factor of importance (5). The default value is 1 (for HDD), as pre-
scribed in paragraph 6.5 of NEN 3651 (NEN, 2012d).

Maximum allowable deflection of the pipe (0g). The default value
is 15% of the pipe diameter for steel, as prescribed in paragraph
11.1.5 of NEN 3651 (NEN, 2012d).

Maximum allowable deflection of the pipe for piggability (0). If this
value is exceeded, the pig (i.e. tool or vehicle that moves through
the interior of the pipeline for purposes of inspecting, dimensioning,
or cleaning) can be damaged or stuck. The default value is 5% of
the pipe diameter.

Maximum allowable deflection of the pipe (dg). The default value is
8% of the pipe diameter for PE, as prescribed in paragraph 11.4.1.1
of NEN 3651 (NEN, 2012d).

Maximum allowable deflection of the pipe for piggability (d1). If this
value is exceeded, the pig (i.e. tool or vehicle that moves through
the interior of the pipeline for purposes of inspecting, dimensioning,
or cleaning) can be damaged or stuck. The default value is 5% of
the pipe diameter.

Unit weight of water (). The default value is 10 kN/m®.
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Safety factor cover  The ratio between the maximum allowable radius of the plastic zone
(drained layer) Rp.max and the soil cover I (vertical distance between the ground
level and the pipe center) for the calculation of the maximum allow-
able drilling fluid pressure in drained layer (i.e. sand), see Equa-
tion 22.28 in section 22.2.2. The default value is 0.5, as prescribed
in paragraph E.2.2.2 of NEN 3650-1 (NEN, 2012a): R, max = 0.5 H.
Safety factor cover  The ratio between the maximum allowable radius of the plastic zone
(undrained layer) Rp.max and the soil cover H (vertical distance between the ground
level and the pipe center) for the calculation of the maximum allow-
able drilling fluid pressure in undrained layer (i.e. clay and peat),
see Equation 22.22 in section 22.2.1. The default value is 0.5,
as prescribed in paragraph E.2.2.2 of NEN 3650-1 (NEN, 2012a):
Romax =0.5 H.
Click this button to reset all values to the default values prescribed
in the Dutch Standard NEN.
NOTE: If the input values in the Factors window differ from the de-
fault values prescribed by NEN, the value appears in red color.

Factors for HDD — European standard CEN — Polyethylene pipe

If the European standard CEN was selected in the the Model window (section 4.1.1) and if a
polyethylene material was selected in the Product Pipe Material Data window (section 4.6.2.1),
the window in Figure 4.45 is displayed.

x
Safety factars an implozion [PE ] Mizzellaneous
Implosion at long term [-] IS‘U_ Factor of importance [5) [ 1
Implosion at short term [] IT Allowable deflection of pipe [Steel) [%] W
Contingency factors Il izl [%] IW
Total unit weight (CEN) g [0 Alowable deflestion of pips [PE) g [eo0
Cu/cahesion [CEN) [1 [te | Pigaabilty (FE] I T
Angle of internal fiction (Phi) (CEN) [ [i1o || Unitweight water km] 1000
E-modulus [CEN] Al IT Safety factor cover (drained layer) [ IW
Puling force [CEN] Al IT Safety factor cover (undrained layer) [ IW
Moduluz of subgrade reaction [CEN] [] IT
Suil lnad 1 [CEN) e
Pressure barehole [CEM) [] lT
,TI Cancel | Helm |
Figure 4.45: Factors window (HDD) for polyethylene pipe, acc. to the European standard

CEN

For the definition of the parameters refer to the window for the Dutch standard NEN (see
Figure 4.43), only the default values are different.

Click the button to reset all values to the default values prescribed in the European

standard CEN. If the input values in the Factors window differ from the default values pre-
scribed by CEN, the value appears in red color.

Deltares 81 of 324



D-GEO PIPELINE, User Manual

Factors for HDD — European standard CEN - Steel pipe

If the European standard CEN was selected in the the Model window (section 4.1.1) and if a
steel material was selected in the Product Pipe Material Data window (section 4.6.2.1), the
window in Figure 4.46 is displayed.

x

Contingency Factors Mizcellaneous

Total unit weight [CEM] [ I1 10 Factor of importance [5) [ T
Cudcohesion [CEN) [ IT Allowable deflection of pipe [Steel) [%] W
&ingle of intemal fiction (Phi) (CEN) [ [0 || Piggabily (Steel g [500
E-madulus (CEN) [ [T25 || Alowable deflection of pipe (PE) I ECT
Pulling force [CEN] [ [140 || Piggabiity (PE) g [500
Modulus of subgrade reaction [CEN] [ IT Unit weight water [kM#m %] IW
Sail load O [CEN) [ IT Safety factor cover [drained layer] [-] IW
Prezzure borehole [CEM] [ IT Safety Factor cover [undrained layer) [-] IW
Bending radiuz [CEM] [ |1 a0

Ok I Cancel | Helg |

Figure 4.46: Factors window (HDD) for steel pipe, according to the European standard
CEN

For the definition of the parameters refer to the window for the Dutch standard NEN (see
Figure 4.44), only the default values are different.

Click the button to reset all values to the default values prescribed in the European
standard CEN. If the input values in the Factors window differ from the default values pre-
scribed by CEN, the value appears in red color.

4.7.1.2 Factors for Micro tunneling

If the Micro tunneling option in the Model window (section 4.1.1) is selected, the Factors
window of Figure 4.47 is displayed in which the safety factors for soil parameters can be
specified.

x

[Partial] satety factors

Cu -cohesion [
Angle of internal friction [
Harizortal effective stress [
S afety factar water pressure [
S afety factar Lplift [
Miscellaneous

Contingency factor zoil cower [

Ovverburden factar silo effect [

ERERIERERR

Stability ratio M [
Unit weight water [kM /m#]
| HReset I | Ok I Cancel | Help |

Figure 4.47: Factors window (Micro tunneling)
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Unit weight water

The safety factor on the cohesion for drained and undrained con-
ditions (f.). The default value is 1.4, as prescribed in Table B.2
of NEN 3650-1 (NEN, 2012a).

The safety factor on the angle of internal friction ( ;). The default
value is 1.1, as prescribed in Table B.2 of NEN 3650-1 (NEN,
2012a).

The safety factor on the horizontal effective stress (f,n). The
default value is 1.5.

The safety factor on the water pressure u (f,,). The default value
is 1.05.

The safety factor on uplift ( fupit). The default value is 1.

The contingency factor on soil cover (feover). The default value is
1.1.

The overburden factor on silo effect (fsio). The default value is
2.

The stability ratio (V). The default value is 3. This ratio is used
for the calculation of the minimal support pressure in undrained
conditions, see Equation 24.2 in section 24.1.2.

The unit weight of water (vy,). The default value is 10 kN/m?®.
Click this button to reset all values to the default values.

NOTE: If the input values in the Factors window differ from the
default values, the value appears in red color.

Factors for Construction in trench

If the Construction in trench option in the Model window (section 4.1.1) is selected, the Factors
window of Figure 4.48 is displayed in which the safety factor for uplift and the unit weight of

water can be specified.

]
(Parial) safety factars
Safety factar uplift [ [118
Safety factor hydraulic heawve [] |20

Miscellaneous
Unitweight water [kM{m# |10.00

Eeset I ‘ 0];% | Cancel | Helg |

Figure 4.48: Factors window (Construction in trench)

Safety factor uplift
Safety factor hydraulic
heave

Unit weight water
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The safety factor on uplift (fup”ﬁ). The default value is 1.

The safety factor on hydraulic heave ( fpurst). The default value is
1.

Unit weight of water (7,,). The default value is 10 kN/m®.

Click this button to reset all values to the default values.

NOTE: If the input values in the Factors window differ from the
default values, the value appears in red color.
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4.7.2 Special Stress Analysis

If the Horizontal directional drilling option in the Model window (section 4.1.1) is selected,
the Special Stress Analysis window of Figure 4.49 is displayed when selecting Special Stress
Analysis from the Defaults menu. In this window, it is possible to choose between three types
of stress analysis: a standard, a per vertical or a special analysis, as explained below.

x
Stress analysis options
" Standard
-

Stress calculation data

Soil load [neutral or reduced neutral] On raized by a traffic load, if any [kMAm 2] |1 8.00

Modulus of subgrade reaction [leM#m 3] I'I?DDD
Radius [rm] |4DD.DD

Ok I Cancel | Help |

Figure 4.49: Special Stress Analysis window (HDD)

Stress analysis options  Three types of stress analysis are available:
e A Standard stress analysis, performed from the Start option
of the Calculation menu (see section 5.1), which uses the max-
imum reduced neutral soil stress and the maximum modulus of
subgrade reaction of the soil calculated by D-GEO PIPELINE be-
tween all the verticals and the minimum bending radius present
in the pipeline configuration.
e A stress analysis Per vertical, performed from the Start op-
tion of the Calculation menu (see section 5.1), which uses the
reduced neutral soil stress and the modulus of subgrade reac-
tion of the soil calculated by D-GEO PIPELINE per vertical and the
bending radius of the pipeline trajectory cut by the vertical.
NOTE: If the vertical cut a straight part of the pipeline trajec-
tory, D-GEO PIPELINE assumes a very large bending radius of
100000 m.
e A “Special Stress Analysis”, performed from the Special Stress
Analysis option of the Calculation menu (see section 5.2) using
Stress calculation data (i.e user-defined values for the reduced
neutral soil stress, for the modulus of subgrade reaction of the
soil and for the bending radius).

If the option Use stress calculation data is selected, the following values must be inputted:

Soil load (neutral or Enter the user-defined reduced neutral soil stress (in kN/m?),
reduced neutral) Qn used for a Special Stress Analysis (section 5.2).

raised by a traffic load

if any

Modulus of subgrade Enter the user-defined modulus of subgrade reaction of the soil
reaction (in kKN/m®), used for a Special Stress Analysis (section 5.2).
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Radius Radius of the pipeline in the ground, which is used for the cal-
culation of the pulling force. During a standard calculation,
D-GEO PIPELINE assumes the maximum present radius. With
the Special Stress Analysis (section 5.2), an other radius can
be chosen by the user.
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5 Calculations

5.1 Start Calculation

On the menu bar, click Start in the Calculation menu to perform the following calculations:

¢ Calculation of soil mechanical data
The passive, neutral and reduced vertical stresses of the soil, the vertical coefficient of
subgrade reaction, and the ultimate bearing capacity for each vertical are calculated and
written to a report file (see section 6.2.4). For background information, see chapter 21].

¢ Calculation of drilling fluid pressures (only for HDD)

In directional drilling first a bore hole is made by a pilot drilling. This bore hole has
a relatively small diameter. During the second drilling stage the initial bore hole is
enlarged by pre-reaming. When the requested diameter is reached the product pipe
is pulled into the bore hole. During all drilling stages a minimum required drilling fluid
pressure is necessary. The bore fluid pressure induces a return flow of drilling fluid
from the drilling head to the entry or exit point. The return flow transports loosened soil
material. The necessary fluid pressure depends on:

O The difference in elevation between the bore hole and the exit point of the return
flow;

O The minimum required pressure necessary to cause a return flow (soil material
included) over a certain distance.

When the entry and exit points are not on the same level, the minimum required drilling
fluid pressure depends on the direction of the drilling (from left to right or from right to
left). D-GEO PIPELINE calculates the minimum required drilling fluid pressure for both
cases.

The maximum allowable pressure depends on the strength of the soil around the bore-
hole. When the required drilling pressure is higher than the maximum allowable pres-
sure, there is a risk a blow out may occur. In that case, the pipeline configuration must
be changed. For instance, by choosing a lower pipe level or by moving the entry or exit
point.

The calculations of the minimum and maximum drilling fluid pressures for the three
stages (pilot, pre-ream and pull-back) are performed in the user defined verticals. The
results of the calculations are written to a report file (see section 6.2.1). For background
information, see chapter 22.

¢ Pipe stress analysis (only for HDD)

In the pipe stress analysis, the pulling forces during the pull-back operation, the max-
imum acting stresses in the pipe material and the deflection of the pipeline are cal-
culated. The calculated stresses are compared to the allowable short and long term
stresses for a PE pipeline, while for a steel pipeline a total stress is calculated and
compared with the allowable stress. With this option, the strength calculation is per-
formed with the calculated reduced neutral soil load and bedding constant after the
soil mechanical data has been calculated. The results of the calculations are written
to a report file (see section 6.2.5 and section 6.2.6). For background information, see
chapter 23.

& Settlements
The settlements of soil layers below the pipeline are calculated. For Micro Tunneling
model, the subsidence are also calculated. The results of the calculations are written
to a report file (see section 6.2.2 and section 6.2.3). For background information, see
section 21.10 and section 24.3.
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¢ Operation parameters

O the uplift check and the hydraulic heave check for Trenching; for background infor-
mation, see chapter 25.

O the uplift check, the face support pressures and the thrust forces for Micro tunnel-
ing; for background information, see section 24.1 and section 24.2.

The results of the calculations are written to a report file (see section 6.2.7 and sec-
tion 6.2.8).

Special Stress Analysis (only for HDD)

On the menu bar, click Special Stress Analysis in the Calculation menu to perform a pipe
stress calculation with the user-defined values for the reduced neutral soil stress, the modulus
of subgrade reaction and the bending radius, specified in the Special Stress Analysis window
(section 4.7.2) instead of the calculated values. D-GEO PIPELINE will not apply safety factors
on those three specified values, assuming they are already included. A special stress analysis
must always be started separately.

Warning and Error messages

Warning messages

Before calculation, warning messages might be displayed in the Warning window after starting
the calculation. The calculation will be paused. If clicking Yes the calculations will continue,
whereas if clicking No the calculations will be aborted. Figure 5.1 gives an example of warning
messages displayed when an undrained layer has an undrained cohesion ¢, of 0 and when
determining the allowable curve radius in accordance with section 20.1.4.

't One or more layers above the border between the drained and undrained lavers have a Cu-value of 0
.

Pipe PE100 SDR11E has a radius of 600 [m] while the allowable minimum radius is : 1892 [m]
Pipe PE100 SDR11E has a radius of 700 [m] while the allowable minimum radius is : 1880 [m]
Pipe PE100 SDR11k has a radius of 1000 [m] while the allowable minimum radius is : 1885 [m]
Pipe PE100 SDR11k has a radius of 500 [m] while the allowable minimum radius is : 1947 [m]

Continue the calculations ?

Figure 5.1: Warning window (before calculation) about allowable radius
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5.3.2 Error messages

If errors are found in the input, no calculation can be performed and D-GEO PIPELINE opens
the Error Messages window displaying more details about the error(s). Those errors must be
corrected before performing a new calculation. To view those error messages, select the Error
Messages option from the Help menu (section 3.3.1). They are also writing in the *.err file.
They will be overwritten the next time a calculation is started.

D Error Messages H=] E3
IProgra.m : DI-Geo Pipeline
Version D B3
License : Unknowmn
Comparny
Pun identification :
Vicens
Centale as
Date : le-7-E0Llz
Time : 11-38:54
End of D-Geo Pipeline file
The pipe diameter is less than two times the wall thickness for pipe nr: 1

Figure 5.2: Error Messages window
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6 View Results

6.1 Report selection

On the menu bar, click Results and then choose Report Selection to open the corresponding
input window in which the content of the final report can be selected.

D Report Selection

art it
| 1 Table of Conternts
- [v] 2 Input D ata
- [w] 21 Model uzed
- [w] 2.2 Layer Boundaries
- [w] 2.3 PL Lines
- [w] 2.4 Phreatic Line
2.5 Soil Profiles
2.6 Selected Boundaries
2.7 Configuration of the Pipe Line
2.8 Calculation Verticals
- |w] 2.9 Material Types
- [w] 210 Pipe Material D ata
- [w] 2.11 Pipe Engineering Data
B [w] 212 Geometry
-[w] 2121 Geometry Section, Detailed [Picture]
2122 Geometry Top View [Picture]
- [w] 2.13 Drilling Fluid Pressure Data
- [w] 214 Factars
= [v] 3 Driling Fluid Pressures
- [w] 3.1 Diiling Fluid Pressure Data
- [w] 3.2 Equilibriurm betwaen Driling Fluid Pressure and Pore Pressure
(=l [w] 3.3 Drilling Fluid Pressure Plots
-[w] 3.3.1 Drilling Fluid Pressures during Pilat [Picture]
3.3.2 Drilling Fluid Pressures during Prerearning [Ficture)
3.3 Diilling Fluid Pressures during Reaming and Pullback Operation [Picture] LI

|»

v Page numbers in Table of Contents [slows down repart generation)

Select Al Deselect Al

u] I Cancel Help

Figure 6.1: Report Selection window

6.2 Report

On the menu bar, click Results and then choose Report to open the Report window displaying
the selected results (section 6.1) of the calculation. This window displays the contents of the
ASCI! file with extension *.drd’.

Click the Print active window button =l on the icon bar to print the report.

Use the Export Report option in the File menu to export the report in RTF, PDF, TXT or HTML
format.

The report has its own toolbar:

Those four buttons enable the user to zoom in, to zoom out,
SN B = to zoom the full page or to zoom the page width.

Those four buttons enable the user to browse through the
[ | [ [ report by respectively moving to first page, moving to previous
page, moving to next page or moving to last page.

Another way of quickly browsing through the report is by en-
Page[15 of19 ‘ tering a page number in the input field on the toolbar and
pressing the Enter key.
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The output file consists of:

<& First page

O Date and time of report
O File name
O Project identification (as inputted in section 4.1.2)

¢ Table of Contents
<& Input Data chapter gives an echo of the input

<& Dirilling Fluid Pressures chapter gives the results (plots and tables) of the drilling fluid
pressures calculation for the three stages of the HDD technique (section 6.2.1)
& Deformations chapter gives:
O the settlements of soil layers below the pipeline (section 6.2.2)
O the subsidence for Micro Tunneling model (section 6.2.3)

& Soil mechanical parameters chapter which gives the soil mechanical data (section 6.2.4)

& Data for Stress analysis chapter includes buoyancy control and pulling forces calcula-
tion of the HDD technique (section 6.2.5)

O Stress analysis chapter gives the stress results for the 5 load combinations (1A, 1B, 2,
3 and 4) of the HDD technique (section 6.2.6)
& Operation Parameters chapter gives:

O the uplift check and the hydraulic heave check for Trenching (section 6.2.7)
O the uplift check, the face support pressures and the thrust forces for Micro Tunnel-
ing (section 6.2.8)

The following sections describe the output in more detail. The calculation process can be
aborted, after which a message is appended to the output file and the file is closed. All results
until the moment the calculation was stopped remain in the file.

6.2.1 Report — Drilling Fluid Pressure
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Report — Drilling Fluid Data

In the Drilling Fluid Data section, the results of the drilling fluid pressures calculation for the
three stages (pilot hole drilling, pre-reaming of the borehole and pullback of the product pipe)

are displayed.

3 Drilling Fluid Pressures
3.1 Drilling Fluid Data
Vertical nr. Drilling fluid pressures pilot
[kN/m?®]
Max, deformation | Max, soil cover Min, left Min, right
1 121 209 35 157
2 364 631 162 247
3 494 §29 245 292
4 532 887 284 293
5 524 874 298 270
6 441 748 275 210
7 259 472 207 103
Vertical nr. Drilling fluid pressures preream
[KN/m#]
Max, deformation | Max. soil cover Min, left Min. right
1 121 165 32 35
2 364 631 147 162
3 494 §29 219 237
4 532 887 245 249
5 524 874 248 238
&} 441 748 210 189
7 259 472 103 94
Vertical nr. Drilling fluid pressures pull back
[kMN/m?]
Max, deformation | Max, soil cover Min, left Min, right
1 121 165 35 32
2 364 631 164 147
3 494 829 237 219
4 532 887 249 245
5 524 874 238 248
6 441 748 189 212
7 259 472 94 104
The minimum required drilling fluid pressure is calculated and can be compared with the calculated maximum
allowable drilling fluid pressure. The maximum pressure based on deformation indicates the formation of cracks
around the borehole, while the maximum pressure based on soilcover indicates a frac-out towards the surface.

Figure 6.2: Report window, Drilling Fluid Data section

The following is an explanation of the column headings:

Vertical nr. []
Max, deformation [kN/m?]
Max, soil cover

Min, left [kN/m?]

Deltares

Number of the calculation vertical.

Maximum drilling fluid pressure: refer to Equation 22.28 in

section 22.2.2 for drained layers and to Equation 22.22 in

section 22.2.1 for undrained layers.

For drained layers, the determination of the maximum al-

lowable radius of the plastic zone ([2p;max), can be related:
<& either to the deformation of the bore hole:

Rp;max =

¢ or to the soil cover: Rpmax = 0.5 H
(Refer to section 22.2 for the definition of the parameters.)
Minimum drilling fluid pressure assuming that the drilling
of the pilot is from left to right (see section 22.1 for back-
ground information).
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Min,right [kN/m?] Minimum drilling fluid pressure assuming that the drilling
of the pilot is from right to left (see section 22.1 for back-
ground information).

Report — Equilibrium between Drilling Fluid Pressure and Pore Pressure

In the Equilibrium between Dirilling Fluid Pressure and Pore Pressure section, the static drilling
fluid py is calculated and compared with the calculated pore pressure w, for each vertical. The
ratio p; /u yields the safety factor, which should be higher than the (user-defined) requested
safety factor.

3.2 Equilibrium between Drilling Fluid Pressure and Pore Pressure

Wertical nr. Static column pressure
Drilling fluid Water Safaty Result
[kIim3] [im] Fl
1 152 127 1.20 sufficient
2 2584 216 1.18 sufficient
3 299 254 1.18 sufficient
4 301 256 1.18 sufficient
i 2588 2583 1.18 sufficient
4} 250 212 1.18 sufficient
7 145 120 1.20 sufficient
g 23 14 1.61 sufficient

The static drilling fluid pressure is calculated and can be compared with the calculated groundwater pressure. The
gquotient of the drilling fluid pressure and the groundwater pressure yields the safey factor, which should be higher
than the requested factor of safety of 1.10.

Figure 6.3: Report window, Equilibrium between Dirilling Fluid Pressure and Pore Pres-
Sure section

The following is an explanation of the column headings:

Vertical nr. [-] Number of the calculation vertical.

Drilling fluid [kN/m?] Static column pressure of the drilling fluid (pq), see Equa-
tion 22.2 in section 22.4.

Water [kN/m2] Calculated pore pressure u, see Equation 26.4 in sec-
tion 26.5.

Safety [-] Calculated safety factor: ratio between the static drilling fluid
pressure and the pore pressure.

Result If the calculated safety factor is higher than the required safety

factor, then the drilling fluid pressure is Sufficient, otherwise it
is Not sufficient.

NOTE: The required safety factor is defined in the Factors
window under the field Contingency factor — Pressure bore-
hole, see section 4.7.1.1.
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6.2.2 Report — Settlements of soil layers below the pipeline

6.2.3

This section is available only if the Use settlement option in the Model window (section 4.1.1)
has been selected before performing a calculation.

Figure 6.4: Report window, Settlements of soil layers below the pipeline section

The following is an explanation of the column headings:

Vertical nr.
Settlement

Additional
settlement
dv

4 Deformations

4.1 Settlements of soil layers below the Pipeline

Vertical nr. Settlement |Additional settlement dv
[-] [mm] [mm] [mm]
1 1524 5 1529
2 1483 10 1493
3 1339 20 1359
4 702 50 752
5 397 50 447
6 659 20 679
7 1473 10 1483
8 1522 5 1527

[] Number of the calculation vertical.

[mm] Settlement calculated with the selected model, Koppejan or Iso-

tache (section 4.1.1).

tion 21.10.
[mm] Additional settlement as inputted in the Calculation Verticals win-
dow (section 4.4.2).
[mm]  Total settlement (sum of the Settlement and the Additional set-
tlement columns).

Report — Subsidence

For background information, see sec-

This section is available only if the Micro tunneling option in the Model window (section 4.1.1)
has been selected. Due to the overcut surface subsidence occurs. Subsidence is calculated
for each vertical at different horizontal distances of the z-axis (i.e. 0 until 3 ¥, where IV is the
vertical distance between the surface level and the pipe center). For background information,

refer to Equation 24.14 in section 24.3. Results are given in tables and in graphs.
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5 Deformations

5.1 Subsidence

Due to the overcut surface, subsidence occures. The subsidence is calculated using a volume loss percentage on
the overcut area. For the calculations 15.0 percent is used.

Cuter diameter product pipe 1000 [mrm]
Cwvercut on radius 200 [mm]
“olume loss 1130973 [mm?

5.1.2 Table of subsidence data

Vettical nr Subsidence in [mm] at a horizontal distance of z axe:
0 01w | 02W | D4V [ O7W | 10W | 1.3W [ 1.8% | 20W | 28W [ 3.0W
[rmra] [rmra] [rmirn] [rmrn] [rmrn] [rmrn] [rrirn] [rrn] [rrn] [rmrn] [rmrn]

22 21 21 20 16

00|~ | [ e | fra =
[=1[=p) [ (NFEN =N o)
[=1[az) (I (NFN F )
[31 a3 ) [N] (ATREVY 5N )
00| | = oo o
m|ro | = o= ] [
ro|—=|olo|o|lol-
—|oolojo|o|o|m
oloolojo|joo|m
oloooo|looe
oloooojoo=
oloooojoo=

Figure 6.5: Report window, Subsidence section

6.2.4 Report — Soil Mechanical Data
Depending on the selected model in the Model window section 4.1.1, the soil mechanical
parameters are different.

6.2.4.1 Soil Mechanical Parameters for HDD
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4 Soil Mechanical Parameters
4.1 Soil Mechanical Parameters (Pipe: 1)
The list with data and issues is shown hereafter,
Mate: safety factors not applied
P p Passive soil load  kMNim?2
Pu:n Meutral soil load  kNAm?2
Ph;n Meutral hotizontal soil load — khfm?
Ptk Reduced neutral goil load kM2
ko tap1 “wartical modulus of subgrade reaction (bilinear) upward  kN/m?®
kv top2 “ertical modulus of subgrade reaction upward — kNfm?®
v Yertical displacement  mm
b “wertical modulus of subgrade reaction downward  kMN/m?®
P e “Wertical bearing capacity  kNAm?
kh Harizontal modulus of subgrade reaction  kh/m®
Fh;e Horizontal bearing capacity  kN/m?
trmax Waximal friction pipe-drilling fluid — kNAm?
dmax Digplacement at maximal friction  mm
Yertical nr. P P:n Ph;n Pu.rn kv top
[k [keMdm?] [kPdfm=] [kMAm?] [kPdfm®]
1 24 19 12 19 253
2 74 24 16 24 188
3 582 114 35 53 3871
4 13 156 39 59 9140
5 2006 442 34 52 8287
B 1610 346 71 107 10516
7 284 155 102 155 184
g 204 83 55 83 233
Yettical nr. dv ke Pve kh Ph;e trnax dmax
[rnirn] [k [kMAm?] [ketddim®] [k [kehddm®] [rrn]
1 5 190 442 133 99 0.35 g
2 10 2365 196 1655 15 0.35 g
3 20 12208 3332 8546 794 0.35 g
4 40 13024 4449 9117 1020 0.35 g
5 80 9074 21154 5352 2008 0.35 g
B 60 7949 16672 5564 1610 0.35 g
7 a0 309 1233 216 284 0.35 g
g 35 166 831 116 211 0.35 g
Maxirmum soil load o Pen, max = 442 kA2
Maximum reduced soil load o Pyrn, max = 155 khim?®
Maxirnurn vertical modulus of subgrade reaction fwithout safety factor) © kv, max = 13024 kM/m?®
Maximum vertical modulus of subgrade reaction (with safety factor) @ kv, max = 20468 kM/m?®

Figure 6.6: Report window — Soil Mechanical Parameters section (for HDD)

The following is an explanation of the column headings:

Vertical nr. -] Number of the calculation vertical.

Pv;p [kN/m2] Passive soil load (see Equation 21.2 in section 21.2).

Pv;n [kN/m2] Neutral vertical soil load (see Equation 21.1 in section 21.1).

Ph;n [kN/m?] Neutral horizontal soil load (see Equation 21.12 in sec-
tion 21.5.1).

Pv,r;n [kN/m?] Reduced neutral soil load (see Equation 21.4 and Equation 21.8
in section 21.3).

kv;top [kN/m3] Vertical modulus of subgrade reaction at the top of the pipe (see
Equation 21.14 in section 21.6.1).

av [mm] Vertical displacement (see section 21.10).

kv [kN/m®] Vertical modulus of subgrade reaction at the bottom of the pipe
(see Equation 21.14 in section 21.6.1).

Pv;e [kN/m2] Vertical bearing capacity (see Equation 21.26 in section 21.8).

kh [kN/m3] Horizontal modulus of subgrade reaction (see Equation 21.24 in

Deltares

section 21.7.1).
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Ph;e

tmax
dmax

[kN/m?]

[kN/m?]
[mm]

Horizontal bearing capacity (see Equation 21.28 in sec-
tion 21.9.1).

Maximal axial friction along the pipeline (see section 21.11.1).
Displacement necessary to develop the maximal axial friction
along the pipeline (see section 21.12.1).

6.2.4.2 Soil Mechanical Parameters for Micro tunneling

3 Soil Mechanical Data

3.1 Seil Mechanical Parameters

The list with data and issues is shown hereafter;
Mote: safety factors not applied

Pv,p Passive soil load  KW/m?
Py, Neutral sall load  kh/m?
Ph;n Meutral horizontal soil load — kk/m?
Py rin Reduced neutral soil load  kh/m?
ko top 1 Wertical modulus of subgrade reaction (bilinear) upward  kh/m®
kv top2 wertical modulus of subgrade reaction upward — khim®
o wertical displacement  mm
kv Wertical modulus of subgrade reaction downward — kM/m®
Pve wertical bearing capacity  kiN/m?
kh Horizontal modulus of subgrade reaction  kN/m?®
Fh.e Horizontal bearing capacity  khM/m?
tmax Maximal friction along pipe  kh/m?®
drnax Displacement at maximal friction  mm
Wertical nr. Pvip Pvin Phin Pywrin kv top
[Rre=] [Kre=] [RdrrE] [KMATE] [IATE]

1 24 19 14 19 283

2 74 24 18 24 188

3 552 114 57 61 3871

4 913 156 78 76 9140

5 20086 442 188 75 g257

[} 1610 346 148 148 10216

7 284 159 119 155 184

g 204 g3 62 g3 233
“ertical nr. o kv Pv,e kh Phe tmax dmax mat

[mm] [eidsrr®] [kefulsrri=] [krlfmeE] [kelsrri] [kefulsrri] [rmm] [-1

1 5} 190 442 133 184 12.85 12 Peat

2 10 2369 198 1655 93 12.40 12 Peat

3 20 12208 3332 8546 1507 16.39 3 Clay

4 40 13024 44459 9117 2177 18.32 3 Clay

i} 80 9074 211584 6352 11957 2272 2 Sand

6 60 7949 16672 5564 6609 2579 2 Sand

7 a0 309 1233 216 533 26.56 12 Peat

g a3 166 831 116 419 19.30 12 Peat
Maxirmum soil load Puin, max = 442 kN/m?
Maximum reduced soil load o Py, max = 155 KN/m?
Maximum wvertical modulus of subgrade reaction (without safety factar) C kv, max = 13024 KNim?
Maximum vertical modulus of subgrade reaction (with safety factar) C kv, max = 20468 KN/m?E

Figure 6.7: Report window — Soil Mechanical Parameters section (for Micro tunneling)

The following is an explanation of the column headings:

Vertical nr.  [-]

Pv;p
Pv;n
Ph;n

Pv,r:n
kv;top

av
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[kN/m?]
[kN/m?]
[kN/m?]

[kN/m?]
[kN/m®]

[mm]

Number of the calculation vertical.

Passive soil load (see Equation 21.2 in section 21.2).

Neutral vertical soil load (see Equation 21.1 in section 21.1).
Neutral horizontal soil load (see Equation 21.13 in sec-
tion 21.5.2).

Reduced neutral soil load (see section 21.3).

Vertical modulus of subgrade reaction upward (see Equa-
tion 21.14 in section 21.6.1).

Vertical displacement (see section 21.10).
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kv

Pve
kh

Ph;e

tmax

dmax
mat

[kN/m?]

[kN/m?]
[kN/m?]

[kN/m?]
[kN/m?]

[mm]

[-]

Vertical modulus of subgrade reaction downward (see Equa-
tion 21.14 in section 21.6.1).

Vertical bearing capacity (see Equation 21.26 in section 21.8).
Horizontal modulus of subgrade reaction (see Equation 21.24 in
section 21.7.1).

Horizontal bearing capacity (see Equation 21.29 in sec-
tion 21.9.2).

Maximal axial friction along the pipeline (see Equation 21.52 in
section 21.11.2).

Displacement at maximal friction (see section 21.12.2).

The corresponding type of material (see section 21.13).

6.2.4.3 Soil Mechanical Parameters for Construction in trench

3 Soil Mechanical Data

3.1 Soil Mechanical Parameters

The list with data and issues is shown hereafter:

MNote: safety factors not applied

Pv,p Passive soil load  khNfim#

Pyin Meutral soil load kMM

Ph;n MNeutral harizantal sail load  kN/m?

Pv,a Actual sail load  kN/m?

bow top 1 Wertical modulus of subgrade reaction (bilinear] upward kMM

bov top2 “ertical modulus of subgrade reaction upward kMM

ch Vertical displacement  mm

kol Wertical maodulus of subgrade reaction downward, first branch  kKNfim®

kv “ertical modulus of subgrade reaction downward, second branch  kN/im®

Pve Yertical bearing capacity  kMN/m?2

kh Horizontal modulus of subgrade reaction  kN/im?

Ph;e Haorizontal bearing capacity  kNfm®

&K Maxirnal friction along pipe  kMNim?

drmax Displacement at maximal friction  mm

Wertical nr Pv.p Pwvin Ph;n Pwa ke top 1 kv top2

[KMm] [kl [RMm®] [Rhm®] [khlm] [khimT]

1 1 1 0 1 1 ]
2 9 ] 4 ] a7 85
3 93 31 13 ele| 158761 | 2 31E+06
4 95 23 12 95 129743 | 1.72E+05
5 23 13 13 16 76 170
] 10 g 4 g 12 a7

ertical nr thy ke (30 Pv;e kh Phe Tax dimax rmat

[ram] [k [N [KMm®] [N [kb/m®] | [kMAm®] | [rmom] [-1

1 5} 1621 324 B4 24970 36 24 12 Peat
2 10 FitTis] 1575 281 3688 59 7 18 Peat
3 20 39240 7848 1622 18130 448 13 2 Sand
4 80 31186 6237 733 10301 234 10 il Cla
] 50 813 163 52 1217 23 14 15 Peat
] 35 36492 591 363 4093 53 28 12 Peat

Figure 6.8: Report window — Soil Mechanical Parameters section (for Construction in

trench)

The following is an explanation of the column headings:

Vertical nr.  [-]

Pv;p
Pv;n
Ph;n

Pv;a

Deltares

[kN/m?]
[kN/m?]
[kN/m?]

[kN/m?]

Number of the calculation vertical.

Passive soil load (see Equation 21.2 in section 21.2).

Neutral vertical soil load (see Equation 21.1 in section 21.1).
Neutral horizontal soil load (see Equation 21.13 in sec-
tion 21.5.2).

Initial soil load, also called actual soil load (see Equation 21.9 in
section 21.4).
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kv;top1 [kN/m?] Vertical modulus of subgrade reaction upward (see sec-
tion 21.6.2).

kv;top2 [KN/m3] Vertical modulus of subgrade reaction upward (see sec-
tion 21.6.2).

av [mm] Vertical displacement (see section 21.10).

kvi [kN/m3] Vertical modulus of subgrade reaction downward of the first and
second branch (see section 21.6.2).

kv2 [kN/m®] Vertical modulus of subgrade reaction downward of the first and
second branch (see section 21.6.2).

Pv;e [KN/m?] Vertical bearing capacity (see Equation 21.26 in section 21.8).

kh [kN/m3] Horizontal modulus of subgrade reaction (see Equation 21.25 in
section 21.7.2).

Ph;e [KN/m?] Horizontal bearing capacity (see Equation 21.29 in sec-
tion 21.9.2).

tmax [kN/m?] Maximal axial friction along the pipeline (see Equation 21.52 in
section 21.11.2).

dmax [mm] Displacement at maximal friction (see section 21.12.2).

mat [-] The corresponding type of material (see section 21.13).

6.2.5 Report — Data for Stress Analysis

Buoyancy Control

The magnitude of the pulling force is caused in part by friction between the soil around the
borehole and the product pipe. In turn, the magnitude of the friction is dependent on the
degree of buoyancy of the pipeline in the drilling fluid. Uplift forces resulting from buoyancy
can be neutralized by filling the pipeline with water. The optimum volume of water placed in
the pipeline provides the most advantageous distribution of buoyant forces. If the resulting
force is a positive value, the pipeline will move upwards. If the resulting force is a negative
value the pipeline will move downwards.

5.2 Buoyancy Control
The friction hetween soil and pipe is partially caused by buoyancy of the pipelineg in the drilling fluid. Uplift forces
resulting from buoyancy can be neutralized by filling the pipeline. The optimal volume of water placed in the pipe

provides the most advantageous distribution of buoyant forces.

Buoyancy of the pipeline when filled with water for 15%

Uplift forces : 2297 [kgfm]
Wyeight of pipeline {including filling) : 1288 [kgfm]
Result : 1004 [kgfm] (Pipeline moves upwards)

Figure 6.9: Report window, Buoyancy Control section

The following is an explanation of the content:

Uplift forces Weight of the drilling fluid in kg/m (see Equation 23.1 in sec-
tion 23.1).

Weight of pipeline Weight of the pipeline filled with water in kg/m (see Equation 23.4

(including filling) in section 23.1).

Resulting Effective weight of the pipeline in kg/m (see Equation 23.5 in

section 23.1).
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See section 23.1 for background information on buoyancy control.

Calculation pulling forces

This part of the report displays the calculated pulling forces (without applying a contingency
factor), for characteristic locations along the drilling line. In a case without horizontal bending,
six characteristic points are calculated. Their location is given in Figure 6.11. In case of
horizontal bending, the beginning and ending points of each horizontal bending will be defined
as characteristic points.

5.3 Calculation Pulling Force
During the pullback operation the pipe experiences friction which is based on:
- friction between pipe and pipe-roller (f1 =0.20)
- friction between pipe and drilling fluid (f2 = 0.000330 [N/mm?] )
- friction between pipe and soil (f3 =0.30)

Due to the friction a pulling farce is induced in the pipeline.
The pulling direction of the product pipe is from left to right

This calculation takes into account that the length of the pipe on the rollers decreases while pulling back the
pipeline. During the pull back operation the bare hole is supposed to be stahle

Characteristic points Length pipe in Expected
hore hole {(m) pulling farce (kM)
T1 a 4610
T2 43 4701
T3 338 6579
T4 1441 14235
TS 1716 1BE7E
TH 1790 16832

The calculated pulling force is the mean value. It is recommended to use a contingency factor of at least 1.4 for
the stress analysis. In the subsequent pipe stress analysis a factor of 0.00 is used and a load factor of 1.20 (steel
onlyl.

The maximum representative pulling force is 0 kN, calculation factor excluded. At this pulling force level the
stresses in the pipeline are equal ta the yield strength.

Figure 6.10: Report window, Calculation pulling force section

The following is an explanation of the column headings:

Characteristic points Points at different locations along the drilling line (see Fig-
ure 6.11). T1 and T6 are the entry and exit points, respectively.

Length pipe in borehole  Length of the pipe between the entry point and the characteristic
point.

Expected pulling force  Calculated pulling forces without using a contingency factor (see

Deltares

Equation 23.6 in section 23.2).
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entry point exit point
ground level

S OSS

T6

Figure 6.11: Locations of the characteristic points T1 to T6

6.2.6 Report — Stress Analysis
6.2.6.1 Stress Analysis HDD

Load Combination 1A: Start pull-back operation

This part of the report displays the calculated axial and tangential stresses at the start of the
pull-back operation. See section 23.5.1 for background information.

6.2.1 Load Combination 1A: Start Pullback Operation

Axial stress:

Sigrma_b = MbAwb = (B Ib(0.77-Rrolwh) = 304 [Mirmm3]
Sigma_t=T1/A = a0 [MNfrmim#]
Maximum axial stress Sigma_a max = 354 [Mfmim?]

Inthis load combination the tangential stress is negligible.

Figure 6.12: Report window, Stress analysis for load combination 1A

Sigma_b Axial bending stress in N/mm?, see Equation 23.23.

Sigma_t Axial stress due to friction of the pipeline on the roller-lane, in N/mm?,
see Equation 23.25.

Sigma_a,max Maximum axial stress in N/mm?, see Equation 23.26.

Load Combination 1B: End pull-back operation

This part of the report displays the calculated axial and tangential stresses at the end of the
pullback operation. See section 23.5.2 for background information.
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6.2.2 Load Combination 1B: End Pullback Operation

Axial stress

Sigma_b = Mk = (B0 .77 Rminh) = 347 Mimm?
Sigma_t = TrmaxA = 183 MNimm?®
Maximum axial stress Sigma_a,max = 530 MNfmm?#

Tangential stress:
Load gr on pipeline due to reaction of soil in bends (according ta NEM 3650-1 annex 5 D3.3):

or = ke = (0,322 Lambda2 E-)40.77 Do R)

Lambda = (kv Dod(4 140 25 = 1.8E-4 mrre1

qr = 0.0977 Nfmm®
Sigma_gr = kK gr{rgMiw) Do = 39 MNfmm?#
Maximum tangential stress Sigma_t max = 39 MNimm?#

Figure 6.13: Report window, Stress analysis for load combination 1B

Sigma_b Axial bending stress in N/mm?, see Equation 23.27.

Sigma_t Axial stress due to pull-back in N/mm?, see Equation 23.28.

Sigma_a,max Maximum axial stress in N/mm?, see Equation 23.29.

Lambda Characteristic stiffness between the pipeline and the soil in mm~!, see
Equation 23.13.

qr Soil reaction in N/mm?, see Equation 23.11.

Sigma_qr Stress due to soil reaction in N/mm?, see Equation 23.31.

Sigma_t,max Maximum tangential stress in N/mm?, see Equation 23.32.

Load Combination 2: Application internal pressure

This part of the report displays the calculated stresses when the internal pressure is applied.
See section 23.5.3 for background information.

6.2.3 Load Combination Z: Application Internal Pressure

Due tointernal pressure :

Sigma_py = pd(Da - (21) = 15 MNimm®
Sigma_px = 0.5 Sigma_py = 8 MNimm?®
Sigma_ptest = sf pt(Do - £)/(21) = 23 MNimm?®

Figure 6.14: Report window, Stress analysis for load combination 2

Sigma_py Internal stress due to design pressure in N/mm?, see Equation 23.33
for thin pipe and Equation 23.35 for thick pipe.

Sigma_px Internal axial stress due to design pressure in N/mm?, see Equa-
tion 23.37.

Sigma_ptest Internal stress due to test pressure in N'mm?, see Equation 23.34 for

thin pipe and Equation 23.36 for thick pipe.

Deltares 103 of 324



D-GEO PIPELINE, User Manual

Load Combination 3: In operation (situation without pressure)

This part of the report displays the calculated axial and tangential stresses when the pipe is
in operation without internal pressure. See section 23.5.4 for background information.

6.24 Load Combination 3: In Operation (Situation without Pressure)

Axial stress:
Sigma_b = Mbiwh = (E:Ib)(0.77 Rmin-Wh) = 347 Nirmm?
Maximum axial stress Sigma_a,max = 347 Hfmm?

Tangential stress:

Sigma_gr = K" gr-{rgh*w)-Do = 39 Hfmm?
Sigma_gn = kgn(rafw) Do = 182 Nfmm?
Maximum tangential stress Sigma_t,max = 220 MNfmm?

Figure 6.15: Report window — Stress analysis for load combination 3

Sigma_b Axial bending stress in N/mm?, see Equation 23.38.
Sigma_a,max Maximum axial stress in N/mm?, see Equation 23.39.

Sigma_qr Stress due to soil reaction in N/mm?, see Equation 23.40.

Sigma _qgn Stress due to reduced vertical load in N/mm?, see Equation 23.41.
Sigma_t,max Maximum tangential stress in N/mm?, see Equation 23.42.

Load Combination 4: In operation (with internal pressure)

This part of the report displays the calculated axial and tangential stresses when the pipe is
in operation with internal pressure. See section 23.5.5 for background information.

6.2.3 Load Combination 4: In Operation {with Internal Pressure)
Audal stress:
Sigma_h = MbAdh = (E:b)/(0.77-Rralwh) = 47 MNfmm?2

DOue tainternal pressure

Sigma_py = pd-(Do - t)/(21) = 18 N
Sigma_px = 0.5 Sigma_py = g MNmm?
Sigma_ptest = sf pt-{Do - t)/(2-1) = 23 Mmm®
Sigma_Temp = 0t* gamma_t* alphag *E = 15 N
Maximum axal stress Sigma_a,max = 37 MNmm?

Tangential stress

Sigma_gr = Kgr(rafiw)- Do = 39 MNmm?
Sigma_gn = kgn-{rgtiw)-Do = 182 Mmm=
Rerounding factor Frr = 0.847

Rerounding factor F'rr = 0.874
Sigma_t,max = Sigma_py + {(F'rmSigma_gr) + (Frr-Sigma_gn))

Maximum tangential stress Sigma_t,max = 228 MNmm?

Figure 6.16: Report window, Stress analysis for load combination 4

Sigma_b Axial bending stress in N/mm?, see Equation 23.43.
Sigma_py Ring stress due to internal design pressure in N'mm?, see Equa-
tion 23.44.
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Sigma_px
Sigma_ptest
Sigma_Temp

Sigma_a,max
Sigma_qr
Sigma_qn

Frr

Frr’
Sigma_t,max

Axial stress due to internal design pressure in N/mm?, see Equa-
tion 23.47.

Ring stress due to internal test pressure in N/'mm?, see Equation 23.45
for steel and Equation 23.46 for PE.

Axial stress due to temperature variation in N/mm? see Equa-
tion 23.48.

Maximum axial stress in N/mm?, see Equation 23.49.

Stress due to soil reaction in N/mm?, see Equation 23.50.

Stress due to reduced vertical load in N/mm?, see Equation 23.51.
Direct re-rounding factor in N/mm?, see Equation 23.53.

Indirect re-rounding factor in N/mm?, see Equation 23.54.

Maximum tangential stress in N/mm?, see Equation 23.52.

Check on calculated stresses (Steel)

This part of the report displays a table in which the calculated combined stresses of the differ-
ent load combinations are compared to the maximum allowable stress (see section 23.6.1.1
for background information).

6.3 Check on Calculated StressesPipe: 1

According to NEN 3650-2 art.5 D.3.1 the calculated stresses for the load combinations, must meet the following
conditions {note: Re = 200 [N/mm?])

Load combinations 1, 2 and 4
- Sigma_vmax =< 0.85(Re+Re_20deq)Gamma_m

Load combination 2

- Sigma_ptest =< Re/Gamma_test
- Sigma_py =< Re/Gamma_m

- Sigma_pm =< 1.1-RefGamma_m

In load combination 1A/1B/3/4 stresses are NOT allowable

Ilax allowable Load Load Load Load Load
stress combination1A | combination1B | combination2 combination3 combinationd
[M/mm=]
Sigma_ptest 173.91 - - 23
Sigma_p 153,85 - - 15
Sigma_pm 169.22 - - 12 - -
Sigma_vmax 261.54 354 550 - 495 456

Stresses in pipeling [Nfmm?]

Figure 6.17: Report window, Check on calculated stresses section (steel pipe)

Check on calculated stresses (PE)

This part of the report displays a table in which the calculated combined stresses of the differ-
ent load combinations are compared to the maximum allowable stress (see section 23.6.1.2
for background information).
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6.3 Check on Calculated StressesPipe: 1

Load combination 1
- Sigma_Axiax < ShortStrength ™ DamageFactor
- Sigma_Tanax < ShortStrength * DamageFactor

Load combination 2
- Sigma_ptest < ShortStrength * DamagseFactor
- Sigma_py <= LongStrength ™ DamageFactor

Load combination 3
- Sigma_Asxiax < LongStrength ™ DamageFactor
- Sigma_TanMax < LongStrength * DamageFactor

Load combination 4
- Sigma_AxMax < LongStrength * DamageFactor
- Sigma_TanMax < LongStrength * DamageFactor

In load combination 1B siresses are NOT allowable.

Mlax allowable Load Load Load Load Load
stress combination1A | combination1B | combination? combination3 combinationd
[N
Sigma_ptest 6.40 (short) - - 45
Sigma_p 5.04 (long) - - 25
Sigma_axial 6.40 (short) 5.0 2210 - - -
Sigma_axial 5.04 {long) - - 0.0 13
Sigma tang. 640 (short) - 0.0 - - -
Sigma fang. 5.04 {long) - - - 25 42

Stresses in pipeline [N/mm?]

Figure 6.18: Report window, Check on calculated stresses section (PE pipe)

Check on deflection

This part of the report displays the calculated deflection of the pipeline and compares it to the
maximum allowable deflection (see section 23.7 for background information).

The deflection of the pipeling is 0.8 mm {1.6% x Do), The maximum allowable deflaction of the pipsline is 4.0
mm (10.0% x S x Do). The deflection is allowable

For piggability the maximum allowable deflection of the pipeling is 2.5 mm (7.0% x Do). The deflection is
allowable..

Figure 6.19: Report window, Check on deflection section

Check for implosion (only for PE pipe)

This calculation is performed only for a polyethylene pipe. The maximum allowable external
pressure is calculated (see section 23.8 for background information) in the short and long term
for the pullback operation (Stage 2) and the pipeline in operation (Stage 3a), respectively.

6.3.4 Check for ImplosionPipe: 1

During the pullback operation the drilling fluid gives an external pressure. The highest minimum required drilling
fluid pressure during the pullback operation is 534 kh/m?, this is less than the maximum allowahle external
pressure of 1022 kN/m?#.

If the pipe is completely filled during the pullback operation the fluid gives an internal pressure of 520 kiN/m?
This taken in account the total allowable pressure becomes 1542 kMN/m2. This is more than the maximum
external pressure.

In operation the water pressure at the lowest point of the drilling gives an external pressure. The mandmum water
pressure equals 352 kMN/m?, this is more than the maximum allowable external pressure of 186 kiN/m?®.

If the pipe stays completely filled during operation, the fluid gives an internal pressure of 520 kM/m?. This taken
in account the total allowable pressure becomes 706 kN/m? This is more than the maximum external pressure

Figure 6.20: Report window, Check for implosion section

Report — Operation Parameters (Trenching)
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Uplift Check

Due to buoyancy of an empty pipeline below the groundwater table, the uplift should be
checked. Results are given per vertical in a table (Figure 6.21) and in graphs.

4.1 Uplift Check

Due to buoyancy of the pipeline below the groundwater table, the uplift should be checked. In the subsequent
calculation the safety factor for uplift is calculated based on an empty pipe

4.1.1 Uplift Factors

Vertical nr. Safety factor calculated Safety factor required
[] []
1 99900 1.00
2 999.00 1.00
3 899.00 1.00
4 773 1.00
5 4.28 1.00
] 2.38 1.00
7 679 1.00
8 8.29 1.00
9 50.03 1.00
10 99900 1.00
11 999.00 1.00

Figure 6.21: Report window, Uplift Check section

Vertical nr. [[]  Number of the calculation vertical.
Safety factor [[] The calculated safety factor for uplift, see Equation 25.5 in sec-
calculated tion 25.1.
Safety factor [[] The required safety factor for uplift as specified by the user in the
required Factors window (section 4.7.1.3).

Hydraulic Heave Check

In case of trenching in soil layers which cover an aquifer with high pore pressures, bursting of
the bottom of the trench can be an installation risk which needs to be checked. Results are
given per vertical in a table (Figure 6.22) and in graphs.

4.2 Hydraulic Heave Check
In case of high graundwiater prassures in a water bearing soillayer below the trench the safety factor far heave of
the trench bottom should he evaluated. Subsequently, the safety factors for heave are based on groundwater

pressures atthe top of layer:1 ( Silty Sand ) are calculated

4.2.1 Hydraulic heave of the trench bottom

Vertical nr Safety factor calculated Safety factor required
[ [l
1 073 1.00
2 073 1.00
3 060 1.00
4 055 1.00
5 051 1.00
5} 051 1.00
7 053 1.00
8 055 1.00
9 058 1.00
10 073 1.00
11 073 1.00

Figure 6.22: Report window, Hydraulic Heave Check section

Vertical nr. [(]  Number of the calculation vertical.
Safety factor [[1 The calculated safety factor for hydraulic heave, see Equa-
calculated tion 25.7 in section 25.2.
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Safety factor [[] The required safety factor for hydraulic heave as defined by the

required

user in the Factors window (section 4.7.1.3).

6.2.8 Report — Face Support Pressures and Thrust Forces (Micro tunneling)

Results are given per vertical in a table (Figure 6.23) and in graphs.

4.1 Face Support Pressure and Thrust Forces

4.1.1 Results table

The maximum allowable face support pressure and the minimum required face support pressure are calculated
for the current soil conditions. The madmum allowable face support pressure should not be exceeded in order to
prewvent a frac-out. The minimum required face support pressure should not fall below the critical value in order to
prewvent surface subsidence. The neutral pressure is the pressure which yields minimal soil deformations during
drilling.

Wertical nr Face Support Pressure Thrust Forces
Pman Pmin Pneutral |Lubricated| Mormal

[kfm®] [k imn®] [leim®] [k [k
1 181 63 135 435 530
2 191 63 135 1001 1284
2 191 53 135 1566 2033
4 191 53 135 2132 2792
5 181 Jsts3 135 2687 3546
53 181 63 135 3363 4300
7 191 63 135 3828 5054
g 191 53 135 4394 5808
9 191 53 135 4959 6562
10 191 63 135 5525 7318
11 191 63 135 6080 S069
12 191 53 135 6656 8823
13 191 53 135 7221 9577
14 191 63 135 7787 10331

Figure 6.23: Report window, Operation Parameters section for Micro tunneling

The following is an explanation of the column headings:
Vertical nr.  [-] Number of the calculation vertical.
Pmax [kN/mQ] Pmax is the maximum allowable face support pressure which

Pmin

Pneutral

Thrust
Forces

108 of 324

should not be exceeded in order to prevent the following possi-
ble failure mechanisms:

¢ Soil failure due to pushing a soil wedge in upward direction

< A blow out to the surface due to hydraulic fracturing

¢ Horizontal hydraulic fracturing at the transition of soil layers.
Refer to Equation 24.7 in section 24.1.3.

[kN/m?]  Pmin is the minimum face support pressure required for stable
conditions of the soil adjacent to the micro tunneling machine. Re-
fer to Equation 24.2 for undrained layers and to Equation 24.4 for
drained layers, in section 24.1.2.

[kN/mQ] Pneutral is the target pressure, i.e. the total neutral horizontal soil
pressure. Refer to Equation 24.1 in section 24.1.1.

[kN] The thrust force is the force required to install a micro tunnel or
pipeline in between the launch pit and the reception pit. Thrust
forces are calculated in both cases: injection of lubricant (Lubri-
cated) or not (Normal). Refer to Equation 24.8 in section 24.1.4.
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6.3 Drilling Fluid Pressures Plots

Only available if the Horizontal directional drilling model in the Model window (section 4.1) is
selected. In the Results menu, choose the Drilling Fluid Pressures Plots option to display the
following plots for the three boring stages (pilot, pre-ream and pullback):

Maximum allowable drilling fluid pressure (plastic zone related to deforma-
tion bore hole)

Refer to Equation 22.28 in section 22.2.2 for drained layers and to Equation 22.22
in section 22.2.1 for undrained layers. For drained layers, the determination of the
maximum allowable radius of the plastic zone Rp;max is related to the deformation

of the bore hole:

U

Q
Maximum allowable drilling fluid pressure (plastic zone related to soil cover)
Refer to Equation 22.28 in section 22.2.2 for drained layers and to Equation 22.22
in section 22.2.1 for undrained layers. For drained layers, the determination of the
maximum allowable radius of the plastic zone is related to the soil cover:

Romax = 0.0 H

Minimum drilling fluid pressure assuming that the pilot is drilled from the
left side to the right side

Refer to section 22.1 for background information.

Minimum drilling fluid pressure assuming that the pilot is drilled from the
right side to the left side

Refer to section 22.1 for background information.

Rp;max = X 26g;max

To select the stage, click on one of the three tabs of the Drilling Fluid Pressures Plots window
(Figure 6.24): Pilot, Prereaming or Reaming and pullback operation.

D Drilling Fluid Pressures
Pilat {F’vereaming (Reaming and pullback operation .

Edit 2

o a
PR

Drilling Fluid Pressures during Pilot

o000

6000 o
Tool: 2

2
7000

600.0 -
s00.0

4000 -

Drilling fluid pressure [kPa]

2000

mod

100.0 |

T T T
0.0 100.0 150.0

L-coordinate [m]

g fluid pressure (plastic zone
g fluid pressure (plastic zone
Hlid pressure (pilot from left o right)
luid pressure (pilot from right to lefr)

related to deformation bore hole)
related to soil cover)

Figure 6.24:

Use the Pan 2l and Zoom | | . &
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Drilling Fluid Pressures Plots window

buttons to select the part to be viewed in detail.
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Operation Parameter Plots
In the Results menu, choose the Operation Parameter Plots option. The content of the Oper-
ation Parameter Plots window depends on the selected model:

<& Refer to section 6.4.1 for Micro tunneling;
¢ Refer to section 6.4.2 for Construction in trench.

Operation Parameter Plots for Micro Tunneling

For Micro tunneling model, the Operation Parameter Plots window displays three different
plots by clicking on one of the three tabs:

< the face support pressures at the micro tunneling machine (Figure 6.25);
< the thrust pressures along the micro tunnel or pipe segments (Figure 6.26);
< the uplift safety factor along the micro tunneling (Figure 6.27).

Use the Pan /| and Zoom | “'| -] & puttons to select the part to be viewed in detail.

For background information, refer to chapter 24.

Face support pressure

o | A / N

2000 ’,"’ \‘\‘\ \

Face support pressure (kN/m2]

1000 -

T T T T
0o 0.0 00 a0
L-coordinate [rm]

Figure 6.25: Operation Parameter Plots window, Face support pressures tab

Maximum face support
pressure

The maximum allowable face support pressure which should not
be exceeded in order to prevent the following possible failure
mechanisms:
< Soil failure due to pushing a soil wedge in upward direction
¢ A blow out to the surface due to hydraulic fracturing
¢ Horizontal hydraulic fracturing at the transition of soil lay-
ers.
For background information, refer to section 24.1.3.
The neutral pressure is the pressure with the lowest soil defor-
mation, i.e. the total neutral horizontal soil pressure. For back-
ground information, refer to section 24.1.1.

Neutral pressure
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Minimum face support The minimum face support pressure is the pressure required for
pressure stable conditions of the soil adjacent to the micro tunneling ma-
chine. For background information, refer to section 24.1.2.

Edit 2 Thrust force

150000 -

so000 -

L-coardinate [m]

Figure 6.26: Operation Parameter Plots window, Thrust pressures tab

Thrust force lubricated  The thrust force lubricated is the force required to install a micro
tunnel in between the launch pit and the reception pit in case of
injection of lubricant. For background information, refer to sec-

tion 24.1.4.
Thrust force not The thrust force lubricated is the force required to install a micro
lubricated tunnel in between the launch pit and the reception pit in case

of no injection of lubricant. For background information, refer to
section 24.1.4.
Maximum allowable The maximum allowable thrust force is usually given by the man-
thrust force ufacturer of the pipe and specified in the Engineering Data win-
dow (section 4.6.3).
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it Uplift safety factor
[0
oo

Safety factor ]

00 -

L-coordinate [m]

Uplfe satery

Figure 6.27: Operation Parameter Plots window, Safety uplift tab

6.4.2 Operation Parameter Plots for Construction in trench

For Construction in trench model, the Operation Parameter Plots window displays two different
plots by clicking on one of the two tabs:

¢ the safety factor for uplift along the bottom of the trench (Figure 6.28);
¢ the safety factor for hydraulic heave along the bottom of the trench (Figure 6.30);

D Operation Parameter Plots =10/ x|
afety upli ale! raulic heave

r Uplift safety factor
ks

o0

T
50.0

T
100.0
L-coordinate [rm]

Upife safety
— — —— — Required safery

Figure 6.28: Operation Parameter Plots window, Safety uplift tab
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D Operation Parameter Plots o |=] )
Safety uplift j Safety hwdraulic heave

Edit % | Safaty factor [ Hydraulic heave safety

100

(5]
L

(]
L

040
L

020
L

0.00

T T T T
-50.0 00 500 100.0

L-coordinate [m]

Hydraulic Heave safety
— — — — Requirsd safety

Figure 6.29: Operation Parameter Plots window, Safety hydraulic heave tab

6.5 Stresses in Geometry

In the Results menu, choose the Stresses in Geometry option to display the vertical stress
per vertical drawn in the geometry. The blue part represents the water pressure and the dark
green part represents the additional effective stress. Use the Pan "l and Zoom | !
buttons to select the part to be viewed in detail.

oy [=] 4]
Edit 2 [ T T - O A T - T - T TP - Layers
L &M = [ 8. Sand, moderste
@ e E [ 7. sand, moderste
=l 3 3 ores
= [ = ciay, maderste

Tools % o—|

— = [1 4. Sand, moderste
2 5 [ 3. Clay, compact

[ 2 peat
[1 1. Sand, compact

&

=

i

=

3

8

-10.000 420000

&
|

Figure 6.30: Stresses in Geometry window
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Subsidence Profiles

Only available if the Micro tunneling model in the Model window (section 4.1) is selected. In
the Results menu, choose the Subsidence Profiles option to display the calculation results for
the subsidence trough as apparent at surface. Subsidence is related to the volume loss due
to the tunnel excavation, e.g. the excess soil removed by the Micro Tunneling Boring Machine
(MTBM). The subsidence mechanism is described in detail in section 24.3.

Edit 2 Subsidence

—
L

Subsidence [mm
S

/

-20.00 000 2000

Lateral distanse from vertisal [

Figure 6.31: Subsidence Profiles window

Vertical Type the vertical number that must be displayed or click the arrow-up and
arrow-down keys 2l to scroll through the available verticals.
Fix axis Enable this check-box to fix the range of the vertical axis of the graph of

subsidence whatever the selected time step.

Use the Pan | and Zoom | “| | &l puttons to select the part to be viewed in detail.
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7 Graphical Geometry Input

This chapter explains how to define the soil layers in a two-dimensional cross section by
drawing, using the shared D-Series options for geometry modeling.

<& section 7.1 introduces the basic geometrical elements that can be used.

<& section 7.2 lists the restrictions and assumptions that the program imposes during ge-
ometry creation.

<& section 7.3 gives an overview of the functionality of the View Input window.

¢ section 7.4 describes the creation and section 7.5 describes the manipulation of general
graphical geometry using the View Input window.

Besides graphical input, the geometry can also be imported or tabular forms can be used
(see section 4.3.2). See the MGeoBase manual for a description of special features to create
cross-section geometry semi-automatically from CPT and/or boring records.

7.1 Geometrical objects

Geometry can be built step-by-step through the repetitive use of sketching, geometry creation
and geometry manipulation. Each step can be started by using line-shaped construction ele-
ments (section 7.1.2) to add line drawings. After converting these drawings to valid geometry
parts, the specific geometry elements created can be manipulated (section 7.1.1).

7.1.1  Geometry elements

Geometry can be composed from the following geometry elements:

Points A point is a basic geometry element defined by its co-ordinates. As
stated earlier, the geometry is restricted to two dimensions, allowing to
define X and Z co-ordinates only.

Boundary lines A boundary line is a straight line piece between two points and is part
of a boundary.

Boundaries A boundary is a collection of connected boundary lines that forms the
continuous boundary between layers.

PL-lines A piezometric level line is a collection of connected straight line pieces
defining a continuous piezometric level.

Phreatic line This is a PL-line that acts as phreatic line. The phreatic line (or ground-
water level) is used to mark the border between saturated and unsatu-
rated soil.

Layers A layer is the actual soil layer. Its geometrical shape is defined by its
boundaries, and its soil type is defined by its material.

Materials A material defines the actual soil material (or soil type). It contains the

parameters belonging to the soil type, such as its unsaturated weight
and its saturated weight. A material can be connected to a layer in
order to define the soil type of the layer.

Limits A limit is a vertical boundary defining the ‘end’ at either the left or right
side of the geometry. It is defined by an X co-ordinate only. Note that
this is the only type of element that cannot be deleted.

Adding, moving and deleting the above-mentioned elements are subject to the conditions for
a valid geometry (see section 7.2). For example, while dragging selected geometry elements,
the program can perform constant checks on the geometry validity (section 7.4.4). Invalid
parts will be shown as construction elements (thick blue lines).
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Construction elements

Besides the D-Series geometry elements (section 7.1.1), special construction elements can
also be used for sketching the geometry graphically. These elements are not a direct part of
the geometry and the restrictions on editing (adding, moving, and deleting); these elements
are therefore far less rigid. The only restriction that remains is that these elements cannot be
moved and/or defined beyond the limits of the geometry.

Lines A line Construction consists of a starting point and end point, both de-
fined by a left-hand mouse click in the graphic input screen.

Poly-lines A poly-line Construction consists of a series of connected lines, all de-
fined by a left-hand mouse click in the graphic input screen.

Construction elements will be displayed as solid blue lines. Valid constructions elements
are converted to geometry elements as soon as the geometry is (re-) generated. For more
information on adding lines and poly-lines, see section 7.4.

Assumptions and restrictions

During geometrical modeling, the program uses the following assumptions.

Boundary number 0 is reserved for the base.

A soil layer number is equal to the boundary number at the top of the layer.

The boundary with the highest number defines the soil top surface.

A material (soil type) must be defined for each layer — except for layer 0 (base). Different
layers can use the same material.

All the boundaries must start and end at the same horizontal co-ordinates.

Boundaries should not intersect, but they may coincide over a certain length.

All horizontal co-ordinates on a boundary must be ascending — that is, the equation
X[i+ 1] > X[i] must be valid for each following pair of X co-ordinates (vertical parts
are allowed).

PL-lines may intersect and may coincide with each other over a certain length.

PL lines and layer boundaries may intersect.

All PL-lines must start and end at the same horizontal co-ordinate.

All X co-ordinates on a PL-line must be strictly ascending — that is, the equation
X[i + 1] > X[i] must be valid for each following pair of X co-ordinates (no verti-
cal parts allowed).

GO0 C OO0

C OO0

One way for inputting geometry data is through the Geometry menu, as explained in the
Reference section (section 4.3). This section describes an other way to create and manipulate
geometry graphically using the tool buttons of the View Input window.

View Input Window
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General

To use the View Input option, click the Geometry tab to activate it in the regular View Input
window or use the menu to select it.
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Figure 7.1: View Input window, Geometry tab

When the Geometry tab in the View Input window is selected, it displays a graphical repre-
sentation of only the geometrical data. On the left of the window, the Edit and Tools buttons
are displayed (section 7.3.2). On the right, the legend belonging to the geometry is displayed
(section 7.3.3). At the bottom of the window, the title panel and the info bar are displayed.
The title panel displays the project titles defined using the Properties option in the Project
menu. The info bar provides information (from left to right) about the current cursor position,
the current mode and the object currently selected. The legend, title panel and info bar are
optional and can be controlled using the Properties option in the Project menu.

It is possible to use three different modes when working in the Geometry tab of the View Input
window:

Select The Select mode is the default mode and enables the user to select existing
elements in the window.
Add The Add mode allows the addition of elements using one of the Add buttons.

By selecting one of these buttons, one switches to the Add mode. As long as
this mode is active, the user can add the type of element which is selected.

Zoom The Zoom mode allows the user to view the input geometry in different sizes.
By selecting one of the Zoom buttons or the Pan button, one activates the
Zoom mode. While in this mode, the user can repeat the zoom or pan actions
without re-selecting the buttons.

It is possible to change modes in the following ways. When in Add or Zoom mode, it is
possible to return to the Select mode by clicking the right-hand mouse button, or by pressing
the Escape key, or by clicking the Select mode button. To activate the Add mode, select one
of the Add buttons. To activate the Zoom mode, select one of the Zoom buttons or the Pan
button.

Note: The current mode is displayed on the info bar at the bottom of the View Input window.
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7.3.2 Buttons

Edit panel:

(A

Select and Edit mode

In this mode, the left-hand mouse button can be used to graphically select a pre-
viously defined grid, load, geotextile or forbidden line. Items can then be deleted
or modified by dragging or resizing, or by clicking the right-hand mouse button and
choosing an option from the menu displayed. Pressing the Escape key will return
the user to this Select and Edit mode.

Pan

Click this button to change the visible part of the drawing by clicking and dragging
the mouse.

Add point(s) to boundary / PL-line

Click this button to add points to all types of lines (lines, poly-lines, boundary lines,
PL-lines). By adding a point to a line, the existing line is split into two new lines. This
provides more freedom when modifying the geometry.

Add single lines(s)

Click this button to add single lines. When this button is selected, the first left-hand
mouse click will add the info bar of the new line and a “rubber band” is displayed
when the mouse is moved. The second left-hand mouse click defines the end point
(and thus the final position) of the line. It is now possible to either go on clicking start
and end points to define lines, or stop adding lines by selecting one of the other tool
buttons, or by clicking the right-hand mouse button, or by pressing the Escape key.
Add polyline(s)

Click this button to add poly-lines. When this button is selected, the first left-hand
mouse click adds the starting point of the new line and a “rubber band” is displayed
when the mouse is moved. A second left-hand mouse click defines the end point
(and thus the final position) of the first line in the poly-line and activates the “rubber
band” for the second line in the poly-line. Every subsequent left-hand mouse click
again defines a new end point of the next line in the poly-line. It is possible to end
a poly-line by selecting one of the other tool buttons, or by clicking the right-hand
mouse button, or by pressing the Escape key. This also stops adding poly-lines al-
together.

A different way to end a poly-line is to double-click the left-hand mouse button. Then
the poly-line is extended automatically with an ‘end line’. This end line runs horizon-
tally from the position of the double-click to the limit of the geometry in the direction
the last line of the poly-line was added. Therefore, if the last line added was defined
left to right, the ‘end line’ will stop at the right limit. Note that by finishing adding a
poly-line this way, it is possible to start adding the next poly-line straight away.
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Add PL-line(s)

Click this button to add a piezometric level line (PL-line). Each PL-line must start
at the left limit and end at the right limit. Furthermore, each consecutive point must
have a strictly increasing X co-ordinate. Therefore, a PL-line must be defined from
left to right, starting at the left limit and ending at the right limit. To enforce this, the
program will always relocate the first point clicked (left-hand mouse button) to the left
limit by moving it horizontally to this limit. If trying to define a point to the left of the
previous point, the rubber band icon indicates that this is not possible. Subsequently
clicking on the left side of the previous point, the new point will be added at the end
of the rubber band icon instead of the position clicked.

As with poly-lines, it is also possible to end a PL-line by double-clicking the left-hand
mouse button. In this case, the automatically added ‘end line’ will always end at the
right limit.

To stop adding PL-lines, select one of the other tool buttons, or click the right-hand
mouse button, or press the Escape key.

Zoom in

Click this button to enlarge the drawing, then click the part of the drawing which is to
be at the center of the new image. Repeat if necessary.

Zoom out

Click this button, then click on the drawing to reduce the drawing size. Repeat if
necessary.

Zoom rectangle

Click this button then click and drag a rectangle over the area to be enlarged. The
selected area will be enlarged to fit the window. Repeat if necessary.

Measure the distance between two points

Click this button, then click the first point on the View Input window and place the
cross on the second point. The distance between the two points can be read at the
bottom of the View Input window. To turn this option off, click the escape key.

Add calculation vertical

Click this button to graphically define the position of a vertical.

Tools panel:

%5

E

Undo zoom

Click this button to undo the zoom. If necessary, click several times to retrace each
consecutive zoom-in step that was made.

Zoom limits

Click this button to display the complete drawing.

Same scale for X and Y axis
Click this button to use the same scale for the horizontal and vertical directions.

Automatic regeneration of geometry on/off

When selected, the program will automatically try to generate a new valid geometry
whenever geometry modifications require this. During generation, (poly)lines (solid
blue) are converted to boundaries (solid black), with interjacent layers. New layers
receive a default material type. Existing layers keep the materials that were assigned
to them. Invalid geometry parts are converted to construction elements.

Automatic regeneration may slow down progress during input of complex geometry,
because validity will be checked continuously.

Undo

Click this button to undo the last change(s) made to the geometry.
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Redo
ru | Click this button to redo the previous Undo action.

Delete

# | Click this button to delete a selected element. Note that this button is only available
~  when an element is selected. See section 7.5.2 for more information on how using
this button.

7.3.3 Legend

At the right side of the View Input window (Figure 7.2) the legend belonging to the geometry
is shown. This legend is present only if the Legend check-box in the View Input tab of the
Project Properties window is activated (see section 4.1.2).
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Figure 7.2: View Input window, Geometry tab (legend displayed as Layer Numbers)

In the Geometry tab of the View Input window, it is possible to change the type of legend.
When a soil type box in the legend is right clicked, the menu from Figure 7.3 is displayed.

v Layer Numbers
Material Mumnbers
Material Mames

Figure 7.3: Legend, Context menu

With this menu, there are three ways to display the legend of the layers:

& As Layer Numbers: the legend displays one box for each layer. Each layer (and there-
fore each box) is displayed in a different standard color. Next to each box, the layer
number and the material name are displayed, corresponding to the color and number
of the layer in the adjacent Geometry window (see Figure 7.2).

o As Material Numbers: the legend displays one box for each material. Each material
(and therefore each box) is displayed in a different color which can be changed by
the user (see below). Next to each box, the material number and name are displayed,
corresponding to the color and number of the material in the adjacent Geometry window
(see Figure 7.4).
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& As Material Names: the legend displays one box for each material. Each material (and
therefore each box) is displayed in a different color which can be changed by the user
(see below). Next to each box, only the material name is displayed, corresponding to
the color and name of the material in the adjacent Geometry window (see Figure 7.5).
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Figure 7.4: View Input window, Geometry tab (legend displayed as Material Numbers)
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Figure 7.5: View Input window, Geometry tab (legend displayed as Material Names)

Unlike the standard colors used to display layers with their layer colors, it is possible to define
different colors used when displaying materials. To change the color assigned to a material,
right click the material box. The menu from Figure 7.6 is displayed.

Properties...
Material Calars...

Laver Mumbers
Material Mumnbers
v Material Names

Figure 7.6: Legend, Context menu (for legend displayed as Materials)
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When selecting Material Colors the Color window appears (Figure 7.7), in which the user can
pick a color or even define customized colors himself (by clicking the Define Custom Colors
button).
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Figure 7.7: Color window

7.4 Geometry modeling

7.4.1 Create a new geometry

There are two ways to create a new geometry without the wizard:

& Open the Geometry menu and choose New.
<& Open the File menu and choose New. In the New File window displayed, select New
Geometry and click OK (see section 4.3.2).

In both cases, the Geometry tab of the View Input window is displayed (Figure 7.8) with the
default limits of the geometry (from 0 to 100 m).
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Figure 7.8: View Input window, Geometry tab
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Set limits

The first thing to do when creating new geometry is to set the model limits. This is possible by
selecting and then dragging the limits to their proper place one by one. It is also possible to
select a limit and edit its value by clicking the right-hand mouse button after selecting the limit
and then choosing the Properties option in the pop-up menu. The property window belonging
to the selected limit is displayed (Figure 7.9), enabling to define the new X co-ordinate for this
limit.

x
Limit at right side: [m] I?E. oon
oK I Cancel |

Figure 7.9: Right Limit window

Draw layout

It is possible to use the Add single line(s), Add polyline(s) and Add point(s) to boundary / PL-
line buttons to draw the layout of the geometry. See section 7.3.2 for more information’s on
how using those buttons.

Add single line(s) = and Add polyline(s) =

Each (poly)line is displayed as a solid blue line, and each point as a small black rectangle
(Figure 7.10).

Figure 7.10: Representation of a polyline

The position of the different points of a (poly)line can be modified by dragging the points as
explained in section 7.5.4 or by editing the (poly)line. This is done by clicking the right-hand
mouse button after selecting the (poly)line and then choosing the Properties option in the
pop-up menu.

The underlying grid helps the user to add and edit (poly)lines. Use the Properties option in
the Project menu to adjust the grid distance and force the use of the grid by activating Snap to
grid. When this option is activated, each point is automatically positioned at the nearest grid
point.

The specified line pieces must form a continuous line along the full horizontal width of the
model. This does not mean that each line piece has to be connected exactly to its predecessor
and/or its successor. Intersecting line pieces are also allowed, as shown in the examples of
Figure 7.11.
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(1) =l (@)= e (@)

Figure 7.11: Examples of configurations of (poly)lines

<& Configuration (1) is allowed. The different lines are connected and run from boundary
to boundary

¢ Configuration (2) is also allowed. The different are connected. They are defined as
being connected because they intersect. The line construction runs from boundary to
boundary.

¢ Configuration (3) is illegal, as there is no connection with the left boundary.

Add point(s) to boundary / PL-line £l

Use this button to add extra points to lines (lines, polylines, boundary lines, PL-lines). By
adding a point to a line, the existing line is split into two new lines. This provides more freedom
when modifying the geometry.

Note: When the Add point(s) to boundary/PL-line button is clicked, each left-hand mouse
click adds a new point to the nearest line until one of the other tool buttons is selected, or click
the right-hand mouse button, or press the Escape key.

Generate layers

Use the Automatic regeneration of geometry on/off button B to start or stop the automatic
conversion of construction elements to actual boundaries and layers. Valid (poly)lines are
converted to boundaries, which are displayed as black lines. Invalid lines remain blue.

Layers are generated between valid boundaries, and default soil types are assigned.

It is possible to modify the soil type assigned to a layer by first selecting the layer and then
clicking the right-hand mouse button and choosing the Layer Properties option in the pop-
up menu to display the Layer window (see Figure 7.19 in section 7.5.3). Once a material
has been assigned to a layer, this material will continue to be associated to that layer in
subsequent conversions of construction elements as long as the layer is not affected by those
conversions.

The most common cause of invalid (poly)lines is that they are not part of a continuous poly-
line running from limit to limit. Sometimes, lines appear to start/end at a limit without actually
being on a limit. Figure 7.12 gives an example: on the left geometry (1), the end of the line
seems to coincide with the boundary. However, zooming in on the point (geometry (2) on the
right) reveals that it is not connected to the boundary. Therefore the geometry is considered
invalid.
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Figure 7.12: Example of invalid point not connected to the left limit

It is possible to correct this by dragging the point to the limit while the specific area is zoomed
in or by selecting the point, clicking the right-hand mouse button, choosing the Properties
option in the pop-up menu (section 7.5.3) and making the X co-ordinate of the point equal to
the X co-ordinate of the limit.

Add piezometric level lines

It is possible to use the Add PL-line(s) to add PL-lines = button. When adding a PL-line,
D-GEO PIPELINE imposes the limitation that the subsequent points of the PL-line have an in-
creasing X co-ordinate. Furthermore the first point of a PL-line is to be set on the left boundary
and the last point on the right boundary.

It is possible to change the position of the different points of a PL-line by dragging the points
as explained in section 7.5.4 or by editing the PL-line. This is done by selecting the PL-line,
clicking the right-hand mouse button and choosing the Properties option in the pop-up menu
(section 7.5.3).

Graphical manipulation

Selection of elements

After selecting a geometry element it is possible to manipulate it. In order to be able select a
geometry element, the select mode should be active. Then it is possible to select an element
by clicking the left-hand mouse button. To select a layer, click on the layer number, material
number or material name, depending on the option chosen in the Properties dialog in the
Project menu. When successfully selected, the element will be displayed highlighted (for
example, a point will be displayed as a large red box instead of a small black box).

The following remarks are relevant to selection accuracy and ambiguity.

Ambiguous selection

A selection of geometrical elements can be ambiguous. Figure 7.13 gives an example: a user
may want to select a point, a boundary line, a boundary or a PL-line. As several elements are
in close proximity to each other, D-GEO PIPELINE does not automatically select an element.

Figure 7.13: Selection accuracy as area around cursor
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In this case D-GEO PIPELINE requires the user to assign the element that is to be selected by
displaying a pop-up menu (Figure 7.14) with the available types of elements within the range
of the selection click. It is possible to select the element from this menu.

Seleck PL Line 1

Seleck PL Line 2
Select Boundary Line

Figure 7.14: Selection accuracy as area around cursor

Clear selection

It is possible to clear a selection by clicking in an area without geometry elements in the direct
area.

Deletion of elements
Click the Delete button ! to delete a selected element. This button is only available when an
element is selected.

When a point is selected and deleted, it and all lines connected to it are deleted as shown in
Figure 7.15.

. / \ .
R \ ]
[ // / b e
/
| /

/
Before After L/

Figure 7.15: Example of deletion of a point

When a geometry point (a point used in a boundary or PL-line) is selected and deleted, the
program deletes the point and its connected boundary lines as shown in Figure 7.16. It then
inserts a new boundary that reconnects the remaining boundary lines to a new boundary.

/ /
/ /
7 7
'_\ / \ /l
Before = After =

Figure 7.16: Example of deletion of a geometry point

Deletion of a geometry element (boundary, boundary line, geometry point, PL-line) can result
in automatic regeneration of a new valid geometry, if the Automatic regeneration option is
switched on.

When a line is selected and then deleted, the line and its connecting points are deleted as
shown in Figure 7.17. In addition the layer just beneath that boundary is deleted. All other line
parts that are not part of other boundaries will be converted to construction lines.
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Before t After

Figure 7.17: Example of deletion of a line

7.5.3 Using the right-hand mouse button

When using the mouse to make geometrical manipulations, the right mouse button enables
full functionality in a pop-up menu, while the left button implies the default choice. The options
available in the pop-up menu depend on the selected geometrical element and the active
mode.

When the Select mode is active and the right-hand mouse button is clicked, the pop-up menu
of Figure 7.18 is displayed.

Properties...

Delete Del
Undo Crl+2
Redao Chrly

‘iews Preferences. ..
Skatistics

Laver Properties. ..
Delete Alllloose Lines
Delete All Loose Paoints

Figure 7.18: Pop-up menu for right-hand mouse menu (Select mode)

Properties... When this option is clicked, the property editor for the selected object
is displayed. This procedure is performed by first selecting an object by
clicking on it with the left-hand mouse button. Then clicking the right-
hand mouse button anywhere in the graphic window will display the
pop-up menu. It is possible to use the property editor to quickly adapt
the values (properties) of the selected object. Each type of element
requires its own properties and therefore its own property editor as
shown from Figure 7.20 to Figure 7.23 below.

Delete This option deletes the element that has been selected (see the com-
ments for the Delete button in section 7.5.2).

Undo This option will undo the last change(s) made to the geometry.

Redo This option will redo the previous Undo action.

View This option opens the Properties dialog in the Project menu as dis-

Preferences... played in.

Statistics It is possible to use this option to view a window displaying all the vital

statistics of the input data. Note that in the window construction lines
are called free lines.
Layer This option is a special feature that edits the material properties of lay-
Properties... ers. It is possible to click anywhere in a layer and directly choose this
option to edit its properties (Figure 7.19). Clicking outside the geometry
layers will display the menu with the Layer Properties option disabled,
as there is no layer for which properties can be displayed.
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Delete All Loose  This option will delete all loose lines. Loose lines are actually construc-

Lines tion lines that are not part of the boundaries or PL-lines (therefore, all
lines displayed as solid blue lines). With this option, it is possible to
quickly erase all the “leftover bits” of loose lines that may remain after
converting lines to a geometry.

Delete All Loose  This option will delete all loose points.

Points

x|
Material type : |Wj‘

Infarmation on curent material type

Unit weight, dry [kt Ani] 14.00
Unit weight, wet [kM ] 14.00
] I Cancel |

Figure 7.19: Layer window (Property editor of a layer)
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¥ co-ordinate: [rm] ISB.DDD
Z co-ordinate [re] |-1 1.000
Y co-ordinate [rm] ID.DDD
oK I Cancel |

Figure 7.20: Point window (Property editor of a point)
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Figure 7.21: Boundary window (Property editor of a polyline)
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Boundary Line 1 x|
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Figure 7.22: Boundary window (Property editor of a line)
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Figure 7.23: PL-line window (Property editor of a PL-line)

Note: In the Boundary and PL-line properties windows, only the point’s number can be
modified, not the X and Z co-ordinates.

Dragging elements

One way to modify elements is to drag them to other locations. To drag an element, first select
it. Once the element has been selected, it is possible to drag it by pressing and holding down
the left-hand mouse button while relocating the mouse cursor. Dragging of geometry elements
can result in automatic regeneration of geometry, if this option is switched on (section 7.4.4)
as shown in the example of Figure 7.24: when the selected point is moved upwards, a new
geometry will be created. D-GEO PIPELINE creates new layers according to this new geometry.

BeforepL - - - - - -~~~ """ Afterpl -~~~ -

Figure 7.24: Example of dragging of a point
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8 Tutorial 1: Calculation and assessment of the drilling fluid

8.1

pressure

This first exercise considers installation of a steel pipeline by using the horizontal directional
drilling technique. The exercise focuses on the calculation of the minimal required drilling
fluid pressure which is necessary to perform a horizontal directional drilling and the maximum
allowable drilling fluid pressure, which depends on the strength and deformability of the soil
through which the drilling is carried out.

The objectives of this tutorial are:
¢ To learn how to start up a calculation in D-GEO PIPELINE;
¢ To calculate the minimum required drilling fluid pressure;
¢ To calculate the maximum allowable drilling fluid pressure;
& Assessment of the calculated drilling fluid pressures.

The following module is needed:

¢ D-GEO PIPELINE Standard module (HDD)

This tutorial is presented in the file Tutorial-1.dri.

Introduction to the case

The horizontal directional drilling technique is used to install a steel pipeline in a silty sand
layer. The pipeline configuration is shown in Figure 8.1. The soil properties are provided in
Table 8.1.

entry: X=-90m
exit: X=190m

silty sand

Figure 8.1: Pipeline configuration for Tutorial 1
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Table 8.1: Properties of the silty sand layer (Tutorial 1)

Dry unit weight [kN/m?3] 18
Wet unit weight [kN/m?3] 20
Cohesion [kN/m?] 0
Angle of internal friction [°] 30
Undrained strength top [kN/m?] 0
Undrained strength bottom [kN/m2] 0

E modulus top [kN/m?] 10000
E modulus bottom [kN/m?] 15000
Poisson’s ratio [-1 0.35

The pipeline material used in this tutorial is a steel 240 and its properties are given in Table 8.2.

Table 8.2: Properties of steel material (Tutorial 1)

Material quality Steel 240
Negative wall thickness tolerance [%] 0
Yield strength [N/mm2] 240

Partial material factor [ 1.1
Partial material factor test pressure [] 1

Young’s modulus [N/mm?] 205800
Outer diameter [mm] 323.9
Wall thickness [mm] 7

Unit weight pipe material [kN/m3] 78.50
Design pressure [Bar] 8

Test pressure [Bar] 9
Temperature variation [°C] 5

8.2 Project

8.2.1 Start

To create a new project, follow the steps described below:
1. Start D-GEO PIPELINE from the Windows task-bar (Start/Programs/Deltares Systems/ D-GEO PIPELINE).

2. Click File and choose New on the menu bar to start a new project.
3. In the New File window, select the option New geometry to start (Figure 8.2).

New File E
Geometry

= New geometry wizard

= Import geometry

u] I Cancel | Help |

Figure 8.2: New File window

This will result in the empty geometry window shown in Figure 8.3.
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Fie Froject Soi Geometry GeoObjects Loads Pipe Defeults Calculstion Aesuls Tools Window Help

DEH|E0|EE8| e

D ¥iew Input

100.000

Figure 8.3: View Input window

4. Save the project by clicking Save As in the File menu and by entering <Tutorial-1> as

project name.
5. Click Save to close this window.

Project Properties

To give the project a meaningful description, follow the steps described below:

6. On the menu bar, click Project and then choose Properties to open the Project Properties

window (Figure 8.4).

Project Properties

|dentifization | View [npuk |

Title 1 ITutoriaI 1 for D-Geo Fipeline

Title 2 ICaIcuIation of the drilling fluid pressure

Tiled |

Date |22-?-2D13 V¥ Use cument date
Dirawn by I

Froject 1D I

Anne 1D I

[~ Save as default oK. I

Cancel |

Help |

Figure 8.4: Project Properties window, Identification tab

7. Fillin <Tutorial 1 for D-GEO PIPELINE > and <Calculation of the drilling fluid pressure> for

Title 1 and Title 2 respectively in the Identification tab.
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In the other tab of the Project Properties window, some defaults values are modified in order
to make the graphical geometry more understandable.

8. Select the View Input tab (Figure 8.5) to change the settings of the View Input window.

Project Properties

Identification “iew Input |

Dizplay Labels
v Info Bar v Foints
v Legend v Calculation Yerticals
[~ Same Scale for & and p Axis v Layers
v Layer Colors Laper labels az
% Rulers % Layer Murbers

= Material Numbers

¥ Crigin = Material Mames
I~ Large Cursor
v Calculation Yerticals Grid
7 Po v Show Grid
v Points
v Snap to Grd

Grid distance  [m] I'I.DDD

ak. I Cancel | Help |

Figure 8.5: Project Properties window, View input tab

9. Mark the Points check-box of the Labels sub-window in order to display the point’s number.

10. Mark the Snap to grid check-box in order to ensure that objects align to the grid automati-
cally when they are moved or positioned.

11. Before closing the Project Properties window, mark the Save as default check-box to use
the settings previously inputted every time D-GEO PIPELINE is started, which means for the
other tutorials.

12. Click OK to confirm.

Model
The horizontal directional drilling technique is used in this first tutorial.
13. Select Model from the Project menu bar to open the Model window (Figure 8.6).

14. Check that the Horizontal directional drilling model is selected (default model).
15. Click OK to confirm.
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v Ends at surface

|Dutch Standard NEN = |
= Micro tunneling

= Constuction in trench

Settlement
[~ Use settlement

{* Koppejan

€ |sotachen

u] I Cancel | Help |

Figure 8.6: Model window

Geometry
Firstly, the geometry of Figure 8.1 needs to be put in D-GEO PIPELINE. In order to do this, the
following actions should bee performed:

16. First enlarge the dimensions of the geometry window by selecting the left boundary by
clicking the left mouse button, then click the right button and select Properties. This will re-
sult in the coordinate window for the left boundary as shown in Figure 8.7. Enter coordinate
X of <-100 m>.

Left Limit

Lirmit at left side: [m] |-100.000

oK I Cancel |

Figure 8.7: Left Limit window

17. Repeat the previous described actions for the right boundary and shift the boundary to
coordinate X of <200 m>. The width in between the left and the right boundary is now
300 m.

18. Choose the drawing option Zoom limits 2 from the Tools section so that the drawn geom-
etry appears in the center of the screen.

19. Choose the drawing option from the edit-window Add single line | to draw the surface
line of the longitudinal cross section of the horizontal directional drilling and position the
straight surface line at Z = 5 m. Use the right mouse button to finish the line.

20. Choose the drawing option Add single line to draw the lower boundary of the longitudinal
cross section of the horizontal directional drilling and position the straight lower boundary
line at Z = —40 m.

21. Choose the drawing option from the Tools section Automatic regeneration of geometry so
that the geometry as shown in Figure 8.8 appears. If the Automatic regeneration option
already is selected, click on the Edit icon to regenerate the geometry.

22. Choose the drawing option from the edit-window Add pl-line(s) =land position the level of
the groundwater at coordinate Z = 0 m. The blue dashed line represents the groundwater
line (PL line).
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D view Input A=
cometty Linput " Top Yie
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Ll Layers
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B

-100.000 200.000

|- 15.00 [z 1100 |Edit |Curent object: None:

Figure 8.8: View Input window, Geometry tab

8.3.1 Soil layer properties

The properties of the soil layers should be specified in the menu materials which can be
entered by clicking soil. In this tutorial only one soil layer is considered.

23. Click Soil and select Materials on the menu bar to open the Materials window (Figure 8.9)
and enter the soil data.

24. Add a new material by choosing Add button below the materials list on the left side of the
window with the new <Silty Sand>.

25. Enter the soil data as given in Table 8.1.

26. Finish the input of soil data by clicking OK.

Materials
M aterial name T atal Unit ‘Weight
Soft Clay Above phreatic level [kN/m=] ITB.DD
Medium Clay
Stiff Clay Below phreatic level [kM#m=] |2D.DD
Peat
Loose 5 and
Denze Sand Cohesion [kN¢m2] ID.UU
Sand
Gravel Phi [dea] |3U.UU
Loarn
Fuck Cutop [kN/m#] IU.UU
Undetermined
(Sl Sand Cu bottorn [kM#m#] IU.UU
Emod top [kM/m2] |1UDUU.UU
Emod battam [kM/m2] |1SDUU.UU
Adhesion [kH/m=] ID.UU
Add Insert | = Friction anale [[elta) [deq] IU.UU
Delete | Rename| « Paizsan ratia [Nu) [] IU-35

0k I Cancel | Help |

Figure 8.9: Materials window

The defined soil properties and the groundwater level have to be assigned to the drawn ge-
ometry of the longitudinal cross section. The assignments can be carried out by clicking
geometry and choosing the subsequent described options on the menu bar.
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8.3.2 Phreatic Line

27. On the Geometry menu, select Phreatic Line to open Phreatic Line window (Figure 8.10)
in which the phreatic line for calculation of the groundwater pressures can be selected.
28. Choose PL—line nr. <1> (only one phreatic line is available) and click OK.

Phreatic Line

Select the PlLine [by

numbe_r] whic:h acts as m
phreatic: line:

Cancel | Help |

Figure 8.10: Phreatic Line window

8.3.3 Layers

29. Click Geometry and select Layers on the menu bar to assign the soil properties to the soil
layers in the longitudinal cross section. To assign a material to a layer, select the Material
tab.

30. Assign the properties of the defined layer Silty Sand to layer number one in the longitudinal
cross section. The available soil layers with defined properties are shown in left column
of the materials window. The layers in the longitudinal cross section are shown in the
right column of the materials window. The defined properties are assigned to layer nr 1
by clicking the arrow in between the columns. This will result in the Material tab shown in
Figure 8.11.

Boundaries  Materials |

Available materialz Lavers

ame | Murnber Material narme Load
Soft Clay »
M edium Clay
Stiff Clay
Peat
Loose Sand

Denze Sand _>[£
Sand

Gravel

Loam

Muck
Undetermined

~ [

0k I Cancel | Help |

Figure 8.11: Layers window, Materials tab

31. Click OK to quit the window and return to the geometry window to watch the change of
layer name in the legend.

8.3.4 PL-Lines per Layers

32. Click Geometry and select PL—lines per Layers on the menu bar to open the PL—lines
per Layer window (Figure 8.12) in which the defined PL-lines to the soil layers in the
longitudinal cross section can be defined. This window contains the information for the
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calculation of the groundwater pressure distribution. In this tutorial only one PL-line is
defined. The groundwater pressure at the top of the silty sand layer and the bottom of this
layer should be calculated based on the hydraulic head of PL-line 1.

33. Click OK to close the window.

D PL-lines per Layer
Layer FL-line FL-line
Mumber at top at biottom
» 1 1 1

Cancel | Help |

Figure 8.12: PL-lines per Layers window

8.3.5 Check Geometry

34. The geometry can be tested by clicking Geometry and selecting Check Geometry on the
D-GEO PIPELINE menu bar. If the geometry is entered properly, the message shown in
Figure 8.13 appears.

35. Click OK to close the window.

Information

\p The geometry has been tested and is ok,

Figure 8.13: Check Geometry window

8.4 Pipeline Configuration

36. Click Pipe and select Pipeline Configuration on the menu bar to open the Pipeline config-
uration window in which the pipeline configuration can be put in.

37. Enter the values given in Figure 8.1 of the introduction.

38. Select a Pulling direction product pipe <From left to right> as indicated in Figure 8.14.
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X.7-coordinates Harizontal bendings
Left paint ¥-coardinate [m] |-590.000 =
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Left paint Y-coordfnale [m] HJE = =
Left point Z-coordinate [m]
Right point ¥-coordinate [m] |190.000 i
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Right point Z-coordinate [m]
Angles [entylexit) Jj
Angle left [deg]
Angle right [deg]

Bending radius
Bending radius lsft [m] 400000

Bending radius right [m] [400.000

Bending radius pipe onrollers  [m] | 400,000

Pipe between radi

RGN RiRE

Lowest level of pipe ] [15.000

=]
=
=

Angle of pips [deg]

Pulling direction product pipe
& From left to right € From right to left

akK I Cancel Help

Figure 8.14: Pipeline Configuration window

39. Confirm by clicking OK.
40. Watch the entered pipeline configuration on the Input tab of the View Input window (Fig-
ure 8.15).

=] B

I O = T T = P 1 [ N = e

..... 1 1.5ty Sand

3

200.600

|L: 7500 T | Current object None

Figure 8.15: View Input window, Input tab

8.5 Soil behavior

When the borehole is created, the drilling fluid will exert pressure on the borehole wall and the
soil next to the borehole. When the pressure rises above a certain value, plastic deformation
of the soil will occur, initially adjacent to the borehole. When the pressure is increased further
beyond this value, the zone with plastic deformation will increase. If the zone with plastic
deformation reaches the surface a blow-out will occur. Besides the growth of the plastic zone
due to high drilling fluid pressures, formation of cracks in the borehole wall in granular soils will
take place before the plastic zone reaches its maximum expansion. The formation of cracks
around the borehole in granular soils is dependent on the strain of the bore hole wall which
occurs when the drilling fluid pressure is increasing and the borehole is expanding.

Crack formation and growth of the plastic zone are dependent upon soil characteristics. Soil
layers with a very high strength and/or a very high stiffness are suitable for drilling with high
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drilling fluid pressures.

Strength of soil layers is dependent on the drained or undrained behavior of soil layers during
application the drilling fluid pressure on the bore hole wall. Depending on the permeability
of the soil layer, the soil will behave drained or undrained. The coarser granular soils are
usually well permeable so that the excess water pressure due to the drilling fluid pressures
will dissipate easily. The strength of the soil which exhibits this drained behavior can be
calculated using the drained (effective) strength parameters effective cohesion (¢) and angle
of internal friction (). In case of undrained behavior, which usually occurs in very fine grained
cohesive soils, the strength of the soil should be calculated using the undrained cohesion (cy).

41. Click GeoObjects and select Boundaries Selection on the menu bar to select the input win-
dow specification of the soil behavior. This will result in the Boundaries Selection window
shown in Figure 8.16.

42. Choose the boundary between the undrained and drained layer on top of layer nr 1. This
choice results in drained behavior of layer nr 1. The other in the boundaries window men-
tioned boundary in between compressible and incompressible layers can be chosen on top
of layer nr 1 (see tutorial 3 for explanation about this compressibility boundary).

Boundaries Selection

Boundaries
Top of layer
Dirained and undrained layers 1

Compressible and uncompressible lapers |1
] 4 I Cancel | Help |

Figure 8.16: Boundaries Selection window

8.6 Calculation Verticals

The locations in the longitudinal cross section at which a calculation should be carried out
must be specified by the user. The user is able to perform calculations at uniform distances
along the longitudinal cross section but is also able to perform more calculations at short
distances at areas of interest.

43. Click GeoObjects and select Calculation Verticals on the menu bar to select the Calculation
Verticals window for specification of the calculation locations along the longitudinal cross
section.

44. Choose the Automatic generation of L co-ordinates option on the right side of the window
and choose the following values: <-80 m> for First, <180 m> for Last and <20 m> for
Interval.

45. Click on the Generate button and watch the result of automatic vertical generation on
the left side of the Calculation Verticals window. This will result in the window shown in
Figure 8.17.

46. Click OK to confirm the selected verticals and switch to the input window to watch the
location of the verticals in the longitudinal cross section.
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Calculation Yerticals

En Ceemelndis Edditional S ettiemant Automatic generation of L-co-ordinates
= First L W [enoo
e k1 il -50.00 — oo LastL [rm] |1 20,00
}* % Eggg gg Interwal [mn] IW
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*

Ok | Cancel | Help

Figure 8.17: Calculation Verticals window

8.7 Product Pipe Material Data

The dimensions and the properties of the product pipe which should be installed in the reamed
borehole should be specified. Especially the outer diameter is important for the calculation of
the drilling fluid pressures during the pull back operation.

47.

48.

49.

50.

Click Pipe and select Product Pipe Material Data on the menu bar to open the Product Pipe
Material Data window for specification of the dimensions and properties of the product pipe.
Click on the button Add on the left side of the window to declare a pipeline with the name
<Pipe 1>.

Enter the values given in Table 8.2 for Pipe 1 in the fields on the right side of the window
as shown in Figure 8.18.

Click OK to confirm.
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Product Pipe Material Data
Pipe material
! &+ Steel

= Palyethene ml

M aterial quality [S] W
Megative wall thickness talerance [%] IU—
Yield strangth Nmm?] 2000
Partial material factor [ I'I'ID—
Partial material factor test pressure [-] I'IDD—
‘Young's modulus [M A mnn 2] W

Outer diameter product pipe (Do) [mm] |323.SD

Wall thickness [mm] |7.00

Linit weight pipe material [kM/m#] I?B.SU

Diesign pressure [Bar] 200
Add Insert | « Test pressire [Bar] |9.00
Delete | Rename| « Temperature Y ariation [DegC] [5.00

] I Cancel | Help |

Figure 8.18: Product Pipe Material Data window

8.8 Drilling Fluid Data

Various types of drilling fluids exist; the drilling fluid has properties to transport the cuttings
from the borehole to the surface. The flow behavior, which depends on the drilling fluid prop-
erties, is an important characteristic for the development of drilling fluid pressure during the
different drilling stages.

Generally, the flow behavior of drilling fluid can be described with the Bingham model. The
Bingham model is used in D-GEO PIPELINE and describes the fluid by means of a viscosity
term and a threshold term from which flow is initialized. The threshold is called the yield point.
D-GEO PIPELINE calculates the required minimum fluid pressure at the calculation verticals.
During all stages of the drilling process, a pipe is present in the borehole, drill pipe or product
pipe. The return flow of drilling fluid with cuttings occurs in the annulus between the borehole
wall and the pipe. The required fluid pressure to initiate flow depends on the width of the
annulus (radius borehole minus radius drill pipe), the properties of the drilling fluid and the
required annular fluid flow rate.

The properties of the drilling fluid and the operation parameter values should be specified in
D-GEO PIPELINE.

51. Click Pipe on the menu bar and select Drilling Fluid Data to open the Drilling Fluid Data
window for specification of properties of the drilling fluid and the operation parameter val-
ues.

52. Enter the values given in Figure 8.19.

53. Click OK to confirm the input.
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8.9 Factors
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Annular back flow rate pre-reaming [Litersminute]
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Circulation loss factor pilatboring [
Circulation loss factor pre-reaming [
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Unit weight ¢ 7y [k A %]
ieldpoint 1) [kM A %]
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(]9 I Cancel
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600.0
400.0
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004
0.000040

Help |

Figure 8.19: Drilling Fluid Data window

D-GEo PIPELINE performs the calculations of the maximum allowable drilling fluid pressures
according the Dutch regulations described in the NEN 3650 and 3651. The safety philosophy
described in the NEN 3650-1 Annex B and D (NEN, 2012a) is applied on the calculations.

54. Click Defaults on the menu bar and select Factors to open the Factors window in which
the default values of the contingency and safety factors are shown and can be modified.
Since the window shown in Figure 8.20 shows all factors according to the Dutch regulations
adapting the values is not necessary.

55. Click OK to confirm.
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x
Contingency factors Load factors
Total unit weight [MEM] [ I1 10 Design prezsure [-] IT
Cudcohesion [MEM] [ IT Design prezzure [combination) [] IT
Angle of internal friction [Phi] (MEM] [ IT Test preszure [-] IT
E-modulus [NEN) B [125 | instalation i [io
Puling force (NEN) [ [t40 || Scloaddn S E
Modulus of subgrade reaction [NEM] [ IW Temperature [-] IT
Soilload Bn (NEN] B [0 Traffic load S ET
Pressure borehole [MEN) [-1 IT Misoalanonus
iEtarilig el (12 [ |1 10 Factor of impartance [S] [1 |00
M CNE Alowable deflection of pipe (Steel) g [15.00
Bending moment [PE] [ lT Figgabilty (Steel] 1 IW
Allawable deflection of pipe [PE) I ST
Piagabilty (PE) I T
Unit weight water [kM#m 3] |1 0.00
Salety factor cover [drained layer] [ IW
Safety factor cover [undrained layer) [ IW
Reset | Cancel | Helm |

Figure 8.20: Factors window

8.10 Results

The calculation of the drilling fluid pressures during the three stages of installation of the steel

pipe using the horizontal directional drilling technique can be started from the D-GEO PIPELINE
menu.

56. Click Calculation and select Start on the menu bar to start the calculation or press the
function key F9. D-GEO PIPELINE automatically saves the file during the calculation.

57. Click Results and select Drilling fluid pressure plots on the menu bar to watch the results of
the drilling fluid pressure calculations for the pilot drilling. The window shown in Figure 8.21
will appear. The graph shows the maximum allowable pressures (upper limit related to soil
cover and lower limit related to deformation of the borehole) and the minimal required
drilling fluid pressure for transportation of the cuttings.
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D prilling Fluid Pressures
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Figure 8.21: Drilling Fluid Pressures window

58. Click on the tabs Prereaming and Reaming and pullback to watch the results of the other

drilling stages.

59. Close the window to return to the main window.

Notice that the minimal required drilling fluid pressure is lower than the maximal allowable
drilling fluid pressure in the pilot drilling stage. The risk on a blow out is therefore very small.
Of course, due to the decreasing soil cover, the last meters of the pilot drilling the minimal
required drilling fluid pressure is higher than the allowable drilling fluid pressure, but in this
situation the distance where the minimal required drilling fluid is higher than the maximum
allowable pressure is very small.

Conclusion

Various input windows are used to enter the details of a project that is to be modeled and
analyzed. Once these details have been put in, they can be used to calculate a range of
results, including drilling fluid pressures during the three stages of the HDD technique. One
way to view these results is to display them graphically on the screen.
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9 Tutorial 2: Stress analysis of steel pipes and polyethylene pipes

9.1

This second exercise considers installation of a steel pipeline and installation of a polyethy-
lene pipeline by using the technique horizontal directional drilling. The exercise focuses on
the stress analysis for the different installation stages, which is required to assess whether
installation of the pipeline according the design is executable or not.

The objectives of this tutorial are:
¢ To calculate the pulling force on the pipeline during the pull back operation.
¢ To calculate the stresses in the pipeline during the different installation stages.
¢ Assessment of the calculated stresses in the pipeline.
& To perform a Special Stress Analysis.
< To perform a calculation for a polyethylene pipe.
The following module is needed:
¢ D-GEO PIPELINE Standard module (HDD)
This tutorial is presented in the files Tutorial-2a.dri, Tutorial-2b.dri and Tutorial-2c.dri.

Introduction to the case

The pipeline configuration and the soil type is the same as those modeled in the first tutorial
(Figure 9.1).

entry: X=-90m
exit: X=190m

silty sand

Figure 9.1: Pipeline configuration for Tutorial 2

Different calculations will be performed using two pipe materials:
< A steel pipe with the properties given in Table 9.1 (Tutorial 2a),

& The same pipe as Tutorial 2a, but performing a Special Stress Analysis (Tutorial 2b).
<& A polyethylene pipe with the properties given in Table 9.1 (Tutorial 2c).
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Table 9.1: Pipe properties (Tutorial 2)

Tutorials 2a / 2b Tutorial 2c
Pipe material Steel Polyethylene
Material quality Steel 355 PE 100
Negative wall thickness tolerance [%] 0 n.a.
Young’s modulus [IN/'mm?] | 205800 1200
Young’s modulus (long term) IN'mm?] | n.a. 300
Allowable/Yield strength [IN/mm?] | 355 10
Allowable strength (long term) [N/mm2] n.a. 8
Partial material factor [-] 1.1 n.a.
Partial material factor test pressure [-] 1 n.a.
Tensile factor [-] n.a. 0.65
Outer Diameter [mm] 323.9 400
Wall thickness [mm] 8 36.4
Unit weight pipe material [kN/m°] | 78.5 9.54
Design pressure [Bar] 8 4
Test pressure [Bar] 9 5
Temperature variation [°C] 5 5

In the first tutorial, the assessment whether the proposed drilling line and borehole dimensions
according the design is executable or not was performed. The second tutorial considers the
assessment of stresses in pipeline during the different installation stages and after installation.

In D-GEO PIPELINE it is assumed that the pipeline remains fixed at the specified location and
that settlement of the soil layers below the pipeline does not influence the pipeline. Therefore
a relative simple pipe stress analysis can be performed.

The first installation stage at which the stresses in the pipeline are considered is the start
of the pull back operation. The pipeline with the connected pullback equipment is situated
on the rollers. Often the pipeline is not filled with water on the rollers in order to reduce the
required pulling force to pull the pipeline over the rollers. Of course when the pipeline enters
the borehole filling of a part of the pipeline (percentage of the cross section area) is sometimes
useful.

In this stage a pulling force is exerted on the pipe, which results in axial stress in the pipeline.
Near the exit point, the rollers are often configured with a certain bending radius (the so-called
overbend), so that additional axial stresses occur due to bending. The tangential stresses for
the pipeline on the rollers are negligible.

The second stage at which the stresses in the pipeline are considered is the maximum pulling
force situation during the pull back operation. At the end of the pull back operation the pulling
force usually reaches the maximum pulling force. The pulling force is calculated according
the Dutch regulations described in NEN 3650 and is mainly based on the normal forces of
the pipeline perpendicular to the borehole wall. The normal forces are caused by the buoyant
weight of the pipeline and soil reaction forces due to the bending moment in the pipeline in
the bends of the drilling line. In the second stage both the axial stresses due to pulling and
bending are calculated and the tangential stresses due to soil reaction forces are calculated.

The third stage at which the stresses in the pipeline are considered is the long term stage after
installation. When the pipeline is installed, a situation without internal pressure and a situation
with internal pressure are considered. In this final stage the drilling fluid in the borehole is
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assumed to be consolidated, so that the contribution of soil pressure on the pipeline is taken
into account for the calculation of the tangential stress.

The stresses in the pipeline are calculated for the different installation stages. According
NEN 3650 an additional calculation is made for application of internal pressure on the pipeline.
Therefore in the stress analysis according the NEN 3650, four Load Combinations (LC) are
considered:

¢ LC 1A: start of the pullback operation

¢ LC 1B: end of the pullback operation

¢ LC 2: application of internal pressure on the pipeline

¢ LC 3: pipeline after installation, without internal pressure
& LC 4: pipeline after installation, with internal pressure

The calculated stresses are assessed according NEN 3650 for the steel pipelines and accord-
ing NEN 3652 for the polyethylene pipelines.

Project Properties

This tutorial is based on continuation of the file used in Tutorial 1 (chapter 8).

1. Click File and select Open on the menu bar to select the Open window for the choice of

the D-GEO PIPELINE file created at the end of tutorial 1.

Select Tutorial-1 and click the Open button to open de file.

3. Click File and select Save as on the menu bar to select the save file window and rename

the file into <Tutorial-2a>.

Click the Save button to save the file for Tutorial 2a.

5. On the menu bar, click Project and then choose Properties to open the Project Properties
window.

6. Fill in <Tutorial 2 for D-GEO PIPELINE > and <Stress analysis of steel and polyethylene
pipes> for Title 1 and Title 2 respectively in the Identification tab.

7. Click OK.

A

»

Product Pipe Material Data

The dimensions and the properties of the product pipe which should be installed in the reamed
borehole should be specified for a pipe stress analysis.

8. Click Pipe on the menu bar and select Product Pipe Material Data to open the Product
Pipe Material Data window for specification of the dimensions and properties of the
product pipe.

9. For Pipe 1, enter the values given in Figure 9.2.

10. Click OK to confirm the specified product pipe material data.
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Product Pipe Material Data

Pipe material

Itern name &+ Steel

= Palyethene Dtz |
M aterial quality [S] IW
Megative wall thickness talerance [%] IU—
Yield strangth Nmm? [E500
Partial material factor [ I'I'ID—
Partial material factor test pressure [-] I'IDD—
‘Young's modulus [M A mnn 2] W

Outer diameter product pipe (Do) [mm] |323.SD

Wall thickness [mm] |2.00

Linit weight pipe material [kM/m#] I?B.SU

Diesign pressure [Bar] 200
Add Insert | « Test pressire [Bar] |9.00
Delete | Rename| « Temperature Y ariation [DegC] [5.00

] I Cancel | Help |

Figure 9.2: Product Pipe Material Data window

9.4 Engineering Data

The first step of the pipe stress analysis is the calculation of the pulling force. The magnitude
of the pulling force plays an important role in the stress distribution in the pipe during the
pill back operation. The pulling force is calculated according the specifications described in
NEN 3650.

During the pull back operation the moving pipeline contacts the wall of the borehole and
pushes with a certain forces perpendicular to the wall of borehole. These perpendicular forces
(normal forces) determine the magnitude of the shear force in axial direction during the pull
back operation.

In order to reduce the normal forces on the borehole wall the pipeline is sometimes ballasted
during the pull back operation. In the part of the HDD without significant bends, the distribution
of the normal forces on the bore hole wall is determined by the effective weight of the pipeline.
The effective weight is defined as follows:

Jett = g — Guplift (9.1)
with:

Guplift = T X TS X Yt (9.2)
where:

Te is the outer radius of the pipeline, in m;

Jupiitt 18 the upward force of the pipeline, in kN/m;

g is the weight of the ballasted pipeline, in KN/m;
¢ is the unit weight of the drilling fluid, in kN/m?.
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Using the above described equation it can be calculated that filling the product pipe for 22 %
results in a nearly weightless pipe in the bore hole. Of course it is wise not to fill the product
pipe on the rollers so that the pulling force during the first part of the pull back operation can

be reduced.

11.
window.
12.
Figure 9.3.
13.

Engineering Data

Miscellaneous
¥ Standard " Advanced
I~ Pipe filled with water on rollers
I~ Pipe always filled [Implosion)

Part of pipe filled with fluid during pull back [%]

Unit weight fluid [kM i #]
Bedding angle [dea]
Load angle [dea]
Frictior

Factar of frichion pipe-roller [f 1] [-]
Friction pipe-mud [f 2] [MAmim £]

Factar of friction pipe-sail [f 3] []

[ o ]

Cancel

Click Pipe and select Engineering Data on the menu bar to open the Engineering Data
Do not mark the Pipe filled with water on rollers check-box and enter the values given in

Click on the OK button to confirm the input of the specified values.

10.00
120
120

Wil

0o
0.000050
020

[

Help |

Figure 9.3: Engineering Data window

The bedding () and the load angle («) are shown in Figure 9.4. The values are used in the
pipe stress analysis to determine the moment coefficients.

[T ¢

[T @
y
05%8, <k
p=0

N B o =180°
s = Qu g =10°

. = = 120°
° d IOWA-formule L7

neufraalJ h neutraal

klei/veen zand

Figure 9.4: Bedding and load angles on the pipeline (according to Figure D.2 of
NEN 3650-1)

Factors

D-GEo PIPELINE performs the calculations for the pipe stress analysis according the Dutch
regulations described in the NEN 3650 and 3651. The safety philosophy described in Annex
B and D of the NEN 3650-1 (NEN, 2012a) is applied on the calculations.
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14. Click Defaults on the menu bar and select Factors to open the Factors window for watching
the default values or for alternating these values. Since the window shown in Figure 9.5
shows all factors according the Dutch regulations adapting the values is not necessary.

15. Click OK to confirm.

x

Contingency Factors Load factors

Total unit weight [MEM] [ I1 10 Design pressure [-] IT

Cudcohesion [NEM] [ IT Design prezsure [combination) [] IT

fngle of intemal fiction (Phi) (NEN) B [0 || Testpressue S KT

E-modulus NEN) B 125 | Installation S S

Fuling force [NEN) [ [t40 || Soileadn SN ET

Modulus of subgrade reaction [NEM] [ IT Temperature [ .10

Soil lnad Gn [NEN] B e || Traffisload N ETE

Pressure borehole [MEM) [ IT Misoalanoous

Etadlig el (1) [ I‘HD Factor of impartance [5) [ W

it e ] [ Allowable deflection of pipe [Steel] g [1500

Bending moment [PE] [ |1 40 Piagabilty [Steei] - IW
Allowable deflection of pipe (PE] b [aon
Piggabilty (PE] b [5o0
Uriit weight water [k #] IW
Safety Factor cover [drained layer] [-] IW
Safety Factor cover [undrained layer] [-] IW

Ok I Cancel | Helg |

Figure 9.5: Factors window

9.6 Calculation and Results (Tutorial-2a)
The results of the pulling force calculation are shown in the D-GEO PIPELINE report which is
created automatically after finishing the calculations.

16. To start the calculations click Calculation and select Start on the menu bar or press the
function key F9.

9.6.1 Results of the pulling force calculation

17. Click Results and select Report on the menu bar to look at the results of the pulling force
calculation. The results can be found in paragraph 5.3 (Figure 9.6).
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5.3 Calculation Pulling Force
During the pullback operation the pipe experiences friction which is based on:
- friction between pipe and pipe-roller (f1 = 0.10)
- friction between pipe and drilling fluid (f2 = 0.000050 [N/mm?] )
- friction between pipe and soil (f3=0.20)

Due to the friction a pulling force is induced in the pipeline.
The pulling direction of the product pipe is from left to right

This calculation takes into account that the length of the pipe on the rollers decreases while pulling back the
pipeline. During the pull back operation the bore hole is supposed to be stable.

Characteristic points Length pipe in Expected
bore hole (m) pulling force (kN)
T1 0 18
T2 25 18
T3 129 35
T4 155 35
15 259 53
T6 284 54

The calculated pulling force is the mean value. It is recommended to use a contingency factor of at least 1.4 for
the stress analysis. In the subsequent pipe stress analysis a factor of 1.40 is used and a load factor of 1.10 (steel
only).

The maximum representative pulling force is 3434 kN, calculation factor excluded. At this pulling force level the
stresses in the pipeline are equal to the yield strength.

Figure 9.6: Report window, Calculation pulling force (filling percentage = 22%)

18. In Figure 9.7 the characteristic locations along the drilling line at which the pulling force is
calculated are shown. Notice that the maximum pulling force is 54 kN.

entry point exit point
ground level

RSN NN

T6

Figure 9.7: Schematic overview of the characteristic points

19. Switch back and click Pipe and select Engineering Data on the menu and alter the Part of
pipe filled with fluid during pull back to <0%>.

20. Start the calculations again by clicking Calculation and select Start on the menu bar or by
pressing the function key F9.

21. Click Results and select Report on the menu bar to watch the results of the pulling force
calculation. Notice that the pulling force has increased to 64 kN (Figure 9.8).
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5.3 Calculation Pulling Force
During the pullback operation the pipe experiences friction which is based on:
- friction between pipe and pipe-roller (f1 = 0.10 )
- friction between pipe and drilling fluid (f2 = 0.000050 [N/mm?] )
- friction between pipe and soil (f3 =0.20)

Due to the friction a pulling force is induced in the pipeline.
The pulling direction of the product pipe is from left to right

This calculation takes into account that the length of the pipe on the rollers decreases while pulling back the
pipeline. During the pull back operation the bore hole is supposed to be stable.

Characteristic points Length pipe in Expected
bore hole (m) pulling force (kN)
T1 0 18
T2 25 19
T3 129 39
T4 155 41
T5 259 62
T6 284 64

The calculated pulling force is the mean value. It is recommended to use a contingency factor of at least 1.4 for
the stress analysis. In the subsequent pipe stress analysis a factor of 1.40 is used and a lead factor of 1.10 (steel
only).

The maximum representative pulling force is 3434 kN, calculation factor excluded. At this pulling force level the
stresses in the pipeline are equal to the yield strength.

Figure 9.8: Report window, Calculation pulling force (filling percentage = 0%)

9.6.2 Results of the pipe stress analysis of the steel pipe

The pipe stress analysis is described in the report. For each load combination the axial and
tangential stresses in the product pipe are calculated. The stresses are used to calculate the
maximum combined stress in the pipeline.

22. Click Results and select Report on the menu bar to watch the results of the calculated
axial and tangential stresses for each load combination/installation stage in paragraph 6.2
(see Figure 9.9).

6.2 Results Stress Analysis of Pipe: Pipe 1
In the calculation 5 load combinations are considered:

- Load combination 1A: start pull-back operation

- Load combination 1B: end of pull-back operation

- Load combination 2: application internal pressure

- Load combination 3: pipeline in operation, no inner pressure
- Load combination 4: pipeline in operation, pressure applied

The nominal wall thickness is 8.0 mm. The calculation hereafter will prove that the pipeline wall thickness is
sufficient. The calculations are in accordance with NEN 3650 and NEN 3651.

6.2.1 Load Combination 1A: Start Pullback Operation

Axial stress:

Sigma_b = Mb/Wb = f_k.E-Ib/(Rrol-Whb) = 96 [N/mm?]
Sigma_t=f_pull * T1/A = 3 [N/mm?]
Maximum axial stress Sigma_a,max = 99 [Nfmm?]

In this load combination the tangential stress is negligible.

Figure 9.9: Report window, Results Stress Analysis (Tutorial-2a)

23. Continue looking at the report and scroll down to paragraph 6.3. In the table in para-
graph 6.3, the stress assessment is carried out: the calculated stresses are compared
with the yield strength of steel according to the specifications described in NEN 3650. Be-
low the stress assessment table, the results of the deflection calculation are given (see
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Figure 9.10).

6.3 Check on Calculated Stresses of Pipe: Pipe 1

According to NEN 3650-2 art 5 D_3 1 the calculated stresses for the load combinations, must meet the following
conditions (note: Re = 355 [N/mm?])

Load combination 1
Sigma_v =< Re/Gamma_m

Load combination 2

- Sigma_ptest =< Re/Gamma_test
- Sigma_py =< Re/Gamma_m

- Sigma_pm =< 1.1-Re/Gamma_m

Load combinations 3 and 4
- Sigma_vmax =< 0.85(Re+Re_20deg)/Gamma_m

Al stresses in all conditions are allowable

Max allowable Load Load Load Load Load

stress combination1A | combination1B | combination2 combination3 combination4

[N/mm?3]
Sigma_v 32273 99 112 - - -
Sigma_ptest 355.00 - - 20 - -
Sigma py 32273 - - 20 - -
Sigma_pm 355.00 - - 17 - -
Sigma_vmax 548.64 - - - 135 135

Stresses in pipeline [N/mm?]

The deflection of the pipeline is 0.6 mm (0.20% x Do). The maximum allowable deflection of the pipeline is 16.2
mm (5.00% x Do). The deflection is allowable

For piggability the maximum allowable deflection of the pipeline is 16.2 mm (5.00% x Do). The deflection is
allowable

Figure 9.10: Report window, Check on calculated stresses (Tutorial-2a)

24. Notice that the calculated stresses for all load combinations are allowable. The deflection
is lower than the allowable value.
25. Look at the calculated soil load and the calculated modulus of subgrade reaction on para-
graph 4.1.
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4 Soil Mechanical Parameters
4.1 Soil Mechanical Parameters (Pipe: Pipe 1)
The list with data and issues is shown hereafter
Mate: safety factors not applied
Pvp Passive soil load  kMNfm?
Pv:n MNeutral soil load  ki/m?2
Fh:n Meutral horizontal soil load — kN/m#2
Pvrn Reduced neutral soil load  kM/m?
kw top1 “ertical modulus of subgrade reaction (bilinear) upward — kN/m?®
kw top2 Vertical modulus of subgrade reaction upward  kN/m?
v Vertical displacement  mm
kv “ertical modulus of subgrade reaction dowrward — kN/m=
Pve “ertical bearing capacity  kh/m?#
kh Horizontal modulus of subgrade reaction  kN/m®
Fhe Harizontal bearing capacity  kN/m?#
trmax Maximal friction pipe-drilling fluid — kh/m=
drmax Displacernent at maximal friction  mm
Wertical nr Pvip Pw;n Ph;n Pwv.rn kv top
[Ki/m?] [kMN/m?] [kN/m=] [kNm?] [kNmM?]
1 151 46 3 46 13722
2 586 119 13 18 14558
3 754 163 12 168 15265
4 866 187 11 15 15805
5 941 221 11 15 16183
g 984 235 11 15 16400
7 996 239 11 15 16480
8 986 239 11 15 16460
9 984 235 11 15 18400
10 941 24 11 15 16183
1" 886 197 11 15 15805
12 784 163 12 16 15265
13 586 119 13 18 14558
14 151 46 4 48 13722
Wertical nr (1 Jaw Pve kh Ph;e tmax dmax
[mm] [kiMm?] [KMm?] [k/m3] [KiN/m?] [km=] [rm]
1 0 14028 1298 9819 267 0.05 8
2 0 14865 3184 10405 506 0.0 8
3 0 15572 4391 10901 754 0.05 8
4 0 16113 5303 11279 866 0.0s 8
5 0 16492 5939 11544 941 0.05 8
g 0 16709 6305 11696 984 0.05 8
7 0 16763 6405 11738 996 0.0s 8
8 0 16769 6405 11738 996 0.0s 8
] 0 16703 6305 11696 984 0.05 8
10 0 16492 5939 11544 941 0.05 8
11 0 16113 5303 11279 866 0.0s 8
12 0 15572 4391 10901 754 0.05 8
13 0 14865 3154 10405 506 0.0 8
14 0 14028 1288 9819 267 0.05 8
Maximum soil load Pwv;n, max = 239 kiNfm?
Maximurm reduced soil load o Pwvrn, max = 468 khim?
Maximurmn vertical modulus of subgrade reaction (without safety factor) @ kv, max = 16769 kNim?
Maximurm vertical modulus of subgrade reaction (with safety factor) T kv, max = 33931 kNfm®

Figure 9.11: Report window, Soil Mechanical Parameters (Tutorial-2a)

9.7 Special Pipe Stress Analysis (Tutorial-2b)

The option special stress analysis can be used for a pipe stress analysis in case of additional
loads at certain location along the longitudinal cross section. Additional loads can for example
be induced by traffic or by constructions.

Assume that vertical 1 is located below a highway which will result in an additional load on
the pipeline. The load induced by soil stress is already calculated by D-GEO PIPELINE and is
assessed in the report (see section 9.6.2). The additional load at the depth of the pipeline can
be determined using load distribution theories.

26. Click File and select Save As on the menu bar to select the Save As window and rename
the file into <Tutorial-2b>.

27. Click the Save button to save the file for Tutorial-2b.

28. Click Defaults and select Special Stress on the menu bar to open the Special Stress Anal-
ysis window and enter the data for the special pipe stress analysis. In this window (Fig-
ure 9.12), the soil load enhanced with the traffic load should be specified. The reduced
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soil load equals <18 kN/m?> and the modulus of subgrade reaction is independent of
the load and remains <17000 kN/m®>. The radius is the same as defined in the pipeline
configuration <400 m>.

Special Stress Analysis |

Stress analysis options

" Standard

= Per vertical

Stress calculation data
Soil load [neutral or reduced neutral] Qi raized by a traffic load, if any [kM#m?] |18.00
odulus of subgrade reaction [kM#m=] (17000

Radius [r] |4DD.DD
ok I Cancel | Help |

Figure 9.12: Special Stress Analysis window

29. Click OK to confirm.

30. Click Calculation and select Special Stress Analysis on the menu bar to start the calcula-
tion.

31. Click Results and select Report on the menu bar to look at the results on paragraph 4.3
(see Figure 9.13). Notice the difference with Figure 9.10 for Tutorial-2a.

4.3 Check on Calculated Stresses of Pipe: Pipe 1

According to NEN 3650-2 art.5 D_3 1 the calculated stresses for the load combinations, must meet the following
conditions (note: Re = 355 [N/mm?])

Load combination 1
Sigma_v =< Re/Gamma_m

Load combination 2

- Sigma_ptest =< Re/Gamma_test
- Sigma_py =< Re/Gamma_m

- Sigma_pm =< 1.1-Re/Gamma_m

Load combinations 3 and 4
- Sigma_vmax =< 0.85(Re+Re_20deg)/Gamma_m

Al stresses in all conditions are allowable

Max allowable Load Load Load Load Load
stress combination1A | combination1B | combi n2 combi 3 combination4
[N/mm?]
Sigma_v 322.73 99 110 -
Sigma_ptest 355.00 - - 20
Sigma_py 32273 - - 20
Sigma_pm 355.00 - - 17 - -
Sigma_vmax 548.64 - - - 111 112

Stresses in pipeline [N/mm?]

The deflection of the pipeline is 0.3 mm (0.09% x Do). The maximum allowable deflection of the pipeline is 16.2
mm (5.00% x Do). The deflection is allowable

For piggability the maximum allowable deflection of the pipeline is 16. 2 mm (5.00% x Do). The deflection is
allowable..

Figure 9.13: Report window, Check on calculated stresses (Tutorial-2b)

9.8 Polyethylene Product Pipe (Tutorial-2c)

Besides a pipe stress analysis on steel pipes a pipe stress analysis on PE-pipes can be
carried out using D-GEO PIPELINE.

32. Click File and select Save As on the menu bar to select the Save As window and rename
the file into <Tutorial-2¢>.
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33. Click the Save button to save the file for Tutorial-2c.

34. Click Pipe and select Product Pipe Material Data on the menu bar to open the Product Pipe
Material Data window for specification of the dimensions and properties of the product pipe.

35. Select Polyethylene as Pipe material for Pipe 1.

36. Enter the values given in Table 9.1.

37. Click OK to confirm.

Product Pipe Material Data B3
Fipe material
Item name  Steel
o ' Polyethens Dtz |
taterial quality [P IF'E1 i}

Young's modulus [short] [M A 2] |1 200.00
Young's modulus [lang) [M A 2] |3DD.DD
Allowable strength [shart] [M Amm 2] I‘I 0.00

Allowable strength (long) [MAmmz  |2.00
Tensile factor [] |0.ES

Outer diameter product pipe (Do) [mm] |4DD.DD

Wall thickness [mim] |38.4D

Linit weight pipe material [kMsm?]  |9.54

Diesign pressure [Bar] |4.00
Add Insert | « Test pressire [Bar] |5.00

Delete | Rename| + Temperature ' ariation [DegC] |5_DD
Ok I Cancel | Help |

Figure 9.14: Product Pipe Material Data window (Tutorial-2c)

38. To start the calculations, click Calculation and select Start on the menu bar or press the
function key F9.

39. Click Results and select Report on the menu bar to look at the results of the calculated
axial and tangential stresses for each load combination/installation stage in paragraph 6.2.

40. Continue looking at the report and scroll down to paragraph 6.3. In the table (Figure 9.15),
the stress assessment is carried out: the calculated stresses are compared with allowable
stresses according to the specifications described in the NEN 3650 series.
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6.3 Check on Calculated StressesPipe: Pipe 1

Load combination 1
- Sigma_AxMax < ShortStrength ™ DamageFactor
- Sigma_Tankax = ShortStrength ™ DamageF actor

Load combination 2
- Sigma_ptest < ShortStrength * DamageFactor
- Sigma_py < LongStrength * DamageFactor

Load combination 3
- Sigma_AxMax < LongStrength * DamageFactor
- Sigma_Tanhax < LongStrength * DamageF actor

Load combination 4
- Sigma_AxMax < LongStrength * DamageFactor
- Sigma_Tanhax < LongStrength * DamageF actor

All stresses in all conditions are allowable

Mlax allowable Load Load Load Load Load

stress combination1A | combination1B | combination2 combination3 combinationd

[Nrmm@]
Sigma_ptest 10.00 (short) 25 -
Sigma_p 8.00 {long) - - 20 -
Sigma_axial 110.00 (short) 0.9 33 - - -
Sigma_axial 8.00(ong) - - 0.1 1.1
Sigma tang 10.00 (short) - 0.1 - -
Sigma tang... 8.00 {long) - 15 31

Stresses in pipeline [N/mm?)

The deflection of the pipeling is 2.6 mm {0 6% x Do). The maximum allowable deflection of the pipeling is 32.0

mm {8.0% x S x Do). The deflection is allowable.

For piggability the maximum allowable deflection of the pipeline is 20.0 mm (5.0% x Do). The deflectionis

allowable

Figure 9.15: Report window, Check on calculated stresses (Tutorial-2c)

41. Below the assessment table in paragraph 6.3, a check on short term and long term implo-
sion is described (see paragraph 6.4 in Figure 9.16). Notice that the short term implosion
check is based on the drilling fluid pressure during the pull back operation. The long term
implosion check is based on the water pressure at the level of the pipeline.

9.9 Conclusion

6.3.4 Check for ImplosionPipe: Pipe 1

During the pullback operation the drilling fluid gives an external pressure. The highest minimum required drilling

fluid pressure during the pullback operation is 249 kNfm?#, this is less than the maximum allowahble external

pressure of 1911 khlim?.

In operation the water pressure at the lowest point of the drilling gives an external pressure. The maximum water

pressure equals 150 kNImE, this is less than the maximum allowable external pressure of 239 kN/m2.

Figure 9.16: Report window, Check for Implosion (Tutorial-2c)

This second tutorial analyzes the strength calculations during different stages of the HDD
technique for steel and polyethylene pipes. In both cases, the report shows that all stresses
for the different stages are allowable.
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10 Tutorial 3: Influence of soil behavior on drilling fluid pressures

10.1

and soil load on the pipe

This third exercise considers installation of a polyethylene pipeline by using the technique
horizontal directional drilling. The exercise focuses on the soil behavior and elucidates the
effect of drained and undrained soil layers on the calculation of the drilling fluid pressures and
elucidates the effect of compressible and incompressible layers on the calculation of the soil
load on the pipeline.

The objectives of this tutorial are:

<& To calculate the drilling fluid pressures for a layered soil sequence;

<& To calculate the soil load for a layered soil sequence;

¢ Schematization of a layered soil sequence with artesian groundwater.
The following module is needed:

¢ D-GEO PIPELINE Standard module (HDD)
This tutorial is presented in the file Tutorial-3.dri.

Introduction to the case

This tutorial is based on continuation of the file used in Tutorial-2¢c (chapter 9). The steel pipe
is the same but the layered soil sequence is different as shown in Figure 10.1. The properties
of the two layers are given in Table 10.1.
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& &
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5 | LA NN t l
@ L ! ! N2 ¢ +8m
| - | | N [PL-line2 T
7 ] [ N +5m
l e | | N l v
150 P LR 1 1 N < 150 /mom
i . soft organic clay ~ |PLline1 < —
. - S :
\ = \ = | = -5m )
AV

\pipeline

silty sand

Figure 10.1: Pipeline configuration for Tutorial 3
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Table 10.1: Layer properties (Tutorial 3)

Coarse sand Soft organic clay
Dry unit weight [kN/m°] 18 13
Wet unit weight [kN/m°] 20 13
Cohesion [kN/m?] 0 2
Angle of internal friction [°] 35 18
Undrained strength top [kN/m?] 0 10
Undrained strength bottom [kN/m2] 0 30
E modulus top [kN/m?] 15000 500
E modulus bottom [kN/m?] 25000 1000
Poisson’s ratio [-] 0.35 0.45

During drilling a borehole is protected from collapsing by filling it with drilling fluid. However,
arching in the surrounding soil contributes to the stability of the borehole. As a result, arching
also reduces the total amount of soil load acting on the installed pipe.

For an ideal granular stratum, Terzaghi’s derivation has up until now been considered to be
appropriate for the situation where arching occurs and is accordingly incorporated in Dutch
pipeline standard NEN 3650 series. However, for cohesive soil layers consolidation may occur
over a period of time and this will result in a reduction of the arching effect, thereby increasing
the vertical load on the installed pipe. The latter process is added to the Dutch pipeline
standard.

For the development of arching a certain depth diameter ratio is required (Figure 10.2). At
shallow depths near the exit and entry point, the soil cover is not sufficient for turning off the
soil load above the borehole to the soil layers next to the borehole.

Borehole

Figure 10.2: Arching around the borehole

During the pilot drilling the highest drilling fluid pressures occur. The risk on a blow out to the
surface or the formation of cracks around the borehole often exists. This risk is related to the
strength of the soil layers around the borehole. The strength of soil layers is dependent on
the drained or undrained behavior of soil layers during application the drilling fluid pressure
on the bore hole wall. Depending on the permeability of the soil layer, the soil will behave
drained or undrained. The coarser granular soils are usually well permeable so that the excess
water pressure due to the drilling fluid pressures will dissipate easily. The strength of the soil
which exhibits this drained behavior can be calculated using the drained (effective) strength

162 of 324 Deltares



Tutorial 3: Influence of soil behavior on drilling fluid pressures and soil load on the pipe

parameters. In case of undrained behavior, which usually occurs in very fine grained cohesive
soils, the strength of the soil should be calculated using the undrained strength parameters.

1.
2.
3.

Click File and select Open on the menu bar to open the Open window.

Select Tutorial-2¢ and click the Open button to open the file.

Click File and select Save as on the menu bar to open the Save As window and rename
the file into <Tutorial-3>.

Click the Save button to save the file for Tutorial 3.

On the menu bar, click Project and then choose Properties to open the Project Properties
window.

Fill in <Tutorial 3 for D-GEO PIPELINE > and <Influence of soil behavior> for Title 1 and
Title 2 respectively in the Identification tab.

Click OK.

10.2 Geometry of the longitudinal cross section

This tutorial considers a layered soil sequence. The typical Dutch soil sequence of a soft
organic clay layer on top of a coarse sand layer will be considered. The organic clay layer is
compressible and exhibits a low permeability, while the sand layer is assumed incompressible
and exhibits a high permeability. The new soil layers should be specified in the geometry
window.

8.

9.

10.
11.

In the View Input window, switch to the Geometry tab to edit the existing soil layer se-
quence

Click the Add single line ' icon from the Edit sub-window to draw an additional top line of
a soil and position the straight line at Z = -5 m.

Click the Automatic regeneration of geometry on/off Eliconto regenerate the geometry.
Click the Add pl-line(s) =| icon from the Edit sub-window and position the level of the
artesian groundwater at coordinate Z = 8 m. The blue dashed line, which appears in the
longitudinal cross section, represents the second groundwater line (PL line). The second
groundwater line is used to specify the water pressure distribution in the sand aquifer.

D ¥iew nput M=
Geometry '[h’\ ut ITDDV\EW b

Edit 2 R T R T [ = ™

Layers
[ 2.sitysend
[ 1.5ty Sand

{00000 - S 00000

|L: -44.00 1.00 |Add phinels) [Current obiect: Nane

Figure 10.3: View Input window, Geometry tab

10.3 Soil layer properties

The properties of the soil layers in the layered soil sequence should now be specified.

12.

Click Soil and select Materials on the menu bar to enter the soil data.
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13. Add a new material by choosing the Add button _4dd | pelow the materials list on the left
side of the window. Enter the soil material <Coarse Sand>.

14. Enter the soil data as given in Table 10.1.

15. Add a new material by choosing the Add button _4dd | pelow the materials list on the left
side of the window. Enter the soil material <Soft Organic Clay>.

16. Enter the soil data given in Table 10.1.

17. Finish the input of soil data by clicking OK.

Materials
tatenial name T otal Unit 'wWeight
Soft Clay Ahove phieatic level [kM/m3] |1 200
Medium Clay
SHFf Clay Below phreatic level [kM/m3] |1 3.00
Peat
Loose 5 and
Dense Sand Cohesion [ki/m2z] [200
Sand
Gravel Phi [dea] |1 a.00
Lioarn
hduck Cutop [kM/m#] |1D.DD
Undetermined
Sily Sand Cu battom [kM/ma] ISD. oo
KA Emod top kn/m2] [500.00
Emod battam [kM/m#] |1 000.00
Adhesion [ki#m=] |0.00
Add T 12 Eriction angle [Delta] [deq] [0.00
Delete | Rename| + Paizson ratio [Mu) [] |0.45

u] I Cancel | Help |

Figure 10.4: Materials window

10.4 Finishing the geometry of the longitudinal cross section

The defined soil properties and the groundwater levels have to be assigned to the drawn ge-
ometry of the longitudinal cross section. The assignments can be carried out in the Geometry
menu.

18. Click Geometry and select Phreatic Line on the menu bar to open the Phreatic Line window
(Figure 10.5) and select PL-line <1> as phreatic line for calculation of the groundwater
pressures.

19. Click OK.

Phreatic Line

Select the PlLine [by

nurmber] which acts az m
phreatic line:

Cancel | Help |

Figure 10.5: Phreatic Line window

20. Click Geometry and select Layers on the menu bar to open the Layers window. Select the
Materials tab (Figure 10.6) to assign the soil properties to the soil layers in the longitudinal
cross section.
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21.

22.

23.

24.

25.

Boundaries Materials |

Available materialz Lavers

Mame |
Soft Clay
Medium Clay
Stiff Clay
Peat
Looge Sand

Denze Sand _)%
Sand

Gravel

Loam

Muck

Undetermined

Silty Sand
Coarge Sand

Saft Organic Clay

ak. I Cancel | Help |

Figure 10.6: Layers window, Materials tab

Assign the properties of the defined layer Coarse Sand to layer Number 1 in the longitudi-
nal cross section. The available soil layers with defined properties are shown in left column
of the materials window. The layers in the longitudinal cross section are shown in the right
column of the materials window. The defined properties are assigned to layer Number 1
by clicking the Assign icon ~lin between the left and the right columns.

Assign the properties of the defined layer Soft Organic Clay to layer number 2 in the lon-
gitudinal cross section. The defined properties of Soft Organic Clay are assigned to layer
Number 2 by clicking the Assign icon ~lin between the left and the right column.

Click on the OK button to quit the window and return to the Geometry tab of the View Input
window to look at the change of layers name in the legend (Figure 10.7).

D View Input [_[C]

Geomety Input | Top¥iew
i O

P PO T T T T - = (e

..... S o [ 2. 5o Crsenc Gy

..... Ea [ 1.Coarse sand

-100.000 200.000

|L: 1800 [Add phirefs] [Curent object: None

Figure 10.7: View Input window, Geometry tab

Click Geometry and select Pl-lines per Layers on the menu bar to open the PL-lines per
Layers window to assign the defined PL-lines to the soil layers in the longitudinal cross
section. Those information’s are used for the calculation of the groundwater pressure
distribution.

The groundwater pressure at the top of the Soft Organic Clay layer should be calculated
based on the hydraulic head of PL-line 1, the phreatic line (Figure 10.1). Since the Coarse
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Sand layer is an aquifer with an enhanced artesian groundwater pressure, the groundwater
pressure at the bottom of the clay layer should be calculated based on the hydraulic head
of PL-line 2. Of course the water pressure at the top and at the bottom of the coarse sand
layer should be calculated based on the hydraulic head of PL—line 2. This will result in the
Pl-lines per layer window shown in Figure 10.8.

D PL-lines per Layer
— Layer PL-line PL-line
Mumber at top at bottom
» 2 1 2
1 2 2

Cancel | Help |

Figure 10.8: PL-lines per Layer window

26. Click OK to confirm.

27. The geometry can be tested by clicking Geometry on the menu bar and selecting Check
Geometry. If the geometry is entered properly, the message Geometry has been tested
and is OK appears.

28. Click OK to close this window.

10.5 Soil behavior

Strength of soil layers is dependent on the drained or undrained behavior of soil layers during
application the drilling fluid pressure. Depending on the permeability of the soil layer, the soil
will behave drained or undrained. The Coarse Sand layer is well permeable so that the excess
water pressure due to the drilling fluid pressures will dissipate easily. The strength of this soil
layer can be calculated using the drained (effective) strength parameters effective cohesion
(c) and angle of internal friction (¢). In case of undrained behavior in the impermeable Soft
Organic Clay layer, the strength of the soil can be calculated using the undrained strength
parameter undrained cohesion (c).

The soil load on the pipeline after finishing the installation is dependent on the soil pipeline
interaction, which is in turn largely dependent on the soil behavior. In D-GEO PIPELINE it is as-
sumed that the pipeline remains fixed at the specified location and that there’s no settlement
of the soil layers below the pipeline. This assumption allows D-GEO PIPELINE to perform a rel-
ative simple pipe stress analysis based on a reduced soil load due to arching. As described in
section 10.2, arching develops completely in incompressible soil layers, while in compressible
layers the reduced soil load on the pipeline is higher due to compression of the soil next to the
pipeline.

29. Click GeoObjects and select Boundaries Selection on the menu bar to open the Bound-
aries Selection window for specification of the soil behavior.

30. Choose the boundary between the undrained and drained layer on top of layer number
<1> (Figure 10.9). This choice results in drained behavior of layer number 1.

31. Choose the boundary between the compressible and incompressible layer on top of layer
number <1>. This choice results in full development of arching in layer number 1 while in
layer number 2 arching is not fully developed.
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32. Click OK to close this window.

Boundaries Selection

Boundaries
Top of layer
Drained and undrained layers 1

Compressible and uncompressible layers |1

Cancel | Help |

Figure 10.9: Boundaries Selection window

10.6 Calculated reduced soil load for pipe stress analysis

The layered soil sequence results in a different reduced neutral soil load at different depths.
Due to the compressible top layer, the reduced neutral soil load increases considerable with

increasing depth (Figure 10.10). In the sand layer, the reduced neutral soil load reduces due
to the full development of arching.

q [kN/m')

depth [m]
[+.]
1 1
T -

1

- 5\ J
no arching l

\ |

arching * |
12
archin
- * consolidation
14 - \ 1
| | I 1 | | I I | ] |
o} 20 40 60 80 100

Figure 10.10: The effect of arching with increasing depth (Meijers and De Kock, 1995)

33. To start the calculations, click Calculation and select Start on the menu bar or press the
function key F9.

34. Click Results and select Report on the menu bar to look at the results of the pipe stress
analysis.
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6.3 Calculation Pulling Force

DOuring the pullback operation the pipe experiences friction which is based on:

- friction between pipe and pipe-roller (f1 =010 )
- friction between pipe and drilling fluid (f2 = 0.000050 [N/mm?®) )
- friction between pipe and soil (f3=0.20)

Due to the friction a pulling force is induced in the pipeline
The pulling direction of the product pipe is from left to right

This calculation takes into account that the length of the pipe on the rollers decreases while pulling back the
pipeline. During the pull back operation the bore haole is supposed to he stable

Characteristic points Length pipe in Expected
hore hole {m) pulling farce (k)
T1 1] 11
T2 25 17
T3 129 44
T4 155 49
TS 2589 78
T6 284 83

The calculated pulling force is the mean value. Itis recommended to use a contingency factor of at least 1.4 for
the stress analysis. In the subsequent pipe stress analysis a factar of 0.00 is used and a load factor of 1.10 (steel
only).

The maximurm representative pulling force is 393 kN, calculation factar excluded. At this pulling force level the
stresses in the pipeline are equal to the maximum allowahle stress

Figure 10.11: Report window, Calculation Pulling Force

10.7 Calculated drilling fluid pressures

The existence of soft organic soil layer with low strength and high deformability characteristics
influences the results of the maximal allowable drilling fluid pressures.

35. Click Results and select Drilling Fluid Pressure Plots on the menu bar to open the Drilling
Fluid Pressure window (Figure 10.12) and to look at the results of the drilling fluid pressure
calculations for the pilot drilling.

The graph shows the maximum allowable pressures (upper limit related to soil cover and lower
limit related to deformation of the borehole) and the minimal required drilling fluid pressure for
transportation of the cuttings. Notice that for the pilot stage the minimal allowable drilling
fluid pressure is higher than the maximal allowable drilling fluid pressure at the last part of the
upward bend of the drilling. This means that the risk of a blow out is present, so that measures
are required.
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D Drilling Fluid Pressures

Edit 2 Drilling Fluid Pressures during Pilot

7000 s

000

Drilling fluid pressure [kPa)

wn -

T T T T T
500 0s 20 1000 150
L-caordinate [m]

Jated to deformation bore hole)

Figure 10.12: Drilling Fluid Pressures window

36. Click on the tabs Prereaming and Reaming and pullback operation to look at the results of
the other drilling stages.
37. Close the window to return to the main menu.

10.8 Drilling fluid pressure and groundwater pressure

During the stages of horizontal directional drilling the borehole is filled with drilling fluid. The
drilling fluid has a certain unit weight, which is largely dependent on the initial unit weight of the
drilling fluid and the amount of cut soil material in the drilling fluid. If the borehole is located
in soil layers with an artesian water pressure (aquifers), the risk of leakage of groundwater
through the borehole to the surface exists. The leakage of groundwater will result in flow of
water through the borehole, which in turn will lead to borehole instability (when the drilling
fluid is flown out of the borehole located in coarser granular layers). This risk is automatically
assessed when a D-GEO PIPELINE calculation is performed.

38. Click Results and select Report on the menu bar to watch the results of leakage assess-
ment in paragraph 3.2 (equilibrium between drilling fluid pressure and pore pressure).
Notice that the artesian water pressure is higher than the drilling fluid pressure so that
measures against leakage are required (Figure 10.13).
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3.2 Equilibrium between Drilling Fluid Pressure and Pore Pressure
Vertical nr Static column pressure
Drilling fluid VWater Safety Result
[k [kim®] [
1 a0 0 - sufficient
2 84 78 1.14 sufficient
3 138 1585 0.89 not sufficient
4 176 189 0.3 not sufficient
] 203 213 04958 not sufficient
A 218 226 0.98 not sufficient
7 222 230 047 not sufficient
8 222 230 0587 not sufficient
9 218 226 0.98 not sufficient
10 203 213 0495 not sufficient
11 176 189 0493 not sufficient
12 138 1585 0.89 not sufficient
13 a8 74 1.14 sufficient
14 30 0 - sufficient
The static dnlling fluid pressure is calculated and can be compared with the calculated groundwater pressure. The
guotient of the drilling fluid pressure and the groundwater pressure yields the safey factor, which should be higher
than the requested factor of safety of 1.10.

Figure 10.13: Report window, Equilibrium between drilling fluid pressure and pore pres-
sure

10.9 Conclusion

In this tutorial, a layered soil sequence has been modeled and the drilling fluid pressures have
been calculated. Using the table called Equilibrium between drilling fluid pressure and pore
pressure in the D-GEO PIPELINE report, it can be concluded if the drilling fluid pressures are or
are not sufficient.
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11 Tutorial 4: Exporting soil mechanical data for an extended stress
analysis

This exercise considers the installation of a polyethylene pipeline by using the horizontal di-
rectional drilling technique. The exercise focuses on the calculation of soil mechanical pa-
rameters for an extended pipe stress analysis. A settlement calculation forms also part of the
exercise.

The objectives of this tutorial are:
¢ To calculate the soil mechanical parameters for an extended pipe stress analysis;
<& To perform a settlement calculation;
¢ To export the soil mechanical parameters.

The following module is needed:

¢ D-GEO PIPELINE Standard module (HDD)
< License for D-SETTLEMENT (formerly known as MSettle)

This tutorial is presented in the file Tutorial-4.dri.

11.1 Introduction to the case

In D-GEO PIPELINE it is assumed that the pipeline remains fixed at the specified location and
that there’s no settlement of the soil layers below the pipeline. No temperature effects are
taken into account in D-GEO PIPELINE. Therefore a relative simple pipe stress analysis can be
performed.

In case compressible soil layers are present below the pipeline and an additional load is
carried out on theses compressible soil layers, settlement can be expected. If settlement
of the layers below the pipeline occurs in most cases, an extended pipe stress analysis is
required. The extended pipe stress analysis can not be performed using D-GEO PIPELINE, but
should be carried out using other software. For instance SCIA pipeline can be used for such
an analysis.
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Figure 11.1: Pipeline configuration for Tutorial 4
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Vertical displacement of soil below and around the pipeline that occurs after installation is an
important factor in assessing the stresses in the pipeline. Settlement may be entered manually
if the vertical settlements results are available. For more accurate results, D-GEO PIPELINE
can use the D-SETTLEMENT computer program (formerly known as MSettle) without additional
input. Settlement deals with soil compaction due to imposed loading. In D-GEO PIPELINE the
loading consists of an extra layer as created in the geometry. The calculation of the settlement
is performed externally by D-SETTLEMENT, the settlement calculation program of the Deltares
Systems tools. Details on the calculation of settlement are beyond the scope of this manual,
a thorough description can be found in the user manual of D-SETTLEMENT (Deltares).

Table 11.1: Settlement parameters (acc. Koppejan) of the soil layers (Tutorial 4)

Coarse sand Soft organic clay
Over-consolidation ratio 1.3 1.3
Primary compression coefficient below Pc 10° 40
Primary compression coefficient above Pc 10° 10
Secondary compression coefficient below Pc 10° 160
Secondary compression coefficient above Pc 10° 35

This tutorial is based on continuation of the file used in Tutorial 3 (chapter 10).

1. Click File and select Open on the menu bar to open the Open window.

Select the file Tutorial-3 and click the Open button.

3. ClickFile and select Save as on the menu bar to open the Save As window and rename

the file into <Tutorial-4>.

Click the Save button to save the file for Tutorial 4.

5. On the menu bar, click Project and then choose Properties to open the Project Properties
window.

6. Fill in <Tutorial 4 for D-GEO PIPELINE > and <Exporting soil mechanical data> for Title 1
and Title 2 respectively in the Identification tab.

7. Click OK.

N

P

Settlement model

Settlement calculations can be performed using the in the Netherlands often used Koppejan
model or the more recent developed Isotache model which is based on Terzaghi’s settlement
model.

8. Click Project and select Model on the menu bar to open the Model window (Figure 11.2).
9. Select the Horizontal directional drilling method and mark the Use settlement check-box.
10. Select the Koppejan model.
11. Click OK to confirm the choice.
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Model

Modet
* Harnizontal directional drilling

v Ends at surface

|Dutch Standard NEN = |

= Micro tunneling

= Constuction in trench

Settlement

" |satachen

u] I Cancel | Help |

Figure 11.2: Model window

11.3 Geometry of the longitudinal cross section

This tutorial considers a layered soil sequence described in Tutorial 3 (chapter 10). In the
longitudinal cross section, a load (soil mass) has to be defined.

12. Switch to the Geometry tab in the View Input window to edit the existing soil layer se-
quence.

13. Select the Add polyline icon =4 from the Edit sub-window to draw an additional layer (soil
mass) on top of the existing soil layers with coordinates given in Table 11.2.

Table 11.2: Coordinates of the top of the soil mass

X coordinate [m] Z coordinate [m]
-75 5

-60 10

30 10

45 5

14. Quit editing by clicking the right mouse button.

15. To check or modify the added points, select a point by clicking the left mouse button. The
point will become a red square.

16. Click the right-hand mouse button and select Properties. In the window displayed (Fig-
ure 11.3), the co-ordinates can be checked and modified if needed.

Point 12

¥ co-ordinate: [re] I-ED.DDD
Z corordinate [rm] I‘I 0.000
' co-ordinate [m] ID.DDD

Ok I Cancel |

Figure 11.3: Point window

17. Select the Automatic regeneration of geometry on/off icon Hl from the Tools sub-window
so that the geometry as shown in Figure 11.4 appears. If the Automatic regeneration of
geomelry icon already is selected, click on the Edit “licon to regenerate the geometry.
Notice that the soil mass is located on the left side above the section where the pipeline is
located in the Soft Organic Clay layer.
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D v¥iew Input

cudmf - Layers

by ) LE=N | [ 3.Softclay
W ER | 3 2 soft organic ciay
@??* 0= S [ 1 coarse sand
&P =

jon

oo

11200000

| 400 [z 17.00 olyines] [Current obiect: Nane

Figure 11.4: View Input window, Geometry tab

11.4 Soil layer properties

The settlement properties of the soil layers in the layered soil sequence should now be speci-
fied. The properties of the soil mass should be entered too.

18.
19.

20.

21.

22.

Click Soil and select Materials on the menu bar to open the Materials window.

Select the soil name Silty Sand in the left column of the Materials window and enter the
properties given in Figure 11.5.

Select the soil name Coarse Sand and enter the Settlement Koppejan data given in Ta-
ble 11.1.

Select the soil name Soft Organic Clay and enter the Settlement Koppejan data given in
Table 11.1.

Finish the input of soil data by clicking OK.
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I aterial name Total Unit Wweight
Soft Clay Ahave phreatic level [kN/m3] |1 800
Medium Clay
Stiff Clay Bielow phreatic level [kM#m3] |2D. uli}
Peat
Looge Sand
Dense Sand Cohesion [kN/m&] ID.DD
Sand
Gravel Fhi [dea] |3D. i}
Loam
Muck Cu tap [k #m&] ID.DD
Lndetermined
Silty Sand Cu bottorm [k #m&] ID.DD
Coarge Sand
Soft Organic Clay Emed top [kM/ma] [10000.00
Emod battam [kM/m#] I'IEDDD.DD
Adhesion [kMme] ID.DD
Friction angle [Melta) [deq.] ID.DD
Paizzon ratio [(Nu) [ ID.35
Settlerment Koppejary
Overconsolidation Ratio [OCK) [] |1.30
Primary compression coefficient
Below preconsolidation pressure [Cp] [ I‘I.UUE+DE‘
Above preconsolidation pressure [Cp') [ I‘I.EIUE+DS
Secondary compression coefficient
Below preconzolidation pressure [Cs) [l I‘I.EIDE+DS
Add Inse} Abaove preconzolidation pressure [Cs'] [l I‘I.EIDE+DS
Delete | Rename|
oK I Cancel | Help |

11.5 Finishing the geometry of the longitudinal cross section

Figure 11.5: Materials window

The defined soil properties have to be assigned to the drawn geometry of the longitudinal
cross section (groundwater levels are assigned already). The assignments can be carried out
by clicking geometry and choosing the subsequent described options on the menu bar.

23. Click Geometry and select Layers on the menu bar to open the Layers window to assign
the soil properties to the soil layers in the longitudinal cross section.

24. Click on the tab Materials.

25. Assign the soil properties given in Figure 11.6.
26. Click OK to confirm the assignments.
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Boundaries Materials |

Available materialz Lavers

Mame |
Soft Clay
Medium Clay
Stiff Clay
Peat
Looge Sand
Denze Sand j
Sand
Gravel
Loam
Muck
Undetermined

Soft Organic Clay
1 Coarse Sand r

w

Coarge Sand
Soft Organic Clay

ak. I Cancel | Help |

Figure 11.6: Layers window, Materials tab

11.6 Calculated soil mechanical parameters in export file

The calculation of the settlement of the soil layers below the pipeline is performed exter-
nally by D-SETTLEMENT (formerly known as MSettle), the settlement calculation program of
the Deltares Systems tools. Therefore, the directory where the program is installed must be
given:

27. Click Tools on the menu bar and select Program Options to open the Program Options
window. Then select the Locations tab (Figure 11.7).

28. If needed, change the directory where the Settlement program is installed by clicking the
Browse button.

29. Click OK to confirm.

D Program Dptions
Wigw | General  Locations | Languagel Modulesl

Iv Savelast used cument directony as warking directany
‘wiarking directorny

I” Use MGeobaze database

MGeobase databaze
|D:\Program Filez%GeoDelit\MGeobaze'tGeobaze.g _I

Settlerment program
|D:\Program Files\D eltares\D5 ettlemnentsD S ettlement _I

Ok I Cancel | Help |

Figure 11.7: Program Options window, Locations tab

The other soil mechanical parameters are calculated automatically in D-GEO PIPELINE.
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30. To start the calculations click Calculation and select Start on the menu bar to or press
the function key F9. Ignore the message of Cu values of 0 above the drained undrained

boundary.

31. Click Results and select Report on the menu bar to look at the results of the settlement
calculation in paragraph 3.1 (Figure 11.8) and the calculation of the soil mechanical pa-
rameters in paragraph 4.1.

32. Click File and select Export Results as csv. ..

4 Deformations

4.1 Settlements of soil layers below the Pipeline

Yertical nr. Settlernent | Additional settlerment v
[ [rmm] [rrirn] [rm]
1 58 ] 58
2 735 0 735
3 0 0 0
4 0 0 0
5 0 0 0
B 0 0 0
7 0 0 0
8 0 0 0
] 0 0 0
10 0 0 0
1 0 0 0
12 0 0 0
13 0 0 0
14 0 0 0

Figure 11.8: Report window, Settlements along pipeline

the soil mechanical parameters.
33. Click on the Save button. The export file is saved on the same directory as Tutorial 4 and
can be opened using the Excel program for example (see Figure 11.9).

on the menu bar to create an export file with

A | B | ¢ D | | F | ¢ H| N S A |l o | » | o | R | s Tl v |

1
2]
3
4l
5 1 2 3 4 5 3 7 3 9 10 1 12 13 14 15 16 17 18 19 20 21
6 |Header Header Header Header Bunde Bunde Bundle |Bundle Bundle  Bundle  Bundle Pipe Pipe Pipe Pipe Section  Section  Section  Section  Section Section 5¢
7 - - - - - - - - - - - - - - Axial  Axial  Axal  Axal  Horizontal Horizontal H

e C C C C C C B C C C C C C B - N - - - - 8
9 |Company Software Date  Time  Pl)  P1G)  Pl@)  P2G) P2 P2z)  LengthPipPipenr  Diameter TThickness Material TuSection nr x y z from  Cuved D
0|1 [ Tyywyfom/e [hh:mm:ss] [m] [m] [ml [m] [ml [m] [ml - [mm] [rmm] - [m) [m] [rm] [m] [boolean]  [n
a1 D-Geo Pipe 22-7-2013  23:06:10 -80 0 232 180 0 232 28406 1 400 36.4/Polyethene 1 -80 0 232 1035 ToDoBool
az| D-Geo Pipe 22-7-2013  23:06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 2 -60 0 -299  31.04ToDoBool
3] D-Geo Pipe 22-7-2013  23:06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 3 -40 0 746 5154 ToDoBool
4] D-Geo Pipe 22-7-2013  23:06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 4 -20 0 -1087 7183 ToDoBool
5] D-Geo Pips 22-7-2013  23:06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 5 0 0 1326 9198 ToDobool

16 D-Geo Pips 22-7-2013  23:06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 6 20 0 1463 11203 ToDoBool
7] D-Geo Pipe 22-7-2013  23.06:10 80 0 232 180 0 232 28406 1 400 364 Polyethene 7 40 0 15 132.03 ToDoBool
18] D-Geo Pipe 22-7-2013  23:.06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 8 60 0 15 152,03 ToDoBool
9] D-Geo Pipe 22-7-2013  23:.06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 9 80 0 1463 17204 ToDeBool
20| D-Geo Pipe 22-7-2013  23:.06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 10 100 0 1326 19209 ToDeBool
21 D-Geo Pipe 22-7-2013 23.06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 11 120 0 -1087 21223 ToDeBodl
22| D-Geo Pipe 22-7-2013 23.06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 12 140 0 746 23252 ToDeBod
23] D-Geo Pipe 22-7-2013  23.06:10 -80 0 232 180 0 232 28406 1 400 364 Polyethene 13 160 0 -299 25302 ToDeBodl
24| D-Geo Pipe 22-7-2013 23.06:10 -80 0 232 180 0 232 28406 1 400 364 /Polyethene 14 180 0 232 27371 ToDeBodl

Figure 11.9: Content of the export file for Tutorial 4

The export file contains:

< Horizontal soil data

¢ Vertical soil data

¢ Soil data for friction
¢ Data of pipeline

For more information, refer to section 3.1.2.
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Conclusion

A pipe stress and settlement analysis has been performed for a polyethylene pipe in a layered
soil. The inputs and results of this calculation have been exported in a csv file in order to
perform an extended stress analysis using an other program such as SCIA pipeline.
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12 Tutorial 5: Drilling with a horizontal bending radius

12.1

This fifth exercise considers installation of a polyethylene pipeline by using the technique
horizontal directional drilling. The exercise focuses on a horizontal bending radius in the
design of the drilling line.

The objectives of this tutorial are:

¢ To schematize a horizontal bending;
¢ To calculate pulling forces in the horizontal bending;
<& To perform a pipe stress analysis for the design with a horizontal bending radius.

The following module is needed:
¢ D-GEO PIPELINE Standard module (HDD)

This tutorial is presented in the file Tutorial-5.dri.

Introduction to the case

A horizontal bending radius in the design drilling line is observed more frequent. Often the
horizontal bend is part of one of the vertical bending radii. In case the horizontal bending
radius coincides with part of a vertical bending radius, a combined 3-dimensional bending
radius is formed. For the design of the horizontal directional drilling line, the pull back force and
the strength calculation it is necessary to determine the value of the 3 dimensional bending
radius.

The value of the three dimensional bending radius can be calculated as follows:

| R? x R?
Reombi = m (12.1)

where:

Reombi is the combined bending radius, in m;
Ry, is the horizontal bending radius, in m;
R, is the vertical bending radius, in m.

The combined bending radius is used to calculate the pulling force during the pull back oper-
ation and is used in the pipe stress analysis in D-GEO PIPELINE.
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Figure 12.1: Pipeline configuration of Tutorial 5

This tutorial is based on continuation of the file used in Tutorial 3 (chapter 10).

1. Click File and select Open on the menu bar to open the Open window.

Select Tutorial-3 and click the Open button to open the file.

3. Click File and select Save as on the menu bar to open the Save As window and rename
the file into <Tutorial-5>.

4. Click the Save button to save the file for Tutorial 5.

5. On the menu bar, click Project and then choose Properties to open the Project Properties
window.

6. Fill in <Tutorial 5 for D-GEO PIPELINE > and <Drilling with a horizontal bending radius>
for Title 1 and Title 2 respectively in the Identification tab.

7. Click OK.

A

Pipeline Configuration

The horizontal bend must be specified in the pipeline configuration window.

8. Click Pipe and select Pipeline Configuration on the menu bar to open the Pipeline Config-
uration window.
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Figure 12.2: Pipeline Configuration window

. Enter the values given in Figure 12.1.
Click OK to confirm.

Look at the entered horizontal bending on the Top View tab of the View Input window
(Figure 12.3).
Look at the longitudinal cross section on the Input tab of the View Input window and notice
the elongation of the longitudinal cross section. Therefore it is recommended to check, in
case of projects with changing 3D pipeline configurations, if the soil layer sequence in the
longitudinal cross section is still reliable (according to the soil investigation data).
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[Edit
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Figure 12.3: View Input window, Top View tab

Note: The horizontal bending is indicated with a black bold line in the longitudinal cross
section (Figure 12.4).
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Figure 12.4: View Input window, Input tab

12.3 Calculation of the pulling force and pipe stress analysis

The results of the pulling force calculation are shown in the D-GEO PIPELINE report which is
created automatically after finishing the calculations.

13. To start the calculations click Calculation and select Start on the menu bar or press the
function key F9.
14. Click Results and select Report n the menu bar to look at the results of the pulling force
calculations. The results can be found on paragraph 5.3 (Figure 12.5).

Note the increase in pulling force due the horizontal bending radius compare to the case
without bending (see results of Tutorial 3 in Figure 10.11).

5.3 Calculation Pulling Force

During the pulback operation the pipe experiences friction which is based on:

- friction between pipe and pipe-raller (f1 =0.10)
- friction between pipe and drilling fluid {f2 = 0.000050 [N/mm?]
- friction between pipe and soil (f3 =0.20 )

Due to the friction a pulling force is induced in the pipeline
The pulling direction of the product pipe is from left to right

This calculation takes into account that the length of the pipe on the rollers decreases while pulling back the
pipelineg. During the pull back operation the bore hole is supposed to be stable

Characteristic points Length pipe in Expected
bore hole (m) pulling force (kM)
T1 0 11
T2 25 17
T3 129 44
T4 155 50
5 260 79
T6 254 85

The calculated pulling force is the mean value. It is recommended to use a contingency factor of at least 1.4 for
the stress analysis. In the subsequent pipe stress analysis a factor of 0.00 is used and a load factor of 1.10 (steel
only)

The maxdmum reprasentative pulling force i1s 392 kN, calculation factor excluded. At this pulling force level the
stresses in the pipeline are equal to the maximum allowable stress.

Figure 12.5: Report window, Calculation Pulling Force

In paragraph 5.1 (Figure 12.6), the data for the pipe stress analysis is given. The value of the
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minimal bending radius is equal to R, = 386 m.

5.1 General Data

Pipeline diameter
Wall thickness
Unit weight pipeline material

Unit weight drilling fluid pullback operation
Minimum bending radius

Friction coefficient pipefrollers

Friction between pipe and drilling fluid
Friction coefficient pipe / soil

Maximal modulus of subgrade reaction

Do = 400,00 mm
t=36.4 mm
gamma_s = 9 54 kh/m?®

gamma_b = 11.10 kMN/m?®
R =386m

f1=010

f2 = 0.000050 MN/mm?2
f3=020

kv, max = 62287 kih/m?

Figure 12.6: Report window, General Data

The minimum bending radius is used to calculate the stresses in the pipeline. In the assess-
ment table in paragraph 6.3 of the report, the influence of a smaller bending radius is visible:
higher axial and tangential stresses in both the installation stages and the operational stage

after installation.

Conclusion

This tutorial models a horizontal bending in the pipeline configuration. The calculated pulling
forces increase compare to the case without horizontal bending presented in Tutorial 3.
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13 Tutorial 6: Installation of bundled pipelines

13.1

This sixth tutorial considers installation of a bundle consisting of five polyethylene pipelines by
using the technique horizontal directional drilling. The exercise focuses on the background of
the automatic bundle calculation in D-GEO PIPELINE.

The objectives of the exercise are:

¢ To calculate the drilling fluid pressures for the pull back operation;
¢ To calculate the pulling force on the bundled pipelines during the pull back operation;
<& To perform an automatic pipe stress analysis for the pipelines in the bundle.

The following module is needed:
¢ D-GEO PIPELINE Standard module (HDD)

This tutorial is presented in the file Tutorial-6.dri.

Introduction to the case

The calculations required for the installation of bundled pipelines using the horizontal direc-
tional drilling technique are rather similar to those for the installation of a single pipeline.
Differences exist in the calculations:

¢ For the minimal required drilling fluid pressure during the pull back operation
<& For the pulling force during the pull back operation
<& For the pipe stress analysis (differences in assumptions)

Ad 1) Of course the available space for the back flow of the drilling fluid is different in case of a
bundled pipeline. For calculation of the minimal required drilling fluid pressure, D-GEO PIPELINE
assumes flow of the drilling fluid

<& through the space in between the bundle and the borehole wall
¢ and through the space in the bundle, in between the pipelines.

Ad 2) Important parameters for the calculation of the pulling force during the pullback operation
are the total effective weight of the (filled) pipelines in the bundle and the total stiffness of the
bundle which determines the soil reaction force in curved sections of the drilling line. In
D-GEO PIPELINE the pulling force is calculated for an equivalent pipeline with the weight and
stiffness parameters of the bundled pipelines.

1=1
Elgq= ) EI (13.1)
i=1
™ ™
Grot = Z (ZDﬁ;i 1 (Doj — 2dn;i)2> X (13.2)
where:

is the total number of pipelines in the bundle;
oi is the outer diameter of pipeline 7, in m;

i is the wall thickness of pipeline z, in m;

is the unit weight of pipeline 7, in kN/m?;

is the Young’s modulus of pipeline %, in kKN/m?;

&2 TS
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1 is the moment of inertia of pipeline 7, in m*;
qu is the moment of inertia of the bundle, in m*.

The calculated pulling force is acting on all the pipelines in the bundle. The magnitude of the
pulling force of a pipeline in the bundle is derived by dividing the total pulling force over the
cross section area of the wall of the pipelines with equal stiffness.

In case the stiffness of the pipeline materials is significantly different (for example a combined
bundle of steel and PE pipelines), a different approach is applied. In addition to the previous
described dividing procedure, the total pulling force is assigned to the stiffer pipeline (steel
pipeline).

Ad 3) The pipe stress analysis for a pipeline in the bundle is quite similar to the pipe stress
analysis for a single pipeline in the bore hole. The only difference in the pipe stress analysis
is the contact between the pipeline and the surrounding soil (single pipeline) and the contact
between the pipeline and the adjacent pipelines (bundle). Therefore the load angle and the
bedding angle should be adapted in case of a bundled pipeline. In this tutorial angle values
of 30 degrees are assumed and entered manually.

Table 13.1: Pipes properties (Tutorial 6)

Pipe 1 Pipe 2
Material quality PES8O PES8O
Young’s modulus (short term) [N/mm?] 1000 1000
Young’s modulus (long term) [IN/mm?] | 200 200
Allowable strength (short term) [N/mm?] 10 10
Allowable strength (long term) [IN/mm?] | 8 8
Tensile factor [-] 0.65 0.65
QOuter Diameter [mm] 400 160
Wall thickness [mm] 36.4 12.3
Unit weight pipe material [KN/m3] 9.54 9.54
Design pressure [Bar] 4 4
Test pressure [Bar] 5 5
Temperature variation [°C] 5 5

This tutorial is based on continuation of the file used in Tutorial 5 (chapter 12).

—

. Click File and select Open on the menu bar to open the Open window.

Select Tutorial-5 and click the Open button to open the file.

3. Click File and select Save as on the menu bar to open the Save As window and rename

the file into <Tutorial-6>.

Click the Save button to save the file for Tutorial 6.

On the menu bar, click Project and then choose Properties to open the Project Properties

window.

6. Fillin <Tutorial 6 for D-GEO PIPELINE > and <Installation of bundled pipelines> for Title 1
and Title 2 respectively in the Identification tab.

7. Click OK.

A

oA
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13.2 Product Pipe Material Data

The dimensions and the properties of the product pipes in the bundle should be specified.

8. Click Pipe and select Product Pipe Material Data on the menu bar to open the Product
Pipe Material Data window for specification of the dimensions and properties of the product
pipes in the bundle.

9. Change the following values for Pipe 1 in the fields on the right side of the window (Fig-

ure 13.1).
=
Pipe material
" Steel |
D atabase

=y {+ Polyethene

Fipe 3

Fipe 4

Fipe 5 I

P I aterial quality [P) PES0

roung's modulus [short] [M/mim 2] |1 000,00
roung's modulus (long) [M/mim 2] IZUEI.UD
Allowable strength (shart) [M#rnirn 2] |1 0.o0

Allowable strength (long) [Mémm?  |2.00
Tensile factor [] |05

Outer diameter product pipe (Do) [mm] |1 E0.00

Wwall thickness [mm] I‘I 230
LInit weight pipe material [kM/m3]  |9.54
Pressures
Design pressure [bar] |4.00
5.00
add [ Test pressure [bar]
Delete | Fename| - Temperature variation [deqC] |5.00

Ok I Cancel | Help |

Figure 13.1: Product Pipe Material Data window

10. Click on the Add button _#4_| on the left side of the window to declare a pipeline with the
name <Pipe 2>.

11. Enter the values for Pipe 2 (Table 13.1), in the fields on the right side of the window.

12. Click on the Add button on the left side of the window three times to add three more pipes.
Notice that the material properties of Pipe 2 are automatically copied to these pipes.

13. Use the Rename button on the left side of the window to rename the new pipes into
<Pipe 3>, <Pipe 4> and <Pipe 5>.

14. Click on OK to confirm the specified product pipe material data.

The bundle now consists of five pipes:

¢ Pipe nr. 1: 400 mm SDR 11 PE 80
¢ Pipe nr. 2: 160 mm SDR 13 PE 80
¢ Pipe nr. 3: 160 mm SDR 13 PE 80
<& Pipe nr. 4: 160 mm SDR 13 PE 80
¢ Pipe nr. 5: 160 mm SDR 13 PE 80

13.3 Drilling Fluid Data

The properties of the drilling fluid and the operation parameter values should be specified for
the bundle.
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15. Click Pipe and select Drilling Fluid Data on the menu bar to open the Drilling Fluid Data
window for specification of properties of the drilling fluid.

16. Enter the values of Figure 13.2 for installation of the bundle. The bedding and the load
angle are 30 degrees since contacts in between the pipelines are expected. These values
are used in the pipe stress analysis to determine the moment coefficients. The values for
the special pipe stress analysis do not have to be entered.

17. Click on the OK button to confirm the input of the specified value.

Note: The equivalent diameter of the bundle is calculated automatically. The equivalent
diameter amounts to Deq = 1/0.4% + 4 x 0.16% = 0.512 m.

x
Liill pipe and bore hole dimensions
Outer diameter pilot hole [rn] IW
Oluter diameter pilat pipe [rn] IW
Outer diameter pre-ream hole [rn] IW
Oluter diameter drillpipe [rn] IW
Outer diameter borehole [rn] IW
Outer diameter product pipe [Da) [rn] IW
Characteristics af driling fluid flow
Annular back flow rate pilatboring [Liter/minute] IW
Annular back flow rate pre-reaming [Liter/minute] IW
Annular back flow rate ream and pull-back. [Liter/minute] IW
Circulation loss factor pilatboring [ IF
Circulation loss factor pre-reaming [ IF
Circulation loss factor ream and pull-back [ IF
Properties of driling fluid
Urit weight 1) km
Yieldpoint (1) kme [ootd
Plastic vizcosity {p) [kM.z/m ] IW

ak I Cancel | Help |

Figure 13.2: Drilling Fluid Data window

13.4 Engineering Data

Since the engineering properties for a bundle are different from single pipeline installation
properties, values of the engineering properties have to be changed.

18. Click Data and select Engineering data on the menu bar to select the Engineering Data
window. This will result in the window shown in Figure 13.3.
19. Do not fill the pipe on the rollers and enter the values of Figure 13.3 in the standard input

window.

20. Click on the OK button to confirm the input of the specified values.
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x
Mizcellansous
% Standard " Advanced
[~ PFipe filed with water on rallers
[~ Pipe always filled [Implosion)
Part of pipe filed with fluid during pull back oo
Unit weight fluid kme] [0
Bedding angle [deg] m
Laad angle [dea] |20 A
Friction
Factar of friction pipe-raller [f 1] [l IF
Friction pipe-mud [f 2) M4mm?] [00000S0 |
Factar of friction pipe-soail [ 3] [l IF

’TI Cancel | Help |

Figure 13.3: Engineering Data window

Factors

D-GEo PIPELINE performs the calculations of the drilling fluid pressures according the Dutch
regulations described in the NEN 3650 series (NEN, 2012a,b,c) and in NEN 3651 (NEN,
2012d). The safety philosophy described in the NEN 3650-1 Annex B and D is applied on the
calculations.

21. Click Defaults and select Factors on the menu bar to select the contingency and safety
factors window for watching the default values or adapting this values.

22. Due to the pull back of the bundled pipelines the risk on higher pulling forces than calcu-
lated is present. According to the NEN 3650-1 (article E.1.2.3), the contingency factor on
the pulling force should be 1.8. Change this value into <1.8> as shown in Figure 13.4.

23. Click OK to confirm.

x
Safety factors an implozion [PE ] Mizcellaneous
Implogion at long term [-] l?aﬂ— Factor of importance [5) [l 1o
Implosion at short kerm [] IT Allowable deflection of pipe [Steel] [%] W
Contingency factors Piggabilty [Steel) [%] |5- oo
Total unit weight (NEN] [ 1.10 Allowable deflection of pipe [PE] [%] IB. oo
Cu/cohesion [NEM) 8 IT Piggability [FE] [%] |5. oo
Andle of internal friction [Phi] [NEM) [ |1 10 Urit weight water [kN/m 3] |1 0.00
E-modulus (NEM] Al IT Safety factor cover [drained layer] [ IW
Pulling force [NEN] Al IT Safety factor cover [undrained layer) [ IW
Moduluz of subgrade reaction [NEN] [] IW
Soil load On [MEM] [] IT
Pressure borehaole [MEM) [] IT
Bending moment [Steel] [] IT
Bending moment [PE] [] IT

Ok I Cancel Helg

Figure 13.4: Factors window
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13.6 Results

The results of the pulling force calculation are shown in the report which is created automati-
cally after finishing the calculations.

24. To start the calculations click Calculation and select Start on the menu bar to tart the
calculation or press the function key F9.

25. Click Results and select Report on the menu bar to view the results of the pulling force
calculations. The results can be found in paragraph 5.3 (Figure 13.5).

5.3 Calculation Pulling Force
During the pullback operation the pipe experiences friction which is based on
- friction between pipe and pipe-roller (f1 =0.10)
- friction between pipe and drilling fluid {(f2 = 0.000050 [MN/mm?]
- friction between pipe and soil (f3 =0.20)

Due to the friction a pulling force is induced in the pipsline
The pulling direction of the product pipe is from left to right

This calculation takes into account that the length of the pipe on the rollers decreases while pulling back the
pipeline. During the pull back operation the bore hole is supposed to be stahle.

Characteristic points Length pipe in Expected
bore hale {m} pulling force (kM)
T1 0 17
T2 25 27
T3 128 71
T4 155 81
5 280 129
e 284 138

The calculated pulling force is the mean value. It is recommended to use a contingency factor of at least 1.4 for
the stress analysis. In the subsequent pipe stress analysis a factor of 0.00 is used and a load factor of 1.00 (steel
only)

Figure 13.5: Report window, Calculation Pulling Force

Notice that the total pulling force is divided over the pipelines in the bundle for pipe stress
analysis purposes. The pipe stress analysis per pipeline is described in the paragraphs 6 to
10.
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14 Tutorial 7: Face support pressure for micro tunneling

14.1

This seventh tutorial considers installation of a gas pipeline crossing underneath a railway by
using micro-tunneling. The gas pipeline consists of steel pipe sections. The exercise focuses
on the basic calculation set up for micro-tunneling in D-GEO PIPELINE.

The objectives of the exercise are:

¢ To make a schematization of the pipeline installation by micro tunneling;
¢ To evaluate the minimal required and maximal allowable shield pressure at the face of
the tunneling machine.

The following modules are needed:

¢ D-GEO PIPELINE Standard module (HDD)
¢ Micro Tunneling module

The result of this tutorial is presented in the file Tutorial-7.dri.

Introduction to the case

Micro-tunneling in general uses a remote controlled micro tunnel boring machine (MTBM).
The micro tunnel usually starts horizontal at a certain level below the surface. Drive and
reception shafts are created for the MTBM. In the drive shaft a jacking frame and MTBM are
installed. The jacks will push the pipe section elements section by section ahead towards
the reception shaft. The MTBM is at the front of the advancing micro tunnel. As the length
of the advancing micro tunnel increases so do the friction forces along the pipe segments.
Lubrication fluid may be applied for lubrication.

=-90m
=190m

entry: X
exit: X

————— o ——

S——
o ———}——————

&
3

\ micro-tunneling

silty sand

Figure 14.1: Pipeline configuration for Tutorial 7

Very often at the face of the MTBM drilling fluid is used for, soil removal and front stabilization.
Careful planning and monitoring of the face support pressures is required: When the pressure
is excessive this may cause a blow out; if the pressure is too low collapse of the soil in at
the drilling front may cause excessive subsidence. The pipeline configuration is shown in
Figure 14.1.
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The soil properties of the silty sand layer are provided in Table 14.1.

Table 14.1: Properties of the silty sand layer (Tutorial 7)

14.2

Dry unit weight [kN/m®] 18
Wet unit weight [kN/m°] 20
Cohesion [kN/m?] 0
Angle of internal friction [°] 30
Undrained strength top [kN/m?] 0
Undrained strength bottom [kN/m?] 0

E modulus top [kN/m?] 10000
E modulus bottom [kN/m?] 15000
Adhesion [kN/m?] 0
Friction angle (Delta) [°] 20
Poisson’s ratio [-] 0.35

The pipeline material used in this tutorial is a steel 240 with the properties given in Table 14.2.

Table 14.2: Properties of steel material (Tutorial 7)

Pipe material Steel 240
Outer diameter [mm] 1200
Overcut [mm] 15

Wall thickness [mm] 224
Young’s modulus [N/mm?] 205800
Unit weight pipe material [kN/m3] 78.50

This tutorial starts with the selection of the pipeline installation model.

Model selection

The micro tunneling model must be selected to carry out the current tutorial.

noitemsep

1. Click File and choose New on the menu bar to start a new project.

2. In the New File window select the option New geometry to start. This will result in an
empty geometry.

3. Save the project by clicking Save As in the File menu and by entering <Tutorial-7> as
project name.

4. Click Save to close this window.

5. On the menu bar, click Project and then choose Model to open the Model window (Fig-
ure 14.2).

6. Select Micro tunneling and click OK.
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Model x|

Model
= Haorizontal directional drilling

¥ | Ends &t surface
|Dutch Standard NEN =]

= Constuction in trench

Settlement
[~ Use settlement

{* Koppejan

" |sotachen

0k I Cancel | Help |

Figure 14.2: Model window

7. On the menu bar, click Project and then choose Properties to open the Project Properties
window.

8. Fillin <Tutorial 7 for D-GEO PIPELINE > and <Gas pipeline installation by micro tunneling>
for Title 1 and Title 2 respectively in the Identification tab.

9. Inthe other tab of the Project Properties window, modify (if not already done) some defaults
values according to Figure 14.3 in order to make the graphical geometry more understand-

able.
10. Click OK.
x
|dentification  iew Input |
Dizplay Label:

¥ Info Bar v Faints

v Legend v Calculation Verticals

[~ Same Scale for » and y Agiz v Layers

v Laper Colors Layer labels az

* Layer Mumbers

- " Material Mumbers
W Qrigin = Material Names

[~ Large Cursor

v Rulers

v Calculation Werticals Grid
& po v Shaw Grid
v Points

v Snap to Grd

Grid distance  [m] I'I.DDD

Ok, I Cancel | Help |

Figure 14.3: Project Properties window, View input tab
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Geometry

Firstly, the geometry of Figure 14.1 needs to be given in D-GEO PIPELINE. In order to do this,
the following actions should be performed:

11.

12.

13.

14.

15.

16.

17.

18.

First enlarge the dimensions of the geometry window by selecting the left boundary by
clicking the left mouse button, then click the right button and select Properties. This will
result in the coordinate window for the left boundary as shown in Figure 14.4. Enter coor-
dinate X of <100 m>.

x
Limit at left side: [m] |-100.000
oK I Cancel |

Figure 14.4: Left Limit window

Repeat the previous described actions for the right boundary and shift the boundary to
coordinate X of <200 m>. The width in between the left and the right boundary is now
300 m.

Select the drawing button Zoom limits %
appears in the center of the screen.
Unselect the drawing button Automatic regeneration of geometry on/off E from the Tools
panel.

Select the drawing button from the Edit panel Add single line 'l to draw the surface line of
the longitudinal cross section of the horizontal directional drilling and position the straight
surface line at Z = 5 m. Use the right mouse button to finish the line.

Select again the drawing button Add single line to draw the lower boundary of the lon-
gitudinal cross section of the horizontal directional drilling and position the straight lower
boundary line at Z = —40 m. Use the right mouse button to finish the line.

Select the drawing button Automatic regeneration of geometry on/off from the Tools panel
so that the geometry as shown in Figure 14.5 appears.

Select the drawing button Add pl-line(s) = from the Edit panel and position the level of the
groundwater at coordinate Z = 0 m. Use the right mouse button to finish the line. The blue
dashed line represents the groundwater line (PL line).

from the Tools panel so that the drawn geometry

T i
Geometiy (\npul {TUDV\EW S

Layers

[ 1.Soft Clay

o

o

LB
=

Bl
S

=

2]

8

8

&

- . -100.000 200.000
] =

[LZ300 Z:11.00 Add single ineis) |Eurrent objest None

Figure 14.5: View Input window, Geometry tab
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14.3.1 Soil layer properties

The properties of the soil layers should be specified in the menu materials, which can be
entered by clicking soil. In this tutorial only one soil layer is considered.

19. Click Soil and select Materials on the menu bar to open the Materials window (Figure 14.6)
and enter the soil data.

20. Add a new material by choosing Add button below the materials list on the left side of the
window with the new <Silty Sand>.

21. Enter the soil data as given in Table 14.1.

22. Finish the input of soil data by clicking OK.

Materials x|
atenal narme Total Unit 'weight
Soft Clay Abave phreatic level [kN/m3] I'I .00
Medium Clay
Stiff Clay Below phreatic level [kM/m3] |2D. oo
Peat
Looge Sand
Dienze Sand Cohesion [kW/m2] |0.00
Sand
Gravel Phi [dea] |3D. i}
Loam
Muck Cutop [kMAma] |0.00

Lindetermined

iSilky Sand Cu bottom [kMAm@] |0.00
Ermod top kh/ma] [1000000
Ermod bottom (kN/me] [1500000
Adhesian [kNAmz] [0.00

Add Insert | = Friction angle [Delta) [deg.] W

Delete | Rename| + Paizson ratio [Nu) [ |035

ak. I Cancel | Help |

Figure 14.6: Materials window

The defined soil properties and the groundwater level have to be assigned to the drawn ge-
ometry of the longitudinal cross section. The assignments can be carried out by clicking
geometry and choosing the subsequent described options on the menu bar.

14.3.2 Phreatic Line

23. On the Geometry menu, select Phreatic Line to open Phreatic Line window (Figure 14.7)
in which the phreatic line for calculation of the groundwater pressures can be selected.
24. Choose PL-line nr. <1> (only one phreatic line is available) and click OK.

Phreatic Line x|

Select the PlLine [by

nuriber] which acts az m
phreatic line:

Figure 14.7: Phreatic Line window

14.3.3 Layers

25. Click Geometry and select Layers on the menu bar to assign the soil properties to the soil
layers in the longitudinal cross section. To assign a material to a layer, select the Material
tab.
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26. Assign the properties of the defined layer Silty Sand to layer nr 1 in the longitudinal cross
section. The available soil layers with defined properties are shown in left column of the
materials window. The layers in the longitudinal cross section are shown in the right column
of the materials window. The defined properties are assigned to layer nr 1 by clicking the
arrow in between the columns. This will result in the Material tab shown in Figure 14.8.

x|
Boundaries Materials |

Available materialz Lavers

Mame | Murnber M aterial narme Load
Soft Clay »
M edium Clay
Stiff Clay
Peat
Loose Sand

Denze Sand
Sand
Gravel

Loam
Muck
Undetermined

~ [

u] | Cancel | Help |

Figure 14.8: Layers window, Materials tab

27. Click OK to quit the window and return to the geometry window to watch the change of
layer name in the legend.

14.3.4 PL-Lines per Layers

28. Click Geometry and select PL—lines per Layers on the menu bar to open the PL—lines
per Layer window (Figure 14.9) in which the defined PL-lines to the soil layers in the
longitudinal cross section can be defined. This window contains the information for the
calculation of the groundwater pressure distribution. In this tutorial only one PL-line is
defined. The groundwater pressure at the top of the silty sand layer and the bottom of this
layer should be calculated based on the hydraulic head of PL-line 1.

29. Click OK to close the window.

D PL-lines per Layer x|

Layer PL-line PL-line
Mumber at top at bottom

» 1 1 1

i)

Cancel | Help |

Figure 14.9: PL-lines per Layers window

196 of 324 Deltares



Tutorial 7: Face support pressure for micro tunneling

14.3.5 Check Geometry

14.4

30. The geometry can be tested by clicking Geometry and selecting Check Geometry on
the menu bar. If the geometry is entered properly, the message shown in Figure 14.10
appears.

31. Click OK to close the window.

x

\i) The geometry has been tested and is ok,

Figure 14.10: Check Geometry window

Pipeline Configuration

The pipe is installed in the silty sand layer starting and ending at respectively the start and
reception shaft at a level 11 m below surface. As the pipe trajectory is horizontal, the smallest
angle of entry allowed by D-GEO PIPELINE is defined, i.e. 0.1 degree. A small bending radius
restricts the curved part of the pipe near the entry and exit of the pipe, thus the rest of the
pipe will be exact along the lowest level of the pipe.

32. Click Pipe from the menu and select Pipeline Configuration to open the Pipeline Configu-
ration window.
33. Enter the values as presented in Figure 14.11.

x
%7-coundnates Harizantal bendings
Left paint %-coardinate [m] 80000 = -
=0 %1 [m] | 1 [ | %2 [m] | ¥2[m] |Radlus[m]| Direstion
Left paint -coardinate ] N
Left paint Z-coardinate [m] 5000
Riight pairt #-coardinale [m] [130.000 i
Riight pairt Y-coardinale ]
Riight pairt Z-coardinale [m] 5000

Angles [entry/sit

G

Angle left [dea]

Angle right [dea]

Bending radius

Eending radius left m]

Bending radius right m]

Bending redis plpeondlers o] [0.010
PFipe between radii

Lowest level of pipe [m] [5000
Angle of pipe [deg]

Thiusting direction product pipe

& From left o right  From right to left

ok | cencsl | Help

Figure 14.11: Pipeline Configuration window

34. Click OK to confirm.
35. Now examine the micro tunnel trajectory in the Input tab (Figure 14.12) and Top View tab
of the View Input window.
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Doviewingut P 1=
Geomely | Inpat L Top Wiew

Edit & N T - L -

=

Layers

[ 1.Sity Sand

=
4

w1
IRt

ST o000

L7200 [Current objeet; Mone

Figure 14.12: View Input window, Input tab

Pipe Material Data

The pipe material of the pipe which will be installed by micro tunneling is chosen. The char-
acteristics of the pipe must be specified as well.

36. Click Pipe from the menu and select Product Pipe Material Data to open the Product Pipe
Material Data window.

37. Enter the values as presented in Figure 14.13.

x|
Fipe mateial
{* Steel
= Synthetic
™ Concrete
Material quality [] ISteeI24D
Outer diameter product pipe (Do) [mm] I‘IZDD.DD
Owercut on radius [rrinn] |15
Wall thickness [mim] |22.4U
‘oung's modulus [N 2] |2DSSDD.DU
Unit weight pipe material [kM#m3]  |78.50
Ok I Cancel | Help |

Figure 14.13: Product Pipe Material Data window

The effect of the overcut on the radius of the pipe is explained in tutorial 9 (chapter 16).

Soil behavior

The strength of soil layers is dependent on the drained or undrained behavior of soil layers
during application the drilling fluid pressure at the front of the MTBM. Depending on the per-
meability of the soil layer, the soil will behave drained or undrained. A Sand layer is a well
permeable so called drained frictional material. The strength of this soil layer can be cal-
culated using the drained (effective) strength parameters effective cohesion (c) and angle of
internal friction (). In case of undrained behavior in other soil types, the strength of the soil
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can be calculated using the undrained strength parameter undrained cohesion (c,).

38. Click GeoObjects and select Boundaries Selection on the menu bar to open the Bound-
aries Selection window for specification of the soil behavior.

39. Choose the boundary between the undrained and drained layer on top of layer nr <1>
(Figure 14.14). This choice results in drained behavior of layer nr 1.

40. Choose the boundary between the compressible and incompressible layer on top of layer
nr <1>. This choice results is used for the calculation of the soil mechanical parameters.
Compressible layers yield higher soil loads on the pipeline due to incomplete arching.

41. Click OK to close this window.

Boundaries Selection x|

Boundaries
Top of layer
Dirained and undrained layers 1

Comprezsible and uncompressible lapers |1

Cancel | Help |

Figure 14.14: Boundaries Selection window

14.7 Calculation Verticals

The locations in the longitudinal cross section at which a calculation should be carried out
must be specified by the user. The user is able to perform calculations at uniform distances
along the longitudinal cross section but is also able to perform more calculations at short
distances at locations of interest.

42. Click GeoObjects and select Calculation Verticals on the menu bar to select the Calculation
Verticals window for specification of the calculation locations along the longitudinal cross
section.

43. Choose the Automatic generation of L co-ordinates option on the right side of the window
and choose the following values: <-80 m> for First, <180 m> for Last and <20 m> for
Interval.

44. Click on the Generate button and watch the result of automatic vertical generation on
the left side of the Calculation Verticals window. This will result in the window shown in
Figure 14.15.

45. Click OK to confirm the selected verticals and switch to the input window to watch the
location of the verticals in the longitudinal cross section.
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Calculation Yerticals

e [m]

=) L-coordinate

Additional Settlement

[mm]

L0000 |~ |0 |7 <m0 [P | —

e L |l [—

Automatic generation of L-co-ordinates

FEirst L [m] I-BD.DD
LastL [m] I'ISD.DD
Interyal [m] |2D.DD

Ok Cancel Help

X

Figure 14.15: Calculation Verticals window

14.8 Engineering Data

46. Select Engineering Data from the Pipe menu bar to open the Engineering Data window.
47. Enter the values as given in Figure 14.16.

Engineering Data

Miscellaneous
" Standard

" Advanced

Allowable thrust force

Yolume loss as percentage of overcut area

Felative displacement

Compreszion index
Modulus of subgrade reaction of lubrication fluid

Phi lubrication fuid

Adhesion lubrication fluid

Factor phi for reduced soil load

Delta lubrication fuid

Friction

Friction with injection of lubricant

Friction without injection of lubricant

[ o ]

i

[kWN]  |15000.00

1 [ioo

[ram]  |10.00
[] |600

[kM#m3  |500.00

[deg] |15.00
[kM¢m2]  |5.00
[] |o&0
[deg] |7.50

[kFa] |7.50
[kFa] |10.00

TR

Cancel

Help |

Figure 14.16: Engineering Data window

The maximum allowable thrust force is usually specified by the manufacturer of the pipe. The
volume loss determines the subsidence at the surface.
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14.9 Results: Operation Parameter Plots

The micro-tunneling machine changes the stress conditions in the soil. The deviations from
the original stress conditions (Figure 14.17) are largely determined by the size of the overcut
and the applied shield. Small deviations from the original conditions are acceptable as the
stability of soil adjacent to the micro-tunneling machine is maintained. A relative low face
support pressure may lead to collapse of the soil in front of the shield, which in turn may lead
to subsidence of the surface or to settlement of soil layers below a construction or pipeline.
A relatively high face support pressure can lead to a blow out of drilling fluid or may lead to
heave of the surface.

Figure 14.17: Schematization of stress condition for micro-tunneling

While drilling the shield pressures have to be kept between certain limits. To prevent the
possibility of collapse in of the soil in front of the micro tunneling shield, causing subsidence,
the soil at the front is kept stable by maintaining a minimal face pressure. Depending on the
soil type the minimal support pressure can be calculated using Jancsecz and Steiner theory
(drained behavior of the soil) (Jancesz and Steiner, 1994), or Broms and Bennermark theory
(undrained behavior of the soil) (Broms and Bennermark, 1967). In this tutorial the soil layer
which consists of silty sand exhibits drained soil behavior.

A maximum support pressure should not be exceeded to prevent uplift of the soil above the
micro-tunneling machine or a blow out of drilling fluid towards the surface. The support pres-
sure, at which the soil deformations are minimal during drilling should be in between the two
limits. At the neutral pressure, the face support pressure is in equilibrium with the current
horizontal soil pressure.

48. To start the calculations click Calculation and select Start on the menu bar or press the
function key F9.

49. Click Results and select Operation Parameter Plots from the menu bar to open the Oper-
ation Parameter Plots window.
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D Operation Parameter Plots

=10 x|

Face support pressure
W W 2000

1500 4

1000 4

Face support pressure (km2|

00

T T T T
500 1 00 1000 1500

L-coordinate [m]

Figure 14.18: Operation Parameter Plots window, Face support pressure tab

From the graph (Figure 14.18) it can be observed that for this simple tutorial situation the target
face support pressure during the pipeline installation should be between the determined limits
of the maximum allowable face support pressure and the minimum required face support

pressure. At the neutral pressure the face support pressure is in equilibrium with the current
horizontal soil pressure.
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15.1

Tutorial 8: Uplift and thrust forces for micro tunneling

This tutorial concentrates on the installation of a pipeline by using the micro-tunneling tech-
nique and is a continuation of the previous tutorial. It considers installation of a gas pipeline
consisting of welded steel pipes. The pipeline crosses underneath a railway by using micro-
tunneling.

The objectives of the exercise are:

¢ To evaluate the thrust force;
¢ To perform a check on the uplift safety.

The following modules are needed:

¢ D-GEO PIPELINE Standard module (HDD)
¢ Micro Tunneling module

This tutorial is presented in the file Tutorial-8.dri.

Introduction to the case

This tutorial considers a peat layer on top of the existing silty sand layer. The risk on uplift
of the empty pipeline in the peat layer is evaluated. The possibility of an alternative, longer,
micro tunneling trajectory is evaluated in this tutorial. A longer pipe string yields increased
friction forces which could possibly exceed the maximum allowable thrust force of the pipeline
or the jacking frame.
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o | =<
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€ | =
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!
| 5m
g 45m = |
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peat
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E
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- — .-

\ micro-tunneling

0

silty sand

Figure 15.1: Soil layers and pipeline configuration for Tutorial 8

The soil properties are provided in Table 15.1.
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Table 15.1: Properties of the layers (Tutorial 8)

Silty Sand Peat
Dry unit weight [kN/m°] 18 10.2
Wet unit weight [kN/m3] 20 10.2
Cohesion [kN/m?] 0 2
Angle of internal friction [°] 30 15
Undrained strength top [kN/m?] 0 10
Undrained strength bottom [kN/m2] 0 20
E modulus top [kN/m?] 10000 1000
E modulus bottom [kN/m?] 15000 1500
Adhesion [kN/m?] 0 2
Friction angle (Delta) [°] 20 5
Poisson’s ratio [-] 0.35 0.45

This tutorial is based on continuation of the file used in Tutorial 7 (chapter 14).

—_

. Click File and select Open on the menu bar to open the Open window.

oA

Select Tutorial-7 and click the Open button to open the file.

Click File and select Save as on the menu bar to open the Save As window and rename
the file into <Tutorial-8>.

Click the Save button to save the file for Tutorial 8.

On the menu bar, click Project and then choose Properties to open the Project Properties
window.

Fill in <Tutorial 8 for D-GEO PIPELINE > and <Micro tunneling: uplift and thrust forces>
for Title 1 and Title 2 respectively in the Identification tab.

Click OK.

Geometry of the longitudinal cross section

This tutorial considers a layered soil sequence. The typical Dutch soil sequence of a peat
layer on top of a silty sand layer will be considered. The peat layer is compressible and
exhibits a low permeability, while the sand layer is assumed incompressible and exhibits a
high permeability. The new soil layers should be specified in the geometry window.

8.

9.
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In the View Input window, switch to the Geometry tab to edit the existing soil layer se-
quence.

Click the Add polyline(s) | button from the Edit panel to draw an additional line which rep-
resents the lower boundary of the peat layer on top of the silty sand layer. The coordinates
of the cursor are given in the lower left side of the geometry window. Make the polyline
by clicking on the subsequent co-ordinates (Figure 15.2). Click the right mouse button to
escape from the polyline drawing.

L Co-ordinate £ Co-ordinate
[rn] [m]
1 100,000 4 /00
2 -40.000 4 /00
3 -20.000 -10.000
4 100.000 -10.000
E 123.000 2.000
B 200.000 2.000

Figure 15.2: Co-ordinates of the lower boundary of the Peat layer (before enlarging the
right limit)
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10. After finishing the polyline, mis-clicks can be corrected using the Edit button: select points
of the polyline by clicking on it with the left mouse button. Once the point is selected
(indicated with a red color), use the right mouse button to select the option Properties. . .
and to correct the co-ordinates of the lower boundary of the peat layer.

11. Change the position of the phreatic groundwater: select both points of the PL line (i.e. blue
dashed line) by clicking on it with the left mouse button, then select the option Properties. ..
and change the co-ordinate into Z = 5 m.

12. Enlarge the dimensions of the geometry window by selecting the right boundary by clicking
the right mouse button, then click the right button and select Properties. . .. This will result
in the coordinate window for the right boundary as shown in Figure 15.3. Enter coordinate
X of <400 m>.

x
Lirnit &t right side: [m] |4UD.DDD
oK I Cancel |

Figure 15.3: Right Limit window

13. Click the Zoom limits &=l button from the Tools panel so that the drawn geometry appears
in the center of the screen.

15.3 Soil layer properties
The properties of the soil layers in the layered soil sequence should now be specified.
14. Click Soil and select Materials on the menu bar to enter the soil data.

15. Select the existing soil material Peat.
16. Enter the soil data as given in Table 15.1.

17. Click OK.
Materials x
I aterial harie Tatal Unit Weight
Saft Clay &bave phreatic level [kN/m3] I'I 0.20
Medium Clay
Siff Clai Below phreatic level [kN#m3] I‘I 0.20
Loose Sand
Denze Sand Cohesion kN/m2] [200
Sand
Gravel Phi [dea] I'I 5.00
Loam
Muck Cutop [kM/m2] |1 0.00
Undetermined
Silty Sand Cu battom [kMN/m2] |2D. oo
Emad tap [kM/m2] I'I 000.00
Emad battam [kM/m2] |1 500.00
Adhesian [kMNAma] |2.00
Add insett | 1= Friction angle [Delta] [deg] [5.00
Delete | Rename| « Paizson ratio [Nu) [] |0.45
ok I Cancel | Help |

Figure 15.4: Materials window

The defined soil properties have to be assigned to the drawn geometry of the longitudinal
cross section. The assignments can be carried out in the Geometry menu.

18. Click Geometry and select Layers on the menu bar to open the Layers window.
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I aterial name Total Unit \weight
Soft Clay Above phieatic level [kM/m3] |1 020
Medium Clay
Stiff Cla Below phreatic level [kM/m3] |1 0.20
Loose Sand
Dense Sand Cohesion [kN/m&] |2.nn
Sand
Gravel Phi [dea] |1 5.00
Loarn
Fuck Cutop [kM/m#] |1D.DD
Undetermined
Silty Sand Cu battom [kM/ma] |2D. oo
Emod top [kM/m#] |1DDD.DD
Emod battam [kM/m#] |1 500.00
Adhesion [kM/m#] |2.DD
Add e Friction angle [Delta) [deq.] |5.DD
Delete | Rename| Paoizzon ratio (Nu) [] ID.45
Ok I Cancel | Help |

Figure 15.5: Layers window, Materials tab

19. Select the Materials tab.

20. Assign the properties of the defined layer Peat to layer number 2 in the longitudinal cross
section by clicking the Assign icon ~lin between the left and the right column.
21. Click on the OK button to quit the window and return to the Geometry tab of the View Input

window to look at the change of layers name in the legend (Figure 15.6).

Geometry {\nwl {TDDV\ew -

g e

I

B

0

[€] =

...400ooa.

[ 2peat
[ 1. sity Sand

|L2aro0 |z 1200 [Edit

[Current objset: None

Figure 15.6: View Input window, Geometry tab

22. The geometry can be tested by clicking Geometry on the menu bar and selecting Check
Geometry. If the geometry is entered properly, the message Geometry has been tested

and is OK appears.

23. Click OK to close this window.

Soil behavior

Strength of soil layers is dependent on the drained or undrained behavior of soil layers during
application the drilling fluid pressure. Depending on the permeability of the soil layer, the soil
will behave drained or undrained. The Silty Sand layer is well permeable so that the behavior
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of the silty sand layer is drained. The strength of this soil layer can be calculated using the
drained (effective) strength parameters effective cohesion (c) and angle of internal friction ().
In case of undrained behavior in the impermeable Peat layer, the strength of the soil can be
calculated using the undrained strength parameter undrained cohesion (cy).

The soil load on the pipeline after finishing the installation is dependent on the soil pipeline in-
teraction, which is in turn largely dependent on the soil behavior. As described in section 10.2
arching develops completely in incompressible soil layers, while in compressible layers the
reduced soil load on the pipeline is higher due to compression of the soil next to the pipeline.

24. Click GeoObjects and select Boundaries Selection on the menu bar to open the Bound-
aries Selection window for specification of the soil behavior.

25. Choose the boundary between the Drained and undrained layers on top of layer number
<1> (Figure 15.7). This choice results in drained behavior of layer number 1.

26. Choose the boundary between the Compressible and uncompressible layers on top of
layer number <1>. This choice results in full development of arching in layer number 1
while in layer number 2 arching is not fully developed.

27. Click OK to close this window.

Boundaries Selection x|

Boundaries
Top of layer
Dirained and undrained layers 1

Comprezsible and uncompressible lapers |1

Cancel | Help |

Figure 15.7: Boundaries Selection window

15.5 Pipeline Configuration

The tunneling length will be increased by changing the entry and exit locations.

28. Click Pipe and select Pipeline Configuration from the menu bar to open the Pipeline Con-
figuration window.

29. Change the X-coordinates of the left and right points to respectively <-90> and <390>
as shown in Figure 15.8.

30. Click OK.
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Pipeline Configuration

H.r-coordinates

Left point X-coordinate
Left point ¥-coordinate
Left point Z-coordinate
Right paint *-coordinate
Right paint Y-coordinate
Right point Z-coordinate

Angles [entry/exit]
Angle left
Angle right

Bending radivs

Bending radius left
Bending radius right

Bending radivs pipe anjrallers

Pipe between radii

Lowest level of pipe

Angle of pipe

Thrusting direction praduct pipe
& From left to right

[m]
[m]
[m]
[m]
[m]
[m]

[deg]
[deg]

[m]

[m]

[m]
[deq]

-90.000

-6.000
330,000

-6.000

T T TR

" From right to left

Harizantal bendings

#1 [m] | 1 [m] | ®2 [m] | 2 [m] | Radius [m] | Direction

3 [#
i

[ ]

Cancel

Help

Calculation Verticals

Figure 15.8: Pipeline Configuration window

The locations in the longitudinal cross section at which a calculation should be carried out
must be specified by the user. The user is able to perform calculations at uniform distances
along the longitudinal cross section but is also able to perform more calculations at short
distances at areas of interest.

31. Click GeoObjects and select Calculation Verticals on the menu bar to select the Calculation
Verticals window for specification of the calculation locations along the longitudinal cross
section. This will result in the window shown in Figure 15.9.

32. Choose the Automatic generation of L co-ordinates option on the right side of the window
and choose the following values: <—80 m> for First, <380 m> for Last and <20 m> for

Interval.

33. Click on the Generate button and watch the result of automatic vertical generation on the
left side of the Calculation Verticals window.
34. Click OK to confirm the selected verticals and switch to the input window to watch the
location of the verticals in the longitudinal cross section.
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Calculation ¥Yerticals

L-coordinate Additional Settlement
[m] [mm]
1 40.00 0.0
2 E0.00 0.0
3 40.00 0.0
4 20.00 0.0
5 0.00 0.0
5} 20.00 0.0
Fi 40.00 0.0
8 E0.00 0.0
9 20.00 0.0
1] 100.00 0.0
1 120.00 0.0
2 140.00 0.0
3 160.00 0.0
4 120.00 0.0
5 200.00 0.0
B 220.00 0.0
7 240.00 0.0
8 260.00 0.0
13 280.00 0.0
20 300.00 0.0
21 320.00 0.0
22 240.00 0.0
23 360.00 0.0
24 380.00 0.0

Automatic generation of L-co-ordinates

First L [r] I-BD.DD
LastL [r] IBSD.DD
Interyal [m] |2D.DU
Ok, | Cancel | Help

x|

15.7 Engineering Data

Figure 15.9: Calculation Verticals window

35. Select Engineering Data from the Pipe menu bar to open the Engineering Data window.
36. Enter the values as given in Figure 15.10.

37. Click OK.

Deltares

Engineering Data

Miscellaneous
" Standard " Advanced

Allowable thrust force

Yolurme loss as percentage of overcut area
Fielative displacement

Compression index

Modulus of subgrade reaction of lubrication fluid
Fhi lubrication fluid

Adhesion lubrication fluid

Factor phi for reduced soil load

Delta lubrication fluid

Friction

Friction with injection of lubricant

Friction without injection of lubricant

[ o ]

i

[kN] 1000000
[ 100
[rrn]  |10.00
[] |&00
[kM#m=  |500.00
[deg] |15.00
[kM/m2] |5.00
[] |05
[deg] |7.50

kPa] [7.50

TN

kPa] [10.00

Cancel Help |

Figure 15.10: Engineering Data window
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15.8 Reslults

The schematization of the longitudinal cross section along the pipeline which will be installed
by using micro tunneling is changed. A calculation can now be performed.

38. To start the calculations click Calculation and select Start on the menu bar or press the
function key F9.

15.8.1 Thrust Force

39. Open the Operation Parameter Plots window from the Results menu and select the Thrust
forces tab (Figure 15.11).

This graph shows the calculated thrust force versus the length of pipe jacked into the sub-
surface. It is easily recognized that the lubricated as well as the dry thrust force exceed the
maximum allowable thrust force as indicated by the manufacturer of the pipe sections.

It should be mentioned that the capacity of the jacks is limited as well. In general the maximum
capacity is about 600 ton (6000 kN) so that for larger lengths intermediate jacks are required.

Thrust force

15000.0 -

10000.0

Force [kM]

50000 o

T T T T
[} 100.0 W00 e

L-coordinate [m]

Thrust farcs lubricated
—— —— —— — Thrust forve not lubricated
—— —— —— — nmum allawable thrust force is 10000 kN

Figure 15.11: Operation Parameter Plots window, Thrust Force tab

15.8.2 Uplift safety

Since the pipeline is installed in a soft soil layer with a relative low wet density. The uplift
behavior of the empty pipeline should be evaluated. D-GEO PIPELINE calculates the uplift safety
factor fypit using the following formula:

o, + gpi
fuplit = ——222 (15.1)
Guplit
where:
o, is the vertical effective stress;

Joipe I8 the buoyancy of the pipe depending on the diameter of the pipeline and the water
level. Partial submerging is taken into account by D-GEO PIPELINE;
Jupiitt s the uplift force.
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40. Select the Safety uplift tab. As can be seen in Figure 15.12, the uplift safety is more than
the required safety factor of 1.

ol
Face support pressure . Thrust forces | Safety uplt ™
Edit 2 Uplift safety factor

Safely factor [1

T T T
0 1000 2000 300

L-coordinate [m]

Upift satery

Figure 15.12: Operation Parameter Plots window, Safety uplift tab

The uplift safety appears to be insufficient in the peat layer. The uplift safety factor equals 0.8.
The safety factors are shown in the report in paragraph 4.2.1. The reported table is shown
subsequently.

4.2 Uplift Check
Diue to buoyancy of the pipeline below the groundwater table, the uplift should be checked. In the subsequent
calculation the safety factor for uplift is calculated based on an empty pipe.
4.2.1 Uplift Factors
Yertical nr Safety factor calculated Safety factor required
[] []
1 11.09 1.00
2 11.09 1.00
] 11.09 1.00
4 0.80 1.00
] 0.80 1.00
] 0.80 1.00
7 0.80 1.00
g 0.80 1.00
d 0.80 1.00
10 0.80 1.00
11 6.86 1.00
12 a.44 1.00
13 849 1.00
14 g.44 1.00
15 849 1.00
16 849 1.00
17 a.44 1.00
18 849 1.00
19 844 1.00
20 849 1.00
21 849 1.00
22 849 1.00
23 849 1.00
24 548 1.00

Figure 15.13: Report window, Uplift Factors section
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16 Tutorial 9: Settlement and soil mechanical parameters for micro

16.1

tunneling

This tutorial provides some detail on settlement and calculation of soil mechanical parameters
in D-GEO PIPELINE. For a pipe stress analysis the knowledge of the soil-pipeline interaction is
required. The soil pipeline interaction is described by the soil mechanical parameters. The
vertical displacement (very often settlement) of the layers below and around the pipeline is
one of the soil mechanical parameters.

The objectives of the exercise are:

¢ To calculate the soil mechanical parameters
¢ To calculate the settlements due to construction of an embankment

The following modules are needed:
¢ D-GEO PIPELINE Standard module (HDD)
¢ Micro Tunneling module

¢ License for D-SETTLEMENT (formerly known as MSettle)

This tutorial is presented in the file Tutorial-9.dri.

Introduction to the case

The same project as Tutorial 8 (chapter 15) is considered with an additional load carry on the
compressible soil layers (Figure 16.1). Settlement can be therefore expected.

£ £ - £ &
S 5 S S S ~ £
Q ~ ¥ q i i 3
I Il Il Il Il Il m
< < < < Il
sk | ] <
£ H5m i 90m | 15m o
sl | 5
] ! 5 5 o]

l coarse!sand l

| | | 5m

g 45m = | I =
v_ 5 .

T~
L

o —— — =

|
!
| peat
i
]
|

i Sm
! 1 \ micro-tunneling
! -10m .
AV

silty sand

Figure 16.1: Soil layers and pipeline configuration for Tutorial 9

For advanced pipe stress analyses special programs need to be used. These programs need
an advanced set of soil mechanical parameters, provided by D-GEO PIPELINE. The programs
will generate a complete spring model around the pipeline for further analyses. The soil
mechanical parameters provided by D-GEO PIPELINE are:

<& neutral vertical soil load
<& passive vertical soil load
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reduced vertical soil load

vertical modulus of sub grade reaction
horizontal modulus of sub grade reaction
ultimate vertical bearing capacity
ultimate horizontal bearing capacity
neutral horizontal soil load

vertical displacement

maximal axial friction

friction displacement

CO OO0 OOO

Vertical displacement of soil below and around the pipeline that occurs after installation is an
important factor in assessing the stresses in the pipeline. Settlement may be entered manually
if the vertical settlements results are available. For more accurate results, D-GEO PIPELINE
can use the D-SETTLEMENT computer program (formerly known as MSettle) without additional
input. Settlement deals with soil compaction due to imposed loading. In D-GEO PIPELINE the
loading consists of an extra layer as created in the geometry. The calculation of the settlement
is performed externally by D-SETTLEMENT, the settlement calculation program of the Deltares
Systems tools. Details on the calculation of settlement are beyond the scope of this manual,
a thorough description can be found in the user manual of D-SETTLEMENT (Deltares).

Table 16.1: Settlement parameters (acc. Koppejan) of the soil layers (Tutorial 9)

Coarse Sand | Silty Sand | Peat
Over-consolidation ratio (OC'R) 1 1.3 1.3
Primary compression coeff. below Pc (Cp) 10° 10° 40
Primary compression coeff. above Pc (Cy’) 10° 10° 10
Secondary compression coeff. below Pc (Cs) 10° 10° 160
Secondary compression coeff. above Pc (Cy’) 10° 10° 35

This tutorial is based on the geometry made in Tutorial 8.

1. Click File and select Open on the menu bar to open the Open window.

Select Tutorial-8 and click the Open button to open de file.

3. Click File and select Save as on the menu bar to open the Save As window and rename

the file into <Tutorial-9>.

Click the Save button to save the file for Tutorial 9.

5. On the menu bar, click Project and then choose Properties to open the Project Properties
window.

6. Fill in <Tutorial 9 for D-GEO PIPELINE > and <Micro tunneling: settlement and soil mech.
param.> for Title 1 and Title 2 respectively in the Identification tab.

7. Click OK.

A

P

Settlement

For calculation of settlement a license for D-SETTLEMENT is required. If this license and soft-
ware is available the model option Settlement will be available in D-GEO PIPELINE. For this
purpose an embankment that will act as a load is introduced.

Settlement calculations can be performed using the in the Netherlands often used Koppejan
model or the more recent developed Isotache model which is based on Terzaghi’s settlement
model.

8. Click Project and select Model on the menu bar to open the Mode/ window.
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9. Mark the Use settlement check-box and select the Koppejan model (Figure 16.2).
10. Click OK to confirm the choice.

Model x|
Model
= Horizontal directional drilling

¥ | Ends 4t surface

|Dutch Standard NEN =]

* Micra tunneling

¢~ Canstruction in trench

Settlemnent
¥ Use settlement

{* Koppejah

= lsotachen

Cancel | Help |

Figure 16.2: Model window

16.3 Geometry of the longitudinal cross section

This tutorial considers a layered soil sequence described in Tutorial 8 (chapter 15). In the
longitudinal cross section, a load (soil mass) has to be defined.

11. Switch to the Geometry tab in the View Input window to edit the existing soil layer se-
quence.

12. Select the Add polyline icon =2/ from the Edit sub-window to draw an additional layer (soil
mass) on top of the existing soil layers with coordinates given in Table 16.2.

Table 16.2: Coordinates of the top of the soil mass

X co-ordinate [m] Z co-ordinate [m]
-75 5

-60 10

30 10

45 5

13. Quit editing by clicking the right mouse button.

14. To check or modify the added points, select a point by clicking the left mouse button. The
point will become a red square.

15. Click the right-hand mouse button and select Properties. ... In the window displayed (Fig-
ure 16.3), the co-ordinates can be checked and modified if needed.
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16. Click the Zoom limits
in the center of the sc
17.

[Drainis x|
=
- L Ca-ordinate Z Co-ordinate
[m] [m]
e
M1 -100.000 5.000
=2 400.000 5.000
— |3 -75.000 5.000
% 4 -60.000 10.000
5 30.000 10.000
[h B 45.000 5.000
7 -100.000 4.500
m ] -40.000 4.500
9 -20.000 -10.000
10 100.000 -10.000
11 123.000 2.000
2 400.000 2.000
3 -100.000 -40.000
4 400.000 40.000
5 -100.000 5.000
B 400.000 5.000
*
Cancel | Help

Figure 16.3: Points window

button &
reen.

from the Tools panel so that the drawn geometry appears

Select the Automatic regeneration of geometry on/off icon B from the Tools sub-window

so that the geometry as shown in Figure 16.4. If the Automatic regeneration of geometry
icon already is selected, click on the Edit icon Silto regenerate the geometry. Notice that
the soil mass is located on the left side above the section where the pipeline is located in

the peat layer.

Geometry {\nwl {TDDV\ew \

LT ED 200

o 0P annnne B o

[ R B e R

[EY =
e
%

.............. o ha

e =

400.000

Layers
[ 3 Undetermined
[ 2 rest

[ 1 sitysand

L -150.00 |z 1800

[Current objset: None
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16.4 Soil layer properties

The settlement properties of the soil layers in the layered soil sequence should now be speci-
fied. The properties of the soil mass should be entered too.

18. Click Soil and select Materials on the menu bar to open the Materials window.
19. Select the soil name Undetermined in the left column of the Materials window and rename
it with <Coarse Sand>. Enter the properties given in Figure 16.5.

Materials x|
atenal narme Total Unit 'weight
Soft Clay Above phreatic level [kN/ma] |1 7.00
Medium Clay
Stiff Clay Below phreatic level [kM/m3] |2D. oo
Peat
Looge Sand
Denze Sand Cohesion [kN/m2] ID.DD
Sand
Gravel Phi [dea] |3D. i}
Loam
Muck Cu top [kMAm2] ID.DD
Coarze Sand
Silty Sand Cu bottarn [kM/mz] |D.un
Emad top [kM/m#2] I'I 5000.00
Emad bottam [kM/m#2] I'ISDDD.DD
Adhesion [kM/m#2] ID.DD
Friction angle [Delta) [deq] |2D. uli}
Paisson ratio [Mu] [ ID.33
Settlement Koppejar
Overconzalidation Ratio [OCRK) [] .00
Primary compression coefficient
Below preconzolidation pressure [Cp] [ I‘I.DDE+DS
Abave preconzalidation pressure [Cp'] [ I‘I.DDE+DS
Secondary compreszion coefficient
Below preconsolidation pressure [Cs) [ I‘I.EIUE+DS
Add Ingert | &
—IﬁlJ Above preconsolidation pressure [Cs') [ I‘I.EIUE+DS
Delete | Henamelj
ak. I Cancel | Help |

Figure 16.5: Materials window

20. Select the soil name Silty Sand and enter the Settlement Koppejan data given in Ta-
ble 16.1.

21. Select the soil name Peat and enter the Settlement Koppejan data given in Table 16.1.

22. Finish the input of soil data by clicking OK.

16.5 Finishing the geometry of the longitudinal cross section

The defined soil properties have to be assigned to the drawn geometry of the longitudinal
cross section (groundwater levels are assigned already). The assignments can be carried out
by clicking geometry and choosing the subsequent described options on the menu bar.

23. Click Geometry and select Layers on the menu bar to open the Layers window to assign
the soil properties to the soil layers in the longitudinal cross section.

24. Click on the tab Materials.

25. Assign the soil properties given in Figure 16.6.

26. Click OK to confirm the assignments.
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Boundaries Materials |

Available materials

Lavers

Mame |

Soft Clay
Medium Clay
Stiff Clay
Peat

Looge Sand
Denze Sand
Sand
Gravel
Loam

uck

Silty Sand

ol

_>E\L

Silty S and

[ |

Cancel |

Help |

Figure 16.6: Layers window, Materials tab

16.6 Calculated soil mechanical parameters in export file

The calculation of the settlement of the soil layers below the pipeline is performed exter-
nally by D-SETTLEMENT (formerly known as MSettle), the settlement calculation program of
the Deltares Systems tools. Therefore, the directory where the program is installed must be

given:

27. Click Tools on the menu bar and select Program Options to open the Program Options
window. Then select the Locations tab (Figure 16.7).
28. If needed, change the directory where the Settlement program is installed by clicking the

Browse button.

29. Click OK to confirm.

D Program Dptions

Wiew | General  Locations | Languagel Modulesl

Iv Savelast used cument directony as warking directany

‘wiarking directony

|D:\D-GED FIFELIMNEMD-Geo Pipeling B34 ser Man _I

I” Use MGeobaze database

MGeobase database

|D: “Program FilessGeoDelitMGeobaze'tGeobaze.g _I

Settlement program

|E: “Program FileshDelkares\DS ettlements D S ettiement _I

[ o |

Cancel |

Help |

Figure 16.7: Program Options window, Locations tab

The other soil mechanical parameters are calculated automatically in D-GEO PIPELINE.
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30. To start the calculations click Calculation and select Start on the menu bar to or press
the function key F9. Ignore the message of Cu values of 0 above the drained undrained

boundary.

31. Click Results and select Report on the menu bar to look at the results of the settlement
calculation in paragraph 5.1 (Figure 16.8) and the calculation of the Soil Mechanical Pa-

rameters in paragraph 3.1 (Figure 16.9).

5 Deformations
5.1 Settlements of Soil Layers below the Pipeline
Vertical nr. Settlement Additional settlement dv
[] [mm] [mm] [mm]
1 0 0 0
2 0 0 0
3 0 0 0
4 1910 0 1910
5 1891 0 1891
6 1864 0 1864
7 1192 Q 1192
8 30 0 30
9 3 0 3
10 1 Q 1
1 0 0 0
12 0 0 0
13 0 0 0
14 0 0 0
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0
21 0 0 0
22 0 0 0
23 0 0 0
24 0 Q 0

Figure 16.8: Report window, Settlements of soil layers below the pipeline

Deltares

219 of 324



D-GEO PIPELINE, User Manual

3.1 Soil Mechanical Parameters

The list with data and issues is shown hereafter:
Mote: safety factors not applied

Pvp Passive soil load  khNim?
Pv.n MNeutral soil load — kN/m?®
Phin Neutral horizontal soil load — kN/m?
Pv.rn Reduced neutral soil load kM2
kv top1 Wertical modulus of subgrade reaction (bilinear) upward  kN/m?
kv top2 Yertical modulus of subgrade reaction upward — kN/mM®
v Vertical displacement  mm
kv Vertical modulus of subgrade reaction dowmward — kNim®
Pve Vertical bearing capacity  kMN/m?
kh Horizontal modulus of subgrade reaction  kN/m?
Ph:e Haorizontal bearing capacity  khim?
tmax Maximal friction along pipe  kiim?
dmaix Displacement at maximal friction  mm
WVertical nr. Pvp Pv.n Fhn Pvrn kv top

(ki) [kisim?] [kesfm?] [k [k
358 100 S0 50 3982
&07 185 93 70 3982
807 185 93 70 3982
189 g7 g5 78 457
188 a7 65 78 457
189 g7 65 78 457
87 20 23 a7 457
8 2 2 2 457
8 2 2 2 457
10 3 2 2 2 457
11 215 61 20 38 3735
12 270 76 38 44 3884
13 270 76 38 44 3884
14 270 76 28 44 3834
15 270 78 28 44 38384
16 270 76 28 44 3884
17 270 76 38 44 3884
18 270 76 38 44 3884
19 270 78 28 44 3884
20 270 76 38 44 3884
21 270 76 38 44 3884
22 270 76 28 44 3834
23 270 78 28 44 3884
24 270 76 28 44 3884

@ [co || || foo [ =

Figure 16.9: Report window, Soil Mechanical Parameters

32. Click File and select Export Results as csv... on the menu bar to create an export file with
the soil mechanical parameters.

33. Click on the Save button. The export file is saved on the same directory as Tutorial 9 and
can be opened using the Excel program for example (see Figure 16.10).

AT B [ T o T e T F T 6 [ W] C o T« T v [ ™ [~ [ o [ ®» | o [ & [ s [ T [ u [ v [ w [ x | ¥ [ z | a [ & |
1
[

[5 1 2 3 4 s s 7 B s 10 i 12 1 14 15 17 0 o 2 2 T - -] %
5 [Header  Headar Weader Header Bundle Bunde Bunde  Bundk  Bunde  Bunde  Bunde  Ppe  Ppe  Ppe  Ppe  Secton Secton  Secton Secton  Secton Secton Secton Secton Secton Secton Secton Secton St
[7]- - - - - - - - - - - - - - - Awal  Axal  Axal  Axal  Horcontal Horbental Horkontal Horeontal Horeontal Horeontal Horeontal Horeontal Horontal
- - - - - - - - - - - - - - - - - - 5 5 5 5 5 Left Lo Lot

5 | Company  Saftwara Date Time PO PG} PI@) P20 PX) ) Lengih PimPipe nr  Diameter TThckness Materil i Secton o x v : Fom Cuved Deka f Q@ o o o
[1o]11 K L G 0 0 N N 0 N N ) fmml foml - - W W W okl W W G2l [kmal  [mal 2] k3]
[1] DGeoPielne 63 2672012 124220 -0 o ) o -6 1212507 11200 224 Steal I o - ToDogeol o o o 1004 o tr70cs 20078
[1z] DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal FIR—" o 6 20 Toboboal 3 3 o 12m o 2z 20078
[12] DGeaPielne 63 2672012 134220 0 [ s [ -6 1212507 120 224 Steel EI—] o 5 0 Tobabool [ [ o 12 o s wo0ne
[1al DGeoPielne 63 2672012 124220 -0 o ) o -6 1212507 11200 224 Staal ) o 6 70 Toboboal o o o maz o e 1zl
[15] DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal s o o 6 20 Toboboal 3 3 o ma o 7 12
DGeaPielne 63 2672013 134220 80 o ) o -6 1212507 11200 224 Steal s o 6 110 Toboboal o o o maz o 7m 1wl
[i7] OGeaPielne 63 2672013 134220 80 o ) o -6 1212507 1200 224 Steel 7w o & 130 Tobobool o o - o e 1382
DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal & o 6 15 Toboboal 3 3 o am o 205 12
D.GeaPielne 63 2672013 1324220 -0 o 5w o -6 1212507 11200 224 Steal s w® o 6 170 Toboboal o o o am o 2705 132
DGeaPielne 63 2672013 124220 -0 o s o -6 1212507 11200 224 Steal o o 6 120 Toboboal o o o am o 205 12
DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal nooao o 6 210 Tobokcal 3 3 o sa o 72655 91404
DGeaPielne 63 2672013 134220 80 o s o -6 1212507 11200 224 Steal 2w o 6 230 Tobooal o o o o o a7 w2
D.GeoPielne 63 2672013 124220 -0 o s o -6 1212507 11200 224 Steal FEIT o 6 25 Toboboal o o o e o ara wm2
DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal 2T o 6 270 Tobokoal 3 3 o et o a7 w2
DGeaPielne 63 2672013 134220 80 o s o -6 1212507 11200 224 Steal 5 2 o 6 220 Toboboal o o o e o a7 w2
D.GeoPielne 63 2672013 124220 -0 o s o -6 1212507 11200 224 Steal % 20 o 6 310 Tobooal o o o e o ara wm2
DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal w2 o 6 320 Toboboal 3 3 o et o a7 w2
D.GeoPielne 63 2672012 124220 80 o ) o -6 1212507 11200 224 Steal 2 o 6 35 Tobobool o o o e o a7 w2
DGeoPielne 53 2672012 124220 80 3 ) 3 -6 1212507 11200 224 Steal CI) o 6 370 Tobobool 3 3 o o o ampa @
DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal 0 00 o 6 290 Toboboal 3 3 o et o a7 w2
DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal a0 o 6 410 Tobokoal 3 3 o et o a7 w2
DGooPiplng 63 267.2012 124220 30 o 5w o -6 1212507 11200 224 Staal 2 o 6 420 Tobobeol o o o o o s wvm
[33] DGeoPielne 63 2672013 124220 80 3 ) 3 -6 1212507 1200 224 Steal BEIN) o 6 a5 Tobobcol 3 3 o et o a7 w2
[al DGeoPielne 63 2672012 134220 80 o ) o -6 1212507 11200 224 Steal a0 o 6 470 Toboboal o o o et o a7 wm2

Figure 16.10: Content of the CSV export file for Tutorial 9

The export file contains the following data’s:

¢ General data about the D-GEO PIPELINE project

¢ Pipeline data

¢ Horizontal soil mechanical data at the left and right of the pipe
<& Vertical soil mechanical data at the top and bottom of the pipe
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¢ Water data
¢ Axial soil data for friction

For more information, refer to section 3.1.2.

16.7 Conclusion

A pipe stress and settlement analysis has been performed for a polyethylene pipe in a layered
soil. The inputs and results of this calculation have been exported in a csv file in order to
perform an extended stress analysis using an other program.
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17 Tutorial 10: Subsidence after micro tunneling

171

17.1.1

This tutorial provides some detail on subsidence calculations in D-GEO PIPELINE. Subsidence
is related to surface level changes due to excavation of the subsurface by the micro tunneling
machine.

The objectives of the exercise are:

¢ To enter a non linear bore path;
¢ To evaluate the subsidence along the pipeline.

The following modules are needed:

¢ D-GEO PIPELINE Standard module (HDD)
¢ Micro Tunneling module

This tutorial is presented in the file Tutorial-10.dri.

Introduction to the case

Volume loss along the tunnel excavation

Subsidence is related to the volume loss along the tunnel excavation, e.g. the excess soil
removed by the Micro Tunneling Boring Machine (MTBM). The subsidence mechanism is
described in detail in section 24.3.

To reduce the friction between pipe and wall of the drilling hole, and allow the optional use

of friction reducing fluids, the drilling diameter () is usually somewhat larger then the pipe
diameter (7).

R-r

Figure 17.1: Bore hole section

The space created between pipe and wall is called overcut: the distance R — r. See sec-
tion 4.6.2.2 for entering the overcut. The overcut is generally filled by lubrication fluid depend-
ing on the type of lubrication fluid the amount of filling may reduce during or after installation:

¢ Part of the soil above subsides during operation
¢ Compaction/consolidation of the lubrication fluid after installation

The volume loss as percentage of the overcut area is defined as.

VS:UW(RZ—TZ) (17.1)
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Note: If one wants to model subsidence due to drilling with a low face support pressure or to
model the influence of densification of granular soils this value may be set above 100%.

The volume loss causing subsidence is in D-GEO PIPELINE based on the expected overcut of
the soil.

v )
Vs = T ((Do +2 lovercut) - Dg) (17.2)
where:
v is the percentage volume loss, in %;
Vs is the differential volume, in m3/m;
D, is the pipe diameter, in m;

lovercut 18 the overcut on radius, in m.

The volume created by the over cut is initially filled with lubrication fluid. Within a time period
the lubrication fluid will consolidate and the overburden will subside into space created by
consolidation. The subsidence w at the surface is calculated as follows:

s - < (17.3)
w = exp|—==1, z < z .
2mi? P\ 2 ’
where:
7 is the distance in between the center of the tunnel or pipeline and the inflection point

of the trough, in m;
20 is the depth of the center of the pipeline or tunnel, in m;
z is the depth at which the settlement is calculated, in m;
Vs s the differential volume, in m3/m.

For detail on the shape factor ¢, see section 24.3.

Modification of the drilling line

A vertical and a horizontal bending radius in the design drilling line for micro tunneling is a
possibility. In this tutorial the drilling line is modified in order to avoid drilling through the peat
layer.
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|
top view |
|
|

190m

entry: X=-90m
exit: X=390m

-15m
A

micro-tunneling

silty sand

Figure 17.2: Pipeline configuration of Tutorial 10

Often the horizontal bend is part of one of the vertical bending radii. In case the horizontal
bending radius coincides with part of a vertical bending radius, a combined 3-dimensional
bending radius is formed. For the design of the horizontal directional drilling line, the pull back
force and the strength calculation it is necessary to determine the value of the 3 dimensional
bending radius.

The value of the three dimensional bending radius can be calculated as follows:

Rcombi = (17.4)

where:

Reompi is the combined bending radius, in m;
Ry is the horizontal bending radius, in m;
R, is the vertical bending radius, in m.

As has to be mentioned that the current version of D-GEO PIPELINE does not take the soil
reaction forces into account in the curve. Therefore the effect on the friction caused by soil
reaction effects in curves is not considered in D-GEO PIPELINE.

This tutorial is based on continuation of the file used in Tutorial 9 (chapter 16).

1. Click File and select Open on the menu bar to open the Open window.

2. Select <Tutorial-9> and click the Open button to open de file.

3. Click File and select Save As on the menu bar to open the Save As window and rename
the file into <Tutorial-10>.

4. Click the Save button to save the file for Tutorial 10.

5. On the menu bar, click Project and then choose Properties to open the Project Properties
window.
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6. Fillin <Tutorial 10 for D-GEO PIPELINE > and <Subsidence after micro tunneling> for Title
1 and Title 2 respectively in the Identification tab.

7. Click OK.

8. In the Model window from the Project menu, unselect the option Use settlement.

9. Click OK.

17.2 Pipeline Configuration

The horizontal and vertical curves must be specified in the pipeline configuration window.

10. Click Pipe and select Pipeline Configuration on the menu bar to open the Pipeline Config-
uration window.

11. Enter the values given in Figure 17.3.

12. Click OK to confirm.

x
. -coordinates Haorizontal bendings
Left paint X-coardinate [m] ISEIT 2 | | |
e 1 [m] 1 [m] 2 [m] Y2 [m] Radius [m] Direction
ket sserdinale Il IDDDD— e [P -10.000 2.000 200,000 2.000 5000.000 Left =
Left point Z-coardinate [m] IEDDD— [ -
Riight paint »-coordinate [m] IW i
Right paint 'v-coordinate [m] IW
Right point Z-coordinate [m] IW
Angles [entryfesit] -
Anle left [deg) [500
Anale right [dea] ISUU—
Bending radiuz
Bending radius 1sft [m] IW
Bending radius right [m] IW
Bendingradius pipe on rollers [im] W
Pipe between radii
Lowest level of pipe [m] IW
Angle of pipe [deq] lDUU—

oK I Cancel Help

Figure 17.3: Pipeline Configuration window

13. Look at the entered horizontal bending on the Top View tab of the View Input window
(Figure 17.4).

14. Look at the longitudinal cross section on the Input tab of the View Input window and notice
the elongation of the longitudinal cross section. Therefore it is recommended to check, in
case of projects with changing 3D pipeline configurations, if the soil layer sequence in the
longitudinal cross section is still reliable (according to the soil investigation data).
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Figure 17.4: View Input window, Top View tab

Note: The horizontal bending is indicated with a black bold line in the top view (Figure 17.4).

[ e =
Geometry i\nwt {TUDV\EW Y

Layers

[ 3. coarse Sand
[ 2 Peat

[ 1. sty Sandl

o

T oo =
i} ;I_I

[ 24100 [z 1700 [Edit [Current object: More

Figure 17.5: View Input window, Input tab

17.3 Material data
After the input of the drilling line, the pipe material is chosen.
15. Click Pipe from the menu and select Product Pipe Material Data to open the Product Pipe

Material Data window.
16. Enter the values as presented in Figure 17.6.
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Product Pipe Material Data

Fipe material

" Steel
= Spnthetic
" Concrete

M aterial quality [ IW
Outer diameter product pipe (Do) [rmnn] IW
Owercut on radiug [rmnn] |2D—
Wall thickness [mnim] |224l3—
roung's modulus [M#rrn 2] IW
Unit weight pipe material [kM#m %] I?SEU—

oK I Cancel |

Help |

Figure 17.6: Product Pipe Material Data window

The overcut on the radius amounts to 20 mm, which equals 40 mm on the diameter of the

pipeline.

Engineering Data

The percentage of volume loss is specified in the Engineering Data window. In this tutorial a
value of 110 % is chosen, so that the effect of drilling with a relative low face pressure (lower
than the neutral face pressure) is incorporated.

17. Select Engineering Data from the Pipe menu bar to open the Engineering Data window.
18. Enter the values as given in Figure 17.7.
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Engineering Data

Miscellaneous
" Standard " Advanced

Allowable thrust force [kM]
Yolurme loss as percentage of overcut area [%]
Fielative displacement [rm]

Compression index [-]
Modulus of subgrade reaction of lubrication fluid — [kM/m*]
Phi lubrication Fluid [deq]
Adheszion lubrication fluid [kM 2]

Factar phi for reduced soil load []

Delta lubrication fluid [deg]
Friction

Friction with injection of lubricant [kPa]
Friction without injection of lubricant [kPa]

oK I Cancel

10000.00
110
10.00
£.00
500.00
15.00
5.00
050
7.80

7.80

A RRRRRRAER].

10,00

Help |

Figure 17.7: Engineering Data window
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Tutorial 10: Subsidence after micro tunneling

17.5 Results: Subsidence

To view the calculation results for the subsidence trough as apparent at surface:

19. To start the calculations click Calculation and select Starton the menu bar or press the
function key F9.

20. Click Results and select Subsidence Profiles from the menu bar to open the Subsidence
Profiles window (Figure 17.8).

21. Check the box labeled “Fix axis”, click on the vertical number edit box. Now move through
the verticals by using the up/down arrows on the key board.

Edit % Subsidence

Subsidance [mm]
foos

-20.00 1000 0.00 10.00 20,00

Lateral distance frarm vertical [m]

Figure 17.8: Subsidence Profiles window for vertical 1
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18 Tutorial 11: Installation of pipeline in a trench
This tutorial considers installation of a concrete sewer by means of trenching. A trench is
made by excavation, the pipe is installed, and the trench is often filled with the soil derived from
the excavation itself. The risks involved during installation include slope failure and bursting of
the trench bottom. After installation uplift of the pipe and pipe deformation due to settlement
are problems that may occur.

The objectives of the exercise are:

¢ To schematize the soil layers with groundwater with different hydraulic heads;
¢ To calculate the soil mechanical parameters for a pipeline in a trench.

The following modules are needed:

¢ D-GEO PIPELINE Standard module (HDD)
¢ Trenching module

This tutorial is presented in the file Tutorial-11.dri.

18.1 Introduction to the case

In this tutorial a simple trench is modeled. The trench passes a small waterway. The geometry
of tutorial 7 forms the base of this tutorial.

130m

__________ .,I(_______

exit: X

20m 5" 30m

30m L 20m 60m

|
|
|
L
I
I
|
|
I
I

PLine 2

entry: X:
————

Figure 18.1: Geometry of Tutorial 11

This tutorial is based on continuation of the file used in Tutorial 7 (chapter 14).

1. Click File and select Open on the menu bar to open the Open window.

2. Select Tutorial-7 and click the Open button to open de file.

3. Click File and select Save as on the menu bar to open the Save As window and rename
the file into <Tutorial-11>.
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Table 18.1: Layer properties (Tutorial 11)

Silty Sand Soft Organic Clay
Dry unit weight [kN/m3] 18 13
Wet unit weight [kN/m3] 20 13
Cohesion [kN/m?] 0 2
Angle of internal friction [°] 10 18
Undrained strength top [kN/m?] 0 10
Undrained strength bottom [kN/m2] 0 30
E modulus top [kN/m?] 10000 500
E modulus bottom [kN/m?] 15000 1000
Adhesion [kN/m?] 0 2
Friction angle [0] 20 9
Poisson’s ratio [-] 0.35 0.45

Click the Save button to save the file for Tutorial 11.

On the menu bar, click Project and then choose Properties to open the Project Properties

window.

6. Fillin <Tutorial 11 for D-GEO PIPELINE > and <Installation of pipeline in a trench> for Title
1 and Title 2 respectively in the Identification tab.

7. Click OK.

o A

18.2 Model

Since this tutorial considers an installation of the pipeline in a trench the model trench should
be selected.

8. On the menu bar, click Project and then choose Model to open the Model window.
9. Select Construction in trench, and click OK.

Model x|
I odel
= Haornizontal directional drilling

¥ | Ends at surface

IDutch Standard NEN =]

= Micro tunneling

Settlemnent
I~ Use settiement

% Koppejah

€ |zotachen

ak. I Cancel | Help |

Figure 18.2: Model window
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Tutorial 11: Installation of pipeline in a trench

18.3 Geometry of the longitudinal cross section

This tutorial considers a layered soil sequence. The typical Dutch soil sequence of a soft
organic clay layer on top of a coarse sand layer will be considered. The organic clay layer is
compressible and exhibits a low permeability, while the sand layer is assumed incompressible
and exhibits a high permeability. The new soil layers should be specified in the geometry
window.

10.

11.

12.

13.

In the View Input window, switch to the Geometry tab to edit the existing soil layer se-
quence.

Click the Add single line = icon from the Edit sub-window to draw an additional top line of
a soil and position the straight line at Z = -5 m.

Click the Automatic regeneration of geometry on/off H icon from the Tools sub-window
so that the geometry as shown in Figure 18.3 appears. If the Automatic regeneration of
geometry icon is already selected, click on the Edit icon Lo regenerate the geometry.
Click the Add pl-line(s) =! icon from the Edit sub-window and position the level of the
artesian groundwater at coordinate Z = 8 m. The blue dashed line, which appears in the
longitudinal cross section, represents the second groundwater line (PL line 2). This second
groundwater line will be used in section 18.5.3 to specify the water pressure distribution in
the sand aquifer.

TGeomety “Linput "L Top View ™.
it A i B8 o0 0B annnnnn Pooonnnon o nnnn a0 B0 nnnnnn 8 ool o 5E,

m| Layers
[ 2.sitySand
[ 1 sity Sanat

]

-100.000 200000

i

o

L 184.00 o |&dd pHinefs) |Current object: None

Figure 18.3: View Input window, Geometry tab

18.4 Soil layer properties

The properties of the soil layers in the layered soil sequence should now be specified.

14.
15.

16.
17.

Click Soil and select Materials on the menu bar to enter the soil data.

Add a new material by choosing the Add button _44d | pelow the materials list on the left
side of the window. Enter the soil material name <Soft Organic Clay>.

Enter the soil data given in Table 18.1.

Finish the input of soil data by clicking OK.
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Materials ]
I aterial name Total Unit \weight
Soft Clay Above phieatic level [kM/m3] |13.un
Medium Clay
Stiff Clay Below phreatic level [kM/m3] |13.DD
Peat
Loose Sand
Dense Sand Cohesion [kN/m&] |2.nn
Sand
Gravel Phi [deg] |18.DD
Loarn
Fuck Cutop [kM/m#] |1D.DD
Undetermined
Silty Sand Cu battom [kM/m&] ISD.DD
S Emad tap k/mé] [500.00
Emod battam [kM/m#] |1DDD.DD
Adhesion [kM/m#] |2.DD
Add T 12 Friction angle [Delta) [deq.] IS.DD
Delete | Rename| « Paoizzon ratio (Nu) [] ID.45

Ok I Cancel | Help |

Figure 18.4: Materials window

18.5 Finishing the geometry of the longitudinal cross section

The defined soil properties and the groundwater levels have to be assigned to the drawn ge-
ometry of the longitudinal cross section. The assignments can be carried out in the Geometry
menu.

18.5.1 Phreatic Line

18. Click Geometry and select Phreatic Line on the menu bar to open the Phreatic Line window
(Figure 18.5) and select PL-line <1> as phreatic line for calculation of the groundwater
pressures.

19. Click OK.

Phreatic Line x|

Select the PlLine [by

nurmber] which acts az m
phreatic line:

Cancel | Help |

Figure 18.5: Phreatic Line window

18.5.2 Layers

20. Click Geometry and select Layers on the menu bar to open the Layers window. Select the
Materials tab to assign the soil properties to the soil layers in the longitudinal cross section.

21. Assign the properties of the defined layer Soft Organic Clay to layer number 2 in the lon-
gitudinal cross section. The defined properties of Soft Organic Clay are assigned to layer
Number 2 by clicking the Assign icon ~lin between the left and the right column (Fig-
ure 18.6).
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=

Boundaries Materials |

Available materialz Lavers

Mame |
Soft Clay
Medium Clay
Stiff Clay
Peat
Looge Sand
Denze Sand
Sand
Gravel
Loam
Muck
Undetermined
Silty Sand

Soft Organic Clay

ak. | Cancel | Help |

Figure 18.6: Layers window, Materials tab

22. Click on the OK button to quit the window and return to the Geometry tab of the View Input
window to look at the change of layers name in the legend (Figure 18.7).

[Duiewtput =lofx|
Geometry (Inuut ‘[TDD\/lew N\

Edt = T R T T - T [ -
b )
o

als ||m5

m|  Layers
[ 2 sott Crganic Clay

[ 1. sity Sandt

‘HHHHI LLLLL
=

@

T
|
|
1

Tools 2
sl

ca
B

I8

-100.000 200.000

&

o]

|L: 12300 Z 1000 |:dd pHinefs) |Current object. None

Figure 18.7: View Input window, Geometry tab

18.5.3 PL-Lines per Layer

23. Click Geometry and select Pl-lines per Layers on the menu bar to open the PL-lines per
Layer window to assign the defined PL-lines to the soil layers in the longitudinal cross
section. Those information’s are used for the calculation of the groundwater pressure
distribution.

24. The groundwater pressure at the top of the Soft Organic Clay layer should be calculated
based on the hydraulic head of PL—line 1, the phreatic line (Figure 18.5). Since the Coarse
Sand layer is an aquifer with an enhanced artesian groundwater pressure, the groundwater
pressure at the bottom of the clay layer should be calculated based on the hydraulic head
of PL-line 2. Of course the water pressure at the top and at the bottom of the coarse sand
layer should be calculated based on the hydraulic head of PL—line 2. This will result in the
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Pl-lines per layer window shown in Figure 18.8.

D PL-lines per Layer x|

PL-line
at bottom

2
2

Layer PL-line
Mumber at top
2 1
I 1 2

Ok, I Cancel | Help |

Figure 18.8: PL-lines per Layer window

25. Click OK to confirm.

26. The geometry can be tested by clicking Geometry on the menu bar and selecting Check
Geometry. If the geometry is entered properly, the message Geometry has been tested
and is OK appears.

27. Click OK to close this window.

18.6 Adding a waterway

A small waterway will now be drawn in the geometry.

28. Select the Geometry tab and select the Add poly line(s) button E)

29. Draw a profile line as in Figure 18.9a. Remove points that are not required by clicking the
right mouse button and selecting the option Delete All Loose Lines.

30. Select the top line (between points 3 and 6 as shown in Figure 18.9b.

31. Click the Delete button *_. This should result in Figure 18.9c.

Figure 18.9: View Input window, Geometry tab (steps for drawing a waterway)

Now give the exact location of the waterway:
32. Check and enter the exact coordinates of the points by opening the Points window from

the Geometry menu.
33. Enter correct values for points 2, 3, 4 and 5 as shown in Figure 18.10.
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[DPaints x|
=
= L Co-ordinate Z Co-ordinate
[m] [m]
e
M1 -100.000 5.000
x| 2 5000 5000
— |3 15.000 2.000
4 35.000 2.000
5 45.000 5.000
B 200.000 5.000
7 -100.000 -5.000
:h ] 200.000 -5.000
9 -100.000 -40.000
10 200.000 -40.000
11 -100.000 0.000
2 200.000 0.000
3 -100.000 8.000
4 200.000 8.000
*
Cancel | Help

Figure 18.10: Points window

18.7 Calculation Verticals
In the subsequent table the verticals for the location of the calculations are given.
34. Open the Calculation Verticals window.

35. Enter <-70> and <130> for the First and Last L values and an Interval of <20>.
36. Click the Generate button.

Calculation ¥erticals |

Automatic generation of L-co-ordinates

3 L-coordinate Additional Settlement
= E (] [70.00
L .
F Iy []-?n.nu — o LastL (] [130.00
e i o [ ml [2000
4 0,00 0.0 _
5 10.00 0.0
B 30.00 0.0
7 50.00 0.0
8 70.00 0.0
3 90.00 0.0
10 110,00 0.0
11 130.00 0.0
*

] | Cancel | Help

Figure 18.11: Calculation Verticals window
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18.8 Boundaries Selection

To indicate the boundary compressible/uncompressible layers and impermeable/permeable
layers, the top of a specific layer is used. In this case it is evident that this is the top of the

coarse sand layer.

37. From the main menu click GeoObjects and select Boundaries Selection.
38. Select Top of layer <1> as both boundaries.

39. Click OK.

Boundaries Selection x|
Boundaries
Top of layer
B oundary impermeable / permeable layers 1
Compressible and uncompressible layers |1

Cancel |

Help |

Figure 18.12: Boundaries Selection window

18.9 Trench configuration and pipe material

As the trench passes a small waterway, for practical reasons it has to subduct. An initial
distance of about 1.5 meter is chosen between trench and bottom waterway.

40. Click Pipe and select Pipeline Configuration from the menu bar to open the Pipeline Con-

figuration window.
41. Enter the values as presented in Figure 18.13.
42. Click OK to accept the entries.

Pipeline Configuration

Trench Sections

S Begin | Begin'’' | BeginZ I aterial E rmod Outer wdall Unit weight | ‘w/idth trench | Slope | Offset
= diameter | thickness | pipe material battom
e ] [m] [m] [Mimm=] | [mm] [mm] [kMrv] [rom] [l | [m]
|| -80.000 0000 2000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
Zpx | | BOO0D 10000 2000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
20,000 20000 0.000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
| | 0000 20000 -1.000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
| | 20000 10000  -1.000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
| | 80000 5000  0.000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
| | 100000 5000 2000 concrete 30000.00 0 124000 12.00 30.00 2000000 200 030
- |¥
ﬁ L
130.000 0.000 2.000 End trench .. Z [m]
Ok I Cancel Help
Figure 18.13: Pipeline Configuration window
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Tutorial 11: Installation of pipeline in a trench

43. Now examine the trench trajectory in the Input (Figure 18.14) and Top View (Figure 18.15)
tabs of the View Input window.

Deltares
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Figure 18.14: View Input window, Input tab
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Figure 18.15: View Input window, Top View tab
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18.10 Engineering Data

Next the engineering data is added. The trench is excavated in organic clay, and filled with
the excavated material, the fill is poorly compacted.

44. Click Pipe from the menu bar and select Engineering Data to open the Engineering Data
window.

45. Select <Soft Soils> as Type of fill and <Poorly compacted> as Compaction of fill.

46. Click OK to confirm.

Engineering Data ﬂ

Type of fill
" Sand
 SHiff Clay
' Soft Sails

Compaction of fil

] 4 I Cancel | Help |

Figure 18.16: Engineering Data window

18.11 Results: Soil Mechanical Parameters

47. To start the calculations click Calculation and select Start on the menu bar or press the
function key F9.

48. Open the Report window from the Results menu to view the results of the Soil Mechanical
Parameters. The results can be found in paragraph 3.1 (Figure 18.17).

Since the fill of the trench is assigned the property “poorly compacted” a relatively high initial
soil load on the pipe is expected.
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3.1 Soil Mechanical Parameters
The list with data and issues is shawn hereafter:
Note: safety factors not applied
Pv,p Passive soil load  kN/im?2
Pvin Meutral soil load  kN/m?
Phin MNeutral harizantal soil load  kN/m®
Pv,a Actual soil load  kNim2
kv top1 Vertical modulus of subgrade reaction (hilinear) upward — khim?
kv top2 Yertical modulus of subgrade reaction upward ki
v Vertical displacement  mm
kvl ertical modulus of subgrade reaction dowmward, first branch — kiNfim®
kw2 Vertical modulus of subgrade reaction downward, second branch  kN/m?
Pve Vertical hearing capacity  khN/m?2
kh Horizontal modulus of subgrade reaction  kh/m?
Fhe Horizontal bearing capacity  khm?
trmax Maxiral friction along pipe  khim?
dmax Displacement at maximal friction  mm
Yertical nr Pvip Pvin Ph;n Pv;a ke top 1 kv top2
[kArm] [kM/m] [KMAm] (kAT [kh/r] [N/
1 50 23 23 41 23 94
2 50 23 23 41 23 94
3 87 48 33 71 87 215
4 133 63 44 110 214 407
] 17 38 27 62 105 21
g 33 20 14 26 24 64
7 141 B4 44 "7 248 451
g 130 62 43 108 208 292
9 102 53 ar 84 132 274
10 50 33 23 41 33 94
11 50 33 23 41 33 94
Yertical nr dy kvl k2 Pv.e kh Phie trna dmax mat
[rmirm] [KM ] [k [kMNAm?) [k o O O O O | [-]
1 n.a 1568 prish 231 2632 121 7 g Cla
2 n.a 1568 prish 231 2632 121 7 g Cla
3 n.a 1904 308 447 4390 176 9 g Cla
4 n.a 1800 288 487 4403 207 9 3 Cla
] n.a 788 128 278 2673 112 ] g Cla
g n.a 3496 63 141 1518 a0 3 g Cla
7 n.a 1660 266 463 4088 198 g g Cla
g n.a 1843 2498 494 4498 208 9 g Cla
9 n.a 1930 308 478 4623 197 9 g Cla
10 n.a 1566 251 a3 3632 121 7 g Cla
11 n.a 1566 261 331 3632 121 7 3 Cla

Figure 18.17: Report window, Soil Mechanical Parameters section

The initial soil load Pv;a may be reduced by changing the fill property to “well compacted”
(see Equation 21.9 in section 21.4). Note that in reality this requires an extra compaction
treatment after installation of the pipe. In the software this can be adjusted in the Engineering
Data window under the Pipe menu.
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19 Tutorial 12: Trenching: uplift and heave

This tutorial is the continuation of tutorial 11 (chapter 18) and considers installation of a con-
crete sewer by means of trenching.

The objectives of the exercise are:

¢ To evaluate the risk on heave of the bottom of the trench during installation;
¢ To evaluate possible uplift of the empty pipe after installation.

The following modules are needed:

¢ D-GEO PIPELINE Standard module (HDD)
¢ Trenching module

This tutorial is presented in the files Tutorial-12a.dri, Tutorial-12b.dri and Tutorial-12c¢.dri.

19.1 Introduction to the case

During the excavation of a trench the groundwater conditions may play an important role. In
case a trench is excavated below the phreatic groundwater table or in case the hydraulic head
of an aquifer is relatively high, heave of the bottom of the trench is a serious risk. An other
risk, which may occur after excavation of the trench below the phreatic groundwater table, is
the uplift due to fill with a low density soil.

In this tutorial, the top layer consists of peat instead of organic clay. The peat exhibits a low
density. Besides a low density top layer, this tutorial considers a situation with a phreatic
groundwater table at the surface level.

entry: X=80m

PL-line 2

PL-line 1

Figure 19.1: Pipeline configuration for Tutorial 12
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Table 19.1: Layer properties (Tutorial 12)

Silty Sand Peat Soft Organic Clay
Dry unit weight [kN/m3] | 18 10.2 13
Wet unit weight [kN/m3] | 20 10.2 13
Cohesion [kN/m?] |0 2 2
Angle of internal friction [°] 10 15 18
Undrained strength top [kN/m?] 0 10 10
Undrained strength bottom [kN/m2] 0 20 30
E modulus top [kN/m?] | 10000 1000 500
E modulus bottom [kN/m?] 15000 1500 1000
Adhesion [kN/m?] |0 2 2
Friction angle [°] 20 5 9
Poisson’s ratio [] 0.35 0.45 0.45

This tutorial is based on continuation of the file used in Tutorial 11 (chapter 18).

1. Click File and select Open on the menu bar, and select Tutorial-11.

2. Click File and select Save as on the menu bar to open the Save As window and rename

the file into <Tutorial-12a>.
3. Click the Save button to save the file for Tutorial 12a.

4. On the menu bar, click Project and then choose Properties to open the Project Properties

window.

5. Fill in <Tutorial 12 for D-GEO PIPELINE > and <Trenching: uplift and heave> for Title 1
and Title 2 respectively in the Identification tab.

Materials

The soil investigation showed presence of peat layers instead of organic clay. First, peat is

added to the material list.

6. Click Soil and select Materials on the menu bar to open the Materials window.
7. Select the existing Peat material in the left side of the window and enter the values as

given in Table 19.1.
8. Click OK.
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Tutorial 12: Trenching: uplift and heave

Materials ]
I aterial name Total Unit Wwieight
Soft Clay Ahave pheatic level [kN/m3] |1u.2u
Medium Clay
Siff Cla Below phreatic level [kM#m3] I‘ID.2EI
Looge Sand
Dense Sand Cohesion [kN/m&] |2.un
Sand
Gravel Phi [dea] |'|5.DD
Loam
Muck Cu tap [k #m&] I'ID.DD
Undetermined
Silty Sand Cu battom [kM/ma] |2D. oo
Soft Drgaric Clay Bl [kN/ma] [1000.00
Emod battam [kM/m#] I'ISDD.DD
Adhesion [kM/m&] |2.EID
Add Tt 12 Friction angle [Delta) [deq.] |5.DD
Delete | Rename| Poigzon ratio [Mu) [ ID.45
Ok I Cancel | Help |

Figure 19.2: Materials window

Assign this material type to the top layer:

9. Click Geometry and select Layers on the menu bar.
10. To assign a material to a layer, select the Material tab. Select <Peat> as well as layer
number <2> and via the arrow button | assign the soil to the layer (Figure 19.3).
11. Accept the input and return to the main window by clicking OK.

x|
Boundaries Materials |

Available materialz Lavers

MHame | Murnber Material name Load

Soft Clay »
M edium Clay 1
Stiff Clay

Silty 5 and r

b

Loose Sand
Dense Sand
Sand

Gravel

Loam

Muck
Undetermined
Silty Sand

Soft Organic Clay

0k | Cancel | Help |

Figure 19.3: Layers window, Materials tab

19.3 Phreatic level

The phreatic line (groundwater table) is located at the surface level in this tutorial.

12. In the Geometry tab of the View Input window, select the Edit button 1 and click on the
PL line 1 in order to select the phreatic line by choosing Select PL Line 1.

13. Once the PL line 1 has been selected, drag it to the surface level by pressing and holding
down the left-hand mouse button while relocating the mouse cursor.
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14. Check and possibly correct the level of the line as shown in Figure 19.4.

x
a
S Faint: # Co-ordinate | £ Co-ordinate
Mumber [mn] [rn]

e

b1 1 -100.000 5.000
}“ 2 12 200.000 5.000
— %

Cancel | Help |

Figure 19.4: PL-Line 1 window

Now the PL-line levels are defined at the correct levels, they have to be assigned to the correct
layers.

15. Open the PL-lines per Layer window from the Geometry menu.
16. Enter the PL-line numbers as given in Figure 19.5.

D PL-lines per Layer x|

PL-line
at bottom

2
2

Layer PL-line
Mumber at top

» 2 1
1 2

o

Cancel | Help |

Figure 19.5: PL-lines per Layer window

19.4 Calculation Verticals
In the subsequent table the verticals for the location of the calculations are given.
17. Open the Calculation Verticals window.

18. Enter <-80> and <180> for the First and Last L values and an Interval of <20>.
19. Click the Generate button.
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Calculation ¥Yerticals

Tie L-coordinate Additional Settlement
3
3 [m] [mnm]
<> B0.00 00
2 E0.00 0.0
i 3 40.00 0.0
4 20.00 0.0
5 0.00 0.0
5} 20.00 0.0
Fi 40.00 0.0
8 E0.00 0.0
9 20.00 0.0
1] 100.00 0.0
1 120.00 0.0
2 140.00 0.0
3 160.00 0.0
4 120.00 0.0
*

Automatic generation of L-co-ordinate:

First L [m] I-BD.DD
LastL [m] |1 80.00
Interyal [m] |2D.DU

Ok, | Cancel | Help

Figure 19.6: Calculation Verticals window

20. Click OK and select the Input tab of the View Input window to view the new inputs (Fig-
ure 19.7).
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Figure 19.7: View Input window, Input tab (Tutorial-12a)
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19.5 Factors
The required safety factors must be specified to evaluate the risk on bursting or heave of the
bottom of the trench.

21. Open the Factors window from the Defaults menu.
22. Enter <1.1> and <1.2> for the Safety factor uplift respectively Safety factor heave val-

ues.
23. Click OK.
x
(Partial) safety factors
Safety factor uplift [ 10
Safety factar hydraulic heave [ |20
Miscellaneous
Unit weight water [kMm® |10.00
Beset I ‘ Ok Cancel | Helg |
Figure 19.8: Factors window
19.6 Results

Now the calculations can be performed.

24. To start the calculations click Calculation and select Start on the menu bar or press the
function key F9.

19.6.1 Uplift safety for trenching in Peat layer (Tutorial-12a)

To examine the risk of uplift the graph with the uplift safety factor can be opened

25. Open the Operation Parameters Plots window from the Results menu.

Uplift safety factor

100
I

020
i

80
L

.40
!

030
L

T T T T
500 00 500 1000
L-coordinate [m]

Figure 19.9: Operation Parameter Plots window, Safety uplift tab (Tutorial-12a)
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For a detailed examination, refer to paragraph 4.1.1 of the Report window (Figure 19.10). As
can be seen, the uplift safety of the trenched pipe is not OK as the calculated uplift factor
(0.12) is lower than the required uplift factor (1.1).

4 Operation Parameters

4.1 Uplift Check

Due to buayancy of the pipeline below the groundwater table, the uplift should be checked. In the subseguent
calculation the safety factor for uplift is calculated based on an empty pipe

4.1.1 Uplift Factors

Vertical nr Safety factor calculated Safety factor required
[1 [1
1 0.12 1.10
2 0.12 1.10
3 0.12 1.10
4 0.12 1.10
5 0.12 1.10
6 0.12 1.10
7 0.12 1.10
8 0.12 1.10
9 0.12 1.10
10 0.12 1.10
11 0.12 1.10

Figure 19.10: Report window, Uplift Factors section (Tutorial-12a)

19.6.2 Uplift safety for trenching in Soft Organic Clay layer (Tutorial-12b)

The trench fill should be modified. The low density of the peat causes uplift problems. The
effect of filling the trench with organic clay can easily be checked by changing the soil se-
quence.

26. Click File and select Save as on the menu bar to open the Save As window and rename
the file into <Tutorial-12b>.

27. Click the Save button to save the current project as Tutorial 12b.

28. Click Geometry and select Layers on the menu bar to open the Layers window. Select the
Materials tab (Figure 19.11) to assign the soil properties to the soil layers in the longitudinal
cross section.

x|
Boundaries Materials |

Available materialz Lavers

MHame |
Soft Clay
M edium Clay
Stiff Clay
Peat
Loose Sand

Dense Sand
Sand
Gravel

Loam
Muck,
Undetermingd
Silty Sand

~ [

ok | Cancel | Help |

Figure 19.11: Layers window, Materials tab (Tutorial-12b)
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29.

30.
31.
32.

33.
34.

Assign the properties of the defined layer Soft Organic Clay to layer Number 2 in the
longitudinal cross section. The defined properties of Soft Organic Clay are assigned to
layer Number 2 by clicking the Assign icon >lin between the left and the right column.
Click on the OK button to quit the window and return to the Geometry tab of the View Input
window to look at the change of layers name in the legend.

To start the calculations again click Calculation and select Start on the menu bar or press
the function key F9.

Open the Operation Parameters Plots window from the Results menu.

Open the Report window from the Results menu.

Go to paragraph 4.1.1 of the report (Figure 19.12). As can be seen, the uplift safety of the
trenched pipe is still not OK as the calculated uplift factor (0.12) is lower than the required
uplift factor (1.1).

4 Operation Parameters

4.1 Uplift Check

Due to buoyancy of the pipeline below the groundwater table, the uplift should be checked. In the subsequent
calculation the safety factor for uplift is calculated based on an empty pipe

4.1.1 Uplift Factors

Vertical nr Safety factor calculated Safety factor required
[-] []
1 012 1.10
2 0.12 1.10
3 0.12 1.10
4 0.12 1.10
5 0.12 1.10
6 012 1.10
7 0.12 1.10
8 0.12 1.10
9 0.12 1.10
10 0.12 1.10
11 0.12 1.10

Figure 19.12: Report window, Uplift Factors section (Tutorial-12b)

19.6.3 Hydraulic Heave Safety

To examine the risk of heave of the trench bottom the graph with the heave safety factor can
be opened.

35.

Select the Safety hydraulic heave tab of the Operation Parameters Plots window (Fig-
ure 19.13).
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S
Salety upit | Safety hyctauiic heave
Edit_2 | gafety factor [] Hydraulic heave safety

Tool: 2

o

1.00
<

040 0.50 .80
L

[

T T T T
-50.0 0.0 500 100.0

L-coordinate [m]

Hydraulic Heave safety
—— — — — PRequired satery

Figure 19.13: Operation Parameter Plots window, Safety hydraulic heave tab (Tutorial-
12b)

4.2 Hydraulic Heave Check
In case of high groundwater pressures in a water bearing soillayer below the trench the safety factor for heave of
the trench bottom should be evaluated. Subsequently, the safety factors for heave are based on groundwater

pressures at the top of layer: 1 ( Silty Sand ) are calculated

4.2.1 Hydraulic heave of the trench bottom

Vertical nr Safety factor calculated Safety factor required
[-] [-]
1 1.03 1.20
2 1.03 1.20
3 1.01 1.20
4 0.96 1.20
5 0.90 1.20
5 0.89 1.20
7 0.91 1.20
3 0.93 1.20
9 0.94 1.20
10 1.01 1.20
11 1.03 1.20

Figure 19.14: Report window, Hydraulic heave of the trench bottom section (Tutorial-12b)

Note: Inthe report (Figure 19.14) the hydraulic heave safety of the trenched pipe is not OK for
all verticals, the calculated safety factors are lower than the required safety factor specified at

the default factors. Especially below the waterway the risk on bursting or heave of the bottom

of the trench is relatively high.

19.7 Lowering the hydraulic head (Tutorial-12c)

The problem of heave of the bottom of the trench can be solved by drainage of the subsequent
silty sand layer. By dewatering the silty sand layer, the hydraulic head can be lowered to the
required level. Lowering the level of the hydraulic head in the silty sand layers can be done as
follows:

36. Click File and select Save as on the menu bar to open the Save As window and rename
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the file into <Tutorial-12¢>.

37. Click the Save button to save the current project as Tutorial 12c.

38. Return to the Geometry tab of the View Input window and select the button Add point(s)
to boundary / PL-line =]

39. Click the four additional points on PL-line 2 as shown in Figure 19.15 (points 15 to 18).

40. Click the Geometry option from the menu bar and select the option Points. In the Points
window, enter the co-ordinates of points 15 to 18 (i.e. PL-line number 2 for the hydraulic
head in the sand layer) as given in Figure 19.16.

[Duienmpe Bl
Geomely Linput | Top View -
ZTac | = N P B [T T 2, ol Layers
’E 0 g [ 2. seft organic Clay
W T né [ 1.sity Sanat
2= = IER 15 15 | —E o 1
@l = 1 > 5 2
— E N3
A =
=
—o= >
Taols = 4
P L = b
o Cx =
[Bix |2
5=
20~
5 1
=
0=
=
PE 0
= -100.000 200,000
?‘ =
|L:123.00 [Z 1500 [Edt [Current object: None

Figure 19.15: View Input window, Geometry tab (Tutorial 12c)

[DPaints =
=
== L Co-ordinate Z Co-ordinate
[m] [rn]
Ie
3k -100.000 5.000
%[ (2 5000 5000
—1 13 15.000 2000
52 [ 35000 2000
5 45.000 5,000
0y [[& 200.000 5.000
7 100,000 5.000
iy )| I 200,000 5,000
3 -100.000 40.000
0 200.000 40.000
1 -100.000 5,000
2 200.000 5.000
3 -100.000 6.000
4 200,000 £.000
5 -60.000 £.000
[ 0.000 4.000
7 50.000 4,000
3 100.000 £.000
*
Cancel | Help |

Figure 19.16: Points window (Tutorial 12c)

Now the results can be checked:

41. Start the calculations by clicking Start on the Calculation menu bar or by pressing the
function key F9.
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42. Open the Operation Parameter Plots window from the Results menu and select the Safety
hydraulic heave tab.

From the plots (Figure 19.17), it is clear that the drainage yields a higher calculated safety
factor for hydraulic heave safety.

lnlx
Safety uplit | Safety hychaulc heave
Edit 2 gafety factor [] Hydraulic heave safety

100

)

080

040

020

000

T T T T
0.0 0o w00 1000

L-coordinate [m]

Hydraulic Heave satety.
— — — — Requiredsafety

Figure 19.17: Operation Parameter Plots windows, Safety hydraulic heave tab (Tutorial
12c)

43. Open the Report window to look at the calculated values (Figure 19.18): the minimum
calculated safety factor for Hydraulic Heave is 1.46 which is more than the required factor
of 1.20.

4.2 Hydraulic Heave Check
In case of high groundwater pressures in a water bearing soillayer below the trench the safety factor for heave of
the trench bottom should be evaluated. Subsequently, the safety factors for heave are based on groundwater

pressures at the top of layer:1 ( Silty Sand ) are calculated

4.2.1 Hydraulic heave of the trench bottom

Vertical nr Safety factor calculated Safety factor required
[ [
1 1.22 1.20
2 1.22 1.20
3 1.24 1.20
4 1.27 1.20
5 1.31 1.20
6 1.29 1.20
7 1.31 1.20
8 1.28 1.20
9 1.20 1.20
10 1.20 1.20
11 1.22 1.20

Figure 19.18: Report windows, Hydraulic heave of the trench bottom section (Tutorial
12c¢)
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20.1

20.1.1

20.1.2

20.1.3

Design of a pipeline
D-GEO PIPELINE can be used for designing a pipeline using four different techniques:

< the HDD technique (section 20.1)
< the micro-tunneling technique (section 20.2)
¢ the trench technique (section 20.3)

Design of a pipeline crossing using the HDD technique

The horizontal directional drilling technique is used to install pipelines. A pipe is installed
from one point in a geometry with soil materials to another by means of horizontal directional
drilling. D-GEO PIPELINE can be used for the design of pipelines or the assessment of prelimi-
nary designs of pipelines constructed by means of horizontal directional drilling. Calculations
are based on the pipeline configuration, the drill pipe and borehole dimensions and the drilling
fluid data. D-GEO PIPELINE calculates the maximum allowable drilling fluid pressure and the
minimum drilling fluid pressure at user-specified calculation verticals.

The configuration of a proposed pipeline that has to cross an object is determined by:

<& the location of the entry and exit points (section 20.1.1)

¢ the entry and exit angles (section 20.1.2)

¢ the limitations of the object to be crossed, specified by the owner of the objects con-
cerned (section 20.1.3)

¢ the minimum value of curve radius (section 20.1.4)

¢ the value of the combined bending radius (section 20.1.5)

Location of entry and exit points

The entry point is the location where the drilling rig is positioned during the pilot drilling. The
exit point is located at the other side of the object that has to be crossed. When the locations
of the entry and exit points are determined, it must be taken into account that a minimum
distance is required to the object in order to cross the object at a sufficient depth.

Inclination at the entry and exit points

The magnitude of the entry and exit angle is usually between 6°and 15°. The angle can be
larger for small drilling rigs. The greater the bending stiffness of the pipeline is, the smaller
the entry and exit angles are. Before starting to drill the curved parts of the drilling line, the
first 30 to 40 m (3 to 4 drill pipes) must be drilled in a straight line. The magnitude of the exit
angle influences the pull-back operation of the pipe through the borehole. The larger the exit
angle, the higher the pipeline has to be lifted in order to pull it into the borehole. A small exit
angle increases the risk that a blow-out will occur.

The limitations of the object to be crossed

The owner or manager of the object to be crossed may have certain requirements with regard
to the crossing depth of the pipeline. Such requirements can be related to the presence
of sheet piles or foundation piles. Another reason for special requirements can involve the
building plans of structures on piles. Such points are boundary conditions for preparing the
pipeline configuration.
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Determination of allowable curve radius

The borehole containing a pipeline is usually characterized by an upward and a downward
curve. Sometimes a horizontal or combined radius forms part of the drilling line. The smallest
possible radius of such a curve depends on the bending stiffness and the yield stress of the
pipeline or the drill pipes. For pipes with a relatively small bending stiffness, such as PE pipes,
the stiffness of the drill pipes is often the determining factor for the minimum radius of curved
sections in the drilling line.

Allowable curve radius for steel pipes

The design radius should be checked for strength:

E D
7; ® % 7° (20.1)
eb

R>

FEy, is the modulus of elasticity of the pipe material, in kKN/m?;
D, s the outer diameter of the pipe, in m;

¥ is the partial safety factor for the bending moment;

Rep  is the minimum specified yield strength, in kN/m?.

(For a pipeline with the following properties: Ej, = 210000 N/mm?; Rep, = 240 N/mm?; v = 1.1,
about half the strength of the steel is available for bending stresses, while the remaining half
is used for stresses due to pulling force, internal pressure, etc. . .)

The design radius R for steel pipes should also be checked for soil reaction pressure due to
bending, according to article E.1.4 of NEN 3650-1:

R > 1000 x D, for small pipe diameter (D, < 0.4 m) (20.2)
R>C x /Dy x d, for large pipe diameter (D, > 0.4 m) (20.3)

where (' is a constant (without dimension) depending on the soil type as shown in Table 20.2.

Table 20.2: Values of constant C (according to table E.1 of NEN 3650-1)

Soil type Cl
Dense packed sand 8500
Moderate packed sand 9400
Loose packed sand 10200
Stiff Clay 10500
Medium stiff clay 11500
Soft clay and Peat 12500

In D-GEO PIPELINE, the soil type is a function of the cohesion and the friction angle of the soil,
as shown in Table 20.3.
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Table 20.3: Soil type as a function of the cohesion and the friction angle

Soil type vl ¢ [kN/m?] Constant C [-]
Dense sand p > 325 c<0.5 8500
Medium dense sand p > 325 c>05 9400
Medium dense sand 30 < p <325 9400
Loose sand 25 < <30 c <1 10200
Stiff sandy clay 25 < <30 c>1 10500
Stiff sandy clay 225 < p <25 c>5 10200
Clayey sand 225 < p <25 c<5b 10500
Stiff clay 20 < p <225 c>10 10500
Medium stiff clay 20< p <225 c <10 11500
Stiff clay 17 < p <20 c>10 10500
Medium stiff clay 17 < p <20 5<c<10 11500
Soft clay 17 < p <20 c<5 12500
Peat /organic clay p <17 12500

In the case of a layered sub-soil, the highest C-value of a layer with a significant thickness is
normative. In the case of a sub-soil with an alternation of layers with relative small thicknesses,
a weighted interpolation can be performed to determine the C-value:

n

d :
Cyq = Ci x with  diotal = d 20.4
d ; i dtotal total ; i ( )
where
n is the total number of layers in the curve;
Ci is the C-value of layer 7;
d; is the thickness of layer 7, in m;
diotal is the total thickness of all layers in the curve, in m.

Allowable curve radius for polyethylene pipes

According to article 8.6.4 of NEN 3650-3 (NEN, 2012c), the minimal curve-radius for PE pipes
is equal to the bending factor as given in Table 20.5 times the diameter.

Table 20.5: Bending factor (acc. to table 6 of NEN 3650-3)

Diameter in mm Bending factor
63 — 160 50

200 — 250 75

315 — 355 100

400 — 630 100

710 — 800 125
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Determination of combined bending radius

In case the horizontal bending radius coincides with part of a vertical bending radius, a com-
bined 3-dimensional bending radius is formed. For the design of the horizontal directional
drilling line, the pull back force and the strength calculation it is necessary to determine the
value of the 3-dimensional bending radius. This value can be determined as follows:

| RE x R?
Reombi = ﬁ (20.5)

where:

Reombi  is the combined bending radius, in m;
Ry is the horizontal bending radius, in m;
R, is the vertical bending radius, in m.

Design of a pipeline crossing using the micro tunneling technique

The micro tunneling technique is often used for installation of pipelines and small tunnels in
densely populated areas. Micro tunneling usually starts horizontal at a certain level below
the surface in a so-called launch shaft. The pipe segments included in the micro tunneling
machine are placed behind the tunneling machine and pushed in the direction of the reception
shaft by means of a jacking frame (Figure 20.1).

The so-called thrust force which has to be provided by the jacking frame is an important
parameter in the design of tunnels and pipelines installed by means of micro tunneling. Of
course the jacking frame must be able to produce this force.

Launch Shaft Reception Shaft

l_ Tunnelling Direction

\\ b
Jacking Pipe . .
Tunnelling Machine
>

[ [ [~ 1 [ [ [ ["IF |[!

Jacking Station

Figure 20.1: Launch and reception shafts of the micro tunneling machine

Design of a pipeline using a trench

Very often, under normal circumstances, pipelines are installed in an excavated trench. In
the not very densely populated areas such as agricultural areas and not developed areas, the
slopes of the trenches can often be excavated under.

The main risk associated with trenching is instability of the slopes of the trench. This risk is can

not be considered in D-GEO PIPELINE. Use of other computer programs such as D-GEO STABILITY
is recommended to evaluate this risk.

258 of 324 Deltares



21 Calculation of soil mechanical data

This section includes background information on the calculation of:

neutral vertical stress (section 21.1)

passive vertical stress (section 21.2)

reduced vertical stress (section 21.3)

actual vertical stress (section 21.4)

neutral horizontal stress (section 21.5)

vertical modulus of subgrade reaction (section 21.6)
horizontal modulus of subgrade reaction (section 21.7)
ultimate vertical bearing capacity (section 21.8)
ultimate horizontal bearing capacity (section 21.9)
vertical displacement (section 21.10)

maximal axial friction and friction displacement (section 21.11)
displacement at maximal friction (section 21.12)

global determination of the soil type (section 21.13)
traffic load (section 21.14)

CO OO OO OO0 00

If the definition of some parameters in the equations of this chapter is missing, refer to sec-
tion 1.7.

21.1 Neutral vertical stress

o uH

OJ'— o

Figure 21.1: Schematic diagram for calculation of the neutral vertical stress

n/8 D,

According to article C.4.2.2 of NEN 3650-1 (NEN, 2012a), the neutral vertical stress ¢, is
defined as (Figure 21.1):

g =0, (H)+ (0.5 —7/8) x v x D, (21.1)
where:

o, (H) is the vertical effective stress at depth H, in kN/m?:
o, (H) = vYunsat X H1 + (7sat — ) X Hoz (see Figure 21.2 for the definition of
H1 and Hg)

H is the soil cover above the top of the pipe, in m (see Figure 21.2).

0 is the effective unit weight of the soil, in kN/m?: ~v' = ~unsat @bove the phreatic

line and 7’ = Yeat — "Yw below the phreatic line.
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D,

Figure 21.2: Schematic diagram for the definition of parameters H{, Hz, Yunsat and ~sat
(Figure C.5 of NEN 3650-1)

21.2 Passive vertical stress

According to article C.4.2.4.2 of NEN 3650-1, the passive vertical stress g, is defined as:

H
Qo = qn X (1 +0.3 F) < Dhax (21.2)
o
with:
9 ;Si~nw
max = (Pf ¢ X cot ) x 0.5 % Dy + +Sw—cxcot (21.3)
DPmax = (P ¥ 0.5 x Dy + H q ) .
where:
Dhoax is the maximum passive vertical stress, in kN/m?;
2 is 04 (1 + sin ) + ¢ X cos ¢, in kN/m?;
q is (05 X sinp + ¢ X cos @) /G, in kN/m?;
oo’ is the effective isotrope stress, in kN/m?: oy = (0} + 01)/2;
Ovn’ is the vertical respectively horizontal effective stress;

c, 790, (G are the soil parameters at the pipe center.
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21.3 Reduced neutral vertical stress

In case a drilling technique is used for the installation of the pipeline, the vertical soil load is
reduced due to arching. A pipeline installed using the horizontal directional drilling technique
is loaded by a strongly reduced soil loads due to arching. For micro tunneling the effect of
arching on the soil load is calculated by D-GEO PIPELINE as well. Due to the relative small
borehole arching is not completely developed. The relatively small available strain yields
incomplete mobilization of the shear strength. The soil load in case of micro tunneling should
therefore be calculated using half the value of the angle of internal friction.

4
P’ 9
2
s B —
s Shear strain

10

Figure 21.3: The mobilization of the angle of internal friction in the development of the
arching mechanism

21.3.1 Reduced neutral vertical stress in compressible soil layers

According to article C.4.8.3 of NEN 3650-1 (NEN, 2012a), in compressible soil layers (i.e. clay
and peat), the reduced neutral vertical stress ¢, is defined as:

| hx+ —F/2By itz > 8B
Gnr = { n if z < 8B4 (21.4)
with:
0-9 Fmax
Iy = By x(3H—2h)xa (21.5)
2CXH(6d+ 2B Xlzrcz:rm fluid )
Frax = 2By X (h X v — qar1) (21.6)
B1><<fy/_BL1> X —K x tang X h 21.7)
= X —ex .
(. K X tanyp P B,
where:
B is the half width of the covered ground column, in m:
B1 = O.5Do + Do X tan (450 — QOb/2 ) > R;
©p is the average friction angle over the height of the borehole, in degree;
h is the soil cover above the borehole, in m (see Figure 21.4);
¢, o,y arethe average soil parameters between the surface and the pipe center;
F is the permanent friction due to arching effect, in kN/m?:
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Floax is the maximal adhesion, in kN/m?;
Qn r1 is the reduced neutral vertical stress on the pipe, in kN/m?;
H is the thickness of the compressible layers, in m (see Figure 21.4);
o is a dimensionless factor: & = In(h/hyef) with hyer = 1 m;
F 3 F F Y
h
h,
T @
H
i,
i
Compressible
F
Incompressible

Figure 21.4: Definitions of H, h and hp,

21.3.2 Reduced neutral vertical stress in non-compressible soil layers

According to articles C.4.8.3 and C.4.8.4 of NEN 3650-1 (NEN, 2012a), in incompressible soil
layers (i.e. sand) situated below compressible soil layers, the reduced neutral vertical stress
Gn, is defined as (if h > 8B4):

By x o —K-tang-h _
q“":A 1 —exp WP )| + o, exp K x tan g X hy
By B,
(21.8)

o is the average effective unit weight of the soil between the compressibility border
and the pipe center, in kN/m?;
e is the soil cover above the borehole in the incompressible layers (see Figure 21.5),

inm;

% is the average friction angle between the compressibility border and the pipe center,
in degrees;

Oc is the vertical effective stress at the compressibility border, in kN/m? (see Fig-
ure 21.5).
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Compressible layers

_'vhi Y 0

Incompressible layers

Figure 21.5: Schematic diagram of H and h,,

If hy < 8B4y, Equation 21.8 is not applicable for the determination of gn,. In such case, the
following applies:

1) 0 < hy < 2Bj: gnr is constant and equal to gy -border, see section 21.3.1;

2) 2By < hy, <4B4: interpolation between ¢, -border and gn,-incompressible for
hp = 4B1;

3) hp >4DB;: ¢n,r-incompressible as a function of Ay,

If gnr-incompressible (hp = 4By) is larger than g, -border, then 1) is prescribed and 2) is
applicable for 0 < h, < 45;.

Initial vertical stress

According to article C.4.2.3 of NEN 3650-1 (NEN, 2012a), the initial vertical stress ¢x (also
called actual vertical stress) for construction in trench is defined as:

Gk = Gn + Fvgot X 10 X Do < gp (21.9)
with:
! = ! + ! + ! (21.10)
kv,tot kv,top kv,pipe kv,bottom .
El,
Kupipe = ———— 21.11
YPPE ky x Dy x D3 @1.1)
where:
Qn is the neutral vertical stress of the soil, in kN/m?, see Equation 21.1;
o is the passive vertical stress of the soil, in kN/m?, see Equation 21.2;
Ky ot is the vertical modulus of subgrade reaction upward, in kN/m3, see Equa-

tion 21.15;
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kypottom IS the minimum vertical modulus of subgrade reaction downward, in kN/m3, cal-
culated according to section 21.6.2;
Ky pipe is the vertical modulus of subgrade reaction of the pipe, in kN/m?;

U is the percentage of compaction depending on the type of fill and type of com-
paction as shown in Table 21.7.

Table 21.7: Values of parameter . according to NEN 3650-1

Compaction Type of fill

Soft soil Stiff clay Sand
Poorly 0.20 0.15 0.075
Well 0.10 0.075 0.02

Neutral horizontal stress

Pipelines installed using the HDD technique

According to article C.4.8.6 of NEN 3650-1, the neutral reduced horizontal soil load g, for a
pipeline installed using the horizontal drilling technique can be calculated using the following
equation:

Ghyr = Gnyr X (1 — sin (pdf) (21-12)
where:
Gn,r is the reduced neutral vertical stress of the soil, in kKN/m?, as calculated in sec-
tion 21.3;
Pt is the angle of internal friction of the drilling fluid, as defined in the Engineering

Data window (section 4.6.3.1). The default value is 15°.

Pipelines installed in a trench or using micro tunneling
The neutral horizontal soil load ¢, for a pipeline installed in a trench or using the micro
tunneling technique can be calculated using the following equation:

Ghn = qn X (1 — sin pp) (21.13)

where:

Gn is the neutral vertical stress of the soil, in kN/m?, as calculated in Equation 21.1 in
section 21.1;
pp  is the average angle of internal friction of the soil over the height of the borehole.

In micro tunneling the space in between the pipeline or tunnel is usually relatively small,
moreover the space in between the bore hole wall and the pipeline or tunnel is often filled with
grout after installation.
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21.6 Vertical modulus of subgrade reaction

Due to the soil-pipe interaction, induced by either the pipe or the soil, soil deformations and
pipe displacement will occur. The deformations lead to increase or decrease of the soil load on
the pipe. This soil reaction behavior is modeled by using a spring model. By locating springs
around the pipe, the displacement and related stress changes can be calculated (Figure 21.6).
The increase or decrease of the soil reaction stress is usually calculated by linear or bi-linear
springs. The stiffness of the spring is expressed as a modulus of subgrade reaction.

k

v;upward

horizontal

Figure 21.6: Pipe soil interaction modeled by springs

Since the soil-pipe interaction is influenced by the installation method, different calculation
methods to determine the moduli of subgrade reaction exist:

¢ For installation using a drilling technique (HDD or micro tunneling), refer to section 21.6.1;
¢ For Installation in a trench, refer to section 21.6.2;

21.6.1 Pipelines installed using a drilling technique

According to article C.4.3.3 c) of NEN 3650-1, the stiffness of the spring below (ky pottom) and
above the pipe (kyop) is:

fE x FE
v = (21.14)
mx (1 —12)x A
with:
52.31—|—€/b
m =
51.90 + 3.596 xﬁ/b
C=m/\
D
A= |k, y __—°
\/ X TR
where:

E, v are the average parameters of the soil along a distance of 5 1D, above the top of
the pipeline for kv,top and below the bottom of the pipeline for kv,bottom;

A is ¢ x b = support area, in m;

b is the minimum support width, in m: b = D;

l is the minimum support length, in m;

A is the characteristic stiffness pipeline-soil, in m~!;
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Iy is the moment of inertia of the pipeline, in m*: [, = & [Dg‘ — (Do — 2dn)4}
m is the shape coefficient, depending on ¢/b.

Pipelines installed in a trench

Vertical modulus of subgrade reaction upward

According to article C.4.3.2 of NEN 3650-1, the vertical modulus of subgrade reaction upward
are:

o — g
vitop — pz L (21.15)
max
g
Kytopmax = —— (21.16)
max
with:
0.25 x D
Zmax = — for clay and peat (21.17)
EY5 [ &
0.20 x D
Zmax = —— 0 for sand (21.18)
E05 % Dﬂ
where:

o is the passive vertical soil load, see Equation 21.2;

Qn is the neutral vertical soil load, see Equation 21.1;
Zmax 1S the maximum displacement, in m;
E is the average Young’s modulus of the soil along a distance of 5 D, above the top

of the pipeline, in MPa;
H is the soil cover above the top of the pipe, in m.

Vertical modulus of subgrade reaction downward

The vertical modulus of subgrade reaction downward is characterized by a bi-linear spring.
ky 1 is the modulus of subgrade reaction in between 0 and 2/3 of the vertical bearing capacity,
while &, » is the modulus of subgrade reaction in between 2/3 of the vertical bearing capacity
and the vertical bearing capacity.

For clay and peat, the modules of subgrade reaction downward are:

ki = 0.25 x XPwe (21.19)

vii — U. Cy Do .
Py

kuo = 0.04 X ¢y X —= (21.20)
D,

For sand, the modules of subgrade reaction downward are:

Py
kwi=0.5x E x De (21.21)

(o]

Py
kyo=0.1x E x De (21.22)

[0]
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Calculation of soil mechanical data

where ¢, and E (in kN/m? respectively MN/m?) are the average parameters of the soil along
a distance of 5 [, below the bottom of the pipeline and F,. is the vertical bearing capacity
determined according to section 21.8.

If ¢, is nil, a fictive undrained cohesion is used by the program:

1
Cufictve = 3 (14 Kp) X of, X sinp + ¢ X cos ¢ (21.23)

Horizontal modulus of subgrade reaction

Pipelines installed using a drilling technique

The horizontal modulus of subgrade reaction is:
kh - 07 kv,bottom (21 24)

where Ky pottom iS the vertical modulus of subgrade reaction at the bottom of the pipe as deter-
mined in Equation 21.14.

Pipelines installed in a trench

According to article C.4.3.4.1 of NEN 3650-1, the horizontal modulus of subgrade reaction
upward is:

1-03xB
ki = e (1-03xB) (21.25)
Ymax A

where:

gne Is the ultimate horizontal bearing capacity, see Equation 21.29;

Ymax IS the maximal displacement, in m: ymax = Do X [0.05 + 0.03 % (D% + 0.5)}

A is a constant (A = 0.145);
B is a constant (B = 0.855).

Ultimate vertical bearing capacity
According to article C.4.4.2 of NEN 3650-1 (NEN, 2012a), the ultimate vertical bearing capac-
ity is:

Pywe =0.95[0.579" B N, S, d,+ Sq Nq dq (g + ¢ X cot @) — ¢ x cot ¢]

(21.26)
where:

¢, @,y are the average soil parameters along the sliding plane;

B is the width of the foundation element, in m (for pipeline: B = D,);

Z is the depth until the pipe, inm: Z = H + D, /2;

H is the soil cover above the pipe, in m;

L is the length of the foundation element, inm: L = 10 B;

N, is the bearing capacity factor for the effect of the effective weight of the soil under
the foundation surface: N, = 1.5 X (Ng — 1) x tan¢

Sry is the shape factor for the effect of effective weight of the soil under the foundation
surface: s, = 1 — 0.4B/L;

d, is the depth factor for the effect of the effective weight (d, = 1);
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Ny is the bearing capacity factor for the effect of the soil cover:

Ng = exp™ 1% x tan? (I + £);
5q is the shape factor for the effect of soil cover: sq = 1 + sin xB/L;
dq is the depth factor for the effect of the soil cover:

dq =1+ 2tan g (1 — sin )* arctan (Z/B).

If ¢ = 0, the ultimate vertical bearing capacity is:
Pue =0.95[0, + ¢ (m+2) x (14 sc+d¢)] (21.27)
where:

Se is the shape factor for the effect of cohesion: s = 0.2B/L = 0.02;
d. s the depth factor for the effect of cohesion: d, = 0.4 arctan (Z/B).

Ultimate horizontal bearing capacity

Pipelines installed using the HDD technique

The horizontal bearing capacity ¢ is of equal magnitude as the maximum vertical passive
soil load pr,,, (see Equation 21.3) and is therefore defined as:
— sin ¢
14sin ¢
—cXcoty

= Phax = (P + ¢ X cot @) x LDOQJr
Ghe = Pmax — s v 05D0_|_H q

(21.28)

Refer to section 21.2 for the definition of the parameters.

Similar to the determination of the maximum vertical passive soil load, for shallow depth of the
pipeline (H < 5D,) the soil load should be calculated according the formula for the horizontal
bearing capacity for trench or micro tunneling.

Pipelines installed in a trench or using micro tunneling

According to article C.4.4.3a, the horizontal bearing capacity gne of a pipeline in a trench or
using the micro tunneling technique is calculated as follows:

ghe = Kq X 0, + 0.7 x a x K¢ X ¢ (21.29)

where:

K, s the load coefficient according to Brinch Hansen, see Figure 21.7 and Equa-

tion 21.30;

K. is the load coefficient according to Brinch Hansen, see Figure 21.7 and Equa-
tion 21.31;

logd is the effective vertical stress at the pipe center, in kN/m?;

o is a coefficient: o = 0.6 for trench and «¢ = 1 for micro tunneling.
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Figure 21.7: Values K, and K. according to Brinch Hansen (Figure C.14 of the
NEN 3650-1)

The angle of internal friction ¢ and the cohesion c for the calculation of the load coefficients
K4 and K is determined for the soil layers 2.5 [), above and 2.5 D, below the axis of the
pipeline. The minimum value is used. According to Brinch Hansen (Brinch Hansen, 1970),
the load coefficients are:

0 o D
:Kq—i-Kq X aq X

21.30
q 1—|—Oéq><% ( )
_ KA EE xacx g (21.31)
c — D .
1+Oéc><§

where:

ngexp [<g+go> xtango] X €Oos (p X tan (£+§>
— —— n oS an (— — -
exp 5 ¥ an g ¥ 19

K,?: {exp [(g+<p> Xtancp} X CoS p X tan <£+§> — }xcotgp

K = K X Ko X tan g
K* = N, x d
d>® = 1.58 +4.09 x tan® ¢

N, = [exp(ﬂxtangp) X tan? <%+§> — } X cot ¢
Ko=1—-singp
oy = Ky ><Koxsingo
Ko K3 (9
K (T
%= grog <2 (T +3)
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Vertical displacement

The vertical displacement of the soil layers below the pipeline due to an increased load on
these layers can be calculated using the Isotache method or the Koppejan method. In ad-
dition to the calculated vertical displacement by D-GEO PIPELINE, a given value for vertical
displacement can be entered manually (see section 4.4.2).

Isotache model

Creep Isotaches are lines of equal rate (speed, velocity) of secular (visco-plastic) strain 5':
in a plot of (natural) strain versus (natural) logarithm of vertical effective stress. These are
displayed in the Figure 21.8.

Cref = Op

p (o)

b-a

» -H
c &5 ref

‘c‘-‘s]-.[ref
exp(l)
H ¥ ]
2 ) Es]-.[ref
exp(2)

Figure 21.8: Creep Isotache pattern

[w)

)

The Isotaches are all parallel with slope b—a. The Isotache a parameter determines the direct
(elastic) strain component 52'. The b and ¢ parameters determine the secular (visco-plastic)
creep component E':.

del
b—a= = (21.32)
c= s (21.33)
dln (ef) '
a= deg (21.34)
dlno’
el =cell + (21.35)

The reference Isotache starts at pre-consolidation stress ot = 0, and is characterized by a

reference creep strain rate 7.

The secular creep rate is given by:

(b—a)ln (Z—;) — el

C

8s - 5s.ref eXp

(21.36)
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It can be shown that the secular creep rate is related to a so-called intrinsic time 7, which is
related to the common time ¢ by a time shift tgps.

H_C . g
€y = ; with T =1 — tenit (21.37)

This time shift in fact represents the creep history of the soil.

The total rate of strain is the sum of the elastic and secular rates:
et — ésH + 5-: (21.38)

Time integration of Equation 21.38 finally yields Equation 21.39.

H o’ Yo"\ beadr
e’ = aln|— ) +cln|l + — | (21.39)
(o)) 0 O'p T0

The reference time 7y is set by default to 1 day.

7o = 1 day (21.40)

During a constant stress period after virgin loading, Equation 21.39 simplifies to:

/

6H:a1n@+blni+01nl (21.41)
(o)) Up T0

This equation applies to the creep tail when o’ has become constant, and this is the familiar
relation for one-dimensional creep, with strain depending on logarithm of time.

Here, however, apart from using natural strain, the time to use is the intrinsic time 7. This
removes the age-old difficulty of defining the origin of time to use in the compression law, e.g.
years A.D. (Buisman: dykes of Marken island), time after loading, time after last loading stage,
etc.

Figure 21.9 illustrates the effect of the tgnist parameter (denoted by ¢,) on the creep tail.

log T, logt

H ty<0 ty=0

Figure 21.9: Influence of the tqpir = t, parameter on the creep tail

While e — log ¢ plots can be either steepening or flattening, the et — log 7 plot is linear.
Steepening occurs for relatively small load increments, and is due to changing the origin of
time to the start of the new increment. Flattening occurs for relatively large load increments.
The linear relationship with intrinsic time therefore allows a more accurately identification and
interpretation of the creep tail.
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21.10.2 Koppejan model

Figure 21.10: Koppejan settlement

Four different situations can be distinguished for Koppejan:

< If the vertical effective stress is smaller than the pre-consolidation pressure, the primary
settlement can be calculated from:
Ahprim 1 ( o’

=—In(l—],00<0 <o 21.42
ho Cp 0'0) 0 P ( )

< If the vertical effective stress is larger than the pre-consolidation pressure, the primary
settlement can be calculated from:

Ahyi 1 1 !
ﬂ:—ln ) —m(Z 00 < 0p <0’ (21.43)

<& If vertical effective stress is smaller than the pre-consolidation pressure, the secondary
settlement for one loading can be calculated from:

Ahgec 1 t o’ ,
=—1 — ) In{— 21.44
o . og (to) H<Uo , 00 < 0 < 0p ( )

<& If the vertical stress is larger than the pre-consolidation pressure, the secondary settle-
ment for one loading can be calculated using Equation 21.45:

Ahgec 1 t Op 1 t o’ ,
= —log(—|m(2)+—=1log(—)In{=
ho Cs Og(to) “<ao +0; “\%) "\ 00 < 0p =0

(21.45)

where:

Co is the primary compression coefficient below pre-consolidation pressure;
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Cy’ is the primary compression coefficient above pre-consolidation pressure;
Cs is the secondary compression coefficient below pre-consolidation pressure;
0N is the secondary compression coefficient above pre-consolidation pressure;
Ahp,im is the primary settlement contribution of a layer, in m;

ho is the initial layer thickness, in m;

0o is the initial vertical effective stress, in kKN/m?;

Op is the pre-consolidation pressure, in kN/m?;

Ahg s the secondary settlement contribution of a layer, in m;

t is the time, in days;

to is the reference time, in days.

21.11 Maximal axial friction

The friction between the pipe wall and the surrounding soil depends on the relative displace-
ment between the pipe wall and the soil. When the relative displacement between the soil
and the pipe reaches a maximal value, the friction does not increase anymore. The friction
depends on:

¢ The stresses around the pipe

¢ The adhesion between the soil and the pipe wall
¢ The roughness of the pipe wall

¢ The angle of friction of the soil

21.11.1 Pipelines installed using the HDD technique

The maximal axial friction along the pipeline can be put in the Engineering Data window
(section 4.6.3) as parameter f (friction between pipe — drilling fluid). The conditions directly
after the installation are considered as critical.

21.11.2 Pipelines installed in a trench or using micro tunneling

{

Ypipe
Grilling

1

Figure 21.11: Schematization of the forces acting on the pipe

The following forces are acting on the pipe (Figure 21.11):
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a) Uplift force:

T
2
Quplit = — X Dg X gt

21.46
1 ( )
b) Weight of the pipeline:
I z D2 _ D2
Gpipe = 7 X (D2 7)) X (21.47)
c) Weight of the filling (water):
n 2
filing = 1 X D Xy X By (21.48)
d) Stress at the top of the pipe:
| max [gn; min (—gesr; gp)]  for trenching (21.49)
Gop =\ max [@n,r; min (—getr; go)]  for micro tunneling :
e) Stress at the bottom of the pipe:
| max (gn + gesr; Pue)  for trenching (21.50)
Goottom = 9§ yax (Gnr + Gett; Pwe)  for micro tunneling .
The effective weight of the pipeline is defined as:
et = GQpipe 1 Griling — Guplift (21.51)
where:
Qn is the neutral vertical stress, see Equation 21.1 in section 21.1;
dp is the passive vertical stress, see Equation 21.2 in section 21.2;
Gnr is the reduced neutral vertical stress, see section 21.3;
Pe is the vertical bearing capacity, see Equation 21.26 in section 21.8.
The maximal axial friction along the pipeline is defined as follows:
W = Wigp + Whoottom + 2Whor (21.52)
with:
Wi = % Dy (¢ x tandy + 0.6 X a) for trgnching .
T Do (gi X tan diup fiuid + Aiub fuid) for micro tunneling
W, = % Dy (go X tandp + 0.6 X ayp) for trgnching |
T D, (qb X tan dyp fluid + Aub ﬂuid) for micro tunneling
W 7 Do (Ko x 0y X tandy + 0.6 X any) for trenching
hor = T Do (Ka X 0} X tan dp fiuid + Giub fuid) for micro tunneling
where:
w is the maximal friction, in kN/m;

ay, Ay, Ay are the adhesion’s of the soil at the top, respectively bottom and middle of the

pipe, in kN/m?;
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o1, 0p, Om  are the delta friction angles of the soil at the top, respectively bottom and
middle of the pipe, in radians. For sand,  can be approximated by 2/3 ¢,
while in clay and peat the value of the friction angle can be neglected (6 = 0).

Qyub fluid is the adhesion of the lubrification fluid, in kN/m?, as defined in the Engineer-
ing Data window (section 4.6.3.2);

Olub fluid is the delta lubrification fluid, in radians, as defined in the Engineering Data
window (section 4.6.3.2);

K, is the neutral earth pressure ratio: i{o = 1 — sin (;

2

K, is the active earth pressure ratio: K, = (Jf’ssifw) :

%) is the friction angle of the soil at the middle of the pipe, in radians;

oy’ is the effective vertical stress at the middle of the pipe, in kN/m?.

21.12 Displacement at maximal friction

21.12.1 Pipelines installed using the HDD technique

The displacement necessary to develop the maximal axial friction along the pipeline is esti-
mated between 6 and 9 mm. D-GEO PIPELINE uses an average value of 7.5 mm.

21.12.2 Pipelines installed in a trench or using micro tunneling

The displacement necessary to develop the maximal axial friction along the pipeline is deter-
mined using Table 21.19.
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Table 21.19: Friction displacement

Soil type %) c Friction displacement
[’1 [kN/m?] [mm]
Dense sand p > 325 c<05 1-3
Medium dense sand 30 < p <325 c<0.5 3-5
Stiff clay > 30 c>05 2-4
Loose sand 25 < <30 c <A1 5-8
Stiff sandy clay 25 < <30 c>1 4-6
Clayey sand 225 < p <25 c<5 5-8
Stiff sandy clay p>225 c>5 2-4
Stiff clay > 17 c>10 2-4
Medium stiff clay 20 < p <225 4-6
Medium stiff clay 17<p <20 c>5 4-6
Soft clay 17 < p <20 c<5 6-10
Peat /organic clay p <17 10-15

21.13 Global determination of the soil type

The global soil type in which the pipeline is installed is used for the determination of safety
factors which are required for a pipe stress analysis. The classification of global soil types
given in Table 21.20 is applied in D-GEO PIPELINE.

Table 21.20: Classification of the soil type

Global soil type %) c

[’] [kN/m?]
Sand p>325 c<05
Sand 30 < p <325 c<05
Clay > 30 c>05
Sand 25 < <30 c <A1
Clay 25 < p <30 c>1
Sand 225 < p <25 c<5
Clay p>225 c>5
Clay > 17 c>10
Clay 20< p <225
Clay 17< <20 c>5
Clay 17 < <20 c<5
Peat p <17

21.14 Traffic load

According to C.5.1 of NEN 3650-1 (NEN, 2012a) two load models are considered, depending
on the type of road:

¢ For dual carriageways and regional roads, 'Load Model 3’ (i.e. Graph I) according to
EN NEN-1991-2 (this concerns special transports) is assumed;

¢ For other roads, the 'Fatigue Load Model 2, Lorry 4’ (i.e. Graph Il) is assumed according
to EN NEN-1991-2 (this load model covers the ’set of frequent lorries’ wich can occur
on European roads, such as described in EN NEN-1991-2, with exception of the special
transports).
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Figure 21.12: Traffic load as a function of the depth and the pipe diameter, for both load
models, according to NEN 3650-1

For both load models (Graph | and Graph Il), the spreading of the traffic load g, along the depth
is given in Figure 21.12 for four pipe diameters: 200, 600, 1000 and 1600 mm. Intermediary
diameters are linearly interpolated. D-GEO PIPELINE uses the following formulas to calculate
qv as a function of the depth Z, derived from Figure 21.12:

¢ For Graph I:
O For @ 200 mm: ¢, = 53.988 x Z 1058
O For @ 600 mm: ¢, = 51.403 x Z 1016
0 For @ 1000 mm: ¢, = 46.522 x 709
O For @ 1600 mm: ¢, = 39.448 x Z0-80
¢ For Graph lI:
O For @ 200 mm: ¢, = 31.716 x Z 1457
For © 600 mm: ¢, = 29.501 x Z 14
For © 1000 mm: ¢, = 26.776 x Z 1324
For © 1600 mm: ¢, = 21.963 x Z 1172

O oo
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22 Drilling fluid pressures calculation

221

22.1.1

This section includes background information on the calculation of the following drilling fluid
pressures:

< Minimum required drilling fluid pressure (section 22.1)
¢ Maximum allowable drilling fluid pressure (section 22.2)

Minimum required drilling fluid pressure

Drilling fluid consists of a mixture of water and bentonite or may have another composition
(polymers) . This mixture has some special properties. The flow behavior of the fluid is
an important characteristic for the development of drilling fluid pressure during the different
drilling stages. Various types of drilling fluids exist. Generally, the flow behavior of drilling fluid
can be described with the Bingham model. The Bingham model describes the fluid by means
of a viscosity term and a threshold term from which flow is initialized. The threshold is called
the yield point.

D-GEO PIPELINE calculates the required minimum fluid pressure at predefined locations. In
these calculations, the flow properties of the drilling fluid (density, viscosity and yield point)
play an important role.

During all stages of the drilling process, a pipe is present in the borehole, drill pipe or product
pipe. The return flow of drilling fluid with cuttings occurs in the annulus between the borehole
wall and the pipe. The required fluid pressure to initiate flow depends on the width of the
annulus (radius borehole minus radius drill pipe), the properties of the drilling fluid and the
required annular fluid flow rate.

To obtain the minimum required pressure Pmud:min, the following pressure values must be
calculated and added up:

Pmudimin = P1 1 D2 (22.1)
where:
D1 is the static pressure of the drilling fluid column, in kN/m?.
Do is the excess pressure necessary to maintain the annular flow of drilling fluid with

cuttings in the borehole, in kN/m?.

Static pressure of the drilling fluid column p,

As the drilling head is at a lower level than the exit point of the drilling fluid, a pressure differ-
ence has to be overcome which is equal to the difference in height times the unit weight of the
drilling fluid:

D1 = Yot X (Zexit — ) (22.2)
where:

Yot is the unit weight of the drilling fluid, in kN/m?;
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Lexit is the vertical co-ordinate of the exit point of the drilling fluid, in m, depending on
the direction of the drilling:
< If the drilling is from left to right, then the exit point of the drilling fluid is the
left point: Zexit = Z|eft;
< If the drilling is from right to left, then the exit point of the drilling fluid is the
right point: Zexit = Zright
Refer to section 4.6.1.1 for the definitions of Zeit and Zight.
Z is the vertical co-ordinate at pipe center, in m.

22.1.2 Excess pressure to maintain flow of drilling fluid p,

To initiate the flow of drilling fluid, a specific shear resistance in the fluid must be overcome.
The drilling fluid flows through an annulus. The required excess fluid pressure depends on
the width of the annulus (difference between borehole and drill pipe or product pipe radius),
the flow properties of the drilling fluid, and the required flow rate.

The required excess pressure necessary to maintain the annular flow of drilling fluid with
cuttings in the borehole p» is obtained by multiplying the pressure per unit length with the
length of the borehole in which the drilling fluid is flowing:

d
Py = d_i w L (22.3)

where:

dp/dz is the flow resistance per unit length of borehole, in kN/m?;
L is the distance in the borehole between the boring front and the exit point of the
drilling fluid, in m.

Flow resistance dp/dz

The minimum required pressure dp/dz is the optimal value for which the calculated flow rate
() is equal to the requested flow rate ()req (Necessary to initiate flow of drilling fluid).

Calculated flow rate ()

The calculated flow rate () is the contribution of five components:

Q=0Q11+ Q12+ Q2+ Qa1+ Qa2 (22.4)
with:
Tdeg dp R12 Ré 2 2 R L 1 2
= op |- Do P (070 ) 2 (R () D CR2) 4 SR
Q11 ﬂ{ Sy dz A \\1R2 oln{ 7, it | T 52k
(22.5)
Qi2=2 _rars _dp B (o N a2y (o) 1 + Low? (22.6)
L2757 de dpg \\AR? oM\ R, ) 270) T '
2
9 9 Tdf dp R12 7o 9 To
- _ G, B — | —2X°In( — C 22.7
Qo= (?”1 7‘0) [ i To iz g <<R1 ) n <R1 ) + 2) ( )
To 3 dp R12 Til 2 2 i 1 1 2
— op | s P L T In(—)-= ~C 22.8
Q@31 I {?Wdfn 2 e \\ 172 A2 (7% In 7. 57 + 5 Car (22.8)
Tdf 3 dp R? 1 2
=21 |—R - =L [+ XN+ 22.9
a2 =2m [?wdf T deSug \2 T 229
where:
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Tof is the yield point of the drilling fluid, as defined in the Drilling Fluid Data window
(section 4.6.4), in kN/m?;

Ugt  is the plastic viscosity of the drilling fluid, as defined in the Drilling Fluid Data window
(section 4.6.4), in kN.s/m?.

The constants are:

27’df X To To 2
N="ST (= 22.10
R? x % (R1> ( )
A1yt Ry Ro\’ o\’ Ry
Co= —— In{— ) —Ry| — [ =— 2 — In | —
i R%X%X[T()“(&) °} (m) &) MR
(22.11)
47’df
04 - = dn 1 (22.12)
R1 X d_zz)
27’df
ro= g (22.13)
dz

70 is the solution to the following equation:

T2 27’df Ro 1 dp
§+Tdf7“o l+In Z_—p+7"o R, —Tdf(Ro+R1)+Z£ (RY — Ry)
1 dp 2 27’df Ro
——r2l —— = 22.14
+2dzr° n[<% T roR4 ( )
Requested flow rate ()req
The requested flow rate Qreq is equal to:
Qreq = Cx?ann X (1 - floss) (22-15)

where:

floss s the circulation loss factor;
Qann is the annular back flow rate, in kN/m®.

22.1.3 Minimum drilling fluid pressure for Stage 1 (pilot pipe in the pilot hole)

For the first drilling stage of the horizontal directional drilling process, the minimum drilling fluid
pressure is calculated for the drilling direction from the left and the right, using the following

formulas:
) dp
Pﬂ'ﬁﬂen = p1 + Lies X (d_) (22.16)
pilot
pﬁlli(r)]t,right = p1 + (L — Lient) ¥ (d_) (22.17)
pilot
where:
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Liet is the distance in the borehole between the drilling head and the left exit point of the
drilling fluid, in m;
L is the total length of the borehole, in m.

Minimum drilling fluid pressure for Stage 2 (drill pipe in the pre-ream hole)

- _ . dp
PR = min | Pa i+ L () ] 21
L pre-ream
pre-ream . pilot dp
Prinyright = 111 Pmin,left;p1 + (L - L|ef1) X @ (22.19)
L pre-ream

Minimum drilling fluid pressure for Stage 3 (product pipe in the borehole)

. - dp
P o = i | PR 4 Ligy x| — (22.20)
dz )
pull _ : Ppre—ream . )’ )’ dp
min,right — TI1I1 min,left 3 P1 + ( - Ieft) X | = (22.21)
dz J

Maximum allowable drilling fluid pressure

In the borehole, an excess drilling fluid pressure is maintained to enable sufficient outflow
of drilling fluid and cuttings. At high pressures, the borehole will fail through uncontrolled
expansion. The cavity expansion theory describes the definition of the maximum allowable
drilling fluid pressure at which the wall of the borehole becomes unstable. Such limit pressure
is the highest pressure that can be sustained by a cavity in the soil. Logically, this forms an
upper boundary for the drilling fluid pressure in the borehole.

When the borehole is created, the drilling fluid will exert pressure on the soil. When the
pressure rises above a certain value, plastic deformation of the soil will occur, initially adjacent
to the borehole. When the pressure is increased further beyond this value, the zone with
plastic deformation will increase. If the zone with plastic deformation reaches the surface a
blow-out will occur.

In granular materials (drained soil layers), the drilling fluid pressure may lead to development
of cracks around the borehole when the pressure exceeds a certain maximal value which is
related to the strain of the borehole wall.

In order to prevent blow-outs or damage to structures close to the borehole, care should
be taken that the plastic zone remains within a safe radius around the hole. Therefore the
pressure that creates a plastic zone that does not extend beyond the established safe radius
must be determined.

To determine the maximum allowable drilling fluid pressure, different formulas are used, de-
pending on the soil material sequence above the pipeline.
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Maximum allowable drilling fluid pressure in undrained layers

In undrained layers, the maximum allowable drilling fluid pressure Pmax:und is:

CU'f ( RO )2
1—1In -+
< Gf Rp;max

Pmax;und = U(/) + Cu;f + 1 < 0.9 Diim:und (22.22)

with:
Pimund = 04 + Cug {1 —In (%’ffﬂ +u (22.23)
0y = Z;—C (22.24)
A
where:

Dimund 18 the limit drilling fluid pressure, in kN/m?;

Cug is the average factorized undrained cohesion, in kN/m?: Cur = Cu/fe;
fe is the partial safety factor on the cohesion.The default value is set to 1.4;
Cy is the average undrained cohesion, in kN/m?;

oo’ is the initial effective stress, in kN/m?;

oy is the vertical effective stress at the pipe center, in kN/m?;

Iy Partial safety factor on the unit weight.

G is the average factorized shear modulus, in kN/m?: G = fg><+(1+u);

fe is the partial safety factor on Young modulus;

Ry is the radius of the hole, in m;

Romax is the maximum allowable radius of the plastic zone, in m: Rp.max = 0.5 H. The
default ratio between Ip.max and the soil cover H (default 0.5) can be defined by
the user in the Factors window (section 4.7.1.1) under the field Safety factor cover
(Undrained layer);

H is the vertical distance between the ground level and the pipe center, in m;

is the pore pressure at pipe center, in kKN/m?, see Equation 26.4.

N

Note: Parameters C,,.r and G are determined using the distance depth average between
the ground level and the pipe centre. For example, the weight average undrained cohesion in
the configuration in Figure 22.1 is:

1 1 1 1
CU!Z X <h_1 - h1+h2) + Cu’1 X (O.5Do - E)
Cy = : T (22.25)
05D hi+ha
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% Surface level

Material 2: .
h2

Material 1: Cu:

_________ D .“$--.__.--___---___--.__4 Depth pipe centre

Border compressible / non-compressible layers

Figure 22.1: Schematization of h1 and h2

In case no data about the undrained strength of the soil is available, an estimated c, value
can be obtained using the subsequent formula:

Cy=CXCosp+pXsine (22.26)
with:
/ /
p= % (22.27)

Maximum allowable drilling fluid pressure in drained layers

According to article E.2.2 of NEN 3650-1 (NEN, 2012a), the maximum allowable drilling fluid
pressure in non-compressible drained layers pmax.q is:

— sin gf
1+sin ¢f

R 2
pmax;d:(pé“'cfXCOtSOf) [(R > ) +Q

p;max

—c xcotpr+u <09 pimg  (22.28)

with:
— sin ¢
Pima = (Pf + ¢ X cot ) X QTFmer — ¢4 X cot pr + u (22.29)
pr =04 X (1 +singy) + ¢ X cos ¢ (22.30)
where:

Dim:d is the limit drilling fluid pressure, in kN/m?;

p§ is the effective drilling fluid pressure at which the first plastic deformation appears,
in kN/m?;

0o’ is the initial effective stress of the soil, in KN/m?: oy = %@?/fvi

o is the factorized friction angle, in °: ¢y = arctan (tan ¢/ f,);

Ct is the average factorized cohesion, in kN/m?: ¢f = c/fc;

Ry is the radius of the borehole, in m;

Q is (0f X sin¢r + ¢ X cos ¢y) /G;

Gy is the average factorized shear modulus between the border of compressible/non-
compressible layers and the pipe center, in kN/m?: Gy = m;
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Rymax is the maximum allowable radius of the plastic zone, in m. The plastic zone can
be related:
¢ either to the soil cover: Rpmax = 0.5 H

2
¢ or to the deformation of the bore hole: Rpmax = \/% X 2 Eg:max

The calculation of the maximum drilling fluid pressure is performed using values
determined by both methods for the calculation of the maximum allowable radius
of the plastic deformation zone R,.max, after which the minimum value for the
maximum allowable drilling fluid pressure is taken.

U is the pore pressure at pipe center, in kN/m?;

H is the distance between the border of compressible/non-compressible layers and
the pipe center, in m;

Egmax IS the maximum deformation of the borehole. For sand, £g;max = 0.05.

For the definition of the other symbols, refer to section 23.5.2.

Parameters ¢, ¢ and G are determined using two methods:

¢ Linear weighted average between the ground level and the pipe center;
¢ Distance depth average between the ground level and the pipe center.

22.3 Equivalent diameter for a bundled pipeline

In case of a bundled pipeline, the following equivalent diameter is used for the calculation of
the drilling fluid pressures during the pull back operation:

(22.31)

Note: This equivalent diameter is calculated by D-GEO PIPELINE in the Drilling Fluid Data
window of the Pipe menu.

22.4 Equilibrium between drilling fluid pressure and pore pressure

The ratio between the static pressure of the drilling fluid column p; and the pore pressure
u Yields the safety factor, which should be higher than the (user-defined) requested safety
factor, which writes:

P
f= M > fpress;bore (22.32)

where:

D1 is the static pressure of the drilling fluid column (i.e. pressure due to the
difference of level between the drilling head and the exit point of the drilling
fluid), in kN/m?, see Equation 22.2 in section 22.1.1:
1= Yot X (Zexit — Z£);

U is the calculated pore pressure (see Equation 26.4 in section 26.5);

fpress;bore is the required safety factor, as defined in the Factors window under the field
Contingency factor — Pressure borehole, see section 4.7.1.1.
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23 Strength pipeline calculation

23.1 Buoyancy control

The friction between soil and pipe is partially caused by buoyancy of the pipeline in the drilling
fluid. Uplift forces resulting from buoyancy can be neutralized by filling the pipeline. The
optimal volume of water (F,,) placed in the pipe provides the most advantageous distribution
of buoyant forces, as illustrated in Figure 23.1.

Pipe weight
d Filling weight
n

!
1

water (filing)

|

water (filing)

Figure 23.1: Schematization of the buoyancy control

The forces acting on the pipeline are:

a) Uplift force:
T 2
Qupiit = 1> D3 x vyt (23.1)
b) Weight of the pipeline:
s
Qppe = 7 % (Dg = DY) x 7 (23.2)
c) Weight of the filling (water):

T
Qiiling = 1 X Di2 X Yw X Py (28.3)

The weight of the pipeline filled with water is therefore:

Q = Qpipe + Qiling (23.4)

and the effective weight of the pipeline is defined as:

Qeit = ‘Q - Qupliﬂ’ (23.5)
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Pulling force in a flexible pipeline
According to article E.1.2.1 of NEN 3650-1 (NEN, 2012a), the total pulling force is the contri-
bution of five components:

T =T +T5+ T+ T3p + T3¢ (23.6)

Roller-lane

According to article E.1.2.2 of NEN 3650-1 (NEN, 2012a), the design pulling force due to
friction of the pipeline on the roller-lane 7} is:

T1 - finstall X Lrol X Q X f1 (23-7)
where:

finstan is the total factor for stochastic variation and model uncertainty, called Load factor
installation in the Factors window (section 4.7.1.1). The default value is setto 1.1;

L., s the length of the pipeline on the roller-lane, in mm;

Q is the weight of the pipeline filled with water, in N/mm, see Equation 23.4;

fi1 is the factor of friction of the roller-lane, defined in the Engineering Data window, see
section 4.6.3.1. The default value is set to 0.1.

Straight part of the borehole

According to article E.1.2.3 of NEN 3650-1 (NEN, 2012a), the pulling force in the straight part
of the borehole due to friction between pipe and drilling fluid is:

T2 = finstall X L2 X (7T Do X f2 + CQeﬂ X f3) (23-8)

where:

finstan is the total factor for stochastic variation and model uncertainty, called Load factor
installation in the Factors window (section 4.7.1.1). The default value is set to 1.1;

Ly is the length of the pipeline in the straight part of the borehole, in mm;

f2 is the friction between the pipeline and the drilling fluid, in N/mm?, defined in
the Engineering Data window, see section 4.6.3.1. The default value is set to
0.00005 N/mm?;

Qe is the effective weight of the pipeline, in N/mm, see Equation 23.5;

3 is the factor of friction between the pipeline and the borehole wall, defined in the

Engineering Data window, see section 4.6.3.1. The default value is set to 0.2.

Curved part of the borehole

According to article E.1.2.4.1 of NEN 3650-1 (NEN, 2012a), the pulling force in the curved
part of the borehole due to friction between pipe and drilling fluid 73, is:

T3a = finstall X Lo X (T Do X fo + Qett X f3) (23.9)

where:

Ly, is the length of the pipeline in the curved part of the borehole, in mm.
For the definition of the other symbols, refer to section 23.5.2.
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Friction due to soil reaction in the curved part

According to article E.1.2.4.2 of NEN 3650-1 (NEN, 2012a), the pulling force in the curved
part of the borehole due to soil reaction T3y, is:

q m
Tao = finstan X 4 X 5 X Do x % fg (23.10)
with:
G =k Xy (23.11)
0.3224 x \? x Ey x I,
y = (23.12)
Dy, x R
D
A= ] fiw X ky X —2 23.13
\/fkv v 4Eblb ( )
where:
qr is the maximum soil reaction, in N/mm?;
ky is the vertical modulus of subgrade reaction, in N/mm?;
Y is the maximum displacement, in mm;
A is the characteristic stiffness pipeline-soil, in mm™;
fww s the contingency factor on the modulus of subgrade reaction. The default value is
1.6;

E, s the Young’s modulus of the pipe, in N/mm?;

Iy is the moment of inertia of the pipe, in mm*;

R is the bending radius, in mm;

f3 is the factor of friction between the pipeline and the borehole wall, defined in the
Engineering Data window, see section 4.6.3.1. The default value is set to 0.2.

Friction due to curved forces

According to article E.1.2.4.3 of NEN 3650-1 (NEN, 2012a), the pulling force in the curved
part of the borehole due to curved forces 715 is:

TSc = finstall X Lb X g X fS (23.14)

where:

Ly, s the length of the curve, in mm: L, = 2 X R x 2w X a/360;
a is the half angle of the curved part, in degrees;

Gt is the curved force, in N/'mm: ¢ = (27 sin«) /Ly;

T is the total pulling force in the pipeline, in N, see Equation 23.6.
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23.3 Maximum representative pulling force

The maximum representative pulling force Tmax.rep in a single pipeline is:

<& For steel pipe:

Praxrep = A X [% (—aqr + \/agr —4(-2.25 R4 + agr)> - ab] (23.15)

<& For polyethylene pipe:

Pmax;rep = AX (Reb;short —aX Ub) (23.16)
where:
A is the cross-section of the pipe, in mm?: A = 7 X (r§ — r?);
Rep is the allowable strength for steel, in N/mm?, as defined in the Product Pipe

Material Data window (see section 4.6.2.1);
Rep:short  is the allowable strength at short term for PE, in N/mm?, as defined in the Product
Pipe Material Data window (see section 4.6.2.1);

0" is the tensile factor, as defined in the Product Pipe Material Data window (see
section 4.6.2.1);

O is the negative wall thickness tolerance, in %, as defined in the Product Pipe
Material Data window (see section 4.6.2.1);

Ogr is the maximum tangential stress in LC 1B, in N/mm?, see Equation 23.31;

Op is the axial stress in LC 1B, in N/mm?, see Equation 23.27.

23.4 Pulling force for a bundled pipeline

Important parameters for the pullback operation are the total weight of the (filled/ not filled)
pipelines with respect to drilling fluid, which determines the soil reaction force on the bore hole
wall in straight sections of the drilling line and the total stiffness of the bundled pipeline, which
determines the soil reaction force in curved sections of the drilling line. The pulling force is
calculated for an equivalent pipeline with the parameters of the bundle.

Ely = Z ET (23.17)
=1
G :i l?TDQ»—lﬂ'(D — 2dng)? ) X (23.18)
tot - 4 04 1 0;i n;i i .
Deq=f x Y _ Dy (23.19)
=1

The equivalent diameter can be used to determine the equivalent wall thickness of the pipeline:

G 1
ot _ o (DZ, — (Deq — 20eq)’) (23.20)
Veq
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Deq - \/ng - ZD(QM - (Do;i - 2dn;i>2
_ i=1

2

(23.21)

n is the number of pipelines in bundle;
D, is the outer diameter of pipeline number %, in m;
Dy s the equivalent diameter of the pipeline, in m;

dn;i is the wall thickness of pipeline number 2, in m;

dneq is the equivalent wall thickness of the pipeline, in m;

Y is the unit weight of the material of pipeline number 7, in kN/m?;
Yeq is the equivalent unit weight of the pipeline material, in kN/m?;
[ isafactor: f =1/n"3.

The calculated pulling force is acting on all the pipelines in the bundle. The magnitude of the
pulling force of a single pipeline can be determined as follows:

T 2. _ T . — . 2
Ti = n(4 Dgi = § (Do = 2duy)") X Total 5.22)
> (5D% = F (Doy — 2dn)?)
i=1

In case the stiffness of the pipeline materials is significantly different (for example a combined
bundle of steel and PE pipelines), a different approach is applied. In addition to the previous
align, the total pulling force is divided over the stiff steel pipelines. The PE pipelines are then
considered as single pulled in pipelines.

Strength calculation
In order to consider the strength of the pipeline, calculations for five load combinations are
carried out according to NEN 3650:

¢ Load combination 1A: start of the pullback operation (section 23.5.1)

¢ Load combination 1B: end of the pullback operation (section 23.5.2)

¢ Load combination 2: application of internal pressure (section 23.5.3)

¢ Load combination 3: pipeline in operation, without internal pressure (section 23.5.4)
¢ Load combination 4 : pipeline in operation, with internal pressure (section 23.5.5)

Strength calculation for Load Combination 1A: start of the pullback operation

Axial stress:
At start of the pull back operation, the axial bending stress oy, is:

_Mb_kaEbX[b

=2 — 23.23
Wi Rro x Wy ( )

Obp

Note: fi is the overall safety factor on moment, as prescribed in article E.1.3 of NEN 3650-1.
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In D-GEO PIPELINE, this overall factor is indeed the contribution of three safety factors:

_ fM X finstall

J 7

(23.24)

where:

fm s the contingency factor on moment: 1.27 for steel pipe and 1.4 for PE pipe;
fr is the contingency factor on bending radius: 1.1 for steel pipe and 1 for PE pipe;
finstan is the load factor on installation: 1.1 for steel pipe and 1 for PE pipe.

The axial stress due to pull-back is:

T,
Ot = four X j (23.25)

where:

T is the design pulling force due to friction of the pipeline on the roller-lane, see Equa-
tion 23.7.
For the definition of the other symbols, refer to section 23.5.2.

The maximum axial stress is:

Tamax = Max (|oy + a X gy ; |oy — a0 X 0p)) (23.26)

Tangential stress:

At start of the pull back operation, the pipeline is situated on the rollers, the tangential stress
is negligible.

Strength calculation for Load Combination 1B: end of the pullback operation

Axial stresses:

At the end of the pull back operation, the axial bending stress:

_Mb_kaEbX]b

Op = = (23.27)
Wh Rpmin X Wy
The axial stress due to pull-back is:
T,
oy = four X % (23.28)
The maximum axial stress is:
Tamax = Max (|oy + a X gy| ; |oy — o X 0p)) (23.29)

where:
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Ruin is the minimum bending radius of the pipeline configuration (i.e. minimum between
Riett, Riignt and the horizontal bending radius), in m. In case of a combined 3-
dimensional bending radius, see Equation 20.5.

Thmax is the maximum pulling force, in kN (see section 23.2).

Note: f is the overall safety factor on moment, as prescribed in article E.1.3 of NEN 3650-1.
In D-GEO PIPELINE, this overall factor is indeed the contribution of three safety factors:

fk — fM X finstall (23.30)

Jr

Tangential stresses:

The tangential stress (indirectly transmitted) as a result of the bending is:

Oqr = Max (Tgrp; Tgrit) (23.31)
with:
r
ogo = Ky X ¢, ¥ W_g X D, (at the bottom of the pipe)
w
r
Ot = K| X gy X =2 X D, (at the top of the pipe)
W
where:
qr is the soil reaction, in kN/m?, see Equation 23.11 with R = the minimum bending
radius;

Ky is the moment coefficient for indirectly transmitted stress at the bottom of the
pipeline, depending on the bedding angle [ as shown in Table 23.12;

K, is the moment coefficient for indirectly transmitted stress at the top of the pipeline,
depending on the bedding angle 3 as shown in Table 23.12;

Wy s the wall resisting moment in m®/m: W,, = d2/6.

For the definition of the other symbols, refer to section 23.5.2.

The maximum tangential stress is:

Otmax = Oqr (23.32)

23.5.3 Strength calculation for Load Combination 2: application of internal pressure

According to article 8.5.2.1 of NEN 3651 (NEN, 2012d), the ring stresses around the pipeline
opy and oy caused by design (pqy) respectively test (p;) internal pressure are:

© For piles with a thin wall (Dg/d < 20):

Opy = Jpd X Pa X 5 ng (23.33)
Dy

= X X — 23.34

Opt = fot X Pt 5% d ( )

Deltares 293 of 324



D-GEO PIPELINE, User Manual

Table 23.12: Moment and deflection coefficients for indirectly and directly transmitted
stress as a function of the bedding angle 3, according to Table D.2 of

23.5.4

NEN 3650-1
Load angle Direct coefficients Indirect coefficients
15} K Ky ky K{ K} k:;,
0° 0.150 0.294 0.116 0.080 0.239 0.074
30° 0.148 0.235 0.113 0.078 0.179 0.071
60° 0.143 0.189 0.105 0.073 0.134 0.064
70° 0.141 0.178 0.102 0.071 0.122 0.061
90° 0.137 0.157 0.096 0.067 0.102 0.055
120° 0.131 0.138 0.089 0.061 0.083 0.048
150° 0.126 0.128 0.085 0.056 0.073 0.043
180° 0.125 0.125 0.083 0.055 0.070 0.042
© For piles with a thick wall (Dg/d > 20):
2 2
ro + 17
Opy = fod X Pg X +— (23.35)
o — 7
2 2
ry + 717
Opt = for X Pt X +— (23.36)
o =T
The axial internal stress oy is:
Opx =V X 0pt = 0.5 X 0y (23.37)

Strength calculation for Load Combination 3: pipeline in operation, without internal
pressure

Axial stresses:
When the pipeline is in operation, the axial bending stress oy, is:

Mb_kaEbX]b
Wb_ Rin X Wy

oy = (23.38)

The maximum axial stress is:

Oamax — O X Op (23.39)

Tangential stresses:

The tangential stress (indirectly transmitted) as a result of the bending is:

Oqr = Max (Tgrp; Tqrt) (23.40)

with:

r
Ogrb = Kt/, X @y X Wg X Dy (at the bottom of the pipe)

w

r
ogrt = K{ X ¢ X Wg x D, (at the top of the pipe)

w
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The tangential stress (directly transmitted) as a result of the bending is:

Ogn = Max (an;b§ an;t) (23.41)
with:
-
Tgnp = Kb X Gy X Wg X D, (at the bottom of the pipe)
w
"
Tgnt = Kt X Gy X Wg x D, (at the top of the pipe)

w

nry = an1 X anZ X (Qn,r + QV)

The maximum tangential stress is:

Otmax = @ X Max (|qrp + Tgnp| 5 [Oqrt + Tgnit]) (23.42)
where:

fant  is the load factor on soil stress ¢, as defined in the Factors window (see sec-
tion 4.7.1.1). The default value is set to 1.5 for steel and 1 for polyethylene;

fan2  is the contingency factor on soil stress ¢, as defined in the Factors window (see
section 4.7.1.1). The default value is set to 1.1;

K, is the moment coefficient for directly transmitted stress at the bottom of the pipeline,
depending on the bedding angle (3 as shown in Table 23.12;

K is the moment coefficient for directly transmitted stress at the top of the pipeline,
depending on the bedding angle (3 as shown in Table 23.12;

gnrv is the (maximum) reduced vertical stress ¢, , increased with a possible traffic load
qv, including safety factors, in kN/m?;

Gn,r is the neutral reduced soil stress, in kN/m?, see section 21.3;

Qv is the traffic load, in kN/m?, see section 21.14;

For the definition of the other symbols, refer to section 23.5.2.

23.5.5 Strength calculation for Load Combination 4: pipeline in operation, with internal
pressure

Axial stresses:

The axial bending stress oy, is:

Ob

_%_kaEbXIb

— = 23.43
Wi Riin X Wy ( )

The ring stresses around the pipeline caused by design internal pressure and o, and test
internal pressure oy are

Dy —d
Opy = Jodicomb X Pg X — (23.44)
’ 2xd
—d
o
Opt = X pr X for steel 23.45
ot = Jot X Pt 5 % d ( )
2,2
rg + 7
Opt = for X Dy X rg TIQ for polyethylene (23.46)
0 7
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The axial internal stress oy, is:

Opx =V X 0py = 0.5 0y (23.47)
The axial internal stress due to temperature variation oem, is, according to article D.2.2 of
NEN 3650-1:

Otemp = At X g X Ey (23.48)

where:

At s the temperature variation in °c, as defined in the Product Pipe Material Data
window, see section 4.6.2.1;

Qg is the linear settlement coefficient, in (mm/mm)K~", as defined in the Engineering
Data window, see section 4.6.3.1;

E, s the Young's modulus of the pipe (at long term for polyethylene), in kN/m?.

The maximum axial stress is:
Oamax = O X Op + Opx (23.49)

Tangential stresses:

The tangential stress (indirectly transmitted) as a result of the bending is:

Oqr = Max (Tgrp; Tgrit) (23.50)
with:
r
Ogrp = K{, X gy X Wg x Dy (at the bottom of the pipe)
w
r
Ogrit = K{ X gr X Wg X Dq (at the top of the pipe)
w

The tangential stress (directly transmitted) as a result of the bending is:

Ogn = Max (Tgnb; Ognit) (23.51)
with:

Ognb = Kb X Gnry X % X D (at the bottom of the pipe)

Ognit = Kt X gnyy X % X Dy (at the top of the pipe)

w

Anrv = an1 X anZ X (qn,r + qv)

Refer to section 23.5.4 for the definition of the symbols.

The maximum tangential stress is:

Otmax = Opy + @ X (Fp X 0gr + Fr X 0gn) (23.52)
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with:
1

2pg X 7"3 X Ky
EbXIw
F. = ! 3 (23.54)
2pg X 12 X k.
1 + EngI !

Er:

(23.53)
1+

F., s the direct re-rounding factor;

F.’ s the indirect re-rounding factor;

I,  isthe moment of inertia of the wall, in m*: I, = d2/12;

ky is the direct deflection factor depending on the bedding angle (5 as shown in Ta-
ble 23.12;

ky is the indirect deflection factor depending on the bedding angle (3 as shown in Ta-
ble 23.12;

For the definition of the other symbols, refer to section 23.5.2.

23.6 Check of calculated stresses
23.6.1 Check of calculated stresses according to the Dutch standard NEN

23.6.1.1 Check of calculated stresses acc. to the Dutch standard NEN: Steel pipe

According to article D.3.1 of NEN 3650-2 (NEN, 2012b), the calculated stresses (for the load
combinations) must meet the following conditions:

¢ For Load Combinations 1A and 1B:
oy S Reb/’Ym (23.55)

¢ For Load Combination 2:

Opy < Reb/'Ym (23.56)
Opt < Reb/me;test (23.57)
opm < 1.1 Rep/m (23.58)

¢ For Load Combinations 3 and 4:

Ovimax < 0.85 (Reb + Re20°) /m (23.59)
with:
oy = \/03 + 0l — ox X 0y (23.60)
ovi = \/of;i + Jf;i — Ox;j X Oy (23.61)
Tom = \/ng + 05, — Tpx X Ty (23.62)
where:

Ovmax 1S the maximum acting stress, in kN/m?: oy,max = max (ov.1; Ovi2; Ova; Ova);
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Ov;

Opy
Optest
0. X;i
Oyii
Ym

Ymitest

Reb

is the calculated acting stress, in kN/m?:

—1=1 (oy.1) corresponds to the primary membrane stress

—1=2 (0y-2) corresponds to the total primary stress

—1=3 (oy:3) corresponds to the total membrane stress

—1=4 (0y.4) corresponds to the resultant of primary and secondary stresses.

For the determination of oy, four combinations of (oy;; oy;) are tested (top and
bottom of the pipe combined with inside or outside), and the maximum value is
used for the check. Those four combinations are given in Table 23.17 to Ta-
ble 23.20;

is the tangential stress due to design pressure, in kN/m?;

is the tangential stress due to test pressure, in kN/m?;

is the axial stress, in kN/m?;

is the tangential stress, in kN/m?;

is the partial material factor, as defined in the Product Pipe Material Data window
(see section 4.6.2.1;

is the partial material factor for test pressure, as defined in the Product Pipe Ma-
terial Data window (see section 4.6.2.1;

is the yield strength, in kN/m?, as defined in the Product Pipe Material Data window
(see section 4.6.2.1);

Reoo s the yield strength at a temperature of 20°c, in kN/m?2.

Table 23.17: Set for calculation of the maximum stresses for load combination 1A

Top outside

Top inside

Bottom inside

Bottom outside

Oy | Oy —a X 0p

O — Q X Op

Ot + a X oy

Ot +a X 0y

oy |0

0

0

0

Table 23.18: Set for calculation of the maximum stresses for load combination 1B

Top outside Top inside Bottom inside Bottom outside
Oy | O — @ X 0p Ot — Q. X Op Ot + a X oy Oy +a X oy
Oy | —Oqrit Ogrit Ogqrib —Oqrb

Table 23.19: Set for calculation of the maximum stresses for load combination 3

Top outside Top inside Bottom inside Bottom outside

Ox:2 0 0 0 0

Oy2 | —Oqrit Ogrit Oqrb —Oqrb

Ox3 | —Q X O0p —Q X Op a X 0y a X Op

oy3 | O 0 0 0

Ox:4 | —Q X Op —Q X Op a X 0y a X Op

Oy4 | —Oqrt — Ognit Ogrt + Oanyt Ogrp + Tanp —Oqrb — Oagnib
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Strength pipeline calculation

Table 23.20: Set for calculation of the maximum stresses for load combination 4

Top outside Top inside Bottom inside Bottom outside
Ox;1 pr 0 px 0 pX pr
Oyt | Opy Opy Opy Opy
Ox;2 | Opx Opx Opx Opx
Oy2 | Opy — Fw X Ognyt | Opy + Fie X Ognyt | Opy + Fir X Ognp | py — F'ir X Ognp
Ox3 | Opx — @ X Op Opx — @ X Op Opx + @ X 0p Opx + Q0 X Op
Oy3 | Opy Opy Opy Opy
Oxi4 | Opx — Q0 X Op Opx — @ X Op Opx + @ X oy Opx + Q0 X 0y
Tya | Opy a(Fu X ogt | opy —/l— a(Fy X ogny apy—/i—oz(Frr X Ognib | Opy /—oc(F,, X Ognib
+Er X qu;t) +Frr X Uqr;t) +Frr X qu;b) +Fn X Uqr;b)
Note: « is the tensile factor (only used for polyethylene), as defined in the Product Pipe

Material Data window (see section 4.6.2.1).

Note:

For load combination 4, the acting stresses oy.1 to oy.4 are calculated with a load

factor “in combination” (fpd;comb) for the design pressure.

Check of calculated stresses acc. to the Dutch standard NEN: Polyethylene pipe

The calculated stresses must meet the following conditions:

o <S5 x Rep:short
o< S X Reb;long

where:

g

S

for LC 1 and 2 (test pressure)
for LC 2 (internal pressure), 3 and 4

is the calculated stress, in kN/m?;
Rep:short is the allowable strength at short term, in kN/m?;
Reb;|ong is the allowable strength at long term, in kN/m?;

is the factor of importance, as defined in the Factors window (see section 4.7.1.1).

Deflection of the pipe
According to article D.4.2 (case 5 - HDD) of NEN 3650-1 (NEN, 2012a), the deflection of the

X (ky X qnry + 0.083 X gnr + Ky X g;)

(23.63)
(23.64)

(23.65)

is the corrected neutral reduced vertical stress gy, (see section 21.3) increased
with a possible traffic load g, (see section 21.14), including safety factors, in kN/m?;
Anrv = me X anZ X (Qn;r + QV);
is the neutral reduced horizontal stress in kN/m?, see Equation 21.12;

is the soil reaction in kN/m?, see Equation 23.11 with R = the minimum bending

is the direct deflection coefficient depending on the bedding angle 3, see Ta-

is the indirect deflection coefficient depending on the bedding angle (3, see Ta-

pipeline is:
5 D, x TS
Y Eb X ]w
where:
An,ryv
Anh,r
qr
radius.
ky
ble 23.12;
k;y’
ble 23.12;
Deltares
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fan1 is the load factor on soil stress ¢,, as defined in the Factors window (see sec-
tion 4.7.1.1). The default value is set to 1.5 for steel and 1 for polyethylene;

fan2 s the contingency factor on soil stress ¢,, as defined in the Factors window (see
section 4.7.1.1). The default value is set to 1.1;

E, isthe Young's modulus of the pipe. For PE, the modulus at long term is used.

Implosion of the polyethylene pipe

According to article 8.5.5.1 of NEN 3650-3 for polyethylene, the maximum allowable external
pressure py is:

1 " 24 x Ey x I (23.66)
Po = .
Yimp (1 —2%) Dyg
where:

E, s the Young’s modulus of the polyethylene pipe, in kKN/m?;

v is the Poisson ratio of polyethylene: v = 0.4;

Yimp IS the safety factor on implosion, as defined in the Factors window (see sec-

tion 4.7.1.1).

For the definition of the other symbols, refer to section 23.5.2.

The check on implosion is performed during the pull-back operation (section 23.8.1) and at
serviceability limit state when the pipe is in operation (section 23.8.2).

Check on implosion during the pull-back operation

During the pull-back operation, the drilling fluid pressure gives an external pressure on the
pipe. The highest minimum required drilling fluid pressure should not exceed the maximum
allowable external pressure. This writes:

max (Pmudmin) < Po (23.67)

where 7 = 1.5 and F is the module at short term, for the calculation of py.

If the pipe is completely filled, the filling fluid gives an internal fluid pressure called filling
resistance py of:

prn = (min (Ziew; Zrignt) — Zoottom) X Yiil (23.68)

The maximum allowable external pressure becomes therefore py + ps; and the check on
implosion becomes:

max (Pmugmin) < Po + P (23.69)

Check on implosion when the pipe is in operation

In operation, the water pressure at the lowest point of the drilling gives an external pressure
on the pipe. This maximum pore pressure should not exceed the maximum allowable external
pressure. This writes:

Umax < Po (23.70)

where 7 = 3 and F is the module at long term, for the calculation of py.
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If the pipe is completely filled, the maximum allowable external pressure becomes pg + psin
and the check on implosion becomes:

Umax < Po + Pril (23.71)
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24.1.2

Micro tunneling

Support pressures and thrust forces

Drilling through the soil changes the stress conditions in the soil. The deviations from the
original stress conditions are largely determined by the size of the overcut and the face sup-
port pressure of the applied shield. Small deviations form the original stress conditions are
acceptable as the stability of soil adjacent to the micro tunneling machine is maintained. A
relative low support pressure may lead to settlement in front of the tunneling machine which in
turn may lead to settlement of the surface or to settlement of soil layers below a construction
or pipeline. A relative high support pressure can lead to a blow out of drilling fluid or may lead
to heave of the surface.

Target support pressure

In order to minimize the effect on the stress conditions, the drilling should be performed using
a target support pressure or1.5c Which is close to the neutral horizontal pressure:

OTac = Opp + U (24.1)
where:

U is the pore pressure, in kN/m? at the shield center, see Equation 26.4.
Ohn I8 the horizontal effective pressure at the shield center, in kN/m?:
Oh = 0, % (1 = sinpp);
is the vertical effective stress at the shield center, in kN/m?, see Equation 26.5;
Vb is the average angle of internal friction of the soil over the height of the shield.

Minimal support pressure

Under normal circumstances, a relative low support pressure is usually sufficient for stable
conditions of the soil adjacent to the micro tunneling machine. The minimal required support
pressure is often a little higher than the water pressure. The relative low required minimal
support pressure is determined by the type of soil in front of the tunneling machine.

Minimal support pressure in undrained conditions

In case of micro tunneling in an undrained soil type, according to Broms & Bennermark 1967
(Broms and Bennermark, 1967), the minimal support pressure omin.ung is determined by the
undrained strength of the soil:

S
Umin;und:fcoverxa\/,+fuXU_NX f_quu XU (24-2)

C
where:

Su is the average undrained shear strength between the surface and the top of the
shield of the micro tunneling machine , in kN/m?;

fe is the safety factor on cohesion as defined in the Factors window, see section 4.7.1.2
(default is 1.4).

feover is the contingency factor on soil cover as defined in the Factors window, see sec-
tion 4.7.1.2 (default is 1.1);

fu is the safety factor on water pressure as defined in the Factors window, see sec-
tion 4.7.1.2 (default is 1.05);

N is the face stability ratio as defined in the Factors window, see section 4.7.1.2;
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o,  isthe vertical effective stress at the shield center, in kN/m?, see Equation 26.5;
U is the pore pressure, see Equation 26.4.

The required stability index /N depends upon the depth/diameter ratio of the tunneling ma-
chine. In Figure 24.1 the upper and lower boundaries according to (Davis et al., 1980) are
described.

-- Lower bound
— Upper bound

% 1 2 3 4 5

C/D

Figure 24.1: Upper and lower bound for the stability ratio N (Davis et al., 1980)

Minimal support pressure in drained conditions

In granular soils which behave drained during drilling, the minimal support pressure based
on 3 dimensional effects can be calculated using the method which is developed by (Jancesz
and Steiner, 1994). The minimal effective stress required for stability of the soil next to the
shield is defined as follows:

o = fon X Kaz X 0, (24.3)

The total minimal support pressure is drained layers omin.g can be calculated as follows:
Omind — fgh X KA3 X O'\// =+ fu X Uu (244)
where:

fu is the safety factor on water pressure as defined in the Factors window, see sec-
tion 4.7.1.2 (default is 1.05);

fon is the safety factor on horizontal effective stress as defined in the Factors window,
see section 4.7.1.2 (default is 1.5);

K3 is a 3 dimensional coefficient of active earth pressure, see Equation 24.5;

u is the pore pressure, in kN/m?, see Equation 26.4;

O is the effective horizontal soil pressure at the shield center, in kN/m?;

o, is the effective vertical stress at the shield center, in kN/m?, see Equation 26.5. In
case of arching effect over the depth C (i.e. Cy/Do > fsin), the vertical effective
stress oy, is reduced to 0,4 as explained below (see Equation 24.6).
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The 3 dimensional coefficient of active earth pressure is calculated as follows:

sin # x cos f — cos? B X tangp — 2K x a X cos 3 X tan g (24.5)
o cos 3 x sin 3 + tan ¢ x sin® 3 '

with:
1+3%
o= —7=
1425
where:

Ci is the distance between the drained/undrained border and the top of the shield of
the micro tunneling machine, in m;

15} is the angle of the slip surface of the active wedge, in degree;

) is the angle of internal friction, in degree.

In the subsequent figure the values for different angles of internal friction for a series of
depth/diameter ratios are shown.

3-

c/D

OD o -] ?D Q
F| R 2 & B

2 I T I I I
< < - o

l L

0 ,

0 0.1 0.2 03 0.4

Kas

Figure 24.2: Values for K a3

The method described by Jancsecz and Steiner Jancesz and Steiner (1994) has the opportu-
nity to take the effect of vertical stress reduction due to arching in account. In Figure 24.3, the
arching over the depth C' can reduce the vertical stress on the active wedge which determines
the minimal support pressure. It should be noticed that the arching can only occur if a relative
small soil deformation (settlement of the soil column above the active soil wedge) is allowed.
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Figure 24.3: Active soil wedge with soil column (Broere, 1994)

For a layered soil the following equation can be used to calculate the effect of two dimensional
arching according to Terzaghi (Terzaghi, 1943) on the active wedge:

A !
5 Xy =4 O D
/ O 0 /
op4=—————|1—exp| —— x (5 x Ky X tan + — X 24.6
Y1 Ky X tan o [ p ( 7 <G 0 @d)} 5 X T (24.6)
with:
O 2 [1+tan(5—0)]
A D, x tan (3 — j)
where:
A is the area of the soil column, in m?;
Cqd is the cohesion of the slip surface of the active wedge (i.e. average between the
drained/undrained border and the top of the shield of the micro tunneling machine),

in kN/m?;

(5> is the distance between the ground level and the top of the shield of the micro
tunneling machine, in m;

Ky s the coefficient of neutral earth pressure: Ko = 1 — sin ¢gq;

O is the circumference of the soil column, in m;

©g is the average angle of internal friction between the drained/undrained border and
the top of the shield of the micro tunneling machine, in degrees;

~! is the average effective unit weight between the ground level and the top of the shield
of the micro tunneling machine, in KN/m?3;

o is the average effective unit weight between the top and the center of the shield of
the micro tunneling machine, in kN/m3.
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Micro tunneling

Maximal support pressure

In case of a high support pressure, several possible failure mechanism may occur:

< Soil failure due to pushing a soil wedge in upward direction
< A blow out to the surface due to hydraulic fracturing
¢ Horizontal hydraulic fracturing at the transition of soil layers

The maximal allowable support pressure onhax for micro tunneling can be determined as fol-
lows:

/

g,
Omax = —— +u X [, (24.7)
fcover

where:

0_/

v is the effective vertical stress (see Equation 26.5);

U is the pore pressure, in kN/m?, see Equation 26.4;

feover is the contingency factor on soil cover as defined in the Factors window, see sec-
tion 4.7.1.2 (default is 1.1).

fu is the safety factor on water pressure as defined in the Factors window, see sec-
tion 4.7.1.2 (default is 1.05);

Obvious the total allowable support pressure is equal to the sum of the allowable effective
support pressure and the water pressure at the drilling line.

Thrust force

The thrust force which is required to install a pipeline or micro tunnel in between the launch
pit and the reception pit. The magnitude of the thrust force is determined by the pressure on
the shield (head of the tunneling machine) and friction along the circumference of the tunnel
or pipeline. The thrust force due to pressure on the shield is relative small compared to the
force due to friction and can therefore be neglected. The thrust force Fy, due to friction can
be calculated as follows:

Fo=nxDyxLxM (24.8)

where:

D, s the diameter of the pipeline or the tunnel, in m;

L is the length, in m;

M s the friction between the soil and the pipe per surface area, in kN/m2. The friction
M is defined in the Engineering Data window (section 4.6.3.3) where two cases are
considered: friction with or without injection of lubricant.

The friction per surface area is partly determined by the soil type, through which the micro
tunneling is carried out, but is mainly determined by the overcut and the usage of lubricants,
which reduce the friction in between the tunnel or pipeline and the surrounding soil. Since
the bending radii of the curves in a micro tunneling drilling line are generally smooth the soil
reaction forces in the curves are not considered in D-GEO PIPELINE.

Deltares 307 of 324



24.2

24.3

D-GEO PIPELINE, User Manual

Uplift Safety

Due to buoyancy of the pipeline below the groundwater table, the uplift should be checked:

Jupit < Suplittzan (24.9)

where fpital is the allowable safety factor on uplift, as defined in the Factors window, see
section 4.7.1.2.

The forces acting on the pipeline are:
¢ the uplift force:
Guplitt = % X D2 X Y (24.10)
<& the weight of the pipeline:

™ 2
Goine = 7 X [DZ — (Do — 2dy)°] X 7 (24.11)
The effective weight of the pipeline is defined as:
Jeft = Ypipe — Yuplift (24.12)
and the uplift safety factor fup“ﬂ is:

Jeft
fopitt = ————— (24.13)

> v xd,
=1

where:

v is the buoyant unit weight of soil layer 4, in kN/m?;

n is the number of soil layers;

d is the thickness of soil layer 7 above the pipeline, in m.
Subsidence

The drilling process micro tunneling leads to a larger amount of removed soil material than the
volume of the installed tunnel or pipeline (Overcut). Of course injection of lubricants may lead
to a reduction of the differential volume of removed soil and installed elements. The differential
volume will lead to soil movement towards the bore hole, which in turn will lead to subsidence.
The magnitude of the subsidence w (trough shaped) can be calculated as follows:

Vs - < (24.14)
w = exp | —== 2 <z .
ori D\ 20 ’
with:
V — MOSS % DO + 2 lovercut2 . &2
* 100 2 2
where:
7 is the shape factor, see below;
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lovercut  is the overcut in radius, in m;

T is the horizontal distance in between the center of the tunnel or pipeline and the
inflection point of the trough, in m;
20 is the depth of the center of the pipeline or tunnel, in m;

z is the depth at which the settlement is calculated, in m;

Viess  is the volume loss as percentage of overcut area, in %, as defined in the Engineer-
ing Data window, see section 4.6.3.2;

Vs is the differential volume, in m3/m.

The shape factor ¢ depends upon the soil behavior above the tunnel or pipeline and is there
dependent upon the soil properties of the upper soil layers. The factor ¢ can empirically be
determined based on differences in soil sequences. The empirical method is described by O
Reilly (O’ Reilly and New, 1982):

t = 0.43 Dypgs + 0.28 Dygp + 1.1 for incompressible granular soil on compressible soil
1 =0.43 Dpas + 1.1 for compressible soil

t = 0.23 Dypas + 0.43 Dyop — 0.1 for compressible soil on incompressible granular soil
1= 0.28 Dpas — 0.1 for incompressible granular soil

where:

Dy, is the thickness of the Basal layer above the tunnel or pipeline, in m;
Dyop  is the thickness of the upper layer above the tunnel or pipeline, in m.
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25 Trenching

25.1

Installation of the pipeline in a trench is the oldest and a relatively easy method. One of
the main installation risk associated with trenching is instability of the slopes of the trench.
This risk can not be considered in D-GEO PIPELINE. Use of other computer programs such as
D-GEO STABILITY (formerly known as MStab) is recommended.

In case of installed pipelines with a relatively thin soil cover in a wet environment, uplift can
be an installation risk (section 25.1). In case of trenching in soil layers which cover an aquifer
with high pore pressures, bursting of the bottom of the trench (heaving) can be an installation
risk (section 25.2).

Uplift Safety

Due to buoyancy of the pipeline below the groundwater table, the uplift should be checked:

Jupitt < fuplittal (25.1)

where fpital is the allowable safety factor on uplift, as defined in the Factors window, see
section 4.7.1.3.

The forces acting on an empty pipe are:

<& the uplift force:

T
Gupiit = X D2 X (25.2)

¢ the weight of the pipeline:

T
Jpipe = 7 % [D2 — (Do — 2dn)?] % (25.3)

The effective weight of the pipeline is defined as:

Geft = Ypipe — Yuplit (25.4)
and the uplift safety factor fypii is:

Geff
Juplitt = n; (25.5)

Z%’ X di
=1

where:
fy{ is the buoyant unit weight of soil layer 7, in kN/m?3;
n is the number of soil layers;
d is the thickness of soil layer 7 above the pipeline, in m.
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Bursting of the trench bottom (heaving)

The check of the bursting of the trench bottom is performed according to paragraph 14.3.1 of
the Dutch standard NEN 6740:2006 (NEN, 2006). The calculated safety factor fiust Should
not exceed the allowable safety factor on hydraulic heave fuystal, @s defined in the Factors
window, see section 4.7.1.3.

fburst;all > fburst

The safety factor on bursting fouret is:

Wit
fburst = 2
Pzd
where:
Pza  is the upward water pressure, in kN/m?, see Equation 25.11.
Wiet is the total weight above the aquifer, in kN/m2, see Equation 25.8;

Total weight above the aquifer

VVtot - VVtot;1 + I/Vtot;2
Wiott = f X Y1d X dyg

n
Wiotz = E Yid X dj;d

with:

f=

J=1

1+ 9 X arctan da — é X arctan %
a a—+b a b

is the width (horizontally) of the slope of the trench, in m;
is the depth of the slope of the trench, in m;

SHEN

is the sum of the thickness of the layers above the excavation level, in m;

(25.6)

(25.7)

is the sum of the thickness of the layers below the pipe (excavation level) and

above the aquifer, in m.

is the factor for the contribution of the layers above the excavation level according

to Figure 25.2;

is the weight of the soil layers above the trench bottom, in kN/m?;

is the weight of the overburden soil layers below the trench bottom, in kN/m?;
is the average unit weight of the layers above the excavation level, in kN/m?;

Upward water pressure

Pzd = Hd X Yw

where:
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Hy is the hydraulic head with respect to the upper boundary of the aquifer, calculated
according to section 26.1;

Yo is the unit weight of water, in KN/m3.

Figure 25.1: Definition of parameters Hy, d1q and dz4 (Figure 18 of NEN 6740:2006)
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Figure 25.2: Factor f for the contribution of the layers above the bottom of the excavation
(Figure 19 of NEN 6740:2006)
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26 Effective Stress and Pore Pressure

26.1

Hydraulic head from piezometric level lines

A piezometric level line (PL-line) represents the initial and transient hydraulic water heads in
the soil, excluding the excess component. Several PL-lines can be defined in the PL-Lines
window (section 4.3.10). A PL-line for the top and bottom of each soil layer can be defined in
the Pl-lines per Layer window (section 4.3.13).

PL-line 2

PL-line 1

SAND

CLAY

N\ S\

\ 99 \

99 \
99 \\
\
\
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Figure 26.1: Pore pressure as a result of piezometric level lines

D-GEO PIPELINE calculates the hydraulic pore pressure along a vertical in the following way:

The pore pressure inside a layer is calculated by linear interpolation between the pore pres-
sures at the top and bottom. The pore pressure at the top or bottom is equal to the vertical
distance between this point and the position of the PL-line that belongs to this layer, multiplied
by the unit weight of water.

If PL-line number 99 is specified for the top and/or bottom of any soil layer, at that boundary
D-GEo PIPELINE will use the PL-line of the nearest soil layer above or below, which has a
thickness larger than zero and a PL-line number not equal to 99. If the interpolation point
is located above the phreatic line, the pore pressure is assumed to be zero or a capillary
pressure, depending on the sign of the PL-line number. The following options are available,
therefore, for PL-line numbers:

< Positive integer:
Capillary pore pressures are not used —that is, if negative pore pressures are calculated
for points above the phreatic line they become zero;

<& Zero:
All points within the layer obtain a pore pressure of 0 kN/m;

< 99:
The pore pressure depends on the first layer above and/or below the point with a PL-line
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number unequal to 99.

Phreatic line

The phreatic line (or groundwater level) marks the border between dry and wet soil. The
phreatic line is treated as if it was a PL-line, and can also be used as such. The PL-line acting
as the phreatic line is determined while the geometry is being defined. If no phreatic line is
entered, then all the soil is assumed to be dry.

Stress by soil weight
The total stress at depth z due to soil weight is:

Yunsat X 2 if2 > Zwater
oo (2) — ) 26.1
i (2) { Yunsat X Zwater + Vsat X (Zwater — 2) i 2 < Zwater ( )

where:

Yunsat 1S the unit weight of soil above phreatic level, in kN/m?;
Vsat is the unit weight of soil below phreatic level, in kN/m®;
z is the vertical co-ordinate, in m;

Zwater 18 the vertical co-ordinate of the phreatic level, in m.

Distribution of stress by loading

D-GEO PIPELINE uses Boussinesq’s formula (Boussinesq, 1885) to determine the additional
vertical stress due to the surcharge loads.

Stress increment caused by a line load

Figure 26.2: Stress distribution under a load column

The vertical stress increment Ao, due to a line load Q is:

2
Ao, = —Q cost ¢ (26.2)
T2
where:
A is the depth, in m;
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() s the line load, in kN;
) is the angle with the vertical, in radians.

26.4.2 Stress increment caused by a strip load

The stress increments in a point (x, y) due to a strip load can be found by integration of the
line load along the width 2 dx of the strip load in Equation 26.2:

AOipad = % [(¢1 — ¢2) + sin ¢y cos ¢y — sin ¢ cos @] (26.3)

y

Figure 26.3: Stress distribution under a load column

26.5 Effective stress and pore pressure

The pore pressure wu at vertical position z is defined as:

u(2) = Owater (2) — max [h (2) — ;0] X Yy (26.4)

The effective stress ¢’ at vertical position z is defined as:

o' (2) = Osoil (2) + A0ioaq (2) — u (2) (26.5)

with:

Owater (Z) = Imax (Zwater — Zsurfaces O) X Yw

where:

z

Zwater
Zsurface

O soil
O water
Ao load

Deltares

is the vertical co-ordinate, in m;

is the vertical position of the phreatic level , in m;

is the vertical position of the ground level , in m;

is the user-defined hydraulic head in the Pl-lines per Layer window (sec-
tion 4.3.13), see section 26.1;

is the stress due to soil weight, in kN/m?, see Equation 26.1;

is the stress due to a water level above the soil surface, in kN/m?;

is the incremental stress due to loads, in kN/m?, see Equation 26.3.
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27

Benchmarks

Deltares Systems commitment to quality control and quality assurance has leaded them to
develop a formal and extensive procedure to verify the correct working of all of their geotech-
nical engineering tools. An extensive range of benchmark checks have been developed to
check the correct functioning of each tool. During product development these checks are run
on a regular basis to verify the improved product. These benchmark checks are provided
in the following sections, to allow the user to overview the checking procedure and verify for
themselves the correct functioning of D-GEO PIPELINE. The benchmarks are subdivided into
five separate groups as described below.

¢ Group 1 - Benchmarks from literature (exact solution) Simple benchmarks for which
an exact analytical result is available from literature.

< Group 2 — Benchmarks from literature (approximate solution) More complex bench-
marks described in literature for which an approximate solution is known.

¢ Group 3 — Benchmarks from spread sheets Benchmarks which test program features
specific to D-GEO PIPELINE.

& Group 4 — Benchmarks generated by D-GEo PIPELINE Benchmarks for which the ref-
erence results are generated using D-GEO PIPELINE.

¢ Group 5 — Benchmarks compared with other programs Benchmarks for which the
results of D-GEO PIPELINE are compared with the results of other programs.

The number of benchmarks in group 1 may grow in the future. The benchmarks in this chapter
are well documented in literature. There are no exact solutions available for these problems,
however in the literature estimated results are available. When verifying the program, the
results should be close to the results found in the literature. The number of benchmarks
in group 2 will grow as new versions of the program are released. These benchmarks are
designed so that (new) features specific to the program can be verified. The benchmarks are
kept as simple as possible so that only one specific feature is verified from one benchmark
to the next. As much as software developers would wish they could, it is impossible to prove
the correctness of any non-trivial program. Re-calculating all the benchmarks, and making
sure the results are as they should be, proves to some degree that the program works as it
should. Nevertheless, there will always be combinations of input values that will cause the
program to crash or to produce wrong results. Hopefully by using the verification procedure
the number of ways this can occur will be limited. The benchmarks are all described in details
in the Verification Report available in the installation directory of the program.
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