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General Information

Foreword

This is the user manual for D-SETTLEMENT, which is being developed by Deltares Systems,
a Deltares company. D-SETTLEMENT is a dedicated tool for predicting soil settlements by ex-
ternal loading. D-SETTLEMENT accurately and quickly determines the direct settlement, con-
solidation and creep along verticals in two-dimensional geometry. Deltares has been devel-
oping D-SETTLEMENT since 1992. Sponsorship from the Dutch Ministry of Transport, Pub-
lic Works and Water Management (Rijkswaterstaat) and Senter/EZ (the latter through Delft
Cluster projects and the GeoSafe project) has been vital for most model development and
validation.

Easy and efficient

D-SETTLEMENT has proved itself to be a powerful tool in the everyday engineering practice of
making settlement calculations. D-SETTLEMENT'’s graphical user interface allows both frequent
and infrequent D-SETTLEMENT users to analyze regular settlement problems extremely quickly.

Complete functionality

D-SETTLEMENT provides a complete functionality for determining settlements for regular two-
dimensional problems. Well-established and advanced models can be used to calculate
primary settlement/swelling, consolidation and secondary creep, with possible influence of
vertical drains. Different kinds of external loads can be applied: non-uniform, trapezoidal,
circular, rectangular, uniform and water loads. Vertical drains (strips and planes) with option-
ally enforced consolidation by temporary dewatering or vacuum consolidation can be mod-
eled. D-SETTLEMENT creates a comprehensive tabular and graphical output with settlements,
stresses and pore pressures at the verticals that have to be defined. An automatic fit on
measured settlements can be applied, in order to determine improved estimates of the final
settlement. Finally, the bandwidth and parameter sensitivity for total and residual settlements
can be determined, including the effect of measurements.

Product integration

D-SETTLEMENT is an integrated component of the Deltares Tools. Therefore, D-SETTLEMENT’S
soil parameters can be directly determined from test results by using MCompress. Fur-
thermore relevant data can be exchanged with MGeobase (central project database) and
D-GEO STABILITY (stability analysis) formerly known as MStab. MGeobase is used to cre-
ate and maintain a central project database, containing data on the measurements, geom-
etry and soil properties of several cross-sections. MGeobase can also be used to exe-
cute series of D-SETTLEMENT analyses along a location line. Besides the exchange of in-
put data, D-SETTLEMENT can also export the settled geometry and excess pore pressures to
D-GEO STABILITY for stability analysis.

Features in standard module

D-SETTLEMENT was developed especially for geotechnical engineers. D-SETTLEMENT’s graph-
ical interactive interface requires just a short training period for novice users. This means
that you can focus your skills directly on the input of sound geotechnical data and on the
subsequent settlement calculation.
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Soil profile

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

<& Verticals
By placing verticals in the geometry, you can define the co-ordinates for which output re-
sults will be shown. The position of the z co-ordinate is only relevant for circular or rectan-
gular loads.

<& Soil properties
The well-established constitutive models are based on common soil parameters for virgin
compression, unloading/reloading and secondary creep. Parameters of the different mod-
els can also be determined directly from the results of oedometer tests, using the MCom-
press program. Consolidation is either modeled by means of a consolidation coefficient or
by means of permeability per layer.

Loads

Subsequent loads at different times can be applied. Initial loads will not cause consolidation
or secondary creep. Stress distribution is taken into account, also in the soil weight loads.

<& Soil weight loads
Soil weight loads with uniform, trapezoidal and non-uniform shape of the soil cross-section
can be applied. D-SETTLEMENT can include an additional, deformation dependent load.
This load is equal to the soil that must be added to maintain the defined top surface po-
sition. D-SETTLEMENT can take account of the settlement-dependent weight reduction by
submerging. Embankment construction loading can be generated from simplified input, or
from imported measured surface positions.

< Distributed loads
Distributed loads with a circular or rectangular base can be applied.

o Water loads
Changes in pore pressure distributions at different times can be defined.

Models

There are three constitutive models available in D-SETTLEMENT: NEN-Bjerrum, NEN-Koppejan
and Isotache.

< NEN-Bjerrum Cr/Cc/Ca
The NEN-Bjerrum model supports today’s international de-facto standard for settlement
predictions, as contained for example in the Dutch standard NEN 6744-1:1991 (NEN,
1991b). The model uses common linear strain soil parameters (C,, C,, C,). Lin-
ear strains are referred to the undeformed state, presuming that strains are sufficiently
small. The theoretical basis of the underlying creep rate description is the isotache
model, and often associated with the name Bjerrum (1972).

¢ Isotache a/b/c
The Isotache a/b/c model by Den Haan (1994) enhances the NEN-Bjerrum model by
using a so-called natural strain, which is referred to the deformed state. Usage of natural
strain is expected to yield more realistic settlement curves in cases with large strains.
The special natural strain parameters are furthermore more objective with respect to
the stress and strain level.

¢ NEN-Koppejan
Compared to the NEN-Bjerrum model, the traditional NEN-Koppejan model assumes
an instantaneous contribution by primary settlement and is not capable of describing
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unloading/reloading behavior. Furthermore, NEN-Koppejan uses different parameter
definitions and assumes that secondary settlement is stress-dependent. The user can
opt for a linear or natural strain assumption.

All three constitutive models can be combined with the Terzaghi or Darcy consolidation model.
Both consolidation models are suited for all modern drainage systems. They support different
types of vertical drains (strips, columns and screens), with optional enforced dewatering. For
both models the influence of consolidation can be combined with user-defined piezometric
levels defining the hydraulic field, optionally layer by layer and time-dependent.

< Darcy
Darcy’s general storage equation can be used for accurate determination of the in-
fluence of excess pore pressures on settlements of combined soil layers. The Darcy
method calculates the excess pore pressure distributions at different time points and
derives the deformation during consolidation from the development of the true effec-
tive stress. The Darcy model in combination with the isotache models also allows for
modelling the gradual decrease of effective weight during submerging of loading and
layers.

¢ Terzaghi
Terzaghi’s one-dimensional theoretical solution for consolidation of elastic soil can be
used to modify the drained settlement solution, in order to approximate the influence
of excess pore pressure generation (Terzaghi and Peck, 1967). The combination with
vertical drains can be considered as an extension to the Terzaghi-Barron-Carillo method
(Barron, 1948; Carillo, 1942).

Results

¢ Following the analysis, D-SETTLEMENT can display results in tabular and graphical form.

<& The tabular report contains an echo of the input data and both settlements and stresses
per vertical.

¢ Settlements and stress components can be viewed graphically in time and along depth.

¢ A dissipation design graph can be viewed, showing the degree of consolidation by uni-
form loading for each layer.

¢ The settled geometry can be viewed or written to a geometry file.

¢ Finally, the settled geometry and excess pore pressures for a stability analysis with the
D-GEO STABILITY program can also be written.

Features in additional modules

Fits on settlement plate measurements

Measured settlements can be imported and used by D-SETTLEMENT to perform fits by auto-
matic scaling of material parameters. This feature enables a more accurate estimate of the
final and residual settlement.

Reliability analysis

A reliability analysis is available to determine the bandwidth and parameter sensitivity for total
and residual settlements, including the increased reliability after a preliminary settlement plate
fit.

Deltares 3 of 290



1.3.3

14

D-SETTLEMENT, User Manual

Horizontal displacements

Horizontal displacements can be calculated according to De Leeuw tables (De Leeuw, 1963)

History

D-SETTLEMENT (formerly known as MSettle until version 8.2) has been developed by Deltares/
GeoDelft. Version 1.0 was first released in 1992 under the name of MZet. A simplified NEN-
Bjerrum calculation method with limited applicability was added in 1993. Some new features,
such as the option to save a settled geometry, were added in 1994. In 1995, the Koppejan
method was adapted to allow loads to be added at different points in time. Version 4.0 (1998)
was the first Windows version of MZet. Its name was then changed to MSettle. In 1999 a first
version of the a/b/c Isotache model was incorporated into MSettle Version 5.0.

Version 6.0 (2001) included an enhanced module for geometrical modelling, and improved
versions of the user manual and on-line Help have been released.

Version 6.7 (2002) was the first modular release of MSettle, meaning that different modules
can be purchased separately. The 6.7 version included separate 1D and 2D modules, sim-
plified input of embankment construction by load generation, several improvements to the
isotache model and its documentation, a choice between the Terzaghi and Darcy consolida-
tion models, vertical drains (only for the Darcy model), and user-controlled variation of soil
parameters in order to fit settlement plate curves.

Version 6.8 (2003) included a completely new formulation of the NEN-Bjerrum model and an
enhanced report format. The new NEN-Bjerrum model still uses the common soil parameters
C., C., C,, butis now based on the same isotache formulation as the a/b/c/ model. The new
formulation is therefore also suited for loading stages and un-/reloading sequences, which
were not possible with the old formulation.

Version 7.1 (2004) featured the new combination of vertical drains with the Terzaghi consol-
idation model, coupled stability analysis with MStab and a new design graph for the degree
of consolidation. Furthermore the chart data behind all graphs had been made available, for
usage in spread sheets et cetera.

Version 7.3 (2006) offers an automatic settlement plate fit. It also includes the new reliability
module. Furthermore, input of temporary loading has been simplified, the plot of transient
settlements has been extended with a plot of the loading and the Material window has been
redesigned.

¢ The settlement plate fit is now part of the Calculation menu (section 5.3). The usage of
the manual fit has been simplified, and a robust automatic fit has been added. The Use Fit
parameters option (section 5.4) is available to generate modified results from a complete
settlement analysis. Reading of measurement data is now also supported from files with
tab delimited format (TXT), or comma (;) delimited format (CSV).

¢ An evaluation version of the Reliability module has been added (section 5.4.2). This mod-
ule offers different methods to determine the bandwidth of the predicted settlements.

¢ A graph of loading versus time has been attached to the graph of settlement versus time
(section 6.5, section 6.5.2).

< Input of temporary loading has been simplified by the introduction of an end time for non-
uniform loading (section 4.6.1).

< A graph of residual settlements versus different start times has been made available (sec-
tion 6.7).

& The Material window (section 4.2) was redesigned, in order to separate the parameters
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for the soil model from the parameters for the consolidation model. An equivalent age
indication of over-consolidation was added to the NEN-Bjerrum and Isotache models.

Version 8.2 was released in 2009. This version includes the following improvements and new
features:

¢ The Darcy consolidation model has been strongly improved and is now the default consol-
idation model:

< ltis more accurate than the Terzaghi model;

¢ It uses the same input as the Terzaghi model. This means that Darcy is now based on
excess pore pressures instead of total pore pressures, and that direct input of the consoli-
dation coefficient is allowed.

< It consumes considerable less computation time than in the previous version, and features
a significantly increased robustness. The latter means that previous numerical problems
by spatial oscillations and by negative effective stresses are practically vanished.

¢ Deformation of drained layers is now included.

& Submerging modelling has been improved in combination with the Isotache and NEN-
Bjerrum models: the effective weight of both non-uniform loads and soil layers changes
gradually during submerging, by taken into account the actual settlement instead of the
final settlement. See section 1.5.1 for a comparison between the new Darcy model and the
Terzaghi model.

<& Optional direct input of the Preconsolidation pressure in the Material window is available
for the Isotache and NEN-Bjerrum models (section 4.2.4, section 4.2.5), in order to model
special cases where a definition via POP or OCR is not sufficient.

<& Vertical drains can be limited to a certain horizontal range. Furthermore the input has been
simplified, both by introducing dedicated input for different drain types (strips, columns,
sand screens) and dewatering methods and by supplying common defaults for applicable
input parameters (section 4.4.2).

<& The system for error messages and warnings has been improved, as well as the messages
themselves (section 6.2.7).

¢ Output of report and plots are now available in the English, French and Dutch languages
(section 3.2.4).

¢ Result graphs have been extended. With the Darcy model, MSettle gives results for dif-
ferent stress components in time and along the depth. With the Terzaghi model, the
settlement-depth curve has been added (section 6.5, section 6.6).

¢ The Reliability module (section 18.2) is upgraded from evaluation version to product ver-
sion, including full verification.

<& The Horizontal Displacement module (section 18.3) based on De Leeuw tables (De Leeuw,
1963) has been added.

Version 9.1 was released in 2011. The name of the program is changed to D-SETTLEMENT.

Version 9.3 was released in 2012. This version includes the following improvements and new
features:

< Know issues are solved.

¢ Calculated horizontal displacements can be found in the report.

<& For other calculations than NEN-Koppejan, the given pre-consolidation stress is taken into
account too.

& When using Other Loads it is possible to add a storage tank (section 4.6.3).

Version 14.1 (July 2014). This version implements only the improvements on the changes in
the new licensing scheme.
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Version 15.1 (April 2015). This version implements some improvements in the calculation:

<o

<o

The combination Water Loads and Submerging didn’t worked properly when the maxi-
mum iteration steps for submerging was more than 1. This is now fixed.

The combination Koppejan-Darcy could lead to an error (“Error occurred during compu-
tation of excess head”). This is now fixed.

In the report for combination Koppejan-Terzaghi, the primary and secondary settle-
ments per layer were not always calculated if the number of layers differed from the
number of materials. This is now fixed.

For Koppejan model, the pre-consolidation stress o, was used only when this parame-
ter was set for the Isotache model. This is now fixed.

This version also implements some improvements in the user interface:

o

o

o

In the Vertical Drains window, the sub-window Enforced Dewatering is renamed into
Drainage schedule

A toggle button is implemented in the View Input (Figure 2.5), to switch between same
scale for X and Y-axis and not same scale for X and Y-axis.

The Help file is no more available; clicking on the Help button will open the User Manual
in which a search by specific word can be performed.

Version 16.1 (January 2016). With this version, license(s) can be borrowed for a certain
period allowing working without connection to the licence server (see section 3.2.5 for more
information). This version also contains solved issues (for a complete list, download the Re-
lease Notes from the Download Portal of Deltares).

Limitations

When working with D-SETTLEMENT, the following limitations apply.

<o

During vertical displacements calculation, D-SETTLEMENT assumes that horizontal dis-
placements are zero. The horizontal displacements from the corresponding module will
therefore not influence the vertical displacements calculation.

For Terzaghi, the submerged weight is determined on the basis of final settlements.
Furthermore, only the weight of non-uniform loads is reduced, e.g. not the weight of
uniform loads or soil layers.

For Darcy, the gradually changing submerged weight during the calculation is only cal-
culated for non-uniform loads and soil layers, but not for uniform loads.

The consolidation models do not explicitly describe horizontal flow. The horizontal flow
to drains is modelled by a leakage term.

The Terzaghi model does not calculate the actual effective pressures during consolida-
tion, but is based on an approximate adjustment of settlements from a drained solution,
see section 1.5.1.

Both options Fit for Settlement Plate and Submerging do not work in combination, for
the none-accurate Submerging method (section 1.5.1). When a plate fit is performed,
the Submerging option is not taken into account. When a normal calculation is done
using fit parameters in combination with the Submerging option, the results differ from
those displayed in the Fit for Settlement Plate chart. This limitation applies only for the
none-accurate submerging method. For the accurate method (i.e Darcy+Isotache and
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Darcy+Bjerrum), Submerging is taken into account during the Fit for Settlement Plate
calculation.

Darcy vs. Terzaghi

The Darcy model uses a step-wise accurate numerical solution of effective stress and pore
pressure at different points in time and space. The Terzaghi model uses a time-dependent
"degree of consolidation" according to the Terzaghi theory (Terzaghi and Peck, 1967), to adjust
the drained settlement solution approximately for the effect of consolidation.

The Terzaghi model has a number of limitations, compared to the Darcy model.

¢ The settlement after completed consolidation with the Terzaghi model will always be
equal to the settlement from a drained solution, even if unloading took place shortly
after preceding loading.

¢ For the same reason, the updated pre-consolidation stress during reloading will be
overestimated with Terzaghi if unloading took place before consolidation was finished.

<& The combination of layers with different consolidation coefficients and the combination
with vertical drains are also described more accurately with Darcy.

¢ The period of consolidation with Terzaghi will be equal during loading and un/reloading,
while Darcy will show faster consolidation during un/reloading.

¢ The influence of vertical drains and dewatering is averaged along a full layer in com-
bination with Terzaghi. This limitation is especially important for the layer in which the
vertical drain ends.

¢ The Terzaghi model describes submerging by an initial load reduction (i.e. non—accurate
method), while the Darcy model in combination with the NEN-Bjerrum or Isotache model
takes into account the gradual character of it (i.e. accurate method).

Compared to the previous Darcy model, the Darcy model in version 8.2 consumes consider-
able less computation time than in the previous version, supports the same input as the Terza-
ghi model, features improved submerging modelling and a significantly increased robustness.
A choice for the Darcy model is since release 8.2 recommended under most circumstances,
as it combines the advantages of the Terzaghi model (fast, robust, convenient input) with
improved accuracy.

NEN-Koppejan vs. NEN-Bjerrum/Isotache

The NEN-Koppejan model has been the traditional choice in the Netherlands for many years.
The applicability of the Koppejan model is however limited, as it has not been designed
to predict unloading/reloading. The Dutch geotechnical design codes currently prescribe a
C./C,/C, method, just as other countries do. D-SETTLEMENT's isotache models with C./C,./C,,
or a/b/c parameters are capable of modelling both incremental loading and unloading/reloading.
The other difference is that Koppejan assumes a stress dependent slope of the creep tail af-
ter virgin loading whereas the C'./C,./C', model assumes that the slope after virgin loading is
stress independent.

Key concept of both isotache models is a direct relationship between overconsolidation, creep

rate and equivalent age. The only difference between these models is the usage of linear
strain for the C,./C./C,, model and natural strain for the a/b/c model.
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1.6 Minimum System Requirements

The following minimum system requirements are needed in order to run and install the Deltares
software, either from CD or by downloading from the Deltares Systems website via MS Inter-
net Explorer.

¢ Operating systems:
O Windows 2003,
8 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
512 MB of RAM
400 MB free hard disk space
SVGA video card, 1024 X 768 pixels, High colors (16 bits)
CD-ROM drive
Microsoft Internet Explorer version 6.0 or newer (download from www.microsoft.com)

O 0000

1.7 Definitions and Symbols

n Porosity
€ Initial void ratio:
o
en =
0 1— o
Cy Vertical coefficient of consolidation, one-dimensional
o’ Effective vertical soil pressure
Op Preconsolidation pressure (maximum vertical effective pressure experienced
in the past)
o0 Initial vertical effective soil pressure
POP Pre-overburden pressure: POP = o, — 0,
OCR Overcons%lidation ratio:
OCR= -2
09
t Time in days
H, Vertical height of layer or oedometer sample at the start of (un)loading
hy Vertical height of layer or oedometer sample at time t after (un)loading
AH Vertical settlement of layer or sample at time t: AH = h; — Hy
e? Engineering vertical strain (Cauchy):
et = o
i Natural vertical strain (Hencky):
ho — Ah
H = Iy (_) - (1)
ho
€ Strain rate:
. de
£ =—
dt
Cysw Primary swelling index (unloading):
Cow=(14+e€ with o’/ < o
w = 0) dlog o’ P
C. Primary compression index (virgin loading):
C.=(1+e with o/ > o
e = ( 0) dlog o’ P
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tage

70

CR

RR

Deltares

Coefficient of secondary compression (strain based):
de
~ dlogt
(Isotache) Modified natural swelling index:
CswlsH
(1+ep)In10
(Isotache) Modified natural compression index:
Col.n
(14+€0)In10
(Isotache) Modified natural secondary compression constant:
Col.x

—Inl0
Initial equivalent age:

[0}

a =

(b — CL)
Isotache: tage = Tg X OCR

NEN-Bjerrum: t,5. = 79 X OC’R< Ca
Creep rate reference time
(NEN-Bjerrum) Reloading/Swelling index:

Cr = Csw‘gc
(NEN-Bjerrum) Compression ratio:
Ce
or = Celo
1+ €0
(NEN-Bjerrum) Reloading/Swelling ratio:
C,
R = Gl
1 —|— €0

(NEN-Koppejan) Primary compression coefficient below pre-consolidation:
O~ (14 €0)In10

e

Sw — - .

(NEN-Koppejan) Primary compression coefficient above pre-consolidation:
O~ (1+ep)In10

p CC
(NEN-Koppejan) Secular compression coefficient below pre-consolidation:
Secular compression coefficient (C'y)

Cy=1n (g—;) % with o’ < oy,

(NEN-Koppejan) Secular compression coefficient above pre-consolidation:

’r_ o’ | dlogt . /
Ci=1In <0p> = with o’ > oy

with o’ < oy,

with o’ > oy,

(NEN-Koppejan) Primary swelling coefficient:
1+e9)In10
4 - Ure)1o
CS’LU
(NEN-Koppejan) Secondary swelling coefficient:
o'\ dlogt
A;,=1n (—/ & with 0’ < o,
o de
Unit weight
Water head
Darcy permeability in horizontal and vertical direction
The constant for strain dependent permeability
Bulk modulus of water

with o’ < o,
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Getting Help

From the Help menu, choose the Manual option to open the User Manual of D-SETTLEMENT
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 Help at
www.deltaressystems.com menu ‘Software’. Different information about the program can be
found on the left-hand side of the window (Figure 1.1):

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

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

¢ In ‘Release notes’ are listed the differences between an old and a new version.

Deltares Areas of expertise  Software  Academy  Facihities  Aboutus  Contact

Enabling Delta Life 7—

D-Settlement

Features > Support
Modules >

Demo / Screenshots >

n = .
Service packages > e > = m

; S S &=
: . . : N

Technical Specifications >

A

We are here to help you with all your Deltares software products and solutions.

Other related software B
! Qver the last decades, Deltares has been developing and improving D-Settlement, which comes with

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

Documenten research institutes worldwide, using these software products.

To obtain the support of your convenience, please contact sales@deltaressystems.nl. For those with

() ol Jas = Maintenance & Support in place, please contact support@deltaressystems.nl
&  D-Settlement Manual =
Known issues
& D-Settlement Verification Report =
Unsolved Ratio primary-secundairy settlement under a fit plate calculation
&  Release notes D-Settlement & Under a fit plate calculation the ratio primary-secundairy settlement is not adjusted to

the data entered. This has no consequences for the calculation

Unsolved Hydrodynamic period is missing in the report
The hydrodynamic period isn’t printed in the report.

Figure 1.1: 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 Deltares Systems geo-software. The Problem De-
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scription tab enables a description of the problem encountered to be added.

Support =l
DeltaresSystems
Rotterdamseweag 185 Phone: +31 88 3357309
PO Box 177 Fax: +31 88335 81 11
, ML-2600 MH Delit E-mail: support@deltaresspstems.nl

System nfo  Problem Description |

Flease explain your issue here...

Send.. | Frint... | Save bz | Cloze | Help

Figure 1.2: 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 checkbox and
click OK to send it.

Send Support E-Mail @

Thiz problem repart will be zent to "supporti@deltaressystems.nl”. v'ou
can alzo send the current file as an attachment. Check the checkbox
below to do this.

Sending of the problem report with E-mail is only possible if the mail
program on your system is configured as 'default Simple MAPI client"!
[consult your system administrator],

Thiz will only work. if vour E-mail program can reach extemal [Intemet)
E-mail addresses.

[~ Attach current file ko mai

Cancel | Help |

Figure 1.3: 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 support@deltaressystems.nl or alternatively faxed to +31(0)88 335 81 11.

Deltares

Since its foundation in 1934, GeoDelft has been one of the first and most renowned geotech-
nical engineering institutes of the world. On January 1! 2008, GeoDelft has merged with WL
|Delft Hydraulics and some parts of Rijkswaterstaat and TNO into the new Deltares Institute on
delta technology. Part of Deltares’s role is still to obtain, generate and disseminate geotechni-
cal know-how. For more information on Deltares, visit the Deltares website: www.deltares.nl.
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1.11 Deltares Systems

Deltares Systems is a Deltares company. The company’s objective is to convert Deltares’s
knowledge into practical geo-engineering services and software. Deltares Systems has de-
veloped a suite of software for geotechnical engineering. Besides software, Deltares Systems
is involved in providing services such as hosting online monitoring platforms, hosting on-line
delivery of site investigation, laboratory test results, etc. As part of this process Delft GeoSys-
tems is progressively connecting these services to their software. This allows for more stan-
dardized 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.

Deltares Systems makes use of Deltares’s intensive engagement in R&D for GeoBrain. Geo-
Brain’s objective is to combine experience, expertise and numerical results into one forecast,
using Atrtificial Intelligence, Neural Networks and Bayesian Belief Networks. For more infor-
mation about Deltares GeoSystems’ geotechnical software, including download options, visit
www.deltaressystems.com or choose the Deltares Systems Website option from the Help
menu of D-SETTLEMENT.
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2

2.1

2.2

Getting Started

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

Starting D-Settlement
To start D-SETTLEMENT, click Start on the Windows taskbar or double-click a D-SETTLEMENT
input file that was generated during a previous session.

For a D-SETTLEMENT installation based on floating licenses, the ModulesModules window may
appear at start-up (Figure 2.1). Check that the correct modules are selected and click OK.

Modules @

[ D-Settlement Standard module (107
Iv 2D Geometry module

[v Darcy module

Iv “ertical Drains module

|v Fit for Settlemeant Plate module

v PFore pressure MWaSpan] model

I Reliability Analyzes module

Iv¥ Horizontal Deformations maodule

[v¥ Show at start of program

Help

Figure 2.1: Modules window

When D-SETTLEMENT is started from the Windows taskbar, the last project that was worked
on will open automatically (unless the program has been configured otherwise in the Pro-
gram Options window, reached from the Tools menu) and D-SETTLEMENT will display the main
window (section 2.2).

Main Window

When D-SETTLEMENT is started, the main window is displayed (Figure 2.2). 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) that displays the pre-selected or most recently accessed project, a title panel (sec-
tion 2.2.4) and a status bar (section 2.2.5). The caption of the main window of D-SETTLEMENT
displays the program name, followed by the calculation model, the consolidation model and
the strain type. When a new file is created, the default calculation model is NEN-Bjerrum
(Linear strain), the default consolidation model is Darcy and the project name is Project1.
The first time after installation of D-SETTLEMENT, the View Input window will be closed. Main
window
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Stage #

r
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Edit & =

(21 D-Settlement *NEN - Bjerrum Darcy Linear* - Projectl | =N ===
File Project Soil Geometry GeoObjects Water Loads Calculstion Results Tools Window Help
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£ viewnput oo =

Geometry Linput | Topview

ko]
TLLnL

L
[NILANNIT]

=

k
[ERNNERRNA NRANN AN

&
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0.000 100.000

V14036 Edit Current ohject None

The menu bar

Figure 2.2: D-Settlement main window

To access the D-SETTLEMENT menus, click the names on the menu bar.

File Project Soil Geometry GeoObjects Water Loads Calculation Results Tools Window  Help

Figure 2.3: D-Settlement menu bar

The menus contain the following functions:

File

Project

Soil
Geometry

GeoObjects
Water
Loads
Calculation

Results

Tools
Window

Help
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Standard Windows options for opening, saving and sending files as well
as several D-SETTLEMENT options for exporting and printing active win-
dows and reports (section 3.1).

Options for selecting the model types, defining project properties and
viewing the input file (section 4.1).

Options for defining the soil type properties (section 4.2).

Options for defining layers boundaries, soil types and piezometric lines
(section 4.3).

Options for defining the verticals (X co-ordinates) for which results will
be shown, the vertical drains and the pore pressure meters (section 4.4).
Input of water parameters (section 4.5).

Input of external loads (section 4.6).

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

Options for displaying graphical or tabular output of the settlements and
stresses per vertical (chapter 6).

Options for editing D-SETTLEMENT program defaults (section 3.2).
Default Windows options for arranging the D-SETTLEMENT windows and
choosing the active window.

Online Help (section 2.1).
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2.2.2 Theicon bar

Use the buttons on the icon bar to quickly access frequently used functions (see below).

SB EQ BE| B e e

Figure 2.4: D-Settlement icon bar

Click on the following buttons to activate the corresponding functions:

Start a new D-SETTLEMENT project.

— Open the input file of an existing project.
= Save the input file of the current project.
[_“:’ Print the contents of the active window.
E|

Display a print preview.
Open the Project Properties window. Here you can enter the project title and
other identification data, and determine the View Layout and Graph Settings for

your project.
Start the calculation.

9 Display the contents of online Help.

2.2.3 View Input window

The View Input window displays the geometry and additional D-SETTLEMENT input of the cur-
rent project. The window has the following three tabs:

O Geometry
In this view it is possible to define, inspect and modify the positions and soil types
of different layers. For more information about these general options for geometrical
modelling, see the description of the Geometry menu (section 4.3) or see section 7.4.
<& Input
In this view it is possible to define, inspect and modify the additional D-SETTLEMENT spe-
cific input. For more information on the available options, see below in this paragraph.
<& Top View
This tab shows the lateral and the top view of the inputted project.
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Figure 2.6: View Input window, Top View tab

The panel on the left of the view contains buttons for entering data and controlling the graph-
ical view. Click on the following buttons in the Edit, Tools or Stage panel to activate the
corresponding functions:

Select and Edit mode
In this mode, the left-hand mouse button can be used to graphically select a previ-
ously 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.
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.
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Add single line(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 polylines. 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 polyline and activates the “rubber
band” for the second line in the polyline. Every subsequent left-hand mouse click
again defines a new end point of the next line in the polyline. It is possible to end
a polyline 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.

Pan

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

Zoom in

Click this button to enlarge the drawing, and then click the part of the drawing
which is to be at the centre of the new image. Repeat if necessary.

Zoom out

Click this button, and 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.

Add vertical

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

Add non-uniform load

Click this button to display a window in which it is possible to add, modify or delete
non-uniform loads per unit of area.

Add other load

Click this button to display a window in which it is possible to add, modify or delete
trapezoidal, circular, rectangular or uniform loads.

Convert geometry to 1D

Click this button to convert geometry to 1D.
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=

Measure the distance and slope 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 and the slope between the two points
can be read beside the second point. To turn this option off, click the escape key.
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 geom-
etry 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 geome-
try, because validity will be checked continuously.

Redo

Click this button to redo the previous Undo action

Undo
Click this button to undo the last change(s) made to the geometry

Delete

Click this button to delete a selected element.

NOTE: This button is only available when an element is selected.
Previous stage

Click this button to view the previous stage in the sequence of loading.

Next stage
Click this button to view the next stage in the sequence of loading.

2.2.4 Title panel

225

This panel situated at the bottom of the View Input window displays the project titles, as
entered on the Identification tab in the Project Properties window (section 4.1.3).

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).
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2.3 Files

2.4

2441

2.4.2

*.sli Input file (ASCII):
Contains all specific input for D-SETTLEMENT. After interactive generation, this file
can be reused in subsequent D-SETTLEMENT analyses.

.sls Setting file (ASCII):

Working file with settings data. This file doesn’t 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.

.geo | Input file (ASCII):

Contains the (deformed) geometry data that can be shared with other Deltares
Geo-programs.

sti Output file (ASCII):

File used by D-SETTLEMENT for a coupled stability analysis, with deformed geom-
etry and excess pore pressures.

*.sld Dump file (ASCII):

Contains calculation results used for graphical and report output.

.slo Obsolete file (ASCII):

Contains echo of input and tabular results.

*err Error file (ASCII):

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

.gef Geotechnical Exchange Format file (ASCII):

Contains measurements data. GEF file

*slm | SLM file (ASCIl):

Input of settlement and surface measurements.SLM file

Tips and Tricks

Keyboard shortcuts

Use the keyboard shortcuts given in Table 2.1 to directly opening a window without selecting
the option from the bar menu.

Table 2.1: Keyboard shortcuts for D-Settlement

Keyboard shortcut Opened window
Ctrl + N New

Ctrl+S Save

Ctrl + O Open

F12 Save As

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

Ctrl + M Model

Ctrl+T Materials

Ctrl + E Verticals

F9 Start Calculation
Ctrl + R Report

Exporting figures and reports

All figures in D-SETTLEMENT such as geometry 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
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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 copy part of a table in another document, an Excel sheet for example. If the
cursor "t is 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
Figure 2.7a). Then, using the copy button (or ctrl+C) this area can be copied.

Time [davs] [ Settlement [m] Time [davs] Settlernent [m]
14.00 03 14.00

e o e[| —

o[ Gajra =2

2000.00
10000.00

Time [davs]

o0 e o =

jon[= o[~ 2

c)

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 Figure 2.7b). To select a column,

click on the top cell of the column (see Figure 2.7c). To select the complete table, click on the
top left cell (see Figure 2.7d).

In some tables the option Copy is also present at the left hand pane.

Continuous display of the results in time or depth

In the Time-History and/or Depth-History windows, by selecting the first Time or Depth step
respectively at the top of the window and using the scroll button of the mouse, graphical results

are displayed in a continuous way in time (from initial to final time) or in depth (from ground
surface to the base).
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3 General

3.1

This part of the manual contains a detailed description of the available menu options for input,
calculation and viewing results.

The examples in the tutorial section provide a convenient starting point for familiarization with
the program.

File menu

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

<& New
Select this option to display the New File window (Figure 3.1). Three choices are available
to create a new geometry:
B Select New geometry to display the View Input window, showing only the geometry
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 sec-
tion 4.3.2);
O Select Import geometry to use an existing geometry.

=]

" Mew geometny wizard

" Import geometry

u] S | 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). After clicking the Save button in the
Export to window, the Export complete window opens displaying three choices:

B QOpen to open the file containing the exported window;
O QOpen Folder to open the folder where the file was saved;
O Close to close the Export complete window.

o Export Report
This option allows the report to be exported in a different format, such as pdf or rtf.

& Page Setup
This option allows definition of the way D-SETTLEMENT 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-SETTLEMENT to choose the best fit
for the page.
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<& Print Preview Active Window
This option will display a print preview of the current contents of the View Input or Results
window.

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

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

<& Print Report
This option prints the calculation report.

Tools menu

On the menu bar, click Tools and then choose Program Options to open the corresponding
input 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

Program Options — View

=l Program Options @

| Generall Locations | Language Madules |

v Toolbar
v Status bar

[~ Title panel

Figure 3.2: Program Options window, View tab

Toolbar Mark this checkbox to display the icon bar (section 2.2.2) each time
D-SETTLEMENT is started.

Status bar Mark this checkbox to display the status bar (section 2.2.5) each time
D-SETTLEMENT is started.

Title panel Mark the checkbox to display the project titles, as entered on the Identifi-
cation tab in the Project Properties window, in a panel at the bottom of the
View Input window.
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3.2.2 Program Options — General

Start-up with

Save on
Calculation

Halt on
Warnings

Use Enter key
to

Deltares

= Program Options @
Wiew Genera\ Locations Language. Modules
Startup with Save on Calculation
" Mo project ® Always Save
 Lastused project " Ahways Save As
" Mew project

¥ Halt on warnings

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

" Setfocus to the next contral (DOS-style)

OK | Cancel |

Figure 3.3: Program Options window, General tab

Click one of these toggle buttons to determine whether a project should
be opened or initiated when the program is started.

No project: Each time D-SETTLEMENT is started, the buttons in the tool-
bar or the options in the File menu must be used to open an existing
project or to start a new one.

Last used project: Each time D-SETTLEMENT is started, the last project
that has been worked on is opened automatically.

New project: A new project is created. The user is offered three options
at the start up of D-SETTLEMENT: New geometry, New geometry wizard
and Import geometry.

NOTE: The Start-up with option is ignored when D-SETTLEMENT is
started by double-clicking on an input file.

The toggle buttons determine how input data is saved prior to calcula-
tion. The input data can either be saved automatically, using the same
file name each time, or a file name can be specified each time the data
is saved.

Unmark this checkbox to prevent pausing the calculation in case of
warnings.

Use the toggle buttons to determine the way the Enter key is used
in the program: 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).
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3.2.3 Program Options — Locations

£ Program Options @
Wiew ]General Locations |Language | Madules |

[7 Save lastused current directory as working directony

Working directany
2 N

[ Use MGeobase database

MGeobase database
|D YSupportihMGeoBaseProjectDatabase. mdb

oK Cancel

Figure 3.4: Program Options window, Locations tab

Working D-SETTLEMENT will start up with a working directory for selection and

directory saving of files. Either choose to use the last used directory, or specify a
fixed path.

MGeobase Here it is possible to assign a database location. This database (*.gdb or

database *.mdb) can be accessed with several options in D-SETTLEMENT to retrieve

D-SETTLEMENT specific data from this file location.

3.2.4 Program Options — Language

=l Program Options @
“Wiew ] Generall Locations  Lenguage .‘Mndules |
Interface language m
Output language ’m

Dutch

English
French

0K Cancel | |

Figure 3.5: Program Options window, Language tab

Select the language to be used in the D-SETTLEMENT windows and on printouts.
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Interface Currently, the only available interface language is English.

language

Output Three output languages are supported: English, French and Dutch. The
language selected output language will be used in all exported reports and graphs.

3.25

Program Options — Modules

For a D-SETTLEMENT 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
checkbox is marked then this window will always be shown at start-up.

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

The Vertical Drains module is only available in combination with the 2D Geometry module.

(5

D Program Options

iew } General} Locations | Language MD 95
License LFh

W D-Settlement Standard maodule (100
W 20 Geometry module

W Darcy module

I *verical Drains module

I Fitfor Setlement Plate module

™ Pore pressure (WaSpan) model

W Reliability Analyses module

¥ Horizontal Deformations module

¥ Evaluation mode

Mo modules barrowed

Borrowing |

Users

Cancel | |

Feturn borrow

[~ Show at start of pragram

o ]

Figure 3.6: Program Options window, Modules tab

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
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.

Barrowing...

Return borrow

g

Click this button to end the borrow immediately.

3.3 Help menu

The Help menu allows access to different options.
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Error Messages

If errors are found in the input, no calculation can be performed. Those errors must be cor-
rected before performing a new calculation. To display details about 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.

] Error Messages = |3
Drogram - D-Settlement

- Eo

: Unknown

entification -
Tutorial 3 for D-Settlement
Settlement plate fit

Date : 1/6/2011
Tima © 2:53:38 PM

ERRORS IN VERTICALS
For a calculation at least one vertical is needed.

[END OF ERROR FILE]

Figure 3.7: Error Messages window

Manual

Select the Manual option from the Help menu to view the manual.

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.

About D-Settlement

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

Before the analysis can be started, the data for layers, soil properties and loads need to be
inputted.

4.1 Project menu

The Project menu can be used to set the model settings. The project preferences can be set,
the default values of the probabilistic parameters can be entered and it is possible to view the
input file.

4.1.1 Model

On the menu bar, click Project and then choose Model to open the input window. The available
options will depend on the available modules (section 3.2.5). For an overview of different
model limitations see section 1.5.

Model (23]
Dirmenzior Options
1D i« 20 [ Wertical drainz

i B eliabilit s
Calculation model [ Reliability analysis

Fit f i b plat
@& MEM - Bjerrum [Cr, Cc, Ca) B e selioment e

. [ Horizontal displacements
" |zotache natural strain [a, b, c)

" MEM - Koppejan [Cp. Cs]

-
Conzolidation model
" Terzaghi
" Darcy
u] | Cancel Help
Figure 4.1: Model window
Dimension the effect of different load types on multiple verticals in a two-

dimensional geometry can be analyzed. With the reduced capabilities
of 1D geometry the effect of uniform loading along one vertical can be

analyzed.
Calculation NEN-Bjerrum (section 16.1) uses the common parameters C'., C.. and
model C,, and represents today’s international de-facto standard. The model

uses a linear strain assumption.

Isotache (section 16.2) is similar to the NEN-Bjerrum model, but uses
the natural strain parameters a, b, c. Natural strain can be advantageous
if large strains are expected. It makes parameters stress-objective and
prevents prediction of unphysical large deformations.

The traditional Dutch NEN-Koppejan model (section 16.3) might be a
logical choice if the model matches available historical parameters and
user experience. Koppejan parameters are traditionally determined on
a linear strain basis. The optional combination with natural strain theo-
retically requires that the parameters were also determined on the same
basis.
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Consolidation section 15.3 describes the influence of excess pore pressures on settle-

model ments most accurately. The approximate Terzaghi model (section 15.2)
is applicable in cases where the influence of consolidation is limited, for
instance by application of vertical drains.

Vertical drains Selection of this option enables additional modelling of vertical drains,
with optionally enforced dewatering (section 15.4).

Reliability Selection of this option enables the determination of bandwidth in total

Analysis and residual settlement, together with the determination of parameter
sensitivity (section 18.2).

Fit for settle- Selection of this option enables the possibility to perform automatic fits

ment plate on measured settlements by parameter scaling (section 5.3). Success-

ful fits require a realistic prediction of the shape of the complete settle-
ment curve. Combination with the Isotache and Darcy models is for this
purpose most suited.
Horizontal Selection of this option enables the calculation of horizontal displace-
displacements ments according to De Leeuw tables (De Leeuw, 1963).

4.1.2 Probabilistic Defaults

Input of probabilistic defaults is only required if Reliability Analysis has been selected in the
Model window (section 4.1.1). On the menu bar, click Project and then choose Probabilistic
Defaults, in order to modify the default settings for the uncertainty in soil parameters and in
the layer boundary.

Probabilistic Defaults (=3
b aterials
: Conzolidation and urit weight Compression |
Coefficient Distribution
of wariation
Ungzaturated urnit weight [k /] |U.U5 | MNarmal j
Saturated unit weight [kM /] |U.|35 | Mormal j
Wertical permeability [m#s] |2-5D | Normal ﬂ
Ratio horizontal/vertical permeability [l |D.25 |Normal j
Standard Distribution
desviation
Laver boundary [m] |D.‘ID |Deterministic ﬂ
Heset ak. | Cancel | Help |

Figure 4.2: Probabilistic Defaults window, Consolidation and unit weight tab
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Probabilistic Defaults [
I aterialz
Conzolidation and unit weight
Coefficient Distribution Carrelation coef.
of variation with b
Fre-overburden pregsure [FOP) [kM frr] |D.25 |Normal j
Preconzolidation prezsure [op) [kM fref] |D.25 |N0rmal ﬂ
Overconzalidation ratio [OCR] [ |D.25 |N0rmal j
Reloading/swelling constant [a] [ |D.25 |N0rmal j |D.D1
Primary compression constant (b] [ |D.25 |N0rmal j
Secondary compression constant [c] [ |D.25 |N0rmal j |D.D1
Standard Distribution
deviation
Laver boundary [rn] |D.'| 1] |Deterministic j
Reset ak | Cancel | Help |

Materials
Coefficient  of
variation

Distribution

Correlation co-
efficient with . ..

Layer boundary
Standard devia-
tion

Distribution

Deltares

Figure 4.3: Probabilistic Defaults window, Compression tab

Click this button to reset all values to the factory defaults.

the mean value determines the default values for the standard deviation
of stochastic soil parameters. Click the Consolidation and unit weight
tab and the Compression tab to see all the available stochastic parame-
ters for the selected material models.

NOTE: The default values of the standard deviation for each material
can be overruled in the Materials window (section 4.2).

The Lognormal distribution will prevent values below zero. Choosing
None means that D-SETTLEMENT will assume that this parameter is de-
terministic instead of stochastic.

The correlation coefficient between the primary compression coefficient
and the other compression parameters. A zero value indicates com-
plete independency. Using a large nonzero value can cause numerical
problems in combination with the probabilistic solution methods.

The standard deviation of the boundaries between the different layers, if
a stochastic distribution is used.

The Lognormal distribution will prevent values below zero. Choosing

None means that D-SETTLEMENT will assume that this parameter is de-
terministic instead of stochastic.

29 of 290



D-SETTLEMENT, User Manual

Project Properties

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

Project Properties — Identification
Use the Identification tab to specify the project identification data.

Project Properties @

Identification | View Input | Shesses in Geametry | Settled Geometry |

Title 1 |Tut0rial 1 far D-Settlement

Title & |Building site preparation

Tile3 |
Date 1/6/2011 ¥ Use current date
Dirawn by

Project 1D |

Annex D

[T Save as default oK, | Cancel | Help |

Figure 4.4: Project Properties window, Identification tab

Titles Use Title 1 to give the calculation a unique, easily recognisable 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 checkbox on each printout or
enter a specific date.

Drawn by Enter the name of the user performing the calculation or generating the
printout.

Project ID Enter your project identification number.

Annex ID Specify the annex number of the printout.

Mark the checkbox Save as default to use the current settings every time D-SETTLEMENT is
started or a new project is created.

Project Properties — View Input

Use the View Input tab to specify the availability of components and the layout settings of the
View Input window (section 2.2.3).
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Project Properties @

|dentification  View Input | Skresses in Geometry | Settled Geomety |

Dizplay

v [v Layer colors 7 Large gursar  |v Loads
v Legend [~ Same scale for » and y axis v “erticals
[v Rulers [~ Same scale for = and z axis [ Points
[v Origin
Label: Layers Grid

™ Ag layer numbers

[v Points v Showgid |« Snhapto grid
" &g material numbers

0 lezes " Az material names Grid distance [m] |0.500

v Verticalz

v Layers Selection

Accuracy [%] |200
[~ Save as default oK | Cancel | Help |

Figure 4.5: Project Properties window, View Input tab

Display

Info bar Enable this checkbox to display the information bar at the bottom of the
View Input window.

Legend Enable this checkbox to display the legend.

Rulers Enable this checkbox to display the rulers.

Layer colors Enable this checkbox to display the layers in different colors.

Same scale for Enable this checkbox to display the x and y axis with the same scale in

x and y axis the top view.

Same scale for Enable this checkbox to display the x and z (i.e. vertical) axis with the
x and z axis same scale.

Origin Enable this checkbox to draw a circle at the origin.
Large cursor Enable this checkbox to use the large cursor instead of the small one.
Points Enable this checkbox to display the points.
Loads Enable this checkbox to display the loads.
Verticals Enable this checkbox to display the verticals.
Labels
Points Enable this checkbox to display the point labels.
Loads Enable this checkbox to display the load labels.
Verticals Enable this checkbox to display the vertical labels.
Layers Enable this checkbox to display the layer labels.
Layers

This option can only be used if the checkbox Layers has been marked. Choose how the layers
are indicated: by number, by material number or by material name. This choice determines
the layer coloring as well. If As material numbers or As material names is selected, all layers
with the same material are drawn with the same color.

Grid
Show Grid Enable this checkbox to display the grid points.
Snap to Grid Enable this checkbox to ensure that objects align to the grid automati-

cally when they are moved or positioned in a graph.
Grid Distance Enter the distance between two grid points.
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Selection

Accuracy Mouse selection accuracy, define a large value for a large selection area.

Project Properties — Stresses in Geometry
Use the Stresses in Geometry tab to define the appearance of the Stresses in Geometry
results window (section 6.3).

=]

Project Properties
Identification | Wiew Input  Stesses in Geometry | Settled Geometry |

Dizplay

[ Layer colors [~ Large cursor | Pointz
v Legend [~ Same scale for » and z axis v Verticals
v Rulers [v Origin
Label: Lavers Grid

. s ! o] .

[~ Paints 9 Fller s v Show grid
™ Az material numbers

[v ‘ericals

" Ag material names

Grid distance [m] |1.000

[v Lavers

[ Save as default

o]

Cancel | Help |

Figure 4.6: Project Properties window, Stresses in Geometry tab

Display

Info bar Enable this checkbox to display the information bar at the bottom of the
View Input window.

Legend Enable this checkbox to display the legend.

Rulers Enable this checkbox to display the rulers.

Layer colors Enable this checkbox to display the layers in different colors.

Same scale for Enable this checkbox to display the x and y axis with the same scale.

x and y axis

Origin Enable this checkbox to draw a circle at the origin.

Large cursor
Points

Enable this checkbox to use the large cursor instead of the small one.
Enable this checkbox to display the points.

Verticals Enable this checkbox to display the verticals.

Labels

Points Enable this checkbox to display the point labels.

Verticals Enable this checkbox to display the vertical labels.

Layers Enable this checkbox to display the layer labels.
Layers

This option can only be used if the checkbox Layers has been marked. Choose how the layers
are indicated: by number, by material number or by material name. This choice determines
the layer coloring as well. If As material numbers or As material names is selected, all layers
with the same material are drawn with the same color.
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Grid
Show grid
Grid distance

Enable this checkbox to display the grid points.
Enter the distance between two grid points.

Project Properties — Settled Geometry
Use the Settled Geometry tab to set the appearance of the Settled Geometry window (sec-

tion 6.8).

Display
Infobar

Legend

Layer colors
Rulers

Same scale for
x and z axis
Origin

Large cursor
Points

Labels
Points
Layers

Layers

Project Properties

|dentification | Wiews Input | Shiesses in Geometry  Settled Geometry

Dizplay

5X5

Iv ar [v Layer colors [~ Large cursor  |w Points

[v Legend [ Same scale for » and z asis

v BRulers [v Origin

Labelz Lavers Grid

™ Points o Az laper numbers v Show grid

. (™ &g material numbers Grid distance  [m] ’W

" &g material names
Settled geometry

v Enlarged
Enlarge factar  [-] |1
[~ Save as default oK | Cancel | Help |

Figure 4.7: Project Properties window, Settled Geometry tab

Enable this checkbox to display the information bar at the bottom of the
View Input window.

Enable this checkbox to display the legend.

Enable this checkbox to display the layers in different colors.

Enable this checkbox to display the rulers.

Enable this checkbox to display the x and z axis with the same scale.

Enable this checkbox to draw a circle at the origin.
Enable this checkbox to use the large cursor instead of the small one.
Enable this checkbox to display the points.

Enable this checkbox to display the point labels.
Enable this checkbox to display the layer labels.

When the option Layers is checked, choose how the layer are indicated: by number, by ma-
terial number or by material name. This choice determines the layer coloring as well. If you
select As material numbers or As material names, all layers with the same material are drawn
with the same color.

Grid
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Show grid Enable this checkbox to display the grid points.
Grid distance Enter the distance between two grid points.
Settled geometry

Enlarged Enable this checkbox to use the enlarge factor.

Enlarge factor Enter a factor to enlarge the drawing of the settled geometry.

View Input File

-

=1 0On the menu bar, click Project and then choose View Input File to open the Input File
window where an overview of the input data is displayed. Click on the Print Active Window
icon to print this file.

Soil menu

On the menu bar, click Soil and then select Materials to open an 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):

Import from database (section 4.2.1);

Manual input of Terzaghi parameters (section 4.2.2);

Manual input of Darcy parameters (section 4.2.3);

Manual input of Isotache parameters (section 4.2.4);

Manual input of NEN-Bjerrum parameters (section 4.2.5);

Manual input of NEN-Koppejan parameters (section 4.2.6);

Additional input for reliability analysis (section 4.2.7);

Additional input for horizontal displacement calculation (section 4.2.8);

C O OO0 OO0

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).

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

I aterial name
tdedium Clay

Sitiff Clay

Peat

Loose Sand
Dense Sand
Sand

Gravel

Loam

Fuck
Undetermined

Add Insert
Delete | Rename

Parameters Database

Il

I aterials

Clay. clean, moderate
Clay. clean, stiff

Clay, clean, weak
Clay. organ, modarate
Clay, organ, weak
Clay. sl san, moderate
Clay. sl zan, stiff

Clay. 2l zan, weak
Clay, we zan, stiff
Dense Sand

Gravel

Gravel, sl sil, loose
Gravel, 3l s, moderate
Gravel, s sil, stiff
Gravel, ve sil, loose
Gravel, ve zil, moderate
Gravel, ve sil, stiff
Loam

Loam, sl san, moderate
Loarn, sl san, stiff
Loam, sl gan, weak
Loan, we zan, stiff
Loose Sand

Medium Clay

Muck

Peat

Peat. mod pl, moderate
Peat, not pl, weak
Sand

Sand, clean, looze

m

ak | Cancel |

Help

Figure 4.8: Materials window, Database tab

Materials — Parameters Terzaghi

If the Terzaghi consolidation model was selected in the Model window (section 4.1.1), then the
Terzaghi parameters can be specified in the Consolidation and unit weight tab of the Materials

window (Figure 4.9).

The Terzaghi model determines the approximate influence of consolidation, by modification
of the theoretical drained settlements using a so-called coefficient of consolidation c,. See
section 1.5.1 for a comparison with the Darcy model, and see section 15.2 for background

information.
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Materials @

g Paameters | |
Material name Database |

tdedium Clay

SHFF Clay [~ Drained

Peat

Loose Sand : ;

Denge Sand Consalidation and unit weight | Compression |

Sand

Gravel T atal unit weight

Loam _

Muck Above phreatic level [kM ] |14.00

Undstermined Below phreatic level [kN/m?] |14.00
Storage

Wertical consolidation coefficient [Cy) [meds] |1.00E-O07
Ratio hor. Avert. consalidation coef. (ChA/Cw)  [-] |3.000

Add Inzert | «

Delete | Rename| -

ak | Cancel | Help |

Figure 4.9: Materials window, Consolidation and unit weight tab for Terzaghi model

Drained Mark this checkbox to specify that the layer acts as a drained
boundary for clusters of consolidation layers.

Total unit weight The unit weight of the unsaturated soil above the user-defined

above phreatic level phreatic line.

Total unit weight The unit weight of the saturated soil below the user-defined

below phreatic level phreatic line.

Vertical consolidation  Terzaghi’s well-known consolidation coefficient for flow in vertical
coefficient direction.

Ratio hor./vert. Only for vertical drainage (section 4.1.1): the ratio between the
consolidation coef. horizontal and vertical consolidation coefficients.

Note: In the previous versions of the program (version 7.3 and earlier), it was possible to
define three types of soil for Terzaghi model: Creeping, Permeable or Impervious. Creep-
ing corresponds now with a standard input. Permeable is now changed into Drained and
Impervious does not exist anymore. Impervious layers can be modelled using a very small
consolidation coefficent.
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Materials — Parameters Darcy

If the Darcy consolidation model was selected in the Model window (section 4.1.1), the Terza-
ghi parameters can be specified in the Consolidation and unit weight tab of the Materials
window (Figure 4.10).

The improved and accurate Darcy model is the preferred consolidation model since release
8.2. Darcy solves numerically the transient development of excess heads along verticals and
allows for a gradually developing effect of submerging on effective loading. The Darcy model
is able to use the same input parameters as the Terzaghi model.

Materials @
Material name Parameters | Database |
edium Clay
SHFf Clay [~ Drained
Peat
Loose Sand : ;
Denge Sand Consolidation and unit weight | Compression |
Sand
Gravel Total unit weight
Laam _
Muck. Above phreatic level [kNAwe] |14.00
Undetermined Below phreatic level [kN/w] [14.00
Storage
™ Wertical conzolidation coefficient
i
ermeability
1.00E-07
1.000E+15
Wertical permeability [m/s] |5.7E7E-O7
Fiatio horizontal/vertical permeability [-] |3.000
Add Ingert =
Delete | Rename |
0k | Cancel | Help |

Figure 4.10: Materials window, Consolidation and unit weight tab for Darcy model

Drained Mark this checkbox to specify that the layer acts as a drained
boundary for clusters of consolidation layers.
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.
Storage There are three ways to define the vertical permeability £, (see
the Darcy storage Equation 15.6):
- Vertical consolidation coefficient: D-SETTLEMENT will deduct a
strain dependent £, at each location from the vertical consolida-
tion coefficient for virgin loading, using Equation 15.8.
- Constant permeability: direct input of k.
- Strain dependent permeability: k., is a strain dependent perme-
ability according to Equation 15.7.
Vertical consolidation The coefficient of consolidation c, for flow in vertical direction.
coefficient Cv
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Permeability strain

modulus

Vertical permeability
Ratio horizon-
tal/vertical perme-
ability

Ratio hor./vert. con-
solidation coef.

The permeability strain modulus is the ratio Cy /(1 + eg) where
C}, is the permeability strain factor and e, the initial void ratio.
The permeability strain modulus proves to be equal to the NEN-
Bjerrum primary consolidation parameter C' R

The initial value of the vertical permeability at undeformed state.
The ratio between the horizontal and vertical permeabilities, used
by D-SETTLEMENT for vertical drainage modelling (section 4.1.1).

The ratio between the horizontal and vertical consolidation co-
efficient, used by D-SETTLEMENT for vertical drainage modelling
(section 4.1.1).

4.2.4 Materials — Parameters Isotache

If the Isotache calculation model was selected in the Model window (section 4.1.1), then
the Isotache parameters can be specified in the Compression tab of the Materials window

(Figure 4.11).

D-SETTLEMENT’s a/b/c Isotache model (section 16.2) is based on natural strain, and uses a
rate type formulation. This means that all inelastic compression is assumed to result from
visco-plastic creep. The model is superior in cases with large strains and is able to describe
not only virgin loading but also unloading and reloading. The objective natural parameters
can be derived simply from common oedometer tests (section 17.4), or from compression
parameters for other models (section 17.7).

Materials @
Material narme Parameters | Database |
Medium Clay
SHFf Clay [ Drained
Peat
Looze Sand .
Denge Sand Conzolidation and urit weight  Compressian |
Sand
Gravel
Lioarn
tuick. (" Preconsolidation pressure [Op]  [kNAné]
Undetermined
nasterming i~ Pre-overburden prezsure [POF) [kMAmre]
@ i (1130
" Eguivalent age [days] |1.00E+00
Fieloading/zweling constant [a] [-] |1.000E-02
Primary compression constant (b) [-] |1.000E-01
Secondary compression conztant [c) [-] |5.000E-03
Add Inzert | «
Delete | Rename| «
u] 4 | Cancel | Help |

Figure 4.11: Materials window, Compression tab for Isotache model

Preconsolidation Preconsolidation pressure in the middle of a layer. The preconsoli-
pressure (op) dation pressure is the highest vertical stress experienced in the past.

D-SETTLEMENT will use a vertical gradient equal to the initial stress

gradient.
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Pre-overburden
pressure (POP)
Overconsolidation
ratio (OCR)

Equivalent age

Reloading/swelling
constant (a)
Primary compres-
sion constant (b)
Secondary
compres-

sion constant (c)

Note: OCR, POP or Equivalent age, together with the compression parameters a, b and c,

The Pre-Overburden Pressure (POP) is defined as the preconsolida-
tion pressure minus the initial in-situ vertical effective stress.

The Overconsolidation Ratio (OCR) is defined as the ratio of precon-
solidation pressure and in-situ vertical effective stress. The corre-
sponding equivalent age (according to Equation 16.18 page 311) is
shown in grey in the Equivalent age field. This enables to check if
the combination of the OCR value with the compression parameters
a, b, and c is realistic.

The equivalent age is an alternative input option for the overconsoli-
dation ratio. It expresses the required time after virgin loading, if the
overconsolidation would have been caused by ageing only. The cor-
responding OCR (according to Equation 16.18 page 311) is shown
in grey in the Overconsolidation ratio field.

The Isotache reloading/swelling constant a relates natural strain dur-
ing recompression or swell to the change of vertical effective stress.
The Isotache primary compression constant b relates natural strain
during virgin loading to the change of vertical effective stress.

The Isotache secondary compression constant relates natural strain
to the change of time. A zero value indicates non-creeping soil.

determine the initial creep rate. See section 17.2 for background information.

Materials — Parameters NEN-Bjerrum

If the NEN-Bjerrum calculation model was selected in the Model window (section 4.1.1), the
NEN-Bjerrum parameters can be specified in the Compression tab of the Materials window

(Figure 4.12).

The NEN-Bjerrum model (section 16.1) is based on linear strain, and uses the same rate type
formulation as the a/b/c Isotache model. The common NEN-Bjerrum soil parameters C,., C.
and C, can be derived simply from oedometer tests (section 17.3). Applicability of linear

strain requires that parameters are determined at the appropriate stress level.

The NEN-Bjerrum compression parameters can either be inputted as ratios (Figure 4.12) or

as indices (Figure 4.13).
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Materials @
Material narne Paramsters | Database |
tdedium Clay
SHFF Clay [~ Drained
Peat
Loose Sand -
Dense Sand Consolidation and unit weight - Compression |
Sand
Gravel
Loam
Puck, " Preconsolidation pressure [Op) [kM #mre]
Undetermined {* Pre-overburden pregsure [POP) [kN/me] |18.00
" Owerconsolidation ratio [OCA] [
" Eguivalent age [davs]
Input mode
* Compression ratio ¢ Compression index
Reloading/sweling ratio [RR] [ (0.1860000
Compression ratio [CR] [] |0.4090000
Coefficiert of secondary compression (Ca) [ |0.0312000
Add Inzert | «
Delete | Rename| -
ak | Cancel | Help |

Figure 4.12: Materials window, Compression tab for NEN-Bjerrum model (Input as ratio)

Preconsolidation
pressure (op)

Pre-overburden
pressure (POP)
Overconsolidation
ratio (OCR)

Equivalent age

Reloading/Swelling
ratio (RR)

Compression ratio
(CR)

Coefficient of

secondary
compression (Ca)
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Preconsolidation pressure in the middle of a layer. The stress gra-
dient is equal to the initial stress gradient (section 5.1.2). The pre-
consolidation pressure is the highest vertical stress experienced
in the past.

The Pre-Overburden Pressure (POP) is defined as the preconsol-
idation pressure minus the initial in-situ vertical effective stress.
The Overconsolidation Ratio (OCR) is defined as the ratio of pre-
consolidation pressure and in-situ vertical effective stress. Press-
ing the TAB key will show the corresponding equivalent age, ac-
cording to Equation 16.18 of page 311. This enables you to check
if the combination of the OCR value with the compression param-
eters is realistic.

The equivalent age is an alternative input option for the overcon-
solidation ratio. It expresses the required time after virgin loading,
if the overconsolidation would have been caused by ageing only.
Pressing the TAB key will show the corresponding OCR, accord-
ing to Equation 16.18 of page 311.

The reloading/swelling ratio is used to calculate the primary set-
tlement below preconsolidation stress. The parameter relates the
linear strain to the logarithm of stress during un-reloading.

The compression ratio is used to calculate the primary settlement
above preconsolidation stress. The parameter relates the linear
strain to the logarithm of stress during virgin loading.

The secondary compression coefficient is used to calculate the
secondary (time dependent) settlement. The parameter relates
the linear strain to the logarithm of time after virgin loading. A
zero value indicates non-creeping soil.
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Input mode

{™ Compreszion ratio & Compression index

Reloading/swelling index (Cr) [ ’W
Compression index [Cc) [ ’W
Coefficient of secondary compression [Ca) [ ’W
Initial woid ratio (0] 8 ,W

Figure 4.13: Materials window, Compression tab for NEN-Bjerrum model (Input as index)

Note: OCR, POP or Equivalent age together with the compression parameters determine
the initial creep rate. See section 17.2 for background information.

Reloading/Swelling  The reloading/swelling index is used to calculate the primary settle-

index (Cr) ment below preconsolidation stress. The parameter relates the void
ratio to the logarithm of stress during un-reloading.

Compression The compression index is used to calculate the primary settlement
index (Cc) above preconsolidation stress. The parameter relates the void ratio
to the logarithm of stress during virgin loading.

Coefficient of The secondary compression coefficient is used to calculate the sec-
secondary ondary (time dependent) settlement. The parameter relates the lin-

compression (Ca)  ear strain to the logarithm of time after virgin loading. A zero value
indicates non-creeping soil.

Initial void ratio The initial void ratio is used by D-SETTLEMENT to convert the com-

(e0) pression indices into the compression ratios.

4.2.6 Materials — Parameters NEN-Koppejan

If the NEN-Koppejan calculation model was selected in the Model window (section 4.1.1), the
NEN-Koppejan parameters can be specified in the Compression tab of the Materials window
(Figure 4.14).

NEN-Koppejan’s model (section 16.3) is based on separate primary (instantaneous) and sec-
ondary (creep) contributions to the settlement. The model should be used prudently in case of
load removal, because of its limitations. Another major difference with the NEN-Bjerrum model
is the assumed stress-dependency of secondary settlements. The classic NEN-Koppejan
model is based on linear strain. D-SETTLEMENT offers an optional extension to natural strain
(section 16.3.3).
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Materials

b aterial name

tdedium Clay
Sitiff Clay
Peat

Loose Sand
Dense Sand
Sand

Gravel

Loam

Fuck
Undetermined

Add Insert | =

Delete

Rename| -

Parameters | Database |
[~ Drained
Consolidation and unit weight  Compression |
" Preconsolidation pressure [Gp]  [kN/wf]
* Owerconzolidation ratio (JCA] [1]1.30
" Pre-overburden pressure [POP) (| ,7
Primary compression coefficient
Below preconsolidation pressure [Cp) [] |2.00E+02
Above preconzolidation pressure [Cp') [] |5.00E+01
Secular compression coefficient
Below preconsolidation pressure [C3) [] |3.00E+02
Above preconzolidation pressure (Cs') [] [1.50E+02
Sweling
[v iAp and Az approximation using Cp and Cs'
2.00E+02
1.50E+02
oK | Cancel | Help |

Figure 4.14: Materials window, Compression tab for NEN-Koppejan model

Preconsolidation
pressure (op)

Overconsolidation ratio
(OCR)
Pre-overburden

pressure (POP)

Primary compression coeffi-
cient below preconsolidation
pressure (Cp)
Primary compression coeffi-
cient above preconsolidation
pressure (Cp’)
Secular compression coeffi-
cient below preconsolidation
pressure (Cs)
Secular compression coeffi-
cient above preconsolidation
pressure (Cs’)
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Preconsolidation pressure in the middle of a layer. The pre-
consolidation pressure is the highest vertical stress expe-
rienced in the past. By default the stress gradient is equal
to the initial stress gradient, however the NEN-Koppejan
model allows to defined other types of distribution and up-
date of the preconsolidation stress via the Calculation Op-
tions window (section 5.1.2): constant or parallel to the ef-
fective stress and constant or update at each load-step.
The ratio between preconsolidation pressure and initial ver-
tical stress

The Pre-Overburden Pressure (POP) is defined as the pre-
consolidation pressure minus the initial in-situ vertical ef-
fective stress.

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

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

The secular compression coefficient is used to calculate
the secondary (time dependent) settlement.

The secular compression coefficient is used to calculate
the secondary (time dependent) settlement.
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Ap and As approximation us-
ing Cp end Cs’

Primary swelling constant

(Ap)
Secondary swelling constant
(As)

Mark this checkbox to approximate the swelling constants
A, and A; to C), and ' respectively. This approximation
is reasonable if the unloading step happens when stresses
are above the preconsolidation pressure.

The primary swelling constant for unloading.

The secondary swelling constant for unloading. A large
value of A, implies that there will be no effect of load re-
moval on creep. A large value is therefore only valid for

cases with initial unloading.

4.2.7 Materials — Reliability Analysis

The input of reliability analysis parameters in the Materials window is only available if the
Reliability analysis checkbox in the Model window (section 4.1.1) was marked.

Unmark the Use probabilistic defaults checkbox to overrule the default values for the standard
deviation, the stochastic distribution and the correlation between soil parameters in a certain
layer as defined in the Probabilistic Defaults window (section 4.1.2). See section 18.2 for
background on reliability and sensitivity analysis.

Materials @
Material name IPepees | Database |
tediurn Clay
Stiff Clay [ Drained
Peat
Loose Sand
g:':sa Sand Iv Use probabilistic defaults
Gravel .
Loam Consolidation and unit weight  Compression
Muck
Undeteimined Mean Standard Distribution Carrelation coef.
deviation with b
" Preconsolidation pressure [Gp)  [kN/ne] | | |No|mal J
" Pre-overburden pressure [POF) [kMAmiE] | | |N0|mal J
i+ Oyerconsolidation ratio [OCR] [ |1.3U |U.33 |N0|mal J
" Eguivalent age [daws] |1.33E+00
Reloading/swelling constant [a] [ |T.UDUE-02 |2.500E'U3 |No|mal J |D_U1
Frimary compression constant [b) [ |1.UDDE-D1 |2.SDDE-DZ |N0|mal J
Secondary compression constant [c] B |5.DUUE-D3 |1.250E-D3 |N0|mal J |D_U1
Add Inzert | =
Delete | Aename|
Ok | Cancel | Help
Figure 4.15: Materials window, Compression tab for reliability analysis
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4.2.8 Materials — Horizontal Displacements

The Horizontal displacements tab in the Materials window (Figure 4.16) is only available if the
Horizontal displacements checkbox in the Model window (section 4.1.1) was marked. The
calculation of horizontal displacements is based on De Leeuw theory (De Leeuw, 1963). For
background information, see section 18.3.

Materials @

g Paameters | |
Material name Database |

tdedium Clay

SHFF Clay [~ Drained

Peat

Loose Sand _ : -

genge Sand Consolidation and unit weight | Compreszion  Horizontal behaviour
an

Gravel 5 .

Loam Horizontal behaviour

Fuck . i

Undetermired Laver behaviour Elastic h

Elasticity [E]  [kN/mg] |108447

[v Use default elasticity

Add Inzert | &

Delete | Rename| -

0k | Cancel | Help |

Figure 4.16: Materials window, Horizontal displacements tab

Layer behaviour The behaviour (Stiff, Elastic or Foundation) of the layer must be spec-
ified. De Leeuw theory assumes an elastic incompressible cluster of
layers based on foundation layer(s) and eventually covered with stiff
layer(s). Therefore, only the system of layers presented in the figure
below is allowed where:

Elastic and foundation layer should be present at least one time;
Stiff layer (if present) should not be positioned below elastic or foun-
dation layer

Other systems will lead to fatal error during calculation.

Surcharge

} Cluster of stiff layers (optional)

Cluster of elastic layers

} Cluster of foundation layers

Elasticity (E) Enter the elastic modulus of the elastic soil layer. Mark the Use de-
fault elasticity option to use the elasticity automatically calculated by
D-SETTLEMENT according to De Leeuw and Timmermans (based on
the dry unit weight).
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Geometry menu

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

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 (settled) geometry file in the Deltares exchange format.
Import from database (section 4.3.4). Import a geometry from an MGeobase database.
Export (section 4.3.5). Save a geometry file for exchange with other Deltares Systems
Geo-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 co-ordinates.

Points (section 4.3.8). Add or manipulate points.

Import PL-line (section 4.3.9). Import piezometric level lines from an existing MPL file.
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.

CO OO0

C OO0 O0

<o

New

Select this option to display the View Input window (Geometry tab), showing only the geom-
etry limits (with their default values) of the geometry. It is possible to now start modelling the
geometry.

However, it is possible to create a new geometry faster and easier using the Geometry Wizard.
This wizard involves a step-by-step process for creating a geometry.

New Wizard

To use the geometry wizard, open the Geometry menu and choose New Wizard. This option
will guide the user step-by-step through the process of creating a geometry. Using this wiz-
ard significantly reduces time and effort required to enter data. The wizard uses predefined
shapes and soil types. If more flexibility is required, the View Input window (Geometry tab)
can also be used (section 7.3) in a more general way.

New Wizard — Basic Layout
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ﬁ

Define measurements basic lapout

i J Ground Level
Phreatic Level

Layer N

Limit Left Lirmit Right

Lirrit left [m] |0.00

Lirriit right [m] |75.00

Mumber of layers [max. 10] [-] |5—
Ground lewvel [m] |0.00

Phreatic: level [m] |-1.00

Mest » I Cancel | Help |

Figure 4.17: New Wizard window, Basic Layout

In the first screen (Basic Layout) of the New Wizard window, the basic framework of the project
can be entered. The graphic at the top of the window explains the required input. When satisfy
with the input, just click the Next button to display the next input screen.

New Wizard — Shape Selection

ﬁ

Select top laver shape by clicking on the desired picture

<Previous| Mext » | Cancel | Help |

Figure 4.18: New Wizard window, Top Layer Shape screen

In the second screen (Top Layer Shape) of the New Wizard window, one of nine default top-
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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

MNew Wizard

Define measurements for top layer shape

L1 L2L3 L4 LS LE L7 L& L9

h1 [m] 250 L1 [m] |2.50 L6 [m] IB.DD
h2 [m] |250 L2 [m] |3.00 L7 [m] |12.50

h3 [m] |1.DD L3 [m] |8.DD L& [m] |3.DD
hd [m] |1.UU L4 [m] 400 L3 [m] |2.50
L5 [m] |8.00
<Previous| Cancel | Help

Figure 4.19: New Wizard window, Top Layer Specification screen

In the third screen (Top Layer Specification) of the New Wizard window, the sizes for the
selected top layer shape can be specified.

New Wizard — Material types
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MNew Wizard @
Set material types Set all layers to material type
Layer Mr. Material Type Soft Clay -
1 |Grave| j
2 Soft Clay -
| J Apply
3 |Loose Sand j
4 |F'eat ﬂ
Show properties of material type

5 | Derse Sand j

Soft Clay -

Properties

< Previous | Canicel | Help

Figure 4.20: New Wizard window, Material types screen

In the fourth screen (Material Types) of the New Wizard window, 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 and given in Table 4.1.

Table 4.1: Predefined materials in D-Settlement

Material type Unsaturated weight Saturated weight
[KN/m3] [kN/m3]
Muck 11 11
Peat 12 12
Soft Clay 14 14
Medium Clay 17 17
Stiff Clay 19 19
Loose Sand 17 19
Dense Sand 19 21
Sand 18 20
Gravel 18 20
Loam 20 20

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 can be selected at once (using the
selection box at the top right of the screen). The parameters of each material can also be
reviewed.

New Wizard — Summary
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MNew Wizard @
B azic layout
Lirnit Left [m] 0.00
Limit Right [m] 75.00
Mumber of Layers [-] I}
Ground Lewvel [ MAP] 0.00
Phreatic Level [ MAF] -1.00
Top layer
h1 [m] 250 L1 [m] 2.50
L1 L2L3 L4 LS LE L7 L& L3 b2 [m] 250 L2 [m] 200
h3 [m] 1.00 L3 [m] 8.00
hi hd [m] 1.00 L4 [m] 4.00
LS [m] 8.00
h2 LE [m] E.00
L7 [m] 1250
S i L& [m] 2.00
L9 [m] 250
Material types
Layer1: Gravel
Lawer2:  Saft Clay
Layer 3:  Loose Sand
Layer4: Denze Sand
Layer5: Peat
< Previous | i Finish ¢ Canicel | Help

Figure 4.21: New Wizard window, Summary screen

The last screen (Summary) of the New Wizard window 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. Click Finish to 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 section 7.3. Of course, the Geometry menu options can also be
used for this purpose (section 4.3).

If the input contains errors, the Error Report window opens (when clicking the Finish button)
showing the list of encountered errors and giving for each of them a solution. Click Close to
close the Error Report window and use the Previous button of the New Wizard window to
change the data as required.

Import

This option displays a standard file dialog for selecting an existing geometry stored in a ge-
ometry file, or in an existing input file for D-SETTLEMENT, D-GEO STABILITY (formerly known as
MStab), D-GEO PIPELINE (formerly known as MDirill) or MSeep. 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 window (Geometry tab). It
is also possible to use this option to analyze the settled geometry at different stages, as all
other input is retained.
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Import from Database

This option displays the Select geometry dialog for importing a geometry from an existing
MGeobase database.

Select geometry @

Select

#=250%01
»=280%02
H=250%03
»=250%04
H=250%05
#=200%06
H#=280807
#=250801
#=280%h2
#=280%03

Cancel | Help |

Figure 4.22: Select geometry window

Again, the imported geometry will replace the current one and will be displayed in the View
Input window (Geometry tab).

Note: This option is only available when the correct database directory has been speci-
fied using the Locations tab in the Program Options window (see section 3.2.3). For more
information on MGeobase, visit www.deltaressystems.com.

Export

This option displays a standard Save As dialog that enables to choose a directory and a
filename in which to save the current geometry. The file will be saved in the standard geometry
format for the Deltares tools. Files in this format can be used in a multitude of Deltares geo-
programs, such as D-GEO STABILITY (formerly known as MStab), D-SETTLEMENT, MSeep and
D-GEO PIPELINE (formerly known as MDirill). 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 to choose a directory and a
filename in which to save the current geometry. The file will be saved using the old DOS-style
geometry format for the Deltares Systems Geo-programs. Files in this format can be used
by the finite element program Plaxis and in old DOS-based versions of Deltares Systems
Geo-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
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< 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 provides a default
file name, prefixing the current name with a ‘D’.

4.3.7 Limits

Use this option to edit the geometry limits.

Geometry Limits @

Geometry Limits

Boundary lirit atleft [r]  |0.000
Boundary limit at right  [m]  |75.000

Cancel | Help |

Figure 4.23: 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 co-ordinate only.

Note: A limitis the only type of element that cannot be deleted. The values entered here are
ignored if they resulted in an invalid geometry.

4.3.8 Points

Use this option to add or edit points that can be used as part of layer boundaries or PL-lines.

E] Points @
0 -~
E ¥ Co-ordinate Y Coordinate

[m] [m]
e

2] 0.000 -10.000

L 75.000 A0.000
3 0.000 -8.000 | =

4 75.000 -5.000

L5} 0.000 -6.000

E 75.000 -6.000

7 0.000 -4.000

T g 75.000 -4.000

a 9 0.000 -2.000

0 75.000 -2.000

1 0.000 0.000

2 9.000 0.000

3 9.833 -1.000

4 10.667 -1.000

5 11.500 0.000
16 14.500 0000 -

Help

Figure 4.24: Points window

A point is a basic geometry element defined by its co-ordinates. Since the geometry is re-
stricted to two dimensions, it allows defining an X and Y co-ordinate only.

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

'.6.' At least one of the selected points is used in a boundary/Pl-Line/line.
\ ' Deleting such point(s) might result in deletion of

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

Continue this operation?

Figure 4.25: 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 4.24) will only be displayed in the underlying
View Input window (Geometry tab) 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
you can close 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 changes.

Import PL-line

Use this option to display the Import PL-line dialog for importing a Piezometric Level (PL) line
from an existing MPL file. Such file is made using the WATEX program of Deltares: in tab
Head-Location Plot, click on the button “Export...” and fill in a file name in the “Export Water
Pressure 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 pore pressures in the soil. A project can contain several PL-lines as
different soil layers can have different piezometric levels. In section 4.3.13 it is described how
different PL-lines are assigned to different layers.

Pl-Lines (=25
Pl-Lines Faints
1 = -
3 Se EL?::Itner ‘ H-Coar. ‘ y-Caor,
I= A |z ooo0 1000
2 28 75.000 -1.000
I %
ar)
Add Inzert
Delate
ak | Cancel | Help

Figure 4.26: PL-Lines window

In the lower left part of the window, it is possible to use the buttons to Add, Insert and Delete
PL-lines. The selection box 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).
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Note: It is only possible to manipulate the Point number column — that is, the co-ordinate
columns are purely for informative purposes. To manipulate the co-ordinates of the points,
select 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
window (Geometry tab) 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 this window
can be closed using the OK button. Of course, it is always possible to close the window using
the Cancel button, but this will discard all 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 @

Select the PlLine [by

number] which acts az m
phreatic line:

Cancel | Help |

Figure 4.27: Phreatic Line window

Select the appropriate line number from the drop-down list and click the OK button. At least
one PL-line must be defined to be able to pick a Phreatic Line here.

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 (seen here in Figure 4.28) to define the
boundaries for all layers by choosing the points that identify each boundary.

Layers @
Boundaries | b aterials |
Bamdates—— - (Rt
0 -

1 §¢ Esmée[ ‘ #-Coar. ‘ -Coar.
% e DM 0.000 0.000
1 2 12 9.000 0.000

4 (3 |13 3833 1,000
5| 4 14 10.EE7 -1.000
5 |15 11.500 0.000
£ |1E 14500 0.000
7 17 22500 2.500
g 18 26.500 2.500
[T 9 19 34.500 5.000
o |20 40.500 5.000
1 | 53.000 0.000
2 |22 5E.000 0.000

3|23 5E.833 -1.000

4 |24 57.667 -1.000
15 25 58,500 0.000
16 26 75.000 0.000

Add Ingert *
Delete

Ok, | Cancel | Help |

Figure 4.28: Layers window, Boundaries tab

Deltares 53 of 290



(&) (]

D-SETTLEMENT, User Manual

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 co-ordinate
columns are purely for informative purposes. To manipulate the co-ordinates of the points,
select 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 to layers tab enables to assign materials to the layers.

Layers @
Boundaries  Materials |
Available materialz Lavers
Marne | MHumber | Material name |

Soft Clay | |5 Denge Sand

hediurn Clay O E

SHiff Clay HE Loose Sand

| |2 Soft Clay
Looge Sand 11 Gravel

Dense Sand N
Sand
Gravel

Loarn
huck
Undeterrnined

I O 2 I

ak. | Cancel | Help |

Figure 4.29: Layers window, Materials tab

On the left of the screen, a list containing all defined materials (see the Materials option in
the Soil menu (section 4.2)) is displayed. On the right, a list of all defined layers together with
their assigned materials (if available) is displayed.The layers are listed from top to bottom as
displayed in the View Input window (Geometry tab).

j 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.

Every change made using this window will only be displayed in the underlying View Input
window (Geometry tab) after this window is closed using 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.
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4.3.13 PL-lines per Layer

Use this option to define the top and bottom PL-lines for the defined layers. The PL-lines
represent the hydrostatic heads at the boundaries of soil layers. For each soil layer, two PL-
line number 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 the
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. D-SETTLEMENT has reserved two numbers for special
cases: 0 and 99.

E] PL-lines per Layer @
Layer PL-line PL-line
Mumber at top at bottorm

I3 & 1 33

4 33 33

a g 93 93

- 2 93 93

1 2 2

] 4 | Cancel | Help |

Figure 4.30: PL-lines per Layer window

The PL-lines represent the pore pressure in a soil layer. For every soil layer (except the bottom
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. For the bottom 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 geom-
etry 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, Deltares Geo-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 number.

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

Water pressures above the phreatic line are set to zero.

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

Check Geometry

Select this option to verify the validity of the geometry. All requirements are checked. If the
geometry complies with all the requirements, a message will confirm this.

Information @

'.6.' The geometry has been tested and is ok

Figure 4.31: Information window on confirmation of a valid geometry

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

GeoObjects menu

On the menu bar, click GeoObjects to display a menu containing:

<& Verticals (section 4.4.1)
<& Vertical drains (section 4.4.2)

Verticals

In the Verticals input window, the (horizontal) X co-ordinate for each vertical must be defined
or generated. D-SETTLEMENT will calculate settlements along each of these verticals. At least
one vertical is necessary to make a calculation. The position of the (out-of-plane) Z co-
ordinate is only relevant for circular or rectangular loads. It is possible to get D-SETTLEMENT
to automatically generate verticals in all nodes of the geometry and non-uniform loads. At
these points, verticals are required to view the settled geometry after calculation or to write
the settled geometry to afile. In addition, it is possible to generate a range of verticals with an
interval.

E] Verticals @
:I“: .
; # co-ordinate [m) Z coordinate [m] {0000
CE3H 10.000 Discretization  [-] |100
Do | |2 15.000
3 20.000
4 25.000 Autamati i dlveh
5 20000 Ltomatic generation = co-ordinates
1 35.000
7 40.000
- ] 45,000 " Nodes @ |nterval
- g 50.000
*
First [m] |10.000

Last [m] |50.000
Interval [m] |5.000

u] 4 | Cancel | Help |

Figure 4.32: Verticals window
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X co-ordinate Defines the places in geometry in x direction where the settlement
will be calculated.
Z co-ordinate Defines the place in geometry in z direction where the settlement will

be calculated. This is only relevant for circular or rectangular loads.
The z co-ordinate is equal for all verticals.

Discretisation (Only available for Darcy consolidation model, see section 4.1.1).
The total number of elements per layer (section 15.3.4).

Automatic gen- Use the toggle buttons to specify whether D-SETTLEMENT must gen-

eration of X co- erate verticals in every geometry node or with an interval.

ordinates

First The start of the range for which verticals must be generated.
Last The end of the range for which verticals must be generated.
Interval The distance between two generated verticals.

Click on the Generate button to execute the automatic generation of

_ Genmate | verticals.

4.4.2 \Vertical Drains

The Vertical Drains window is only available if the corresponding option has been marked in
the Model window (section 4.1.1).

At the top left of the input window, select a strip, column or sand wall drain type (Figure 4.33).

E| Vertical Drains

Drain Type

* Strip " Column " Sand wall

Figure 4.33: Vertical Drains window (Drain Type sub-window)

D-SETTLEMENT extends the one-dimensional solution of the pore pressure distribution with a
so-called leakage term. Enforced consolidation by dewatering (BeauDrain, IFCO method,
PTD) or vacuum consolidation can also be modeled. For background, see section 15.4.

Vertical Drains — Line shaped drains (Strip and Column)

Drain Type Drain Type
&+ Stip " Column " Sand wall " Strip * Column " Sand wall
Huorizontal Fange Horizontal Fange

From [ra] |10.000 Fram [m] (10.000

To [r] |50.000 To [m] |50.000
Positioning Positioning

Bottom position [ra] |-8.000 Bottomn position [m] |-8.000
Lenter to center distance [m] |2.000 LCenter to center distance [m] |2.000

‘width [m] |0.500 Diiameter [m] |0.200
Thickness [m] |0.003
Grid Rectangular - Grid Triangular hd

Figure 4.34: Vertical Drains window, Strip and Column drains (Positioning input)
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Horizontal Range

Bottom position

Center to center
distance

Enter the left (From) and right (70) limits of the drained area. This
area is represented by a blue arrow in the View Input window (/nput
tab) (section 2.2.3).

The (vertical) Y co-ordinate of the bottom end of the vertical drain.
The Bottom Position is represented by a blue arrow in the View Input
window (/nput tab) (section 2.2.3).

The actual spacing between the drains.

Diameter The diameter of the Column drain.
Width The actual width of the Strip drain.
Thickness The actual thickness of the Strip drain.
Grid In the drop down menu, select the geometry of grid: Undetermined,
Rectangular or Triangular.
Drainage Schedule Drainage Schedule Drainage Schedule
& Dif © Simplelhput  © Detailed Input « off @ Bimple input | Detailed Inut © off € Gimplelnput @ Detailed Input
Start of Drainage Input Parameters for Simple Mode S | [Time [days] [Underpressure[kPa] [water head m]
Startof drainage [dey=] [19.000 Begin ime [days] [54.000 I f?ununguu 33333 —nznununt‘l
Phreatic level in drain [rm] |-2.200 . ] ’W I ¥
Underprassure [kPa] |35.000
‘Waterhead during dewatering (] [2:200
Start of Drainage
Start of drainage [cleys] [19.000
Phreatic levelin drain [m] |-2.200

Figure 4.35: Vertical Drains window, Strip and Column drains (Drainage Schedule input)

Drainage Schedule with strips or columns: Off

Start of drainage

Phreatic level in
drain

The time t at which the drain becomes active. D-SETTLEMENT as-
sumes that the water head in the drain equals the phreatic level (sec-
tion 4.3.11).

The water head in the drain during drainage.

Drainage Schedule with strips or columns: Simple Input

Start of drainage
Begin time

End time

Underpressure
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The time at which the drain becomes active.

The time at which dewatering (i.e. a certain water level and air pres-
sure) starts.

The time at which dewatering stops. Before and after enforced de-
watering, D-SETTLEMENT assumes that the water head in the drain
equals the phreatic level (section 4.3.11).

The enforced underpressure p,;- during dewatering. Usual values for
enforced dewatering methods vary between 35 and 50 kPa (CUR).
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Water head during
dewatering

Start of drainage

Phreatic level in
drain

The vertical level where the negative pore pressure equals the en-
forced underpressure during dewatering. In case of enforced dewa-
tering on top, this level is equal to the top level of the drain. In case
of vacuum consolidation, the level is equal to the impermeable cover
of the drainage layer, measured at the location where the underpres-
sure is applied.

NOTE: The input value is the position where the water pressure
equals the applied underpressure, and therefore not the position
where the water level equals the atmospheric pressure.

The time t at which the drain becomes active. D-SETTLEMENT as-
sumes that the water head in the drain equals the phreatic level (sec-
tion 4.3.11).

The water head in the drain during drainage.

Drainage Schedule with strips or columns: Detailed Input

Time

Underpressure

Water head

Deltares

The time at which dewatering (i.e. a certain water level and air pres-
sure) is active.

This value is zero for vertical drains without enforced underpressure.
In case of enforced dewatering or vacuum consolidation on top, it rep-
resents the enforced underpressure py at time ¢. Usual values for
enforced dewatering methods vary between 35 and 50 kPa (CUR).
The vertical level where the negative pore pressure equals the en-
forced underpressure during dewatering. In case of enforced dewa-
tering on top, the level is equal to the top level of the drain. In case
of vacuum consolidation, the level is equal to the impermeable cover
of the drainage layer, measured at the location where the underpres-
sure is applied.
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Vertical Drains — Sand wall

Dirain Type

™ Stip " Column ¥ Sand wall
Horizontal R ange

From [r] 10.000

Io [m] |50.000
Positioning

Bottom position [m] |-8.000
LCenter to center distance [m] |2.000
Width [m] 10.200

Position of the drain pipe [m] |-1.830

Figure 4.36: Vertical Drains window, Sand wall (Positioning input)

Horizontal Range

Enter the left (From) and right (7o) limits of the drained area. This

area is represented by a blue arrow in the View Input window (/nput
tab) (section 2.2.3).

Bottom position
Center to center
distance

Width

Position of the
drain pipe

Drainage Schedule

“ of © Simple Input € Detailed Input

Start of Drainage

[cawys] [19.000
[m] |2 200

Stantof drainage

Phreatic level in drain

The width of the granular wall.
Only for enforced dewatering: The vertical co-ordinate of the
drainage tube at the bottom of the vertical drain zpjpe.

Dreinsge Schedule

o of © Simplenput  © Detailed Input

Input Parameters for Simple Mode
[daye] [0m0
[days] HSBT
[kPe] 35000
Tube pressure during dewatering [kPa] W

Startof Drainage

Begin time
End time

Underpressure

[days] [19.000
[m] [2.200

Start of drainage

Phreatic level in drain

The vertical co-ordinate of the bottom end of the granular wall.
The centre to centre distance between the granular walls.

Drainage Schedule

C of  Simplelnput  # Detailed Input
S | [Time [days)[Underpressure|kPa) [ Tube pressure [kPa]
2 [voon 40.000 0.00]

2 | 100000 20000 10.00
Bax K

Figure 4.37: Vertical Drains window, Sand wall (Drainage Schedule input)

Drainage Schedule with sand walls: Off

Start of drainage
Phreatic level in
drain
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The time t at which the drain becomes active.
The water head in the drain during drainage.
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Drainage Schedule with sand walls: Simple Input
Start of drainage The time at which the drain becomes active.

Phreatic level in The water head in the drain during drainage.

drain

Begin time The time at which dewatering (i.e. a certain tube pressure and air
pressure) starts.

End time The time at which dewatering stops. Before and after enforced de-

watering, D-SETTLEMENT assumes that the water head in the drain
equals the phreatic level (section 4.3.11).

Underpressure The enforced underpressure py; during dewatering. This value can
vary between 0 and 30 kPa, if an impermeable cover is applied on
top (CUR).

Tube pressure The water pressure pyipe in the drainage tube during dewatering. A

during dewatering ~ common input value during enforced dewatering is 10 kPa (CUR).

Drainage Schedule with sand walls: Detailed Input

Time The time at which dewatering (i.e. a certain water level and air pres-
sure) is active.

Underpressure The enforced underpressure p,; at time ¢. This value can vary be-
tween 0 and 30 kPa, if an impermeable cover is applied on top (CUR).

Tube pressure The water pressure pyipe in the drainage tube at time ¢. A common

input value during enforced dewatering is 10 kPa (CUR). Without en-
forced dewatering, you must determine this pressure from the as-
sumed position of the free phreatic level in the granular wall.

4.5 Water menu

On the menu bar, click Water and choose Properties to open the Water Properties window
(section 4.5.1).
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4.5.1 Water Properties

In this window, the unit weight of water can be specified.

Water Properties @

Unitweight [kMN/m3] (2R

OK | Cancel Help

Figure 4.38: Water Properties window

Unit weight Unit weight of water. The default is 9.81 kN/m®.

4.6 Loads menu

On the menu bar, click Loads to display the following menu options:

< Non-Uniform Loads (section 4.6.1), to input non-uniform loads;
& Water Loads (section 4.6.2), to input hydraulic pore pressure changes excluding the
excess component;
¢ Other Loads (section 4.6.3), to input loads with:
O trapeziform cross-section
o circular base
O rectangular base
O uniform cross-section
O tank

4.6.1 Non-Uniform Loads

Choose the Non-Uniform Loads option in the Loads menu to open an input window in which
non-uniform loads can be defined. Use the panel on the left to add loads and enter the
required parameters for each load. D-SETTLEMENT assumes that a non-uniform load is caused
by soil self weight. Therefore, the top surface of that load must be defined. The sequence of
loading also must be defined. D-SETTLEMENT assumes that the base of a non-uniform load
is equal to the top surface of the previous non-uniform load, in case of load increase. See
section 13.1 for background information, and see section 5.1 for related important options,
such as maintain profile, load submerging and stress distribution in loads.
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E] Mon-Uniform Loads @
e I Inital load
Generated load [1]
Generated load (2] Time [days] [161
Generated load [3] )
Generated load (4) Sequence of loading [ 2
Generated load [5] .
Generated laad (6] v End time [days] |40

Generated load [7]
Final load

Total unit weight

Abowe phreatic level [kMAm=] |18.00
Below phreatic level [kM =] (20,00

Import from D atabase..

pun |
= * co-ordinate [m] ' co-ordinate [m)
I
il 35.000 9.750
T [ 36.500 10.250
|| £5.500 10.250
|| £7.000 9.750
kd
Add Inzert | =
Delete | Rename| =
4 1 s
Generate... ak | Cancel | Help

Figure 4.39: Non-Uniform Loads window

Initial load Enable this box if the load affects only the initial stresses and if the
load does not cause any creep or consolidation. D-SETTLEMENT sets
the time of application at -1.

Time The number of days before the load will be applied. The time must
correspond to the sequence of loading. For initial loads, the time is
setto -1.

Sequence of load- The sequence of loading must match the time at which the loads will
ing be applied. To change the sequence of loading, change the order of
the loads in the list by moving them up or down.

End time The time at which a temporary load is removed.

Total unit weight The unit weight of the unsaturated soil above the phreatic line. Use

above the phreatic negative values in case of unloading.

level

Total unit weight The unit weight of the saturated soil below the phreatic line. Use

below the phreatic negative values in case of unloading.

level

X co-ordinate X co-ordinate (horizontal) of points that define the surface of the load.
The X co-ordinates must be ascending. The first and last co-ordinate
must be located on the surface of the last defined load.

Y co-ordinate Y co-ordinate (vertical) of points that define the surface of the load.
The first and last co-ordinate must be located on the surface of the
last defined load.

The Input from Database button allows connecting material properties from a soil type to a
load. This button can only be clicked if a location of an MGeobase database was specified
in the Program Options window (section 3.2.3). D-SETTLEMENT will derive the saturated and
unsaturated unit weight from the selected soil type. D-SETTLEMENT will also derive the strength
properties from the database, when writing a D-GEO STABILITY input file for a stability analysis
(section 6.10).
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Import Gamma Wet/Dry from Database@

Materials

Clay. clean, moderate
Clay, clean, stiff
Clay, clean, weak

Clay, organ, moderate
Clay, organ, weak,
Clay, =l zan, moderate
Clay, 5l zan, stiff

Clay. =l san, weak
Clay. we zan, stiff
Derze Sand

Gravel

Gravel, =l sil, loose
Gravel, =l sil. moderate
Gravel, sl sil, stiff
Gravel, ve sil, loose
Gravel, ve sil, moderate
Gravel, ve =i, stiff
Loam

Loarm, =l san, moderate
Loarn, sl san, stiff
Loarn, sl san, weak
Loarm, ve san, stiff

Looge Sand

Cancel |

m

=

Help |

Figure 4.40: Import Gamma Wet/Dry from Database window

After selecting a material from the database, D-SETTLEMENT changes the name of the selected

uniform load into the material name.

If a uniform load with this name already exists, the

name is extended with a number between parentheses (see example of Figure 4.39 where
the material Sand, clean, stiff was selected twice).The uniform load can be renamed after
importing it from the database. However, if done, D-GEO STABILITY will not recognize the
material from an input file that was generated by D-SETTLEMENT.

Click the Generate button to generate stepwise loading from input of the final surface position
and the position of the top at the end of each load step. The final surface position is inputted
in the Envelope Points tab and the vertical levels of the top of each intermediate load steps
are inputted in the Top of loads steps tab (see Figure 4.41).

X co-ordinate

Y co-ordinate
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E] Generate Non-Uniform Loads

| Top of load steps |

sl

S ¥ co-ordinate [m] |Y co-ordinate [m] |
= 1 -25.000 2.000
Eh: Fl2 -20.000 £.500

] -10.000 10.000
gw: 4 10.000 10.000

5 20.000 E.500

E 25,000 2.000

*
] | Cancel | Help |

E] Generate Non-Uniform Loads

Envelope Points

=]

Te ' co-ordinate [m] |
5.000

£.500

8.000

3.000

e L [ra [ —

o]

Cancel |

Help

Figure 4.41: Generate Non-Uniform Loads window

X co-ordinate (horizontal) of points that define the final load surface.

The X co-ordinates must be ascending. The first and last co-ordinate
must be located either on the initial ground surface, or on the surface
of the last defined load.

Y co-ordinate (vertical) of points that define the surface of the load.

The first and last co-ordinate must be located on either on the initial
ground surface, or on the surface of the last defined load.
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Top of load steps The vertical levels of the top of the added soil, during subsequent
load steps.

4.6.2 Water Loads

Choose the Water Loads option in the Loads menu to open an input window in which changes
in pore pressure during time can be defined. Use the panel on the left to add water loads,
and select the active PL-lines at top and bottom of each layer. For background information on
the PL-lines, see section 15.1.1. D-SETTLEMENT assumes that the initial PL-lines are defined
during geometry creation (section 4.3.10, section 4.3.11, section 4.3.13).

E] Water Loads @
Load name g [days] 100
‘whater load [1]
Phreatic line 1 -
Layer PL-lirme PL-line
at top at bottom

L7 | Clay 1 93

| |Peat 99 2

| | Sand [Pleistoce 2 2

Add Insert | «

Delete | Rename| +

ok | Cancel | Help

Figure 4.42: Water Loads window

Time The number of days before the load will be applied. During one time
interval, only one water load can be specified.
Phreatic line In this field, select which PL-line will function as the phreatic line.

The phreatic line (or groundwater level) marks the border between
dry and wet soil.

NOTE: This new phreatic line will apply only on the materials, not on
the Non-Uniform Loads.

Layer D-SETTLEMENT automatically enters the names of the layers.

PL-line at top The PL-line that corresponds with the top of the layer (see sec-
tion 4.3.10). Use number 99 to get D-SETTLEMENT to perform an inter-
polation between adjacent layers, and use number 0 for unsaturated
soil.

PL-line at bottom The PL-line that corresponds with the bottom of the layer.
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Other Loads

Choose the Other Loads option in the Loads menu to open an input window in which prede-
fined shapes of soil loads can be selected. Use the panel on the left to add loads, and enter
the required parameters for each load. The following shapes are available:

< trapeziform cross
< circular base;
¢ rectangular base;

-section;

¢ uniform cross-section;

¢ tank.

Trapeziform Loads

D-SETTLEMENT assume

s that trapeziform loads are caused by soil self weight. See sec-

tion 13.2 for background information.

Add

Other Loads @

Leadliane & Trapeziform [~ Initial load
Trapeziform load

" Circular Time [days] ’07
" Rectangular Unitweight  [kN/m3] [38.00
¢ Uniform Height [H) wl 2000
¢ Tank %) w 2000
. [ [S0000
() 6000
[ 50000
m 6000

<
e

Lo

e A |

Delete

Rename| «

Generate... ok | Cancel | Help |

Figure 4.43: Other Loads window with Trapeziform load

Initial load

Time

Unit weight
Height

X

Xm

Xr

Xp

Y
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Enable this box if the load affects only the initial stresses and if the
load should not cause any creep or consolidation. D-SETTLEMENT
sets the time of application at -1.

The number of days before the load will be applied. For initial loads,
the time is set to -1.

The weight of the load per m®. For unloading, a negative value can
be entered. Zero is not allowed.

Height of the load. For an inverted trapezium, enter a negative
height.

Length of the left part of the load.

Length of the middle part of the load.

Length of the right part of the load. The total length of the (three)
parts must be greater than zero.

X co-ordinate of the starting point (left side) of the load.

Y co-ordinate of the starting point (left side) of the load.
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Circular Loads

Loads with circular base may act on or in the geometry. See section 13.3 for background
information.

Other Loads [Fez ]
Load name " Trapezifom v Initial laad
Circular load
S (v Circular Time [days] |1
" Rectangular Magnitude [kM/ma] |60.00
" Unifarm Contact shape factor  [] |0.500
" Tark Eop [m] |5.000
e [m] |2.000
Ee [m] |6.000
R adius (R [m] |2.500

Add Inzert =
Delete | Rename 52

Generate...

o]

Cancel | Help |

Initial load

Time
Magnitude

Contact shape fac-
tor

Xep

Yep

Z

cp
Radius

Deltares

Figure 4.44: Other Loads window with Circular load

Enable this box if the load affects only the initial stresses and if the
load should not cause any creep or consolidation. D-SETTLEMENT
sets the time of application at -1.

The number of days before the load will be applied. For initial loads,
the time is set to -1.

The magnitude of the load. For unloading, a negative value can be
entered. Zero is not allowed.

The shape factor « is used to specify the shape of the contact pres-
sure. If o = 1, the contact pressure is constant (represents flexible
footing). If & = 0, a parabolic distribution is used with 0 kN/m? in the
centre, and twice the magnitude at the edge (represents rigid foot-
ing). For more information, refer to Equation 13.1.

X co-ordinate of the middle point of the circle.

Y co-ordinate of the middle point of the circle.

Z co-ordinate of the middle point of the circle.

The radius of the circle.
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Rectangular Loads

loads with rectangular base may act on or in the geometry. See section 13.4 for background

information.
Other Loads @
Load name (™ Trapeziform [~ Initial load
Rectangular load C Ciroular Ttz [davs] ’507
v Rectangular Magnitude [kM/ma] |20.00
" Unifarm Contact shape factor  [] |0.600
" Tank ﬁcp [m] |20.000
T ep [m] |0.000
Zep [m] |0.000
% yidth [m] |3.600
Bogm m] [5.000
*width
Add Inzert j
% 0K | Cancel | Help |
Figure 4.45: Other Loads window with Rectangular load
Initial load Enable this box if the load affects only the initial stresses and if the
load should not cause any creep or consolidation. D-SETTLEMENT
sets the time of application at -1.
Time The number of days before the load will be applied. For initial loads,
time is set to -1.
Magnitude The magnitude of the load. For unloading, a negative value can be

Contact shape fac-
tor

Xep

Yep
Z

Ccp
Xwidth

Zwidth
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entered. Zero is not allowed.

The shape factor « is used to specify the shape of the contact pres-
sure. If o = 1, the contact pressure is constant (represents flexible
footing). If & = 0, a parabolic distribution is used with 0 kN/m? in the
centre, and three times the magnitude at the edge (represents rigid
footing).

X co-ordinate of the middle point of the rectangle.

Y co-ordinate of the middle point of the rectangle.

Z co-ordinate of the middle point of the rectangle.

The dimension of the rectangle in x direction. It must be greater than
zero.

The dimension of the rectangle in z direction. It must be greater than
zero.
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Uniform Loads

D-SETTLEMENT assumes that uniform loads are caused by soil self weight. See section 13.5
for background information. The input can be done manually or by automatic generation from
measured surface positions.

Initial load

Time
Unit weight

Height (H)
Yapplication

4.6.3.1 Tank Loads

Other Loads
Load name " Trapezifarm
Unifarm |oad .
" Circular
" Rectangular
&+ Unifarm
" Tank

Add Inzert | =

Delete | Rename|

Generate...

sl

[~ Initial lgad
Time [days] ’507
Unitweight  [kN/m3] [1800
Height (H) m[isod
X sppiication m [1o00

QIH
T

Yapplication

u] 4 | Cancel | Help |

Figure 4.46: Other Loads window with Uniform load

Enable this box if the load affects only the initial stresses and if the
load should not cause any creep or consolidation. D-SETTLEMENT
sets the time of application at -1.
The number of days before the load will be applied. For initial loads,

the time is set to -1.

The weight of the load per m®. For unloading, a negative value can
be entered. Zero is not allowed.

Height of the load, relative to Yppiication-
Y co-ordinate of the level of application.

Storage tank with circular base can be inputted in D-SETTLEMENT.

Deltares

69 of 290



D-SETTLEMENT, User Manual

Other Loads @
Load name " Trapezifom [ Initial load
=t " Circular Time [days] |20

" Rectangular Wall Load [kM/ma] |60.00]
" Urifarm Contact shape factor  [] |0.300

& Tark Ko (m] [50.000
Yo (m] [1.000
Zeo (m] [o.o0n

Internal Radius (R]  [m] |2.000
‘wall Thickness [m] |0.060
Internal Load [kM /] |20.00

Add Inzert j

Delete Henamej

Generate... oK | Cancel | Help |

Figure 4.47: Other Loads window with Tank load

Initial load Enable this box if the load affects only the initial stresses and if the
load should not cause any creep or consolidation. D-SETTLEMENT
sets the time of application at -1.

Time The number of days before the load will be applied. For initial loads,
the time is set to -1.
Wall load The magnitude of the load induced by the weight of the material in

which the tank is made.
Contact shape fac- The shape factor « is used to specify the shape of the contact pres-
tor sure. If a = 1, the contact pressure is constant (represents flexible
footing). If v = 0, a parabolic distribution is used with 0 kN/m? in the
centre, and twice the magnitude at the edge (represents rigid foot-

ing).

Xep X co-ordinate of the middle point of the circle.

Yep Y co-ordinate of the middle point of the circle.

Zep Z co-ordinate of the middle point of the circle.

Internal Radlius The internal radius of the tank.

Wall Thickness The wall thickness of the tank.

Internal load The magnitude of the load induced by the weight of the material

stored in the tank.

Click the Generate button uniform to generate uniform loads from imported (SLM or GEF file)
or manually specified surface positions. See Figure 4.48.
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E] Generate Uniform Loads @
Start applization  [m] |7.200
Fead fram file
Unit weight  [kN/m3] |16.00
D:\ProjecthD-SettlementsLoad. slm J
S Time [davs] [ Top [m] [ Urit weight [kM#m3] |
= 1 a 0.000 16.00
EIJ: Fl2 L 0642 16.00
3 63 0822 16.00
Tt 4 105 1.416 16.00
5 12 1519 16.00
B 114 1.642 16.00
7 127 1.790 16.00
*
] 4 Cancel Help

Figure 4.48: Generate Uniform Loads window

Start Yapplication ~ Vertical co-ordinate of the level of application of the first load.

Browse Select a file with measured surface positions (GEF or SLM) to gen-
erate the loading table automatically.

Time The number of days before the load will be applied.

Top New surface position.

Unit weight The weight of the load per m®.
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5 Calculations

On the menu bar, click Calculation to display the following menu options:

& Options (section 5.1), to define various general options.

<& Times (section 5.2) to define time points for tabular output of remaining settlements.
<& Fit for Settlement Plate (section 5.3), to perform a fit on measured settlements.

& Start (section 5.4), to start a regular or a reliability analysis.

<& Batch Calculation (section 10.5), successive calculations for different input files.

5.1 Calculation Options
In this window, a wide range of specific calculation options can be modified depending on the
geometry dimension and the calculation model:

¢ Input fields for 1D geometry (section 5.1.1).
< Input fields for 2D geometry (section 5.1.2).

5.1.1 Calculation Options — 1D geometry

If a 1D dimension option was selected in the Model window (section 5.1.2), the Calculation
Options window contained only few input fields which depend on the calculation model.

Calculation Options @I

End of settlement calculation  [days] |10000 Creep rate reference time  [days] 1.000

Dizpersion conditions layer boundaries

Top undrained - Preconsolidation pressure within a layer
Battom draired - |Variable, comection at every step j

Stress distribution

Sail Buizman -

™ Output of zettlements by partial loading [green lines)

Ok | Cancel | Help |

Figure 5.1: Calculation Options window for 1D geometry

Dispersion condi- (This parameter is required only for Terzaghi consolidation model).
tions layer bound- Use this option to influence the drainage length of the soil layers.
aries Drainage can be introduced by selecting a drained bottom or top
layer boundary. The selected drainage method will be summarised in
the tabular report. For background information on Terzaghi drainage
conditions, see section 15.2.3.
Stress distribution  Distribution of the stresses in the underground can be calculated ac-
Soil cording to Buisman or Boussinesq. Boussinesq can be applied only
for the trapeziform and non-uniform loads. For other kind of loads,
Buisman will be used. For background information, see section 14.1.
End of settlement Enter the number of days after which the transient settlement is ex-
calculation pected to have ended.
NOTE: Consolidation is only included in the time-settlement curves
and not in the individually reported final settlements.
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Creep rate
reference time

Preconsolidation
pressure within a
layer

Output of settle-
ments

The value of the reference time 7 for the creep part. In practice, this
value can be interpreted as the ratio between 1 day and the unit of
time in the calculation. This means that a large value should be used
when simulating short term settlements, with time steps smaller than
1 day, like in oedometer tests.

NOTE: A value other than 1 day requires consistent input of all other
time-dependent values (section 17.1.2).

This parameter is required only for the NEN-Koppejan model.
Choose between a Constant and a Variable preconsolidation pres-
sure in the layers.

When variable (default), the input value is applied to the middle of
the layer. Within the layer, the gradient of the preconsolidation pres-
sure is equal to the gradient of the initial vertical effective stress. In
this case, the Pre Overburden Pressure equals the difference be-
tween the preconsolidation pressure and the vertical effective stress
at middle of the layer (section 17.2).

There are two additional options available for updating the precon-
solidation stress:

Correction at every time step (default). Adjustments will be per-
formed after each load step. Terzaghi assumes that excess pore
pressures are dissipated before a new load step starts. This is cer-
tainly not the case for small time increments between load steps.
Correction at time=0 [days]. All preconsolidation stresses are ad-
justed to the maximum of the initial value or the corresponding effec-
tive stress.

Enable this checkbox to get D-SETTLEMENT to plot green lines in the
Time-History window (at the surface level) in case of multiple load
steps. These green lines indicate the predicted settlement that would
occur if no further load steps were applied.

5.1.2 Calculation Options — 2D geometry
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Calculation Options @

End of settlement calculation  [dayz] Creep rate reference time  [days] 1.000

Dispersion conditions layer boundaries

Top undrained - Preconsolidation prezsure within a layer
Battorn drained > |Variable, comection at every shep j
Stress distribution
Sail Buizman - ™ Imaginary surface |Elay J
Loads Mone - [v Subrerging [only for non-unifarm loads)
Load colummn width

v Maintain profile Mor-uniform loads [m] |1.00
i) e Sand Trapeziform loads [r] |1.00
Time [daps] |1 ’7
Total unit weight
Above phreatic level [kN/m&] |18.00 Iteration stop criteria
Below phieatic level  [kN/m3] [20.00 Maintain profile [m] |10

Submergi 010

Import from Database. . HEmEEE [
Minimum settlement for submerging  [m] |0.000

™ Output of zetlements by partial loading [green lines)

—

Ok | Cancel | Help

Figure 5.2: Calculation Options window for 2D geometry

See section 5.1.1 for a description of the general input fields that are shared with a 1D geom-

etry. 2D Geometry

Stress distribution
in loads

Maintain profile

Material name

Time

Total unit weight
above phreatic level
Total unit weight
below phreatic level

Deltares

When this option is chosen, D-SETTLEMENT will incorporate the ef-
fect of stress distribution inside non-uniform loads. D-SETTLEMENT
will divide the load in columns (see the Load column width option
described below) and then divide each column into pieces with a
height of approximately one meter.

Enable this checkbox to get D-SETTLEMENT to add a special su-
perelevation load. This load will keep the top surface at the de-
fined level during deformation analysis. See section 13.6 for back-
ground information.

This is the name of the special superelevation load that is added
to the geometry using the Add Superelevation option in the Write
Settled Geometry window. This option can be accessed through
the Results menu.

Enter the number of days before the superelevation load will be
applied. The superelevation load has to be applied as a last load
step. If the pointer is located at the input field, a hint will indicate
the current last load step.

The unit weight of the unsaturated superelevation load above the
water level.

The unit weight of the saturated superelevation load below the
water level.
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Imaginary surface

Submerging

Load column width

Iteration stop criteria —
Maintain Profile

Iteration stop criteria —
Submerging

Minimum settlement
for submerging

Maximum iteration
steps for submerging
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When this checkbox is enabled, a so-called imaginary surface can
be defined to model the stress distribution in the case of an initially
non-horizontal surface. D-SETTLEMENT will calculate the spatial
stress distribution in the layers below this surface, caused by the
weight of the initial layers above the surface. When you do this,
you must also select the layer whose top acts as the imaginary
surface. For background information, see section 14.5.

Enable this checkbox to take submerging of non-uniform soil
weight loads (section 4.6.1) into account in your calculations. The
option is switched on by default. D-SETTLEMENT takes submerging
into account approximately, by a once-off modification of the self
weight of non-uniform loads, based on the final settlements. See
section 13.7.1 for background information. With Darcy in combi-
nation with the NEN-Bjerrum or Isotache model, D-SETTLEMENT
will gradually adapt the effective weight of layers and non-uniform
loads in time, as function of the actual settlement. See sec-
tion 13.7.2 for background information.

D-SETTLEMENT can subdivide trapeziform loads or non-uniform
loads into columns (section 14.2). The default value for the width
of these columns is one meter, but it is possible to change these
defaults. A small width will increase the accuracy, while a large
width will increase the calculation speed.

The Maintain Profile iteration will stop when the difference in the
calculated final settlements between two iterations becomes less
than the specified value.

The Submerging iteration will stop when the difference in settle-
ments between the iterations becomes less than the specified
value.With Terzaghi or NEN-Koppejan (i.e. approximate submerg-
ing model), iteration is performed on the final settlements.With
Darcy in combination with the NEN-Bjerrum or Isotache model
(i.e. accurate submerging model), iterations may occur within time
steps, in case of large increments.

When submerging is used, the increment of the settlement is yet
unknown. An estimate of the settlement is made by means of an
iterative procedure. The iteration is stopped if the settlement is
less than the given value.

Only for Darcy in combination with the NEN-Bjerrum or Isotache
model (i.e. accurate submerging model): the maximum number
of submerging iterations within a step. A value of 1 means no
iterative correction per step. The iteration is stopped after this
fixed number of iterations.
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Calculation Times

The Calculation Times window allows input of time points at which D-SETTLEMENT will calculate
tabular output of total and residual settlements and graphical output of residual settlement.
See section 6.2.5.

E] Calculation Times @
Te Time[days] |
= 1 100
3 2 380

Gl NE 400
Jx | |4 550
78 700
[ 1000
7 3200
8 10000

*

akK | Cancel Help |

Figure 5.3: Calculation Times window

Fit for Settlement Plate

The Fit for settlement plate option in the Calculation menu is available only if it has been se-
lected previously in the Model window (section 4.1.1).Choose this option to improve the match
between predicted and measured settlements, by manual or automatic scaling of soil proper-
ties. A close fit will improve the continued prediction of final and residual settlements. Usage
is only possible after full input of geometry (section 4.3, section 4.4), material properties (sec-
tion 4.2), loading (section 4.6) and calculation options (section 5.1). Fit for D-SETTLEMENT per-
forms the automatic fit by means of an iterative weighted least squares procedure, which min-
imizes both the difference between measurement and prediction, and the difference between
the original and the adapted value of the parameters. During each iteration, D-SETTLEMENT
linearises the influence of parameter modifications, by first determining the settlement varia-
tions caused by very small parameter changes. See section 18.1 for background.The Fit for
Settlement plate window contains two tabs:

& The Measurements tab, for definition of the measured settlements (section 5.3.1)
& The Materials tab, for execution of the fit of the prediction on measurements (sec-
tion 5.3.2)

Fit for Settlement Plate — Measurements

The Measurements tab of the Fit for Settlement Plate input window enables the selection of
the file with measured settlements and the optional input of a shift in the time or the settlement.
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Fit for Settlement Plate @
Wertical |4 atB0.000m

Measurements | Materials |

File Qpen... File name: Tutorial-3. kst
Start date | 1/ 1/2000 - Time [days] |40

LClear

Shift measurements

Stark time | 12:00:00 Abd = Settlement [m] |-0.855

[v Show shifted time in table [v Show shifted zeftlermert in table

Date Time Shifted | Settiement | Shifted ‘wheight -

tire zettlernent
[dd-mim-yww] [days] [daps] [m] [m] []
1 25-01-2000 24 B4 0.591 -0.264 1.00
2 14-05-2000 134 174 1166 03 1.00 £
3 22-08-2000 142 182 1177 0322 1.00
L] 25-05-2000 143 183 1.383 0.498 1.00
5 04-06-2000 155 195 1.513 0.658 1.00
[ 11-06-2000 162 202 1615 0.760 1.00
7 18-06-2000 169 209 1.759 0.904 1.00
[ 25-08-2000 176 216 1.923 1.068 1.00
9 02-07-2000 183 223 1.986 113 1.00
10 05-07-2000 180 230 2088 1.231 1.00
ikl 1E6-07-2000 197 237 2220 1.365 1.00
12 13-08-2000 225 265 2487 1612 1.00
13 20-08-2000 232 272 2812 1.657 1.00
14 28-08-2000 240 280 2594 1.739 1.00
15 03-09-2000 246 286 2638 1.783 1.00 -
u] | Cancel Help |

Figure 5.4: Fit for Settlement Plate window, Measurements tab

Vertical

File Dpen...

Clear

Start date
Start time
Shift
measurements

Date
Time

Shifted time
Settlement
Shifted settlement
Weight
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Select the vertical where the settlement plate was measured.
Selection of the file containing pairs of time and measured settle-
ment. You can use the self describing Geotechnical Exchange for-
mat (GEF)GEF file, the tab delimited format (TXT), or the comma (;)
delimited format (CSV). D-SETTLEMENT will neglect all lines in the de-
limited format files before the first line with numbers. D-SETTLEMENT
also supports the old SLM file format, for compatibility reasons.

Clear measurement data.

Optional input of the start date (not for GEF).

Optional input of the start time (not for GEF).

Apply a shift to the time and/or the settlement. Select the Show
shifted time in table and the Show shifted settlement in table in order
to show the shifted values that D-SETTLEMENT will use.

The date of measurement. Not used by D-SETTLEMENT.

The original time of measurement, relative to the start date and start
time.

The shifted time of measurement, as used by D-SETTLEMENT.

The original measured settlement.

The shifted measured settlements, as used by D-SETTLEMENT.

An influencing factor for automatic fitting. You can use large values
for certain parts of the curve (for example the creep tail) to ensure
that this part is fitted most closely.
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5.3.2 Fit for Settlement Plate — Materials

The Materials tab of the Fit for Settlement Plate window enables the execution of a fit of the
prediction on the measured settlements, at a certain position in a certain vertical.

Fit for Settlement Plate @

“ertical |4 at50.000m -

Measurements  Materials |

Plate positioned on top of

m o Soil model: MEM - Bjerum

Selection of layers by material Clawsaftdairenic} Deey

La Fit Show Current | Iteratian. ..
v| Peat

v| Sand [Fleistocens] Fit results
Coefficient of determination: 0.961 [-]
Imperfection: 0.04 [m]
Fiatio primary-secondary settlement: 90 - 10 []

Fit factars

Current Previous weight
¥ Reloading / Compression ratio (RR(CR) [1o7s  [i.000 [10.00
¥ Compression ratio (CF) |0.908 |1.000 |4.00
[ Ratio Compression (Cal/(CR) [1.02 |1.000 [10.00
¥ Preconsolidation stress [POP or DCR) |0u87 [1.000 [3.00
[ ertical permeatility (kv] [1.357 |1.000 [1.00

Rezet

ak | Cancel | Help |

Figure 5.5: Fit for Settlement Plate window, Materials tab

Plate positioned on  Select the layer which top defines the vertical location of the settle-

top of ment plate. By default the top layer is selected.

Selection of m Select the soil types for which you allow scaling of soil parameters.
aterial By default all layers are selected.

Fit factors Select the parameters for which you allow scaling by hand or by au-

tomatic fitting. By default all scaling parameters are selected.
NOTE: The scaling factors for un/reloading and secondary compres-
sion are not applied to the parameters themselves, but to the ratio
of that parameter with the parameter for primary virgin compression
(b, CR, 1/C}). Increasing the parameters for primary virgin com-
pression will therefore yield more settlement in all parts of the curve.
Increasing the two ratios will yield a separate increase in respec-
tively the primary settlement during un/reloading and the secondary
(creep) settlement.

Increasing the preconsolidation stress (POP, OCR) will reduce the
settlements at low loading levels. Increasing the permeabilities or
consolidation coefficients will speed up the settlement process, by
reducing the consolidation period.
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Iteration...

Current

Previous
Weight

Beset

i

Show Current

Coefficient of
determination
Imperfection

Ratio primary—
secondary
settlement
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Click this button to change the default stop criteria for the iteration
process during automatic fitting (Figure 5.6). Besides the maximum
number of iterations, you can also define the target value for the co-
efficient of determination. Finally you can specify the minimally re-
quired improvement of this coefficient during a single iteration (itera-
tion accuracy).

Click this button to perform automatic fitting by iterations. If the match
after a single fit is not yet satisfactory, you can click the button again
for continued iterations. A progress window indicates the goodness
of fit during the iteration process (Figure 5.7). This information is also
displayed in the main window.

In case of fitting by hand: enter the scaling factors.

In case of automatic fitting: the calculated scaling factors of the last
iteration will be displayed.

The scaling factors at the start of the last fit.

An influencing factor for automatic fitting. A low value means that the
corresponding scaling factor can change easily during the iteration
process. Use a high value when the initial parameter values or ra-
tios are considered reliable and a low value when these values are
considered uncertain. The default values are usually sufficient.
Click this button to reset all weights to their defaults.

Show the graph and data of the fit that is based on the Current factor
values. See Figure 5.8. Afterwards, this graph is also available from
the Result menu (Figure 5.9). See also the Note at the end of this
paragraph.

The correlation factor for the last fit. A value close to 1 indicates a
good match between measurement and prediction.

An average value for the differences between all measurements and
predictions, in meter. A value close to 0 indicates a good match
between measurement and prediction.

The ratio between the primary settlement and the secondary settle-
ment (due to creep).

Iteration stop criteria @
M aximumn number of iterations [1 |20
Bequired iteration accuracy [] |0.0000000001

[ [onsm
u] | Cancel | Help |

Figure 5.6: lteration stop criteria window

Required coefficient of determination
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Plate Test Calculation Progress @

Coefficient of determination: 0.961 [-]
Imperfection: 0.04 [m]
Iteration [1 of 20]

Figure 5.7: Plate Test Calculation Progress window

[] Time-History (Fit) E=8 E=R <
Faesi GG P R P R Defomation s [ FixSeflement dis | Wettical 4 3| | om | Depth[m] [1860( =

200

Tool: =

Effective stress [kPa)

100 1000 10000,
Time [days]
0 —___\\
E
g
E 2
s
2 N
5
2 \
3
0 1000 10000
...... Spomanms (P
Wertical 4 (X = 50.000 m; Z = 0.000 m) Fit factors used Depth = 1.850 (-) [m]
Method = NEN - Bjerrum with Darcy Coefficient of determination = 0.961 Settiement after 10000 days = 3.483 [m]

Figure 5.8: Time-History (Fit) window

Note: Right click in the Time-History graph and select the View Data option to view all chart
data, for convenient export to spread sheets.

After a fit, the Results menu will show all the available results for the selected vertical, using
the scaled parameters (Figure 5.9).

Report Selection

Report (Fit) Ctrl+R
Stresses in Geometry (Fit)

Dissipations

Time-History (Fit)

Depth-History (Fit)

Residual 5Settlernent

Settled Geometry

Write Settled Geometry...

Write M5tab Input ...

Figure 5.9: Available results after a fit

Note: To apply the scaled parameters to all verticals and to generate other types of calcula-
tion results, select the Use fit parameters option in the Start Calculation window (section 5.4).

Note: The Fit for Settlement Plate option does not work in combination with Submerging for
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the non-accurate submerging method (i.e. Terzaghi or/and NEN-Koppejan). When a plate fit
is performed, the submerging option is not taken into account. When a normal calculation
is done using fit parameters in combination with the submerge option, the results differ from
those shown when clicking the Show Current button (??). This is only for the none-accurate
submerging method. For the accurate method (i.e Darcy+Isotache and Darcy+Bjerrum), sub-
merging is taken into account during the Fit calculation.

Start Calculation

To start the actual calculation, choose the Start option in the Calculation menu.

Options...

Start

Cloze

Lontinue

Abart

The Options button allows to chose the calculation options (if not already
done) by opening the Calculation Options window (section 5.1).

When the calculation is started, D-SETTLEMENT will first check if the input
contains any (fatal) errors. If the input contains errors, they are reported in
the Error Messages window (section 5.4.3) and they must be corrected. If
the input contains no errors, the calculation will start.

D-SETTLEMENT can also generate (non-fatal) warning messages if the in-
put is unrealistic or can be improved. Choose either to Close the Start
Calculation window without performing a calculation and change the input
according to the warning messages or to Continue the calculation without
taking into account the warning messages. In this case, the warning mes-
sages will be also printed in the Report (section 6.2.7). Unmark the Halt on
Warnings checkbox in the Program Options window (section 3.2.2), in case
you want D-SETTLEMENT to proceed after warnings without pausing.

The screen displays a progress overview. The calculation can be aborted
by clicking the Abort button. Therefore, no results in the Results menu will
be available.

Two kinds of calculation are available:

¢ aregular (deterministic) analysis (section 5.4.1);
¢ a reliability and sensitivity analysis (section 5.4.2).

Regular (deterministic) analysis

82 of 290

Deltares



Calculations

Start Calculation @
Fit
v Use fit parameters
Wertical ,W‘
Meazurement file: Tutorial-3. bkt
Coefficient of determination; 0.967 [-]

Imperfection; 0.04 [m]

Dizsipation

ri

‘ertical 4: 50,000 m -

Calculation progress

0%

Options. . | Start | Claze | | Help

Figure 5.10: Start Calculation window for a regular analysis

Use fit Select this option to use the previously determined scaling factors from
parameters  a settlement plate fit for the settlement prediction along all verticals (sec-
tion 5.3).

NOTE: The selected Vertical must be the same as the vertical used in the
Fit for Settlement Plate window (section 5.3) otherwise the calculation will
be a regular calculation without scaling factors. Moreover, the Show Cur-
rent in the Fit for Settlement Plate window (section 5.3) puts the scaling
factors only on the materials that are selected, while the regular calcula-
tion with option Use fit parameters selected puts the scaling factors on all
materials. Therefore results can differ when comparing both calculations.
Add Perform a dissipation calculation for a unit load along a selected vertical,
dissipation before starting the actual calculation. D-SETTLEMENT will use the results of
calculation this calculation for the dissipation graph (section 6.4), and for the export of
a D-GEO STABILITY file (section 6.10).
The selection list shows all available verticals by number and by horizontal
co-ordinate.

5.4.2 Reliability and sensitivity analysis

The Start Calculation window contains special options for reliability and sensitivity analysis,
when the Reliability option in the Model window is selected (section 4.1.1).
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Start Calculation @

Calculation type

" Settlements [deterministic]
™ Band width of settlements [FOSHM)
:Eroba

i and probability of failure [Monte Carla)

Fit Diszipation

v Use fit parameters [ Add dissipation calculation

Wertical 4 50,000 m - 4 50,000 m

Measurement file: Tutorial-3.kxt
Coefficient of determination; 0.961 [-]

Imperfection; 0.04 [m]

R eliability
Yertical 2 0.000m - ,1007
Allawed rezidual settlement  [m) ,W e e of feete [ ,157
Imperfection [ml ,DDSi Times.

Calculation progress

Time indes:

=
&

Options... Start | LCloze | | Help

Figure 5.11: Start Calculation window for a reliability and sensitivity analysis

See section 5.4.1 for a description of the options that are shared with a regular (deterministic)
analysis. The description of the additional options for a reliability and sensitivity analysis
follows hereafter. See section 18.2 for background information.
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Calculation type

Use fit parameters

Vertical
Allowed residual
settlement

Imperfection

Maximum number
of samples
Maximum number
of iterations

Times...

Deltares

Select one of the following methods:

- Deterministic: a regular deterministic settlement analysis along all
verticals, based on fixed mean values of the parameters.

- FOSM (First Order Second Moment): Quick and approximate de-
termination of the bandwidth and the influencing factors (parameter
sensitivity) for the total settlements along one vertical. The determi-
nation is executed at user defined time points and at the time points
of measurements. Calculation time will increase with an increasing
number of stochastic parameters.

- FORM (First Order Reliability Method). lterative determination of
the reliability index, bandwidth and influencing factors for the resid-
ual settlement along one vertical. A separate FORM analysis is per-
formed for each residual settlement that starts from each different
user defined time point. Calculation time will increase with an in-
creasing number of stochastic parameters, user defined time points
and iterations. Furthermore, the FORM method is only conditionally
stable.

- Monte Carlo (recommended). Determination of the bandwidth for
the total settlements along one vertical, and also of the reliability in-
dex and bandwidth for the residual settlements, by repetitive execu-
tion of settlement analyses (sampling). Each sample is executed with
random parameter values, derived from the stochastic distributions.
Calculation time will increase with the number of samples. Accurate
Monte Carlo analysis requires a large number of samples, if many
stochastic parameters are involved.

Select this option to:

Use the previously determined scaling factors from a settlement plate
fit for the settlement analysis in all verticals (section 5.3) to determine
updated mean values of the settlement. Automatically introduce cor-
relations between the different stochastic parameters via Bayesian
updating, based on the influence of the parameters on the predicted
settlement at the times of measurement, and based on the input
value of the imperfection. The updated correlations will usually yield
a reduction of the calculated bandwidth in the total and residual set-
tlements.

Select the vertical for the reliability analysis.

For FORM and Monte Carlo methods, the allowed residual settle-
ment represented in the Residual Settlements (Reliability) window
(section 6.13).

In case the Use Fit option is selected, this value represents the com-
bined inaccuracy in the measurements and in the prediction model.
A larger value implies less influence of the measurements on the
Bayesian update of the correlations between uncertain parameters.
The number of samples that the Monte Carlo method will use.

The maximum number of iterations for the FORM method.

width and the influencing factors for the total settlement at the times
of measurement.
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Error Messages (before calculation)

If errors are found in the input, no calculation can be performed and D-SETTLEMENT opens
the Error Messages window displaying more details about the error(s). Those errors must be
corrected before performing a new calculation. To keep the messages, they must be printed
because they will be overwritten the next time a calculation is started.

8] Error Messages =B

Program - D-Settlement
Version - 9.1

License  : Unknown
Company

Run identification -
Tutorial 3 for D-Settlement
Settlement plate fit

Date : 1/6/2011
Tima © 2:53:38 PM

ERRORS IN VERTICALS
For a calculation at least one vertical is needed.

[END OF ERROR FILE]

Figure 5.12: Error Messages window

Warnings and Error Messages during calculation

Warnings and fatal errors might be displayed in the messages pane (Figure 5.13) at the bottom
of the Start Calculation window (section 5.4), after clicking the Start button. These messages
are also available in the report. The calculation will be paused or stopped. Fatal errors need
to be corrected before the analysis can be executed. Warnings can be discarded, by clicking
Continue. A pause after warnings can be prevented, by unselecting the Halt on Warnings
checkbox in the Program Options window (section 3.2.2).

Options: super elevation has ta be the last loadstep
Dirained soill cannot be used in combination with dewsatering of vertical drains.

Figure 5.13: Start Calculation window, messages pane

Batch Calculation

D-SETTLEMENT offers the possibility to perform calculations in batch which means successive
calculations for different input files. This can be useful for time consuming calculations (prob-
abilistic calculations for example). To do so, D-SETTLEMENT program must be started from the
Run window by specifying its location followed by ‘/b’, as shown in Figure 5.14.

= Run @

== Typethe name of a program, folder, document, or Internet
resource, and Windows will open it for you.

Open: rogram Files\Deltares\DSettlement\DSettlement.exe”" /b »

[ QK l | Cancel | | Browse..,

Figure 5.14: Run window

Then the Start Batch Calculation window opens where the location of the files must be speci-
fied (Figure 5.15).
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Start Batch Calculation @

|E:\F'rogram FiIes\DeItares\DSettlement\F‘roiects\Tutori.j J
[~ Include subfolders

Cancel | Help |

Figure 5.15: Start Batch Calculation window

D-SETTLEMENT will run the specified files successively. The calculation progress can be viewed
at the top of the D-SETTLEMENT Calculation window (Figure 5.16).

D-Settlement Calculation - Tutorial-1e

Iteration 0 Processed 4 of 18 files.

*SUCCESS* C:\Program Files‘\Deltares\DSettlement“Projects
“Tutorials\Tutorial-la.sli
*3UCCESS* C:\Frogram Files\Deltares\DSettlement\Frojects
“Tutorials\Tutorial-1k.sli
*SUCCESS* C:\Program Files‘\Deltares\DSettlement“Projects
“Tutorials\Tutorial-lc.sli
*3UCCESS* C:\Frogram Files\Deltares\DSettlement\Frojects
“Tutorials\Tutorial-1d.sli

Figure 5.16: D-settlement Calculation window during batch calculation
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6 View Results

On the menu bar, click Results to display the following menu options:

<
<
<

Report Selection (section 6.1) , to select the content of the tabular report.

Report (section 6.2), to view a tabular report with selected content.

Stresses in Geometry (section 6.3), to graphically view the initial or final stress per
vertical.

Dissipations (section 6.4), to view the degree of consolidation per layer as a function of
time.

Time-History Curves for Terzaghi (section 6.5.1) or Darcy (section 6.5.2) to view graphs
of data versus time per vertical.

Depth-History Curves for Terzaghi (section 6.6.1) or Darcy (section 6.6.2) to view graphs
of data along verticals.

Residual Settlement (section 6.7) to view a graph of the residual settlement starting
from different time points.

Settled Geometry (section 6.8), to graphically view the settled geometry within the orig-
inal geometry.

Write Settled Geometry (section 6.9), to write the settled geometry to a new geometry
file.

Write D-GEO STABILITY Input (section 6.10), to write a D-GEO STABILITY input with de-
grees of consolidation and with settled geometry.

A special Fit for Settlement Plate analysis or Reliability analysis will yield the applicable
results for just one vertical.

Finally, the following special results are available after a reliability analysis:

<

Time-History (Reliability) (section 6.11), to view the total settlements together with the
bandwidth, for the FOSM and the Monte Carlo method.

<& Influencing factors(Reliability) (section 6.12), to view the relative sensitivity of the total

settlements (FOSM method) or the residual settlements (FORM method) to variations
of uncertain parameters.

& Residual Settlement (Reliability) (section 6.13), to view the residual settlement with

bandwidth and reliability index, for the FORM and the Monte Carlo method.

6.1 Report Selection

On the menu bar, click Results and then choose Report Selection to open the Report Selec-
tion window (Figure 6.1) where the report content can be selected.
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E] Report Selection @

B |v
i [w] 1 Table of Contents
El-[+] 2 Echo of the Irput
- || 2.1 Layer Boundaries
- [w] 2.2 PL Lines
- [w] 2.3 General Data
- v 2.4 Soil Profiles
- || 2.5 Soil Properties
- [w] 2.6 Non-Uniform Loads
-] 27 Werticals
- [w] 2.8 Vertical Drain
|| 3 Results per Vertical
=-[v] 4 Settlements
- [w] 4.1 Settlements
- [w] 4.2 Residual Times
- v 4.3 Mairtain Profile Calculation Results
- || B W arnings and erors

v Page numbers in Table of Contents [slows down report generation]

Select Al Deselect Al

ak | Cancel Help

Figure 6.1: Report Selection window

Report

On the menu bar, click Results and then choose Report to view a window displaying a table
of the most recent analysis results.

Click the Print button [- to print the report or use the Export Report option from the File
menu, in order to export the report in RTF, PDF, or HTML format.

The content depends on the report selection (section 6.1). It can consist of:

C OO0 OO0

<o

<
<

General section.

Program name and version, update, company name, license and copy number.

Title of the problem.

Names of the files used.

Echo of the input.

Stresses per vertical for Terzaghi model (section 6.2.1) in the case of a long report.
Settlements per vertical for the Terzaghi model (section 6.2.2) in the case of a long
report.

Stresses and settlements per vertical for the Darcy model (section 6.2.3) in the case of
a long report.

Settlements (section 6.2.4) and remaining settlements (section 6.2.5).

Maintain profile (section 6.2.6) if the Maintain Profile option was used.

The report has its own toolbar:
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Those four buttons enable the user to zoom in, to zoom out, to zoom
22 E | = the full page or to zoom the page width.

Those four buttons enable the user to browse through the report by
(][4 [ [ | v 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 entering a
Page |4 of 10 page number in the input field on the toolbar and pressing the Enter

key.

6.2.1 Stresses per vertical (Terzaghi)

In case of Terzaghi consolidation model, a stress table will be available for each selected
vertical for initial and final states.

E] Report
ArEE RN DM Page [5 of 8
3 Results per Vertical
3.1 Results for Vertical 1 (X = 50.00 m; Z = 0.00 m)
Depth Initial stress Final stress
S-total S-water S-eff. S-total S-water S-eff.
m] [ehim?] [eNim?] [khN/m?] [khN/m?] [ehim?] [eM/m?]
Layer 4
0.00 0.001 0.000 0.001 54721 21.112 23808
-0.10 1.600 0.000 1.800 55.818 30.810 25.208
-0.20 3.200 0.000 2.200 57.358 20.548 26.808
0.20 4.800 0.000 4.800 58.087 20.678 28.408
0.40 5.400 0.000 8.400 80.938 20.928 20.008
0.50 2.000 0.000 2.000 82871 21,262 21.6808
0.60 5.600 0.281 8.818 82.870 31.643 32227
0.70 11.200 1.982 2.238 £4.891 22.045 22,848
075 12.000 2453 9.548 85.410 32.254 33.156
-0.80 12.800 2843 9.857 85.933 22,458 33.485
-0.80 14.400 2924 10.476 86.994 32.810 24084
-1.00 16.000 4505 11.085 88.073 33.370 24703
-1.50 24.000 2.810 14.150 73.882 35,883 37.788
Layer 3
-1.50 24.000 9.810 14.180 73.892 35894 37.798
-2.50 28.000 20.848 17.154 82992 42.230 40.782
-3.50 £2.000 31.882 20.118 92720 48.995 43.725
-4.50 £6.000 42.219 23.081 102.788 £6.100 46,889
-5.50 80.000 53.955 268045 113.133 53,482 49,852
Layer 2
-5.50 £0.000 53.955 26,045 113.134 53,483 48 853
5785 84.000 56.408 27.583 118.392 85.193 51.189
-8.00 88.000 58.880 28140 118.878 86.932 52.748
Layer 1
-£.00 £8.000 58.8680 28.140 119.878 88.932 52748
-£.90 10€.000 87.8858 238.311 135.842 73727 81.918
-7.90 128.000 77.489 48.501 152.720 81.687 F2.102
-8.50 128.000 83.385 54815 184.824 88.809 78.215
-9.40 156.000 92.214 £3.788 181.534 294,152 87.382
-10.40 176.000 102.024 73.978 200.274 102.707 97.587
-11.00 188.000 107.910 80.080 211.587 107.910 103.677

Figure 6.2: Report window — Stresses per vertical (Terzaghi)

The following is an explanation of the column headings:

Depth [m] Depth of the point (= Y co-ordinate).

Initial Stress:

- S-total [kN/m?] Initial total stress.

- S-water [kN/m2] Initial water pressure (hydrostatic and excess overpressure and
underpressure).

- S-eff [kN/m?] Initial effective stress.
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Final Stress:

- S-total [kN/m?]  Final total stress.
-S-water  [kN/m?]  Final water pressure.
- S-eff. [kN/m?]  Final effective stress.

6.2.2 Settlements per vertical (NEN-Koppejan with Terzaghi)

In case of NEN-Koppejan calculation model combined with Terzaghi consolidation model, two
tables are printed for each selected vertical, as shown in Figure 6.3.

[ Report
VOB = @ E DD Page [F of 14
Layer Swelling Settlement b. Sp Settlement a. Sp.
number Primary | Secondary | Primary Secondary | Primary | Secondary
10 [days] 10 [days]
[m] [m] [m] [m] [m] [m]
3 0.0000 0.0000 0.0008 0.0000 0.1374 0.0254
2 0.0000 0.0000 0.0376 0.0000 3.2222 0.4377
1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Total 0.0000 0.0000 0.0384 0.0000 3.3596 0.4632
Depth Layer Total settlement (100% cons.) Percentage
From To number Primary Secondary After of original
10 [days] 10000 [days] layer height
[m] [m] [m] [m] [m] [%]
-1.86 -2.15 3 0.1382 0.0254 0.2399 8273
-2.15 -7.60 2 3.2598 0.4377 50107 91.94
-7.60 -15.00 1 0.0000 0.0000 0.0000 0.00
Total 3.3980 0.4632 5.2506

Figure 6.3: Report window — Settlement per vertical (NEN-Koppejan with Terzaghi)

The following is an explanation of the column headings:

Layer number
Depth

- From

-To

Swelling

- Primary

- Secondary

[m]
[m]

[m]
[m]

Layer number.

Y co-ordinate at the top of the layer.
Y co-ordinate at the bottom of the layer.

Primary swelling.
Secondary swelling.

Settlement b. Sp (= settlement before preconsolidation stress)

- Primary
- Secondary 10 days

[m]
[m]

Primary settlement.
Secondary settlement after 10 days.

Settlement a. Sp (= settlement after preconsolidation stress)

- Primary
- Secondary 10 days

[m]
[m]

Total settlement (100% cons.)

- Primary

- Secondary 10 days

- After 10000 days
Percentage of original layer
height

[m]
[m]
[m]
[%]

Primary settlement.
Secondary settlement after 10 days.

Primary settlement.

Secondary settlement after 10 days.

Secondary settlement after 10000 days.
Percentage of the settlement relative to the original
layer height.

Note: The settlements displayed in these tables are based on 100% consolidation.
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6.2.3 Stresses, heads and settlements per vertical (Darcy)

A table with stresses and settlements is displayed in the report for selected verticals.

E] Report
P == [ 1T O s TS R Page |5 of 11
3 Results per Vertical
3.1 Results for Vertical 1 (X =-25.00 m; Z=0.00 m)
Depth Effective Hydraulic Loading Settlement
Stress head
[mi] [kFs] [mi] [kFal [m]
-1.800 0.001 -1.800 0.001 0.112
-2.000 1.392 -2.000 1.294 0.110
-2.025 1.740 -2.025 1.7432 0.108
-2.100 2724 -2.099 2730 0.105
-2.150 2.928 -2.149 2928 0.101
-2.150 2.928 -2.148 2838 0.101
-2.200 2.844 -2.198 2853 0.101
-2.200 2.978 -2.198 2887 0.102
-2.400 2.012 -2.1598 3.021 0.102
-2.500 2.048 -2.158 3.055 0.102
-2.600 2.080 -2.199 2.088 0.102
-2.700 3.114 -2.199 3.123 0.102
-2.800 32.147 -2.199 3.157 0.102
-2.800 2.181 -2.199 3.191 0.102
-3.875 2.512 -2.19% 2.523 0.026
-4.875 3.853 -2.198 3.8564 0.081
-5.800 4171 -2.198 4.180 0.080
-6.800 4518 -2.198 4624 0.030
-7.800 4.802 -2.200 4802 0.000
-7.600 4.802 -2.200 4802 0.000
-8.600 15.002 -2.200 15.002 0.000
-5.600 25210 -2.200 25210 0.000
-10.800 35.423 -2.200 25423 0.000
-11.200 42 578 -2.200 42 578 0.000
-12.200 52.807 -2.200 52.807 0.000
-12.200 £3.047 -2.200 53.047 0.000
-14.300 73.298 -2.200 73.258 0.000
-15.000 280.481 -2.200 80481 0.000

Figure 6.4: Report window, Results per Vertical section (Darcy)

The following is an explanation of the column headings:

Depth [m] Vertical position (= Y co-ordinate).
Effective stress [kPa] Effective soil stress.

Hydraulic head [m] Full hydraulic head.

Loading [kPa]  Top loading subjected to stress distribution.
Settlement [m] Settlement.

6.2.4 Settlements

In the Settlements section of the Report window, a short table displays the total settlement at
the end of the calculation for each vertical.
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E] Report

# y

=== N I i R T Y| Page [10 af 11

4 Settlements

4.1 Settlements

Vertical X co-ordinate Surface level Settlement

number [m] [m] [m]
1 -25.00 -1.80 0.112
2 0.00 -1.80 0.259
] 25.00 -1.80 2.081
4 50.00 -1.88 2.048
5 67.00 -1.83 2.020
Li] 102.00 -1.83 0.324
T 128.00 -1.82 0.150

Figure 6.5: Report window — Settlements

6.2.5 Residual Settlements
The Residual Times section of the Report window gives the output of the settlement for each
vertical at all times that were specified in the Calculation Times window (section 5.2). Be-
sides the settlement itself, the value of the remainder of the final settlement, and the reached
percentage of the final settlement are also given.
E] Report
BN = = I i s R T R Page’l‘lﬂ_of‘l2
4.2 Residual Times
Vertical Time Settlement Part of final Residual
number settlement settlements
[days] [m] [%5] [m]
1 1 0.000 0.000 0.112
10 -0.002 -1.387 0.114
20 -0.002 -2.114 0115
a0 -0.002 -1.463 0114
100 0.003 2480 0110
500 0.030 26.568 0.082
1000 0.047 42113 0.065
10000 0112 100.000 0.000
2 1 0.000 0.000 0.299
10 0.062 20 660 0237
20 0.082 27 517 0217
a0 0.119 39.764 0.180
100 0.152 50.650 0.148
500 0.216 72154 0.083
1000 0.237 79.278 0.062
10000 0.299 100.000 0.000
3 1 0.000 0.000 3.061
10 0.604 19.739 2457
20 0.858 28.036 2203
a0 1.326 43.330 1.735
100 1.802 58.877 1.259
500 2715 86.695 0.346
1000 2875 93.903 0187
10000 3.061 100.000 0.000
Figure 6.6: Report window — Residual settlements
6.2.6 Maintain Profile

If the Maintain Profile option was used, the Maintain Profile Calculation Results section of the
Report window displays:

<& the original amount of soil of each load as defined in the Non-Uniform Loads window;

¢ the extra amount of soil to be added to maintain the original profile.
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E]Report
P = = N T s R T R Page |13 of 14

4.3 Maintain Profile Calculation Results

Load 1 consists of 81.000 m3 per Width

Load 2 consists of 12.300 m3 per Width

Load 3 consists of 75.450 m3 per Width

Load 4 consists of 18.550 m3 per Width

Load 5 consists of 47.850 m3 per Width

Load 6 consists of 37.500 m3 per Width

Load 7 consists of 64.000 m3 per Width

Load & consists of 161.100 m3 per Width

Load 9 consists of 45.050 m3 per Width

Load 10 consists of 64.700 m3 per Width

Load 11 consists of 90.250 m3 per Width

Load 12 consists of 132.350 m3 per Width

Load 13 consists of 14.800 m3 per Width

Load 14 consists of 53.533 m3 per Width

The extra amount of soil to be added is 342 744 m3 per Width
This equals the found seftlements for non-uniform loads

Figure 6.7: Report window — Maintain Profile Calculation Results

6.2.7 Warnings and errors

Finally, if (non-fatal) warning/error messages were generated during the calculation and dis-
played in the Start Calculation window (section 5.4.4), they can be found in this section of the
report.

E]Report
O E = | WM Page [ of 8

5 Warnings and errors

List of non-fatal warnings and errors generated during calculation.

1 D-Settlement will incorporate submerging as a one-off load reduction at time zero, due to the limitations of
the Terzaghi model. Use the Darcy model for a gradual weight reduction of seil and loading during submerging

2 The Terzaghi model uses one consolidaticn coefficient for lcading/unloading. This can underestimate
residual settlements after unlcading. Switch to Darcy for, more accurate calculaticns of the consclidation stage.

3 Drained soil cannot be used in combination with dewatering of vertical drains.

End of Report

Figure 6.8: Report window — Warnings and errors
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6.3 Stresses in Geometry

Choose the Stresses in Geometry option in the Results menu to display the initial or final
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 Stresses in Geometry
tab in the Project Properties menuto change visibility settings. This window can also be
displayed by clicking the right-mouse button anywhere in the drawing and then choosing View
Preferences from the pop-up menu.

Use the Pan ©/and »| = # & buttons to select the visible part.

[¥] Stresses in Geometry

Wertical |1 =5
Edit )

kO
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>
Jén
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=

=

E
® 24176 v -3.050

Vertical 1 (X = 0.000 m; Z = 0.000 m)
Method = Isotache with Darcy (Natural strain)

Figure 6.9: Stresses in Geometry window

6.4 Dissipations

This option is available only if the Add dissipation calculation option in the Start Calculation
window was selected (section 5.4). Choose the Dissipations option in the Results menu
to display a graph of the average degree of consolidation versus the time, for a selected
layer.This graph can be used in combination with a stability analysis to estimate the allowed
loading speed.
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Figure 6.10: Dissipations window

On the right hand side of the window, D-SETTLEMENT shows a graphical representation of the
soil profile along the vertical.A layer name can be select from the drop down list to see the
results of the dissipation calculation for another layer. A new calculation must be performed
to see the dissipation results for another vertical (section 5.4).

Note: Click the right hand mouse button in the Dissipations graph and select the View Data
option to view all chart data, for convenient export to spread sheets.

Note: The effect of vertical drainage is taken care of in both consolidation models; however
the effect on the Dissipations graph is different:

¢ For Darcy model, a unit load calculation is performed taking into account the drains. By
implication, the degree of consolidation may exceed 100 % and be different from 100 %
at the end;

¢ For Terzaghi model, the leakage factor due to the drains is not directly applied in the
degree of consolidation formula but combined to the deformation formula as explained
in section 15.2.1. That’s why no effect of drains will be displayed on the Dissipations
graph.

Note: This dissipation graph can be used in combination with a stability analysis to estimate
the allowed loading speed. It is not possible to determine the effect of dissipation from each
load from the D-SETTLEMENT calculation. That is the reason why an extra calculation is made
to determine the dissipation curves. These curves are made using an uniform load with the
magnitude of the average load on the vertical (with a minimum value). For Terzaghi this is not
strictly necessary as in that case the dissipation curve is load independent. When creating the
D-GEo STABILITY file (section 6.10), for each load the dissipation starts at zero. When using
vertical drainage not starting at zero several calculations must be made and combined. For
example, for a calculation with start of vertical drainage at ¢ = 21 days, including loads at ¢ = 6,
t =15,1t =40 and ¢ = 60 days, the following steps should be followed:
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<& Fist, perform a dissipation calculation, where the vertical drainage starts at time ¢ = 0.
This graph can be used for the loads applied after the beginning of the vertical drainage
(i.e. loads at t = 40 and ¢ = 60 days).

¢ For loads applied before the beginning of the vertical drainage, a dissipation calculation
must be performed for each time:

O Using the example, for the load applied at ¢ = 6 days, a dissipation calculation
must be performed where the vertical drainage begins at time ¢ = 15 days.

O For the load applied at ¢ = 15 days, a dissipation calculation must be performed
where the vertical drainage begins at time ¢ = 6 days, etc.

<& Writing the D-GEO STABILITY file (section 6.10) must be done carefully, keeping an eye on
the times. The end time should always be the wished time minus the time of application.

¢ The settled D-GEO STABILITY geometry is found from the base D-SETTLEMENT calcula-
tion.

¢ Finally, the different adapted percentages should be combined in a D-GEO STABILITY
calculation.

6.5 Time-History

6.5.1

Choose the Time-History option in the Results menu to open the Time-History window. De-
pending on the selected consolidation model, the displayed window will be different:

<& Refer to section 6.5.1 for Terzaghi consolidation model;
¢ Refer to section 6.5.2 for Darcy consolidation model.

Time-History — Terzaghi
For Terzaghi consolidation, the Time-History window displays graphs of the settlement and
total loading versus time as shown in Figure 6.11.

Click with the right hand mouse button inside the graph, in order to view and copy the chart
data.

[8] Time-History ESE(ECE CX7)
v Shess G [ Deformation s I” FixSeftlement Axis | Vertical  [1 2] | mm | Depth[m] [0000F) >
Edit 2

00

Effective stress [kPa]
8

0 100 1000 10000,

Time [days]

1 3

0

Settlement [l
/.
.

08

10 100 1000 10000,

Vertical 1 (X = 50.000 m; Z = 0.000 m) Depth = 0.000 (-} [mi
Method = NEN - Bjerrum with Terzaghi Settlement after 10000 days = 0.416 [m]

Figure 6.11: Time-History window for Terzaghi consolidation

Stress Enable this checkbox to display the graph of loading in time.
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Deformation Enable this checkbox to display the graph of settlement in time.

Fix Settlement Axis  Enable this checkbox to fix the range of the vertical axis of the graph
of settlement whatever the selected time step.
Click this button to switch from logarithmic to linear scale or vice

o versa.

Vertical Type the vertical number that must be displayed or click the arrow-up
and arrow-down keys = to scroll through the available verticals.

Depth Select a depth from the drop-down list. When typing the first digit

of a desired depth, the next available depth starting with that digit is
displayed. Use the arrow-down keys to scroll through the available
depths.

Use the Pan “/and »| = # % buttons to select the visible part.

At surface level, D-SETTLEMENT will plot also green lines in case of multiple load steps. These
green lines indicate the predicted settlement that would occur if no further load steps were
applied.

Note: Click the right hand mouse button in the Time-History graph and select the View Data
option to view all chart data, for convenient export to spread sheets.

6.5.2 Time-History — Darcy

For the Darcy model, the Time-History window displays graphs of settlements and stresses
in time per vertical at a particular depth as shown in Figure 6.12.

[ Time-History Lol o s
s ¢ G @ R P R | Deformation S I™ FixSetllement dvis | Wettical |1 2] om | Depthim] [5400[)

Edit =

0.00

2

2

Effective stress [kPa]

2

10 100 1000 10000,

Time [days]

Setllement [m]
/
]/
i

&

008

)
s
0.10 e

0 100 1000 10000,

Vertical 1 (X = 0.000 m; Z = 0.000 m) Depth = 5.400 () [m]
Wethod = Isotache with Darcy (Natural strain) Settlement after 10000 days = 0.100 [l

Figure 6.12: Time-History window for Darcy consolidation

Stress Enable this checkbox to display in the top chart one of the six stress
types available.

) Click this button to display the effective stress in the top chart.

Ge

Click this button to display the loading in the top chart.
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® Click this button to display the hydraulic head in the top chart.

« Click this button to display the excess hydraulic head in the top chart.
P Click this button to display the pore pressure in the top chart.

R

Click this button to display the excess pore pressure in the top chart.

Deformation Enable this checkbox to display the graph of settlement in time in the
bottom chart.

Fix Settlement Axis  Enable this checkbox to fix the range of the vertical axis of the graph
of settlement whatever the selected time step.

Vertical Type the vertical number that must be displayed or click the arrow-up
and arrow-down keys = to scroll through the available verticals.
Click this button to switch from logarithmic to linear scale or vice

o versa.

Depth Select a depth from the drop-down list. When typing the first digit
of a desired depth, the next available depth starting with that digit is
displayed. Use the arrow-down keys to scroll through the available
depths.

Use the Pan “/and #| = # & buttons to select the visible part.

Note: Click the right hand mouse button in the Time-History graph and select the View Data
option to view all chart data, for convenient export to spread sheets.

Depth-History

The Depth-History window from the Results menu displays graphs of settlements and stresses
against the depth per vertical. Results displayed depend on the consolidation model:

¢ section 6.6.1 — For Terzaghi consolidation model, graphs of settlements and initial
and/or final stresses and preconsolidation pressure versus the depth per vertical are
displayed;

& section 6.6.2 — For Darcy consolidation model, graphs of settlements and stresses
against the depth per vertical at a particular time are displayed.

Depth-History — Terzaghi

For the Terzaghi consolidation model, the Depth-History window displays:

¢ Graphs of initial or/and final stresses (water, total and effective stresses) and precon-
solidation pressure versus the depth per vertical;

¢ Graph of settlements at a particular time or horizontal displacements in depthagainst
the depth per vertical.

The preconsolidation pressure distribution (red dotted line) corresponds to the initial precon-
solidation pressure: maximum between the inputted value (section 4.2) and the initial effective
stress. It is available only for NEN-Koppejan model. Depending on the selected option for
Preconsolidation pressure within a layer in the Calculation Options window (section 5.1), the
preconsolidation pressure distribution can vary: if the Constant option was selected, it is a
vertical line but if the Variable option was selected, it is parallel to the initial effective stress.
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Figure 6.13: Depth-History window for Terzaghi consolidation model

Stress Enable this checkbox to display the initial and/or final pore pressure,
total stress and effective stress in the left-hand chart.

Deformation Enable this checkbox to display the graph of settlement in time or the
graph of horizontal displacements in depth in the right-hand chart.

Vertical Type the vertical number that must be displayed or click the arrow-up
and arrow-down keys = to scroll through the available verticals.

Initial stress Enable this checkbox to display the graphs of the initial stresses (to-
tal, effective and water stresses) against the depth.

Final stress Enable this checkbox to display the graphs of the final stresses (total,
effective and water stresses) against the depth.

Time Select a time from the drop-down list to display the corresponding

Depth-Settlement graph. When typing the first digit of a desired time,
the next available time starting with that digit is displayed. Use the
arrow-down keys to scroll through the available depths.

Use the Pan Y/ and #| = # Y buttons to select the visible part.

Note: Click the right hand mouse button in the Depth-History graph and select the View Data
option to view all chart data, for convenient export to spread sheets.
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6.6.2 Depth-History — Darcy

For Darcy consolidation model, the Depth-History window displays graphs of settlements and
stresses against the depth per vertical at a particular time.

[8] Depth-History (=R >
Wsress ¢ G P R P R | W Deformation s Vetical |1 %] | Timeldays] [FEERERES

Edit 2 0
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2 w0 @ ® 000 00z 010 08 020 0z
Effective stress [Pa) Settlement [m]

Vertical 1 (X = 50.000 m; Z = 0.000 m) Time = 444 978[days]
Method = NEN - Bjerrum with Darcy

Figure 6.14: Depth-History window for Darcy consolidation model

Stress Enable this checkbox and then click one of the buttons @ & ©
QP Rl display respectively the effective stress, total stress,
hydraulic head, excess hydraulic head, pore pressure or excess pore
pressure in the left-hand chart.

Deformation Enable this checkbox to display the graph of settlement in time or the
graph of horizontal displacements in depth in the right-hand chart.

Vertical Type the vertical number that must be displayed or click the arrow-up
and arrow-down keys = to scroll through the available verticals.

Time Select a time from the drop-down list. When typing the first digit

of a desired time, the next available time starting with that digit is
displayed. Use the arrow-down keys to scroll through the available
depths.

Use the Pan “/and »| #| # 4 buttons to select the visible part.

Note: Click the right hand mouse button in the Depth-History graph and select the View Data
option to view all chart data, for convenient export to spread sheets.
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Residual Settlement

The Residual Settlement window shows the residual settlements until the end of calculation.
D-SETTLEMENT presents the values for residual settlements starting from different time points.
These different points were defined in the Calculation Times window (section 5.2).

¥ Residual Settlement =N en |

Yetical |1 $] | mm

Edit %

Residual settiement [

10 100 1000 10000

Time [days]

Vertical 1 (X = 50.000 m; Z = 0.000 m}
Method = NEN - Bierrum with Darcy

Figure 6.15: Residual Settlement window

Click the = button to switch from logarithmic to linear scale or vice versa.
Use the Pan “/and #| #| # & buttons to select the visible part.

Note: Click the right hand mouse button in the Residual Settlement graph and select the
View Data option to view all chart data, for convenient export to spread sheets.

Settled Geometry

The Settled Geometry option in the Results menu displays the settled geometry, drawn in
the original geometry. D-SETTLEMENT can only generate a settled geometry if verticals were
defined at all geometry points that are used in either a layer boundary or a non-uniform load.
The settled geometry can be drawn with an enlarge factor that can be defined in the Settled
Geometry tab of the Project Properties window (section 4.1.3). The display settings of this
window can be modified here. To do this, either choose the Properties option in the Project
menu, or click the right-mouse button anywhere in the drawing and choose View Preferences
from the pop-up menu.
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6.9 Write Settled Geometry

Figure 6.16: Settled Geometry window

Once a calculation has been made, the settled geometry can be saved. In that way, a standard
Deltares Geo-Tools geometry file can be created.

Enable the Add non-uniform loads as layer boundaries checkbox to save the inputted non-
uniform loads as layer boundaries. This is possible if:

¢ the volumetric mass of the load is positive;
¢ the non-uniform load is located above the surface.

Write Settled Geometry
* Time [days] |500
= Part of end settlerment [%] ID
Wertical |1 vl
v Add non-uniform loads as layer boundaries
v Add superelevation
Ok, I Cancel | Help |

Figure 6.17: Write Settled Geometry window

If the calculation was performed using the Maintain Profile option (section 5.1.2), it is possible
to enable the Add Superelevation checkbox to adapt the settled geometry with a supereleva-
tion load before writing it to file.

D-SETTLEMENT can only generate a settled geometry if verticals were defined at all geometry
points that are used in either a layer boundary or a non-uniform load.
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6.10 Write D-Geo Stability Input

Once a calculation has been made, D-SETTLEMENT is able to generate a D-GEO STABILITY
(formerly known as MStab) input file with settled geometry and with degrees of consolidation.
D-GEO STABILITY can then perform a slope stability analysis.

The output of the degree of consolidation requires that the Add dissipation calculation option
in the Start Calculation window is enabled (section 5.4.1).

Note: D-GEO STABILITY takes only the effect of non-uniform loads on the degree of consolida-
tion into account. The effect of other loading and the effect of underpressure in vertical drains
are not included.

The generation of a settled geometry requires the same conditions as for Write Settled Ge-
ometry (section 6.9).

Write D-Geo Stability Input File [==2a
@+ Time [days] |460
(" Part of end settlement 0
1

v Add non-uniform loads as layer boundaries

[v Add superelevation

Ok | Cancel | Help |

Figure 6.18: Write D-Geo Stability Input File window

Enable the Add non-uniform loads as layer boundaries checkbox to save the inputted non-
uniform loads as layer boundaries. This is possible if:

¢ the volumetric mass of the load is positive;
¢ the non-uniform load is located above the surface.

If the calculation was performed using the Maintain Profile option (section 5.1.2), it is possi-
ble to enable the Add Superelevation checkbox to adapt the settled geometry with a super-
elevation load before writing it to file.

D-SETTLEMENT will attach complete soil properties to non-uniform loads and layers, when they
are connected to a soil type in the database (section 4.2.1, section 4.6.1). While writing the
D-GEO STABILITY input file, D-SETTLEMENT will compare all materials and non-uniform loads
with the materials in the selected database. If a name matches with a material name in the
database, the soil properties are compared with the values in the database. If one of them
deviates, D-SETTLEMENT prompts if you want to replace the values by the values found in the
database.

Confirm @

'.o.' One or more soils in your database have deviant values of gamma. Do you want to use the database values?

Figure 6.19: Confirm window for replacement of database values
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Numbers between parentheses that were added to names of uniform loads while selecting
them from the database (section 4.6.1), are removed before the material names are written to
file.

Time-History (Reliability)

This option is available only if a reliability analysis with the FOSM or Monte Carlo method was
performed (section 5.4.2).

The Time-History (Reliability) window contains a graph of the mean value and the bandwidth
of the time dependent settlement, at the surface position of the previously selected vertical.
The bandwidth corresponds to a certain confidence interval. This interval can be viewed and
modified in the Confidence interval at the top of the window.

3] Time-History (Reliability) folre =]
W Bresi | Gl G [ Deformation S Confidence interval 7] [35.00 om
Edit 2
1
= I
< J
Too & | £ J[
£ [
. -1
Time (days]
+\L
E: I I
N
23
: g
Vertical 1 (X = 50.000 m; Z = 0.000 m)
Method = NEN - Bjerrum with Darcy - Wonte Cario

Figure 6.20: Time-History (Reliability) window

See section 6.5 for a description of the options that are shared with the regular Time-History
window.

Note: Click the right hand mouse button in the Time-History (Reliability) graph and select the
View Data option to view all chart data, for convenient export to spread sheets.

Influencing Factors (Reliability)

This option is available only if a reliability analysis with the FOSM orFORM method was
performed (section 5.4.2). The Influencing Factors (Reliability) window contains a diagram,
showing the relative sensitivity of the total settlement to variations of uncertain parameters.
Different diagrams are available for all the different times that were defined in the Calculation
Times window (section 5.2). Use the arrow-down key to scroll between the available time
points in the Time list, at the top of the Influencing factors window.

A reliability analysis with the FORM method will yield a similar diagram with influencing factors
for residual settlements. Different diagrams are available for residual settlements starting from
different time points. These points were defined in the Calculation Times window. You can
scroll between the available time points in the Time list, at the top of the Influencing factors
window.
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Figure 6.21: Influencing Factors (Reliability) window

6.13 Residual Settlements (Reliability)

This option is available only if a reliability analysis with the FORM or Monte Carlo method was
performed (section 5.4.2). The Residual Settlement (Reliability) window will contain a graph
of the mean value and the bandwidth of the residual settlement, together with a graph of the
reliability index () D-SETTLEMENT presents these values for residual settlements starting from
different time points. These different points were defined in the Calculation Times window
(section 5.2).

[ Residual Settlement (Reiability) fel= =

@ P |veicad [ 2] om | Confidenceinterval %] [FEID

Edit &

i
R

Residual settiement [m]

e

Time [days]

Reliability index [

Vertical 1 (X = 50.000 m; Z = 0.000 m) Alowed residual setiement = 0.15
Method = NEN - Blerrum with Darcy - Monte Carlo

Figure 6.22: Residual Settlement (Reliability) window

Note: Click the right hand mouse button in the Residual Settlement (Reliability) graph and
select the View Data option to view all chart data, for convenient export to spread sheets.
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7 Graphical Geometry Input

71

711

This chapter explains how to define the soil layers in a two-dimensional cross section by
drawing, using the shared Deltares Geo-Tools options for geometry modelling.

<& 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). See the MGeobase manual for a description of special features to create
cross-section geometry semi-automatically from CPT and/or boring records.

Geometrical objects

A Deltares Geo-Tools geometry can be built step-by-step through the repetitive use of sketch-
ing, geometry creation and geometry manipulation. Each step can be started by using line-
shaped construction elements (section 7.1.2) to add line drawings. After converting these
drawings to valid geometry parts, the specific geometry elements created can be manipu-
lated (section 7.1.1).

Geometry elements

A Deltares Geo-Tools geometry can be composed from the following geometry elements:

Points A point a basic geometry element defined by its co-ordinates. As
stated earlier, the geometry is restricted to two dimensions, allowing
to define X and Y 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

groundwater level) is used to mark the border between saturated and
unsaturated 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: 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
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parts will be shown as construction elements (thick blue lines).

Construction elements

Besides the Deltares Geo-Tools geometry elements (section 7.1.1), special construction el-
ements can also beused 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 consists of a starting point and end point, both defined by a
left-hand mouse click in the graphic input screen.

Polylines A polyline consists of a series of connected lines, all defined 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 polylines, see section 7.4.

Assumptions and restrictions

During geometrical modelling, 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
XT[z+1] = X[¢] 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
XT[z+1] > X[i] must be valid for each following pair of X co-ordinates (no vertical
parts allowed).

00 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

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.

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
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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 cur-
rent 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 (section 4.1.3).

B viewoput ElolEs

Geometry . Input " TopView

Edt 2 B D i v R B R 8 0 IR B B BB B OB B8 TR 2R B T

Materials

[ sand clayey

[ Clay very sity
[ sand

[ Clay sity
777777777777777777777777777 [ clay moderately sity

L [ Clay sightty peaty
w I Feat
and clayey’ [ Peistocens

Clay very silty

Clay sty

Clay moderately silty

Clay STghtly peaty’

Pleistocene

-75.000 75.000

80328 Edit Cunent obiect: None

Figure 7.1: View Input window, Geometry tab

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 reselecting 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

Select and Edit mode

In this mode, the left-hand mouse button can be used to graphically select a previ-
ously 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.

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 line(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 polylines. 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 polyline and activates the “rubber
band” for the second line in the polyline. Every subsequent left-hand mouse click
again defines a new end point of the next line in the polyline. It is possible to end
a polyline 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.

Pan

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

Zoom in

Click this button to enlarge the drawing, and then click the part of the drawing
which is to be at the centre of the new image. Repeat if necessary.

Zoom out

Click this button, and 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.

Add vertical

Click this button to graphically define the position of a vertical.
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Add non-uniform load

Click this button to display a window in which it is possible to add, modify or delete
non-uniform loads per unit of area.

Add other load

Click this button to display a window in which it is possible to add, modify or delete
trapezoidal, circular, rectangular or uniform loads.

Convert geometry to 1D

Click this button to convert geometry to 1D.

Measure the distance and slope 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 and the slope between the two points
can be read beside the second point. To turn this option off, click the escape key.
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 geom-
etry 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 geome-
try, because validity will be checked continuously.

Redo

Click this button to redo the previous Undo action

Undo
Click this button to undo the last change(s) made to the geometry

Delete

Click this button to delete a selected element.

NOTE: This button is only available when an element is selected.
Previous stage

Click this button to view the previous stage in the sequence of loading.

Next stage
Click this button to view the next stage in the sequence of loading.
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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 checkbox in the View Input tab of the
Project Properties window is activated (see section 4.1.3).
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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 Numbers

Material Names

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 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 (see Figure 7.2).

<& 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).

114 of 290 Deltares



Graphical Geometry Input

B view ot Colol=s

Geamety " Input | TopView
Edit 2 crvlbitorrd e o

129020 120 B P 008 B B8R R B0 TR R

m‘"‘ Materials
[ 3.sand clayey
[ 4 ciay very sity
[] 9.sand
== [ s clay sity
= S S [ 6. clay moderately sity
o L [ 7 Clay siighty peaty
I SN ol

i 3

[ 2 Peistocene

= -75.000 75.000
[E]
% 51.078 ¥, z&7 Edit Curtent obiect: None

Figure 7.4: View Input window, Geometry tab (legend displayed as Material Numbers)

& 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 7.1).

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 7.5 is displayed.

Properties...

Material Colors...

Layer Numbers
Material Numbers

v Material Names

Figure 7.5: Legend, Context menu (for legend displayed as Materials)

When selecting Material Colors the Color window appears (Figure 7.6), 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 7.6: Color window

7.4 Geometry modelling

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 3.1).

In both cases, the Geometry tab of the View Input window is displayed (Figure 7.7) with the
default limits of the geometry (from 0 to 100 m).
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Figure 7.7: 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 7.8), enabling to define the new X co-ordinate for this
limit.

Right Limit (==3a]
Lirvit &t right ide: [m] |75.000

Cancel |

Figure 7.8: 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 below for more information on how to use
these 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 7.9).

Figure 7.9: 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 (section 7.5.3).

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 (section 4.1.3). 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
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Figure 7.10.

(1) (2) (3)

Figure 7.10: 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 =

Use this button to add extra points to lines (lines, polylines, boundary lines, PL-lines). By
adding a point to a ling, the existing line is split into two new lines. This provides more freedom
when modifying the geometry.

For example, the shape of the berm of Figure 7.11 (1) needs to be modified. Two points
are added to the outer lines of the berm as shown in Figure 7.11 (2). Then, the middle
point is selected and dragged to the position that completes the new geometry as shown in
Figure 7.11 (3).

(1) (@) (3)

Figure 7.11: Modification of the shape of a berm

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 7.20 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
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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 polyline
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.

l/

(1) (@)

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 button Add PL-line(s) =!to add PL-lines. When adding a PL-line,
D-SETTLEMENT 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.
Accuracy
The program draws a circular selection area around the mouse pointer. If the element falls

within this circle, it will be selected when click the left-hand mouse button is clicked (Fig-
ure 7.13).

Deltares 119 of 290



D-SETTLEMENT, User Manual

Mo =zelection line zelected

Figure 7.13: Selection accuracy as area around cursor

The Selection accuracy determines the required distance between the mouse pointer and the
geometrical element for selection. It is possible to use the Properties option in the Project
menu to modify the accuracy (section 4.1.3). This is defined in percentages of the screen
size and its default value is 2%. If a larger percentage is defined, this increases the selection
area. However, if the percentage is set to a relatively high value, the accuracy required for
the selection of certain geometry items may be inaccurate. In other words, it will most likely
result in too many ‘ambiguous’ selections (see the following section), or will make it difficult to
perform an intentionally empty selection.

Ambiguous selection

A selection of geometrical elements can be ambiguous. Figure 7.14 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-SETTLEMENT does not automatically select an element.

"

-" -

Figure 7.14: Selection accuracy as area around cursor

In this case D-SETTLEMENT requires the user to assign the element that is to be selected by
displaying a pop-up menu (Figure 7.15) with the available types of elements within the range
of the selection click. It is possible to select the element from this menu.

Select Boundary 3
Select Boundary 4
Select Boundary 5
Select Boundary Line

Figure 7.15: 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.
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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 7.16.

Before After

Figure 7.16: 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 7.17. It then
inserts a new boundary that reconnects the remaining boundary lines to a new boundary.

Before After

Figure 7.17: 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 7.18. 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.

Before After

Figure 7.18: Example of deletion of a line

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. Right mousse button
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When the Select mode is active and the right-hand mouse button is clicked, the pop-up menu
of Figure 7.19 is displayed.

Properties...

Delete Del

Undo Ctri+Z

Redo Ctrl+Y
View Preferences...

Statistics

Layer Properties...

Delete All Loose Lines

Delete All Loose Points

Figure 7.19: Pop-up menu for right-hand mouse menu (Select mode)

Properties...

Delete
Undo
Redo

View Preferences

Statistics

Layer Properties...

Delete All Loose
Lines

Delete All Loose
Points
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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 7.21 to Figure 7.24 below.

This option deletes the element that has been selected (see the com-
ments for the Delete button in section 7.5.2).

This option will undo the last change(s) made to the geometry.

This option will redo the previous Undo action.

This option opens the Properties dialog in the Project menu as dis-
played in.

It is possible to use this option to view a window displaying all the
vital statistics of the input data.

NOTE: In the window construction lines are called free lines.

This option is a special feature that edits the material properties of
layers. It is possible to click anywhere in a layer and directly choose
this option to edit its properties (Figure 7.20). Clicking outside the ge-
ometry layers will display the menu with the Layer Properties option
disabled, as there is no layer for which properties can be displayed.
This option will delete all loose lines. Loose lines are actually con-
struction lines that are not part of the boundaries or PL-lines (there-
fore, 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.

This option will delete all loose points.
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= =
Material type - [ELIEEIIT ~
Information on current material bype

Uit weight, dry [kM/m3] 14.00
Uit weight, wet [kM/m3] 14.00

113 | Cancel |

Figure 7.20: Layer window (Property editor of a layer)

Point17 (=25

¥ coordinate: [m] 100.000
Z corordinate [rm] -1.000
Y co-ardinate [re] 0.000

]9 | Cancel |

Figure 7.21: Point window (Property editor of a point)

E] Boundary 2 @
juu |
e Pairt # Co-ordinate | £ Co-ordinate
3 Mumber [rm] [rn]
i
3N ] 0.000 0.000
Ll ) 10 3093 0033
3 3 4.000 -1.000
4 11 E.421 -0.193
5 12 12767 -0.383
[ 13 45570 -1.367
7 g 100.000 -2.000
jj *
Cancel | Help |

Figure 7.22: Boundary window (Property editor of a polyline)

Boundary Line 8 @

Paint &

¥ coordingte  [m] |14.000
Zcoordinate  [ma] |-1.000

Deltares

Paint 13
¥ coordinate  [m] |45.570
Zco-ordinate [m] |-1.367
Length [m] |31.672
Slope [%] 1.2

Cancel |

Figure 7.23: Boundary window (Property editor of a line)
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[ PL-Line2 (==
a
S Paint # Co-ordinate | 2 Co-ordinate
3 MNurmber [m] [m]
ri
M1 1E 0.000 0.000
I 2 17 100.000 -1.000
*

Cancel | Help |

Figure 7.24: 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 Y 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 7.25: when the selected point is moved upwards, a new
geometry will be created. D-SETTLEMENT creates new layers according to this new geometry.

B ._/ e

Before After

Figure 7.25: Example of dragging of a point

Working With 1D Geometries

D-SETTLEMENT is primarily intended for working with 2D geometries. However, a special input
window is available for editing 1D geometries, graphically, or by means of a table where levels,
material names and a phreatic level can be edited.

Creating a 1D Geometry

D-SETTLEMENT will always start from a new or existing 2D geometry. Therefore, choose the
New option from the File menu to create a new empty geometry, or open an existing 2D
geometry and then convert it into a 1D geometry as explained in the paragraph below (sec-
tion 7.6.2).
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7.6.2 Converting a 2D Geometry into a 1D Geometry

7.6.3

There are three ways of converting 2D geometry into 1D geometry.

The first one is common for new geometries. The first option is to simply change the model
from 2D from 1D. In the Project menu, open the Model dialog and select 1D for the input
option Dimension (section 4.1.1). After this option is selected, an input window opens that
allows entering the x co-ordinate of the location where the 1D geometry should be derived
from. Either enter this co-ordinate manually, or select an x co-ordinate by choosing one of the
verticals that are listed in the input window.Before the conversion takes place, D-SETTLEMENT
prompts if the user really wants to continue.

Note: 1D geometry contains less information than a 2D geometry, and therefore conversion
nearly always implies a loss of data.

2D-1D Conversion Location @

¥ co-ordinate Wertical

£7.000 1 [ =-25.000)
2 [ =0.000)
3 [ =35.000)
4 [+ = 50.000

6 [x =103.000)
7 (% =128.000)

u] | Cancel | Help

Figure 7.26: 2D-1D Conversion Location window

There are two other ways of converting a 2D geometry into 1D geometry. For both of them
you need to graphically indicate the location where the conversion must take place.

<& One way of indicating this location is by pressing the Convert geometry to 1D button in
the View Input window, and clicking the location in the graphical representation of the
geometry.

¢ The other way is selecting a vertical by mouse and choosing the Convert geometry to
1D item from the popup menu that appears when right clicking the input window.

The 1D Geometry Input Window

The 1D Geometry window enables to edit the 1D geometry, either by dragging lines by mouse,
or by editing data from a table.
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L. ESREcE
Edit E — Ze Top Material
- - level
—] El‘p: [m]
G 47 ] (1 1830 Clay
’ i E N 2150 Peat
3 -7.600 | Sand [Pleistocene]
&L |
B *
rﬂ —
Tools 2 =
e —|
—H]_
-157
= a Bottom level [m] [-15.000
Phrsatic level
W Defne phieaticlevel (ml [2200 | ‘
Edit

Figure 7.27: 1D Geometry window

i S Add, insert or delete layers by pressing the corresponding buttons on the left side
of the table. Top levels can be edited for all layers. For the bottom layer, the bottom level can
be edited as well. Graphically changing the data is possible by dragging layer boundaries and
the phreatic level, if present, and by splitting a layer into two layers by clicking on it after you
have pressed the Add boundary button on the toolbar.

126 of 290 Deltares



8.1

Tutorial 1: Building site preparation

This first tutorial illustrates the execution of a simple settlement analysis with loading and
partial unloading. The NEN-Bjerrum soil model is used, in combination with two different
consolidation models.

The objectives of this exercise are:

< to learn how to define:
O layers and their properties,
0 an initial hydraulic pore pressure distribution,
8@ non-uniform loads;
¢ to learn how to determine the total and residual settlement of consolidating soft soil by
loading and partial unloading;
< toillustrate the behaviour of the NEN-Bjerrum isotache model for loading and unloading;
< toillustrate the differences between the Darcy and Terzaghi consolidation model.

For this example, the following D-SETTLEMENT modules are needed:

¢ D-SETTLEMENT Standard module (1D)
& 2D Geometry module
<& Darcy module

This tutorial is presented in the files Tutorial-1a.sli to Tutorial-1e.sli.

Introduction

A soft soil site has to be prepared for further residential construction activities, by adding a
sand layer on top with a height of 1 meter. The subsoil consists of approximately 6 meters of
overconsolidated clay on stiff sand. The available time for the construction preparation stage
is 200 days. The construction activities thereafter will take 400 additional days. The maximum
value for the allowed residual settlements in the period from 600 days to 10000 days is 10 cm.
The thick layer of low permeable clay will consolidate slowly. Vertical drains are however not
allowed along the full depth, because the clay layer must keep the sand aquifer sealed. A
temporary additional loading of 1 m sand is therefore applied until 200 days, to reduce the
residual settlement.

The position of layers and loads is shown in Figure 8.1. The initial surface is located at

reference level. The phreatic level is located half a meter below the surface level. The value
of the piezometric level in the pleistocene sand layer is at the surface level.
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Temporary load (0 < t < 200 days) m

Load 1 = sand 7—GLom (PL-line 2)

= (PL-line 1)-0.5m

Clay sandy

7—sm

Clay organic

-5.5m
\ Clay sandy N/__6m /

Sand

Figure 8.1: Layers and loading (Tutorial 1)

The parameters of the three soil types are given in Table 8.1.

Table 8.1: Soil type properties (Tutorial 1)

Sand Clay Clay
Organic | Sandy

Saturated unit weight Yeat [kN/m3] | 20 14 16
Unsaturated unit weight Yunsat [kN/m°] | 18 14 16
Overconsolidation Ratio OCR [kPa] 1 2.69 1.66
Coefficient of consolidation | ¢, [m?/s] | Drained | 4 x 10°% | 107°
Reloading/ Swelling ratio RR=C,/(1+¢eg) | [] 0.0001 | 0.03 0.0125
Compression ratio CR=C.(1+e9) | [] 0.0023 | 0.23 0.15
Coeff. of secondary comp. Co [ 0 0.02 0.007

8.2 Project

8.2.1 Create New Project

Follow the steps below to start the creation of the geometry displayed in Figure 3.1:

1. Start D-SETTLEMENT from the Windows taskbar (Start/Programs/Deltares Systems/
D-SETTLEMENT/D-SETTLEMENT).

2. Click File on the D-SETTLEMENT menu bar, and choose New.

3. Select New geometry and click OK.

New File (23]

Geometry

™ New geometry wizard

" Import geometry

u] | Cancel | Help |

Figure 8.2: New File window

The View Input window will appear, with an empty initial geometry (Figure 8.3).
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0.000 100.000

E
% 41.408 1407 Edit (Cunert object: None

Figure 8.3: View Input window

4. Click Save as in the File menu.
5. Enter <Tutorial-1a> as file name.
6. Click Save.

8.2.2 Project Properties

To give the project a meaningful description, follow the steps described below:

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

8. Fillin <Tutorial 1 for D-SETTLEMENT > and <Building site preparation> for Title 1 and Title
2 respectively in the Identification tab (Figure 8.4).

In the View Input tab, some default values are modified:

9. In the View Input tab, mark the Points checkbox of the Labels sub-window to display the
point’s number and select the option As material names of the Layers sub-window to dis-
play the name of the layers. Also mark the Snap to grid checkbox and decrease the Grid
distance from 1 m to <0.5 m> to make easier the graphical defining the layer boundaries
(Figure 8.5), see also section 8.3.

10. Click OK.

Deltares 129 of 290



8.3

8.3.1

D-SETTLEMENT, User Manual

Project Properties @

Identification |View|nput | Stiesses in Geometry | Settled Geomety |

Title 1 |Tutorial1 far D-Settlement

Title & |Building site preparation

THe3 |

Date 124452010 IV Use current date
Dirawn by

Project 1D |

Annex D

[~ Save as default oK | Cancel Help

Figure 8.4: Project Properties window, Identification tab

Project Properties @
|dentification  iews Input | Strezzes in Geometry | Settled Geometry |
Dizplay
[v Info bar [v Layer colors [~ Large cursor  |w Loads
[v Legend [~ Same scale for % and y axis v Verticals
v Rulers [~ Same scale for x and z axis | Points
[v Origin
Labelz Lavers Grid
v s ® ol hgmbem v Showaid W Shaptogrid
™ Az material numbers
A {+ Az material names Grid distance  [m] ’W
v Werticals
v Layers Selection
Accuracy [%] W
[~ Save as default ’Tl Cancel | Help |

Figure 8.5: Project Properties window, View Input tab

See section 4.1.3 for a detailed description of this window.

Geometry

Layer boundaries

Layer boundaries need to be defined first. These boundaries have to run from the left to the
right geometry limits. A combined graphical and numerical input will be used, as an alternative
to fully numerical input of points and lines.

First the assignment of soil material to boundary lines must be deactivated, via the Geometry
tab of the View Input window:

11. Click the Automatic regeneration of geometry on/off button = in the Tools panel on the left
hand side.
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Then the layer boundaries are added graphically at their approximate positions:

12.

13.
14.

Click on the Add single line(s) button «*| in the Edit panel on the left hand side, and add
the top and bottom lines respectively at approximate positions 0 and -11 meters using
the cursor. Locate the cursor position outside the geometrical limits (the black vertical
lines) when defining the start and end point of each line by clicking, in order to enforce the
horizontal co-ordinates of these end points exactly at the geometry limits.

Click the Zoom limits button “/ of the Tools panel to enlarge the drawing.

Add the intermediate boundaries respectively at the following approximate positions: -6,
-5.5 and then -1.5 meters, as explained in step 12.

8.3.2 Piezometric lines

As previously for the layer boundaries, the piezometric lines are added graphically at their
approximate positions, via the Geometry tab of the View Input window:

15.

Click on the Add pl-line(s) button =!in the Edit panel, and add two piezometric level lines
from the left to the right respectively at the approximate positions: -0.5 and 0 meters below
surface level.

The geometry given in Figure 8.6 should appear.

16.

17.

18.

Bl view et [
Geometrp | Input | TopView
Edit 2 Fhinnnnnnn Honnnnnn [Binnnnnn B, Efhnnnnnnn [fnnnnnnn Etfhnnnnnnn [0 nnnnn (Bhnnnnnnn Einnnnnnn Fhnnnnnnn [fthnnnnd m|

|h ‘h “A ‘E ‘A
N ERRR R I AR R AR AT I

I
L

&

]
i
L

o

3] o

- E L
LAY AT AR AR AN CARRRAT IO

0.000 100.000

(A

. 21,500 . 1500 /Add pHine(s) Cunent bject: None.

Figure 8.6: View Input window, after input of single lines and piezometric lines

Click the Automatic regeneration of geometry on/off button &l to generate soil layers be-
tween the boundaries.

Click Geometry on the menu bar and choose Points. Adjust the displayed approximate
vertical values of the graphically created points to their exact values (Figure 8.7).

Click OK to confirm.
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[ Points ]
3
E ¥ Co-ordinate ¥ Co-ordinate
[rn] [rn]
E'IF L3Nl 0.000 0.000
BN 100000 0.000
3 0.000 -1.500
4 100.000 -1.500
g 0.000 -5.500
[ 100.000 -5.500
7 0.000 -6.000
T 5] 100.000 -6.000
0.000 -11.000
0 100.000 -11.000
1 0.000 -0.500
2 100.000 -0.500
3 0.000 0,000
4 100.000 0.000
*
Cancel ‘ Help ‘

Figure 8.7: Points window

8.3.3 Phreatic Line

19. Click Geometry on the menu bar, and choose Phreatic Line. Note that D-SETTLEMENT
assumes the location of the phreatic line by default at the first defined piezometric level.

Phreatic Line @
Select the PlLine [by

nurmber] which acts az 1
1Y -
phreatic line:

Cancel | Help |

Figure 8.8: Phreatic Line window

8.3.4 PL-lines per Layer

20. Click Geometry on the menu bar, and choose PL-lines per Layer.
21. Enter the PL-line numbers (1 for the phreatic line and 2 for the piezometric level in the
sand layer) at the top and the bottom of the different layers. The piezometric level will

vary linearly in the organic clay layer, due to its relatively low permeability compared to the
surrounding sandy clay layers.
22. Click OK to confirm.

E] PL-lines per Layer @
Layer PL-line PL-line
Mumber at top at bottom
4 1 1
g 1 2
o | F 2 2 2
= 1 2 2

ok | Cancel | Help |

Figure 8.9: PL-lines per Layer window

See section 4.3 and chapter 7 for a detailed description of geometry input.

8.4 Soil types and properties

23. Choose Materials from the Soil menu to open the Materials window.
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24. Select Soft Clay in the material list at the left hand of the window. Click Rename and
change Soft Clay into <Clay Organic>. Enter the soil properties according to Table 8.1.
Click the Compression tab and the Consolidation and unit weight tab to switch between
the input screens of the corresponding parameters.

25. Select Sand and mark the Drained checkbox. Enter the soil properties according to Ta-

ble 8.1.

26. Select Medium Clay and rename it into <Clay Sandy>. Enter the soil properties according
to Table 8.1. The final input for Clay Sandy is presented in Figure 8.10.
27. Delete the unused default soil types, using the =] button.

Materials

b aterial name
Clay Organic

Sand

Add Inzert

Delete | Rename

[ Drained
Consolidation and unit weight | Compression |

Total unit weight

Above phreatic level [kMAme] |16.00

Below phreatic level [kMAme] |16.00

Storage

f* Wertical conzolidation coefficient

" Constant permeability

™ Strain dependent permeability

Yertical consolidation coefficient [Cv) [meds] |1.00E-08
1.000E+15
B7EVE-OF

ok | Cancel | Help |

Figure 8.10: Materials window, Consolidation and unit weight tab for Clay Sandy

Materials

b aterial name
Clay Organic

Sand

Add Insert

Delete | Rename

[~ Drained

Consolidation and unit weight  Compression |

" Preconsolidation pressure [Op) [kM ]

" Pre-overburden pregsure [POF) [kM /]

{*' Owerconsolidation ratio [OCR] [-] |1.68

™ Eguivalent age [daps] |2 11E+04
Input mode

* Compression ratio ¢ Compression index
Reloading/sweling ratio [RR] [ (0.0125000
Compression ratio [CR] [ (0.1500000
Coefficiert of secondary compression (Ca) [ |0.0070000

0k | Cancel | Help |

Figure 8.11: Materials window, Compression tab for Clay Sandy
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28. Click OK to confirm.

Note: No consolidation coefficient value is required if completely drained behavior is as-

sumed.

Note: Itis possible to import soil properties from the MGeoBase database, see section 4.2.1.

To this end MGeoBase has to be installed.

See section 4.2 for a detailed description of this window.

8.5 Layers

29. Choose Layers from the Geometry menu to open the Layers window.
30. Click the Materials tab and attach the added soil types to the previously generated layers,
using the | button: <Clay Sandy> to layer <4> and <2>, <Clay Organic> to layer

<3> and <Sand> to layer <1>.

31. Click OK to confirm.

Layers (S
Boundaries Materials |
Available materialz Layers
Marne MHumber | Material name |
| | Clay Organic |4 Clay Sandy
Clay Sandy e Clay Organic
» 2 Clay Sandy
@i [Sand
ak | Cancel | Help |

Figure 8.12: Layers window, Materials tab

See section 4.3.12 for a detailed description of this window.
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8.6 Loads

The self-weight of the added sand layer is modeled as a non-uniform load.

32. From the Loads menu, choose Non-Uniform Loads to open the input window.

33. In the Load name sub-window, click Add and rename the new load to <Sand layer>.
Enter the values for the first load as displayed in Figure 8.13.

34. Repeat this for the second load named <Temporary load>. Note that the temporary effect
of this load is modeled by input of an End time. Also note that the second load starts from
the defined position of the first load.

35. Click OK to confirm.

E] MNon-Uniform Loads @
Load pame I Iritial load
Time [daps] |0
Sequence of loading [112
v Endtime [days] |200

Total unit weight

Above phreatic level [kM#m=] |17.00
Below phreatic level [kM/m=] |19.00

[t |

0

= # co-ordinate [m] Y coordinate [m]

El

CHl 0.000 1.000

g}* Fl2 0.000 2.000
3 100.000 2.000
4 100.000 1.000

*

Add Insert | «

Delete | Rename| +

Generate... [n] 4 | Cancel | Help

Figure 8.13: Non-Uniform Loads window

The defined loads are depicted in the Input tab of the View Input window (Figure 8.14). The
sequence of loading can be viewed by clicking the arrows in the Stage panel.
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j 4] o
% 0.000 100.000
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Figure 8.14: View Input window, Input tab

See section 4.6.1 for a detailed description of this window.

8.7 Verticals

D-SETTLEMENT determines time-dependent settlements along one or more user-defined verti-
cals. In this case (uniform loading) it is sufficient to define one vertical at the centre.

36. Choose Verticals from the GeoObjects menu to open the input window.

E]\l"erticals @
:Q‘E .
; deeinstelli] Z co-ordinate [m] [0.000
Gl il 50.000 Discretisation  [] |100
}g *

Automatic generation » co-ordinates

@ * Nodez ¢ |nterval

First (m) [oooo
Last (m) [100.000
—

Generate
u] | Cancel | Help |

Figure 8.15: Verticals window

37. Enter the X co-ordinate <50>.
38. Click OK to confirm.

The defined vertical is displayed together with the defined loads in the Input tab of the View
Input window.
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See section 4.4.1 for a detailed description of this window.

8.8 Calculation

8.8.1 Calculation Options
39. Choose Options from the Calculation menu.
40. Inthe Calculation Options window, mark the Output of settlements by partial loading check-
box.
41. Click OK to confirm.
Calculation Options @
End of settlement calculation [days] |10000 Cieep rate reference time  [days] 1.000
Stress distribution
Sail Buisman - I~ Imaginary surface |E|ay Sandy J
Loads Mone - [v Subrmerging [only for soil weight and non-uniform loads)
Load colummn width
[~ Maintain profile Mor-uniform loads [m] |1.00
Superelevation Trapeziform loads [r] |1.00
Total unit weight
Iteration stop criteria
li -
Submerging [rm] |@10
Minimum settlement for submerging  [m] |0.000
M awirnum iteration steps for submerging |1
v iOutput of settlements by parial lnading [green lines) §
Ok | Cancel | Help
Figure 8.16: Calculation Options window
See section 5.1 for a detailed description of this window.
8.8.2 Calculation Times

Tabular output of the intermediate and residual settlement in the Report, together with the
graphical output of the residual settlement, will be displayed in user defined time points only.

42.
43.

Choose Times from the Calculation menu.
In the Calculation Times window enter the times according to Figure 8.17, using the Add
row button.

44. Click OK to confirm.
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E] Calculation Times @
:_€ Time[days] [
= 1 1
3 2 10
Gl HE 100

4 300
e 5 600
B 700
7 300
g 1500
9 3000
10 5000
F11 10000
*
akK | Cancel Help |

Figure 8.17: Calculation Times window

See section 5.2 for a detailed description of this window.

8.8.3 Start Calculation

The calculation can now be started.

45. Choose Start from the Calculation menu or press the function key F9.

46. Mark the checkbox Add dissipation calculation to generate dissipation graphs (average
degree of consolidation versus time) for the different layers.

47. Click Start to perform the calculation.

Start Calculation @

Dissipation

Wertical 1: 50,000 m -

Calculation progress

0%

Options. .. | Start | LClose | Help

Figure 8.18: Start Calculation window

8.9 Results basic analysis (Tutorial-1a)

Results can be viewed from the Results menu, after the calculation has finished. The following
selected results will be presented hereafter:

& Time-History curve (section 8.9.1). Graphs of settlement and/or different stress com-
ponents versus time.

& Depth-History curve (section 8.9.2). Graphs of settlement and/or different stress com-
ponents along verticals.

O Residual Settlement (section 8.9.3). Graph of remaining settlements until the end time
versus the start time of measurement.
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See chapter 6 for a description of all available results.

8.9.1 Time-History

48. Choose the Time-History option in the Results menu. The graphs of effective stress versus
time and settlement versus time are now displayed at the surface level. The green line
indicates the virtual settlements that would occur after a certain loading stage, if no further
loading or unloading would have been applied.

[8] Time-History (=) o <)
Vimes g G @ P R |V Defomation S [ Fix Settlement &xis | Wertical |1 4| | mm | Depthm] |0000(] =

Edit &

00

Tool: %
3 20

g
Effective stress [kPa]

20

1 0 100 1000 10000
Time [days]

Setilement i

1 ] 0 100 10000

Vertical 1 (= 50.000 m; Z = 0.000 m) Depth = 0.000 (-) [m]
Method = NEN - Bjerrum with Darcy Settlement after 10000 days = 0.343 [m]

Figure 8.19: Time-History window, Effective stress and Settlement at surface level

49. Click the right-hand mouse button in the Settlement graph and select View Data, to view
the numerical data in the Chart Data window (Figure 8.22). This numerical data can also be
copied for usage in for example spreadsheets. The predicted residual settlement between
600 days and 10000 days is 0.343 — 0.257 = 0.086 m.

3] chart Data (23]
Effective stress  Settlement |
Time [days] | Settlement [m] | -
| |58 44493 0.252
59 508.55 0.254
[=11] 588.61 0.257
Bl E29.42 0.260
B2 916.36 0.263
E3 976.20 0.268
B4 1177.48 0.273
E5S 1430.93 0.278
EE 1750.09 0.284
E7 2151.97 0.291
B8 2E58.03 0.298
B9 3295.26 0.305
70 40597.68 0312
il 5108.09 0320 |-
72 E380.42 0328 |-
73 795256 0.335
74 10000.00 0343 -

Figure 8.20: Chart Data window, Surface settlement versus Time

50. Click the Excess hydraulic head icon ®| and change the Depth to <<3.5 m>. The excess
head at the centre of the layer Clay Organic reduces quite quickly in time during the first
stage of loading, as the Darcy model automatically uses a smaller effective consolidation
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coefficient below the preconsolidation stress, compared to the input value for virgin loading.
The effect of unloading on the excess head is clearly visible.

B Time-fistory oo =)
vsess ¢ G @@ P B |V Deformation S [~ FixSetilement Axis | Vettical  [1 2] mm | Depth[m] [
Edit 2
200
- \_\\
E -
£ 20 T
Tool: & | &
e E
=
@ 190
2
& L
——
0.00 e
1 10 100 1000 10000
Time [days]
000
—
o —
—-___\_\
—
= T
c \
£ T
S o
2 L
3 \
008
~i
.
-
.10
1 10 100 1000 10000
Vertical 1 (X = 50.000 m; Z = 0.000 m) Depth = 3.500 (-) [m]
Meihod = NEN - Bierrum with Darcy Settlement after 10000 days = 0.100 m]

Figure 8.21: Time-History window, Excess hydraulic head at depth 3.5 m

51. Try selecting different stress components at different depths. The development of effective
stress in the drained sand layer for example, shows the effect of the submerging of the top
layer due to settlement in time, leading to a gradually reducing effective weight.

[3) Time-tistory ===
Voaress g G @ R P R | Defomation s [ FixSettlement Axis | Wertical |1 4| | om | Depthm] EIOGIEN -

Edit &

%

:

Tool: &

g
Effective stress [kPa]
a p

:

1 10 100 1000 10000
Time [days]

0.00248

Setilement [

1 10 0 1000 10000

Vetical 1 (X = 50.000 m; Z = 0.000 m) Depth = 6:000 (-) [m]
Method = NEN - Bjerrum with Darcy Settlement after 10000 days = 0.002 [m]

Figure 8.22: Time-History window, Effective stress in the drained pleistocene sand, grad-
ually decreasing by submerging of the top layer

8.9.2 Depth-History

52. Choose the Depth-History option in the Results menu. Select different stress components
and browse through the stress distribution at different times by using the mouse scroll
wheel, after clicking the Depth selection box. Figure 8.23 shows for example the excess
head distribution before and directly after unloading at time is 200 days. Try also selecting
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different stress components at different times. D-SETTLEMENT always plots the values along
the depth at their original location. The hydrostatic pore pressure contribution at a certain
location will therefore increase by the settlement of that location.

[8] Depth-History [E=S/ECE (=
W stess GG P R P R Defomalon Veical [1 % 200100
Edit £
< lay Sandy
Tools 2 T
B lay Organ

lay Sandy

Depth (m]

EY EY) 05 00
Excess hydraulic head [m]

Vertical 1 (X = 50.000 m; Z = 0.000 m) Time = 200.100(days]
Wethod = NEN - Bjerrum with Darcy

Figure 8.23: Depth-History window, Excess head before and after unloading

8.9.3 Residual Settlement

53. Choose the Residual Settlement option in the Results menu. D-SETTLEMENT will present
a graph with the settlement between a certain start time and the end time of the analysis
(10000 days).

3] Residual Settlement [E=E|ECR [~
veical [ 2] | om

Edit &

00

Took

01

Residual settlement [r]

1 0 100 1000 10000
Time [days]

Vertical 1 (X = 50.000 m; Z = 0,000 m}
Method = NEN - Bjerrum with Darcy

Figure 8.24: Residual Settlement window
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8.10 Influence of submerging (Tutorial-1b)

54. Choose Save as from the File menu, and create a copy of the input file with name <Tutorial-
1b>.

55. Choose Options from the Calculation menu, and unmark the Submerging option.

56. Click OK to confirm.

Calculation Options @

End of settlement calculation  [days] |10000 Creep rate reference time  [days] 1.000

Stress distribution

Sail Buisman > [ Imaginary sutags | Clay Sandy =
Loads Mone - [~ Submerging [only for soil weight and non-uniform loadsk
Load columnn width
[~ Maintain profile MNor-uniform |oads [m] |1.00
Supereleyation Trapeziform loads [r] |1.00
Total unit weight
Iteration stop criteria

—

[w Output of zettlements by partial loading [green linez)

] | Cancel Help

Figure 8.25: Calculation Options window

57. Start the calculation, by choosing Start from the Calculation menu and then clicking Start.

58. After the calculation has finished, choose Time History from the Results menu and view
the graph of the settlements versus time (Figure 8.26). Apparently, the submerging of the
top layer reduces the final settlement from 0.381 meters to 0.343 meters.

[ Time-History [E=xE=E 5
I~ Shess ¥ Deformation S I” FixSettement Axis | Yeical 1 %] | mm | Depthiml [0D0O(1 ~
Edit =
o
—
i
L
Tool: % -“---\\
E' H \
02 \.\
S
. \,___;___
z ——_
H T
(7] T
~
0.4
! = B i =
Time [days]
Wertical 1 (X = 50.000 m, Z = 0.000 m) Depth = 0.000 i-) [m]
Method = NEN - Bjerrum with Darcy Settlement after 10000 days = 0.381 [m]

Figure 8.26: Time-History window, Surface settlement with submerging switched off
(Tutorial-1b)
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8.11 Comparison of consolidation models (Tutorial-1c and 1d)
To illustrate the influence of the consolidation, two other calculations are performed:

< section 8.11.1 Using Terzaghi consolidation model (Tutorial-1c);
¢ section 8.11.2 Using drained layers (Tutorial-1d).

8.11.1 Terzaghi consolidation
Perform the following steps to compare the results from the Darcy model (with submerging
switch off) with the result from the approximate Terzaghi model.

59. Choose Model from the Project menu, and select the Terzaghi consolidation model. Click
OK to confirm.

Model (23]
Direnzior Options
1D e 20 [ Wertical drainz

i B eliabilit lysi
Calculation model [ Reliability analysis

Fit f Hl b plat
@& NEM - Bjerrum (Cr, Ce, Ca) ™ Eitfor settement plate

X [~ Honizontal displacements
(" |zatache natural strain [a, b, ¢)
" MEM - Koppejan [Cp. Cz]

-

Consolidation rmodel
i+ Terzaghi
" Darcy

u] | Cancel Help

Figure 8.27: Model window

60. Choose Save as from the File menu, and create a copy of the input file with name <Tutorial-
1c>.

61. Choose Calculation from the Project menu, and click Start.

62. After the calculation, select Time-History from the Results menu (Figure 8.28).
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[8 Time-History (= e =
I~ Biress [¥ Deformation s [ FixSetlement Az | Verical |1 2| mm | Depthim] [n000[) *

Settlernent [rm]

100 10000

Time [days]

Vertical 1 (X = 50.000 m; Z = 0.000 m) Depth = 0.000 (-} [m]
Wethod = NEN - Bjerrum with Terzaghi Settlement after 10000 days = 0.418 [m]

Figure 8.28: Time-History window, Surface settlement for Terzaghi model and no sub-
merging (Tutorial-1c)

63. Click the right-hand mouse button in the Settlement graph and select View Data, to view
the numerical data in the Chart Data window (Figure 8.29). The predicted residual settle-
ment between 600 days and 10000 days is now 0.416 - 0.287 = 0.129 m.

[®] chart Data [=2a

Time [days] | Settlement [m] | -

56 354.33 0.231

57 334.43 0.242

58 444.98 0.256

59 508.55 0.271

E0 528.61 0.287

E1 £89.42 0.305

£2 81636 0.323

B3 976.20 0.341

B4 1177.48 0.357

E5 1430.93 0.371

66 1750.09 0.332

67 2151.97 0.330

63 2658.03 0.335

63 3295.26 0.333

70 409768 0.402

71 5108.09 0405 =

72 E380.42 0.408

73 7982.56 0412

74 10000.00 0416 -

Figure 8.29: Chart Data window, Surface settlement versus Time (Tutorial-1c)

Figure 8.26 (Tutorial-1b) and Figure 8.28 (Tutorial-1c) illustrate the differences between re-
spectively the Darcy and the Terzaghi model. Both results are presented in the same graph
in Figure 8.32. The Terzaghi solution consolidates considerably slower in the early stage
of loading and after unloading. The reason is that the Terzaghi model simply multiplies the
settlements from a drained solution with a “Degree of consolidation”. The Terzaghi model
therefore does not take into account the influence of the pore pressure development on the
effective stress and also assumes the same consolidation period during virgin loading and
during un/reloading.

To view the development of the degree of consolidation according to the Terzaghi model:
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64. Select Dissipations from the Results menu.

65. In the drop-down menu at the left top of the window, select <Clay Organic> (Figure 8.30).

[ pissipations E=5(E=R5
[T Clay Dicanic
Edit 2 E . -
=| Clay Sand
1000 1.0=|
% =
4 1.5—|
i =|
2.0=|
Toolk 2 800 =
i =
205
0.0 - =
= =
= =257 Clay Orgar|
5 =
B =
2 0=
2 w0 E
45—
505
200 | = _,E
=] Clay Sand
£.0—]
00 i i i L=
1 10 100 1000 |(xxxl?| =| i
Time [days] « +
Vertical 1 (X = 50.000 m)
Method = NEN - Bjerrum with Terzaghi

Figure 8.30: Dissipations window, Degree of consolidation versus Time in Clay Organic
layer for Terzaghi model and no submerging (Tutorial-1c)

8.11.2 Drained behavior

66. Choose Save as from the File menu, and create a copy of the input file with name <Tutorial-

1d>.
67.
window, and run another calculation.

To view the drained solution, change the behavior of all layers to Drained in the Materials
Note that the final settlements from the drained

solution are indeed exactly equal to the final settlements from the solution using Terzaghi

consolidation.

10000

B timetistory oS
I~ Ghess ¥ Deformation 8 [~ Fix Settlement Awis | Yerical |1 %] | om | Depthim) |0000()
Edit #
0o
Took 2
@
02
- \____\
E R
z ~—
g \\
= —
& T
P
—~
L
01 R
s
1 10 100 1000
Time [days]
Vertical 1 (< = 50.000 m; Z = 0.000 m) Depth = 0.000 (- [m]
Method = NEN - Bjerrum with Terzaghi Settiement afer 10000 days = 0.416 [m]

Figure 8.31: Time-History window, Surface Settlements using Drained layers and no sub-

merging (Tutorial-1d)
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Figure 8.32: Surface Settlements compared (no submerging)

Influence of initial overconsolidation

A well-known characteristic of soft soil is that primary and secondary (creep) deformation
are larger after passing the initial vertical preconsolidation stress. This initial preconsolida-
tion stress is in general above the field stress, due to the overconsolidation by creep and/or
preloading in the past. Input of initial overconsolidation is usually done via either a POP
value (the difference between preconsolidation stress and field stress) or via the OCR (the
ratio between the preconsolidation stress and the field stress). Direct input of the preconsol-
idation stress is also possible. According to the isotache theory, the initial overconsolidation
[e%
In (1()) Lequivalent
(Tequivalent) In this expression is the theoretical soil age if the preconsolidation would have
been caused completely by (secondary) creep, after a preceding virgin loading. In the Materi-
als window, D-SETTLEMENT will show the corresponding input value of the equivalent age after
input of OCR and vice versa.

ratio affects the initial creep strain rate, expressed by . The equivalent age

68. Open <Tutorial-1b.sli> and save it as <Tutorial-1e> to switch back to the Darcy model
with the Submerging option still switched off.

69. Choose Materials from the Soil menu, and enter the value of <200> days for the Equiva-
lent age of both Clay Sandy and Clay Organic. After input of each age value, use the TAB
key to view the corresponding OCR value. Click OK to confirm.
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Materials @
Matenal narme  Drained
Clay Organic -
Sand Consolidation and unit weight - Compression |

" Preconsolidation pressure [Gp) [kM ]
" Pre-averburden pregsure [FOF) [kM ]

" Dwerconsolidation ratio [OCH] [1]1-31
o Eguivalent age [days] |2.00E+02
Input rode:

f» Compression ratio ¢ Compression indeg

Reloading/sweling ratio (RR) [ ’W
Comprezsion ratio [CR) [ ’W
Coefficient of secondary compression [Ca)  [-] ’W
Add Insert | &
Delete | Rename| - |

0k | Cancel | Help |

Figure 8.33: Materials window with reduced OCR (Tutorial-1e)

70. Start the calculation, by choosing Start from the Calculation menu and then clicking Start.
After the calculation has finished, choose Time History from the Results menu and view
the graph of the settlements versus time (Figure 8.34).

Figure 8.35 illustrates that the settlements are significantly increased as a result of the OCR
reduction.

[8 Time-History [l ]
[ Stress W Deformation S [ FisSetlement Awis | Verical [1 2] | mm | Depth[m] [TE0AN ~
Edit %
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t
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Vertical 1 (X = 50.000 m; Z = 0.000 m} Depth = 0.000 (-) [m]
Method = NEN - Bjerrum with Darcy Settlement afler 10000 days = 0.562 [m]

Figure 8.34: Time-History window, Surface settlement with reduced OCR (Tutorial-1e)
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Figure 8.35: Surface Settlements compared (no submerging)

71. Click the Excess hydraulic head icon ‘®/ and change the Depth to <3.5 m> to view the
excess head versus time at a depth of -3.5 meters (Figure 8.36). Note that the excess head
now even increases slightly directly after the initial undrained response, before starting to
dissipate. The reason of this additional excess head development is the large initial creep
rate of the Clay Organic layer, in combination with its thickness and low permeability.

PR = el =
Fitess G G @ @ P R | Deiomaion [~ FisGetilement s | Yetical  [1 #] | cm | Depthim] [35001) =

Edit &

Tool: &

Excess hydraulic head [m]

t t U
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Time [days]

Vertical 1 (X = 50.000 m; Z = 0.000 m}) Depth = 3.500 (-) [m]
Method = NEN - Bjerrum with Darcy Settlement afier 10000 days = 0.200 [m]

Figure 8.36: Time-History window, Excess head (at depth 3.5 m) with reduced OCR
(Tutorial-1e)
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9 Tutorial 2: Embankment design with vertical drains

9.1

This is the first tutorial in a sequence of two on the construction of a high embankment for the
Dutch A2 highway, at a viaduct crossing the N201 road nearby Vinkeveen.

This part illustrates the usage of the following D-SETTLEMENT features for embankment design
and vertical strip drains, without and with enforced dewatering:

¢ The automatic determination of the required total soil raise by input of the final design
level in combination with the settlement-dependent Maintain Profile load;

<& Input of regular vertical strip drains, to speed up the consolidation process;

& The approximately allowed speed of loading, based on the required degree of consoli-
dation for achieving the minimally required stability factor;

¢ Simplified input of loading stages at certain times, with the generate loads option;

¢ The determination of the needed additional temporary preloading and its duration, re-
lated to the requirements on the residual settlements;

¢ Input of enforced dewatering in combination with strip drains for the purpose of preload-
Ing;

¢ The determination of horizontal displacements according to De Leeuw theory;

¢ The determination of bandwidth in total and residual settlements from a reliability anal-
ysis.

The following D-SETTLEMENT modules are needed:

¢ D-SETTLEMENT Standard module (1D)
& 2D Geometry module

<& Darcy module

<& Vertical Drains module

<& Horizontal Deformations module

< Reliability Analyses module.

This tutorial is presented in the files Tutorial-2a.sli to Tutorial-2g.sli.

Introduction

The considered embankment has been constructed for a viaduct crossing of the Dutch A2
highway with the N201 road nearby Vinkeveen. The soft subsoil consists of approximately
5.5 m of peat, with a clay layer of 0.5 m on top. The initial surface level resides at approximately
RL-1.85 m (RL = reference level) and the phreatic level resides at RL-2.2 m. The design level
of the completed embankment at the time of delivery (1000 days) is at 6 m RL. The base width
is 103 m and the top width is 32 m. See also the geometry in Figure 9.1.The totally available
embankment construction period is 840 days. The residual settlements after 900 days are not
allowed to exceed 15 cm.
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Load

-1.83m (GL)

-1.9m e
L sz—2om Clay

-2.15m

Peat

\vas -7.6m

Sand (pleistocene)

Figure 9.1: Embankment geomelry (Tutorial 2)

The soil properties for sand, peat and clay are given in respectively Table 9.1, Table 9.2 and
Table 9.3.

Available from the lab were Koppejan parameters from 21 peat tests and 3 clay tests. The
NEN-Bjerrum parameters have been derived from the Koppejan parameters for each oedome-
ter test, using the conversion formulas Equation 17.18 to Equation 17.20. The parameters for
the a/b/c isotache model were then derived from the NEN-Bjerrum parameters for each oe-
dometer test, using formulas Equation 17.21 to Equation 17.25, at the last but one stress level
in the test.

The standard deviation of the local average, which is additional input for bandwidth determi-

nation, has been estimated by Equation 9.1, assuming that 75% of the natural variance within
a layer occurs within one vertical.

1 t 2
Slocal = \/(N + 0-25) (ﬂsstatistical) (9-1)
Up.975

where:
n Number of samples
Sstatistical Statistical standard deviation
Slocal Approximated standard deviation of the local average
to.075 Distance t in a Student-t distribution at exceeding probability 2.5 %
U0.975 Distance u in a Standard Normal distribution at exceeding probability 2.5 %.

Note that the compressibility for reloading and swelling is relatively high compared to the com-
pressibility for virgin loading. This is because the reloading compressibility was determined in
the lab from the branch below the initial preconsolidation stress, instead of using a separate
unloading/reloading branch.
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Table 9.1: Sand properties (Tutorial 2)

Parameter Unit Mean
Sat. unit weight Ysat [kN/m?®] 20
Unsat. unit weight Vunsat [kN/m?3] 17
Coefficient of consolidation Co [1078 m?/s] Drained
Ratio hor./vert. consolid. coeff. ch/cy -] -
Pre-overburden pressure POP [kN/m?] 0
NEN-Koppejan parameters C, [-] 10°
Cy [] 107
Cs ['] 109
cy [-] 107
NEN-Bjerrum Isotache RR=C,/(1+eg) | [] 0.0001
parameters CR=C(1+e) | [ 0.0023
(linear strain) C, -] 0
abc Isotache parameters a [-] 10°°
(natural strain) b [] 107°
& [-] 0

Table 9.2: Peat properties (Tutorial 2)

Parameter Unit Mean Standard Deviation
Statistic Local average
Vsat [kN/m?3] 10.15 0.435 0.246
Yunsat [kN/m?3] 10.15 0.435 0.246
Co [10~®m?/s] | 30.5 29.42 16.65
cn/Co [-] 1 - -
POP [kN/m?] 7.88 4.50 2.55
NEN-Koppejan:
C, [] 13.8 4.983 2.821
&% [] 5.95 1.483 0.840
Cy [-] 10° - -
cy [] 43.8 2.35 6.988
NEN-Bjerrum Isotache (linear strain):
RR =C,/(1+eg) [] 0.1860 0.0558 0.0316
CR =C./(1+ep) [] 0.409 0.074 0.0418
[oN [] 0.0312 0.006 0.0034
abc Isotache (natural strain):
a [] 0.08517 0.027 0.015
b [-] 0.2259 0.057 0.032
c [] 0.02126 0.006 0.003
Table 9.3: Clay properties (Tutorial 2)
Parameter Unit Mean Standard Deviation
Statistic Local average
Ysat [kN/m3] 13.94 0.588 0.985
Yunsat [kN/m?3] 13.94 0.588 0.985
Co [10~°m?/s] | 2.47 2.02 3.38
ch/cy [-] 1 - -
POP [kN/m?] 5.12 2.05 3.44
Deltares 151 of 290




9.2

9.2.1

D-SETTLEMENT, User Manual

NEN-Koppejan:

) -] 18 4 6.71
&% -] 10 1.5 0.8
Cs [-] 10 - -

Cy -] 54 17.4 29.2
NEN-Bjerrum Isotache (linear strain):

RR = C,/(1+eg) [-] 0.132 0.03 0.05
CR =C./(1+eq) [-] 0.237 - 0.06*
C, -] 0.0262 0.006 0.011
abc Isotache (natural strain):

a [-] 0.05804 0.013 0.023
b [-] 0.1096 - 0.02*
c -] 0.01363 0.0036 0.006

*Estimated, due to limited number of samples

Project

How to define the layers geometry and soil properties has been explained already in the
previous tutorial. Use the different figures and data’s given in section 9.1 to create the geom-
etry and then proceed with (section 9.3)] for the description of the additional steps.However,
an alternative to the manual input is to import the geometry from a so-called GEO file (sec-
tion 9.2.1) and to import the soil properties from an MGeobase database (section 9.2.2).

Importing an existing geometry
To import the geometry from a GEO file, follow the steps below.

1. In the File menu, select New to open the New File window (Figure 9.2).
2. Select the Import geometry option and click OK.

New File =

Geometny

™ Mew geometiy

i Mew geometry wizard

Help |

Figure 9.2: New File window

3. In the Import Geometry From window displayed, select the GEO file named <Tutorial-
2.geo> located in the Tutorials folder where the D-SETTLEMENT program was installed.
4. Click OK.

The predefined geometry is displayed in the Geometry tab of the View Input window (Fig-
ure 9.3). This imported geometry contains only the points, the layers boundary and the
PL-lines, not the material types and properties. They will be imported from an MGeobase
database (section 9.2.2). The View Input window shows top-down the clay and peat layer. A
drained sand layer has been added at the base, for the purpose of a coupled stability analysis.
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[ viewInput [E=8 EoR =3
[Geomely L Input | Topkiew
Edit % 0 i P L B B B B0 R TR B0 0 L1080 00,0 1200 280 ] aterials
= [ cay
o 3 [ peat
= — [ Sand (Pisistocena)

Sand (Pleistocene)

-25.000 128.000
E

% 86000 ;16500 Edt Curert object: None

Figure 9.3: View Input window, Geometry tab after importing geometry

5. Click Save as in the File menu, enter <Tutorial-2a> as file name and click Save.

9.2.2 Importing material properties from an MGeobase database

The parameters from Table 9.1, Table 9.2 and Table 9.3 were saved in an MGeobase database.
To import them, the location of this MGeobase database must be first specified:

6. In the Program Options window from the Tools menu, select the Locations tab.

7. Mark the Use MGeobase database checkbox and click the Browse button to specify the
location of the MGeobase database with material data.

8. In the Open project database window displayed, select the MDB file named <Tutorial-
2.mdb> located in the Tutorials folder where the D-SETTLEMENT program was installed.

9. Click Open and then OK.

E] Program Options @

igw | General  Locations Language] Modules |

v Save last used current directon as working directong

Wwiorking directory
|C:\F'r0gram Filez\Delkares DS ettlement \ Projectzh Tut J

v Use MGeobase databaze

MGeobasze databaze
|C:\F'r0gram Filez\Delkares\D S ettlement\ Projects Tut J

Ok, | Cancel | Help |

Figure 9.4: Program Options window, Locations tab

The soil properties of each material given in Table 9.1, Table 9.2 and Table 9.3 can now be
imported from this MGeobase file:
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10. Open the Materials window from the Geometry menu and select the Database tab.

11. Select Sand (Pleistocene) in the material list of the Database tab and click the _<I button to
import this soil type (with associated properties) in the material list of the Materials window
(Figure 9.5).

Materials @

Parameters  Database

I aterials

Sand [Pleistocens]

Material name

Undetermined

Add Insert | ~

Delete | Rename| +

0k | Cancel | Help

Figure 9.5: Materials window, Database tab

As the soil type has already been defined, D-SETTLEMENT asks if the existing local properties
should be overwritten (Figure 9.6).

Information @

i 1 Material name in use, overwrite?

Cancel

Figure 9.6: Information window

12. Click Yes to confirm and repeat it for the 2 other materials.

13. In the Parameters tab, check that the imported properties are the same as in Table 9.1,
Table 9.2 and Table 9.3.

14. Click OK.

9.3 Initial embankment design (Tutorial-2a)
This section will describe all additional steps to determine:
<& the required soil raise to arrive at the design level after settlement, using the Maintain
Profile option;

< the approximately allowed speed of loading without and with vertical drains, by coupling to
a D-GEO STABILITY (formerly known as MStab) stability analysis.
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9.3.1 Load

15. In the Open window from the File menu, select <Tutorial-2.sli>> from the Tutorials directory
where the D-SETTLEMENT program was installed.

16. Save it as <Tutorial-2a>.

17. Open the Non-Uniform Loads window from the Loads menu.

18. Click Add to add a single load <Final Load>, and then enter the embankment profile
co-ordinates, according to Figure 9.7. Also enter the unit weight above <18> and below
< 20> phreatic level as well as the time of loading <1>. Click OK to confirm.

E] MNon-Uniform Loads @
Load name [ Initial load
Final Load
Time [days] [0
Sequence of loading [
[~ Endtime [daws]

Total unit weight

Above phreatic level [kMAm=] |18.00
Eelow phreatic level [kMAm=] |20.00

Import from Database...

# co-ordinate [m] ' co-ordinate [m]
k1 0.000 1
2 35.000 £
e ] 50.000 £
4 67.000 £
5 102.000 1
*
Add Inzert | =
Delete | Rename|
4 L 3
Generate... ak | Cancel Help

Figure 9.7: Non-Uniform Loads window

9.3.2 \Verticals

19. Open the Verticals window from the GeoObjects menu.

20. Click Generate to generate verticals at all different horizontal positions of the nodes. D-SETTLEMENT
will calculate the settlements in each of these verticals, and also use the settlements to up-
date the geometry before export to a stability analysis.

21. Click OK to confirm.
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] verticals

5X5

=)
4T

# co-ordinate [m)

Ehx’

I

et | [ [ | [P | —

o

-25.000
0.000
35.000
50.000
£7.000
103.000
128.000

Z co-ordinate [m] |0.000
Discretisation  [-] [100

Automatic generation = co-ordinates
f* MNodes  Interval

Eirst ] [-25000
Last ) [1z5.000

u] | Cancel | Help

Figure 9.8: Verticals window

The result (Figure 9.9) shows that vertical 4 is located in the centre of the embankment.

[ View Input
Gearnetry | Input | Topview
Edt 2 Euudie

" I
L

=
[

Tools 2

i

 Peat

Sand (Pleistocene)

|
Stage 2 —|
@ 7
A _
10
g
7 -25.000
[E] °
% 107.000 3000 Edit

©
»
SRS AEEEESEE Y. | :X:AG;AAAAAAAM

i

125.000°°

Curent obiect: Hone

[E=R(EoR =3

Materials
[ cay
[ Peat

[ sand (Pleistocene)

Figure 9.9: View Input window, Input tab showing the generated verticals (Tutorial-2a)
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9.3.3 Calculation Options

22. Open the Calculation Options window from the Calculation menu, and mark the Maintain
Profile checkbox. Enter day <1> as the start time for the additional load that will depend
on the final settlement. Also enter the unit weight above <18> and below <20> phreatic
level.

23. Click OK to confirm.

Calculation Options @

End of settlement calculation [days] |10000 Creep rate reference time  [days] 1.000

Stress distribution

Sail Buizman - ™ Imaginary surface |CIa}| J

Loads Mane - v Subrierging [only for soil weight and non-uniform loads)
Load column width

v M airtain profile Marruniformn loads [m] [1.00

St e Sand Trapeziform loads [r] |1.00

Time [daps] |1 ,7

Total unit weight

Above phreatic level [kN#ms] |18.00 Iteration stop criteria

Below phreatic level  [kN/m3] |20.00 Maintain profile [m] |0.10

Sub i 010
Import from Database. . M [
Minimum settlement for submerging  [m] (0,000

M axirumn iteration steps for submerging |1

[ Output of zettlements by partial loading [green lines)

Ok, | Cancel | Help

Figure 9.10: Calculation Options window

9.3.4 Time-History results

24. Open the Start Calculation window from the Calculation menu and click Start. D-SETTLEMENT
will iteratively increase the load at 1 day, to arrive at an embankment top level of RL +6 m
after 10000 days.

25. Open the Time-History window from the Results menu after the calculation has finished.

26. Select Vertical number <4>> at the top of the window to view the settlements and effective
stresses in vertical 4 at the subsoil surface level (Figure 9.11). The reduction of effective
stress at the subsoil surface level in time is caused by submerging. The final settlement by
the Maintain Profile load is 3.672 m at 10000 days.
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Figure 9.11: Time-History window, Natural consolidation: Settlement and Effective stress
vs. Time in vertical 4 (Tutorial-2a)

27. Click the Excess hydraulic head icon ®| and change the Depth to <-4.875 m> to view the
excess head development in vertical 4, at a depth of RL -4.875 m (Figure 9.12). It is clear
that drainage is required to speed up the consolidation process.

B time Hisery =)
v atess G G @ @ P R | Deformation I FisSelliement Axis | Vetical [4 3] | mmw | Depthm] [4875()
Edit_#
2 —
\\
Took 2 | ="
=1 E N
5
te ™
2 N
H
g0
3
i \
5
\\
.
el
10 100 1000 10000
Time [days]
Vertical 4 (X = 50.000 m; Z = 0.000 m) Depth = 4875 (-} [m]
Method = NEN - Bjerrum with Darcy Seftisment after 10000 days = 1.756 [m]

Figure 9.12: Time-History window, Natural consolidation: Excess head vs. Time in verti-
cal 4 at RL-4.875m (Tutorial-2a)

28. Finally, view the greenfield settlement in vertical 1 by selecting Vertical number <1> (Fig-
ure 9.13): approximately 0.08 m in 10000 days. Greenfield settlements are part of the
isotache concept (NEN-Bjerrum and a/b/c), and depend on the coefficient of secondary
settlement and the initial equivalent age.
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Figure 9.13: Time-History window, placeCityGreenfield settlement in vertical 1 (Tutorial-
2a)

9.4 Acceleration of the consolidation process by means of vertical drains (Tutorial-2b)

As shown in Figure 9.12, drainage is required to speed up the consolidation process.

9.4.1 Vertical Drains

29. Open the Save As window and save the current project as <Tutorial-2b>.
30. Open the Model window from the Project menu and select Vertical drains. Click OK to

confirm.
Model (23]
Direnzior Options
1D = 2D i

i B eliabilit lysi
Calculation model [ Reliability analysis

Fit f i b plat
@& MEM - Bjerrum [Cr, Cc, Ca) B i e=Tlment e

X [~ Honizontal displacements
(" |zatache natural strain [a, b, ¢)
" MEM - Koppejan [Cp. Cs]

-

Consolidation rmodel
i Terzaghi

f* Darcy

u] | Cancel | Help |

Figure 9.14: Model window, Select Vertical drains option (Tutorial-2b)

31. Open the Vertical Drains window from the GeoObjects menu. Note that the default drain
type is a strip, with regular dimensions and a triangular spacing of 1 m.

32. Enter a bottom position of RL -7.5 m (close to the top of the sand layer) and narrow the
initial Horizontal Range to match the two sides of the embankment base, from <0 m> to
<103 m>.
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E] Vertical Drains @
Dirain Type Enfarced Dewatering
v Stip " Column i Sand wall e Off " Simple lnput " Detailed Input
Horizontal Fange Start of Drainage
From [m] |0.000 Start of drainage [daws] (0.000
To [m] |103.000 Phreatic level in drain [m] |-2.2000
Fositioning

Bottom position [m] |-7.500
LCenter ta center distance [m] |1.000

Width [m] |0.700
Thickness [m] |0.003
Grid Triangular -

0k | Cancel | Help

Figure 9.15: Vertical Drains window (Tutorial-2b)

33. Click OK to confirm.

In the Input tab of the View Input window, the horizontal range and the bottom position of the
vertical drains are displayed as blue lines (Figure 9.16).

Bl vewinp o
Geometry | Input | TopView
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|
i
|
|
|
|
|
|
4
5
|
|
|
|
|
|
|
|
|

|
Sand (Plestocene)

25000 128.000

[l

78500

=

Edt Currert object: Hone

Figure 9.16: View Input window, Input tab (Tutorial-2b)

See section 4.4.2 for a detailed description of this window.

9.4.2 Time-History results

34. Again open the Start Calculation window from the Calculation menu, and click Start.
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35. After the calculation has finished, open the Time-History window from the Results menu.
Select Vertical number <4> to view the settlements and effective stresses in vertical 4 at
the subsoil surface level (Figure 9.17). The final settlement by the Maintain Profile load is
now 3.775 m at 10000 days.

[B] Time istory F=jE=n
Wtess [ G @ R P R | Deformation S [ FixSetlement Axis | Vettical [¢ 3| | om | Depth[m] [1.850(1 -

Edit A

20 1 —————

1 ] 0 1000 10000

Time [days]

Seftlement [m]

1 10 100 1000 10000

Vertical 4 (X = 50.000 m; Z =0.000 m) Depth = 1.880 (-) [m]
Wethod = NEN - Bjerrum with Darcy Seftlement after 10000 days = 3.775 [m]

Figure 9.17: Time-History window, Consolidation with vertical drains: Settlement and Ef-
fective stress vs. Time in vertical 4 (Tutorial-2b)

36. Click the Excess hydraulic head icon and change the Depth to <-4.875 m> to view the
excess head development in vertical 4, at a depth of RL -4.875 m. The reduction of the
consolidation period by the vertical drains is clearly visible.

] Time-History [elalEs
¥omes G G @ @ P R ifisfomation I™ FixSetlement s | Vel [+ 3] | mm | Depthim] 487501

Edit_ 2

= ~

hydraulic head (]

Excess

Time [days]

Deptn = 4875 () [m

Vertical 4 (¢ = 50.000 m; Z = 0.000 m)
Setflement after 10000 days = 1.781 [m]

Method = NEN - Bjerrum with Darcy

Figure 9.18: Time-History window, Consolidation with vertical drains: Excess head vs.
Time in vertical 4 at RL -4.875 m (Tutorial-2b)

9.4.3 Stability analysis with D-Geo Stability

A coupled stability analysis of the total embankment raise at 50% of the final settlement will
now be used for a quick approximation of the allowed rate of loading.

37. Open the Write D-GEO STABILITY Input File window from the Results menu, and enter the
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input according to Figure 9.19. Select the Add superelevation option for addition of the
special Maintain Profile load to the geometry.
38. Click OK and accept the default file name <Tutorial-2bAt50percent>.

Write D-Geo Stability Input File (=2
" Time 1}
{+ Part of end settlement [%] |50
Wertical 4 -

Iv Add nor-uniforn loads as layer boundaries

Ok | Cancel | Help |

Figure 9.19: Write D-Geo Stability Input File window (Tutorial-2b)

When using D-GEO STABILITY, this D-GEO STABILITY input file can be opened, strength proper-
ties and grid can be added, and a stability analysis can be performed. The following steps
describe how to perform the stability with the D-GEO STABILITY program. However, if the ac-
cess to this program is not possible, results can be directly seen in Figure 9.23.

39. Open the generated input file with D-GEO STABILITY (Figure 9.20).

[3] D-Geo stability *Bishop - € Phi* - B:\..\Tutorial-2bAtS0percent =8 o
File Project Soil Geometry Definitions Reinforcements Water Loads Calculation Results Tools Window Help
cH|EOEE| @ L]
Bl view it e
Gieometry | Input
Edt 2 T O OO P T T O O £ T DO PO A Layers
- [ s.sana
[ — [ 4 Finalload
- [ 3 cay
2 = [ 2 Peat
7 5 [ 1 sand (Pestocene)
-
% /.’4——\
Tools @ /
7777777 o 7S oy =

D

m Y

=

-25.000 128.000

[€]

% 21755 Y. 7.271 Edit Current abject: None

Figure 9.20: D-Geo Stability View Input window (Tutorial-2b)

40. In the Materials window from the Soil menu, add the cohesion and friction angle values for
sand (<0>, <33>), peat (<7>, <25>) and clay (<2>, <29>).

Note: If the soil properties in the D-SETTLEMENT calculation were derived from an MGeobase
database, then the strength properties will be already filled in the D-GEO STABILITY input file.

41. Also add a slip circle range according to Figure 9.20 in the Slip Circle Definition window
from the Definitions menu.
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Slip Circle Definition (23]
Grid
left ] [0.000 Yiop  [m] |40.000
eight  [m] [20.000 Yhottom  [m] [20.000
Humber [ ’217 MHumber [ ’217
Tangent line Fired point
‘f-top [m] W I~ lze fixed point
W-bottom  [m] ’W 0.000
Number [ ’137 0.000
ok | Cancel | Help |

Figure 9.21: D-Geo Stability Slip Circle Definition window (Tutorial-2b)

The following step is to determine the required degree of consolidation in the Clay and Peat
layers (layer 3 and 2) after addition of the embankment (layers 4 and 5), for a stability factor
of 1.1 or more. This is done by trial and error.

42. Enter a trial value for the degree of consolidation (equal for clay and peat for simplicity
reasons) via the Degree of Consolation window from the Water menu. Note that the gen-
erated input by D-SETTLEMENT already contains initial values, following from the calculated
heads in time. Select Start from the Calculation menu to determine the associated stability

factor.

After a few cycles, it will prove that the required stability factor is reached for a degree of con-
solidation larger than 45% (Figure 9.22) as the resulting stability factor is 1.11 (Figure 9.23).

Deltares
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Cancel | Help ‘
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Figure 9.22: D-Geo Stability Degree of Consolidation window (Tutorial-2b)
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Figure 9.23: D-Geo Stability slip circle result (Tutorial-2b)

9.4.4 Dissipations results

As a rule of thumb, the minimum period for stable staged construction to the final height is
twice the period needed for sufficient stability at 50% settlement after a one-off raise. Dur-
ing the previous step was shown that the stability in this case is sufficiently large at a 45%
degree of consolidation. D-SETTLEMENT offers a convenient design graph of the degree of
consolidation versus time, to find the associated time period.

43. Mark the Add dissipation calculation checkbox in the Start Calculation window and select
Vertical <4:50.000 m> (Figure 9.24) and click Start to create the dissipation graph.

Start Calculation @

Diszipation
v &dd dissipation calculation

Wertical

Calculation progress

0%

Options. .. | Start | LClose | | Help |

Figure 9.24: Start Calculation window (Tutorial-2b)

44. Open the Dissipations window from the Results menu and select <Peat> from the drop-
down menu (Figure 9.25).

45. Right click in the graph area (Results/Dissipations) to view the data numerically. Check
that the 45% consolidation period is about 10 days for the initial drain distance (1 m). The
total soil raise follows from the preceding Maintain Profile calculation (Figure 9.17) and
is 7.86 + 3.78 = 11.64 m (7.86 m being the height of the Final load at vertical 4, see
Figure 9.7). The approximately allowed rate of loading is therefore
0.5 X 11.64 m/10 days = 0.582 m/day.
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Figure 9.25: Dissipations window, Degree of consolidation vs. Time in Peat at vertical 4,
for grid distance 1 m (Tutorial-2b)

46. Determine the allowed rate also for other drain distances, by performing a new calculation
after altering the Center to center distance input in the Vertical Drains window (GeoObjects
menu). The allowed rate for a drain distance of 2 m is for example 0.5 X 11.64/50 = 0.116 m/day
(Figure 9.26).
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Figure 9.26: Dissipations window, Degree of consolidation vs. Time in Peat at vertical 4,
for grid distance 2 m (Tutorial-2b)
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Staged loading (Tutorial-2c)

This section describes the input of staged loading and the subsequent calculation of the re-

sulting (residual) settlements, using a triangular grid of strip drains. Starting

with drains and loading as described in the previous section (section 9.4).
temporary preloading and dewatering will be discussed in the next sections.

point is the input
The addition of

A period of 20 weeks in combination with 8 construction stages is chosen to raise the em-
bankment to a final height of approximately 11.6 m above subsoil (Figure 9.27). This includes

the construction of a working floor with a thickness of 1 m in the first stage.

35m | 32m | 36m

/ 7 54m =98 \
/ o o\

/ \van +21m t=56 \
/ \vanl +0.6m t=35 \

V— -1.83m

/
1om
Figure 9.27: 8-staged loading (Tutorial-2c)

47. Open the Save As window and save the current project (with a grid distance of 2 m) as

<Tutorial-2¢c>.

48. Open the Non-Uniform Loads window from the Loads menu and remove the previously
defined loading using the Delete button. Then click Generate, and enter the profile and

stages according to Figure 9.28. Click OK to confirm.

E] Generate Mon-Uniform Loads @ E] Generate Mon-Uniform Loads @
Top of load steps | Enwelope Paints |

Bl % corordinate [m] | co-ordinate [m] | Bl Y corordinate [m] |
= 1 0.000 -1 = 1 0,900
EIJ: 2 35.000 9.750 EIJ: 2 0.600
a2 £7.000 9.750 a2 2.100
T 4 103.000 -1.830 T 74 3.600
* 5 5.400
5 7.100
7 8.500

*
Ok, | Cancel | Help | Ok, | Cancel | Help |

Figure 9.28: Generate Non-Uniform Loads window (Tutorial-2c)

49. For each of the generated loads: add a unit weight Above and Below phreatic surface of
respectively <18> and <20> and a Time of application of <0>, <14>, <35>, 56>,
<77>, <98>, <119> and <140> days from Generate load Equation 9.1 to Final load.

The input for the last loading is shown in Figure 9.29.
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E] MNon-Uniform Loads @
Coad o B [ Initial load
Generated load (1]
Generated load [2] Time [days] |140
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Figure 9.29: Non-Uniform Loads window, Final load (Tutorial-2c)

The staged loading is now displayed in the Input tab of the View Input window. The Zoom
limits button in the Tools panel can be used to optimize the limits of the drawing (Figure 9.30).
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Figure 9.30: View Input window, Input tab (Tutorial-2c)

50. Open the Calculation Options window from the Calculation menu, unmark the Maintain
Profile option and click OK to confirm.

51. Open the Calculation Times window from thesame menu and add a number of times for
residual stress calculation, according to Figure 9.31.
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Figure 9.31: Calculation Times window (Tutorial-2c)

52. Check that the drain distance is <2 m> in the Vertical Drains window and perform a first
calculation in the Start Calculation window.

53. View the development of the total settlement (Figure 9.32), the excess head at Depth
<-4.875 m> (Figure 9.33) and the residual settlement (Figure 9.34) through the Results
menu, after selecting Vertical number <4> (i.e. horizontal co-ordinate 50 m).

B timerHetory ol
[v Stess |5 Ge P R P B | ¥ Defomation s I~ FixSelflement Axis | Vertical |4 3| | cm | Depth(m] [1.860( =
Edit 2 =
) ! [J_\
f i
Took 2 | = [
H _.J
5 [
) |
0 o 1000 0000
Time [days]
0
- S~
E S
z ~
g2
s
3
: \
3 e
Pl
—
Vertical 4 (X = 50.000 m; Z = 0.000 m) Depth = 1.860 () (m]
Method = NEN - Bjerrum with Darcy Settlement after 10000 days = 3.767 [m]

Figure 9.32: Time-History window, Settlement and Effective stress vs. Time in vertical 4
for drain distance 2 m (Tutorial-2c)
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Figure 9.33: Time-History window, Excess head vs. Time in vertical 4 at RL-4.875 m for
drain distance 2 m (Tutorial-2c)

[?) Residual Settlement =2 =R
Veical [+ 3] mm
Edit %
& | e
2P
Took &
= 02
g e
£
=
g /
8
= !
Z e
e /
a8
19
1 0 100 1000 10000
Time [days]
Vertical 4 (X = 50.000 m; Z = 0.000 m)
Method = NEN - Bjerrum with Darcy

Figure 9.34: Residual Settlement window for drain distance 2 m (Tutorial-2c)

54. Inthe Residual Settlement window, click the right-hand mouse button and select View Data
to open the Chart Data window (Figure 9.35).
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Figure 9.35: Chart Data window (Tutorial-2c)

The residual settlement at 900 days is 0.298 m, while the allowed value is 0.15 m.

55. Check yourself that a drain distance of 1 m reduces the residual settlements to 0.203 m
(Figure 9.36), which is still more than allowed. Temporary preloading and/or dewatering
will therefore be required, in combination with sufficiently fast dissipation of excess pore
pressures.
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Figure 9.36: Residual Settlement window for drain distance 1 m (Tutorial-2c)

9.6 Temporary pre-loading by soil raise (Tutorial-2d)

Precompression by a temporary increase of effective stress will reduce residual creep settle-
ments. The Isotache models (NEN-Bjerrum, a/b/c) are capable of capturing this behavior.

56. Open the Save As window and save the current project (with a grid distance of 1 m) as
<Tutorial-2d>.

57. Open the Non-Uniform Loads window from the Loads menu and add a temporary soil raise
of 1 m from 161 to 840 days, according to Figure 9.37.

58. Perform a new calculation in the Start Calculation window.

59. After the calculation, view the development of total and residual settlements, and check that
the residual settlement for vertical 4 at 900 days is now reduced to 0.145 m (Figure 9.38).
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Figure 9.37: Non-Uniform Loads window, Temporary preloading 1 m (Tutorial-2d)

[] Residual Settlement [e==]
Vetical  [4 2| om
Edit 2
00
B chart Dats ==
= Time [days] [Residual settlement [m] |
Took(& z [ 20000 0543
MH 500,00 0210 -
& K] £40.00 0137 -
[ 14 ] 300,00 0145 ¥
15 200000 0i1a
[T6 10000.00 0,000
02
E li
& /
£ /
H
2 0
ke /
o4
05 /
0 100 1000 10000

Time [days]

Wertical 4 (X =50.000 m; Z = 0.000 m)
Method = NEN - Bjerrum with Darcy

Figure 9.38: Residual Settlement window (Tutorial-2d)

9.7 Additional enforced dewatering (Tutorial-2e)

Temporary preloading by enforced dewatering is an alternative for (part of the) temporary
preloading by soil raise. D-SETTLEMENT supports different enforced dewatering methods,
including Menard consolidation, IFCOIFCO method (sand screens) and BeauDrain (strip
drains). In this case, enforced dewatering of strip drains with rectangular grid (BeauDrain)
has been combined with a small temporary soil raise of 0.5 m.
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Figure 9.39: Installation Beau Drain system (Tutorial-2e)

60. Open the Save As window and save the current project as <Tutorial-2e>.

61. Modify the temporary preloading in the Non-Uniform Loads window, according to Fig-
ure 9.40, and click OK to confirm.
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Figure 9.40: Non-Uniform Loads window, Temporary preloading 0.5 m (Tutorial-2e)

62. Open the Vertical Drains window via the GeoObjects menu, change the drain spacing to a
< Rectangular> grid (typical for Beau Drain), select the Simple Input option for Drainage
Schedule, add a Begin time for the pumping of <54> days, and add a End time of <438>
days. Leave the value for the underpressure to the default of <35> kPa. The value of
the Water head during dewatering should be chosen equal to the initial position of the
horizontal drains, in this case at RL <-2.2> m as shown in Figure 9.41.
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Figure 9.41: Vertical Drains window, Drainage Schedule input (Tutorial-2e)

63. Perform a new calculation in the Start Calculation window.

64. Verify that the residual settlement after 900 days is 0.140 m for vertical 4.

65. View the excess head versus time at vertical 4, RL-4.875 m (Figure 9.42). Note that the
excess head is reduced considerably during enforced dewatering.
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Figure 9.42: Time-History window, Excess head vs. Time in vertical 4 at RL-4.875 m,
with enforced dewatering (Tutorial-2e)

66. View also the effective stress versus time at vertical 4, RL-4.875 m (Figure 9.43). Before
438 days, the effective stress increases continuously, due to still dissipating excess pore

pressures. After the end of pumping, at 438 days, the effective stress decreases with
approximately 35 kPa.
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Figure 9.43: Time-History window, Effective stress vs. Time in vertical 4 at RL-4.875 m,
with enforced dewatering (Tutorial-2e)

9.8 Horizontal Displacements (Tutorial-2f)

9.8.1

9.8.2

The construction of the embankment can cause damaging horizontal displacements for ex-
isting constructions, especially piles. De Leeuw theory implemented in D-SETTLEMENT will be
used hereafter to estimate those horizontal displacements.

Principles of De Leeuw method

The De Leeuw method (De Leeuw, 1963) is based on the work of Van IJsseldijk (elastic soil)
and Loof (elastic soil with stiff top layer) and estimates the horizontal displacements based
on an elastic solution for a single elastic incompressible layer, characterized by the Young’s
modulus . The method assumes that the horizontal deformations of the elastic layer are
always constrained at the bottom by a stiff foundation layer. Optionally the deformations can
also be constrained by a stiff layer at the top.

In this tutorial, the Clay and Peat layers are considered as elastic layers that will deform and
the Sand (Pleistocene) layer is the foundation layer (Loof case).

Evaluation of the elasticity modulus

The Young’s modulus of the elastic layer can be automatically estimated by D-SETTLEMENT
from the average unit weight v of the soft layers according to De Leeuw & Timmermans
(section 18.3.3).

An other method, called Betuweroute method, is used in this tutorial. The E-modulus is de-
termined from the following equation:

Ao
E=120H— (9.2)
As
where:
H is the tickness of the elastic layer, in m;
Ao is the vertical stress increase of the elastic layer, in kN/m?;
As is the settlement of the elastic layer, in m.
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To estimate the E-modulus from D-SETTLEMENT results, vertical 4 leading to maximum set-
tlements is used: in the Depth-History window, relative final settlement of the Clay (between
NAP -1.86 m and NAP -2.15 m) and Peat (between NAP -2.15 m and NAP -7.60 m) layers (i.e.
elastic layers) is respectively 0.15 m and 3.62 m and the loading goes from -1.86 m (surface)
to 9.75 m with a unit weight of 18 kN/m?, which leads to a modulus of:

B { 1.25 x (—1.86 — (—2.15)) 2XOB L) — 505 kPa  for Clay

1.25 x (—2.15 — (—7.60)) w = 393 kPa for Peat

9.8.3 Input for horizontal displacements

67. Open the Save As window and save the current project as <Tutorial-2f>.
68. Open the Model window via the Project menu, and mark the Horizontal displacements

checkbox.
Model (23]
Dimenzior Optiong
1D i« 2D [v Vertical draing

i B eliabilit lysi
Calculation maodel [ Beliability analwsiz

Eit f L b plat
¢ MEM - Bjerrum [Cr, Cc, Ca) | |3 el e e

. [v Horizortal displacements
" lzotache natural strain [a, b, c)
" MEM - Koppejan [Cp. Cs]

-

Conzolidation rmodel
i Terzaghi

o Darcy

Cancel | Help

Figure 9.44: Model window (Tutorial-2f)

69. Open the Materials window via the Soil menu, and select <Foundation> as Layer be-
haviour for Sand (Pleistocene) layer and <Elastic> for Clay and Peat layers (Figure 9.45).
For the Peat and Clay layers with an elastic behavior, enter a soil modulus of respectively
<393 kPa> and <505 kPa> (section 18.3.3).
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Figure 9.45: Materials window (Tutorial-2f)

9.8.4 Calculated horizontal displacements

70. Open the Start Calculation window via the Calculation menu and click Start to start the
calculation.

71. Open the Depth-History window via the Results menu. Unmarked the Stress checkbox
and click on the Horizontal Displacement button in the Deformation field.

72. Select the different verticals to see the influence of the position.

Horizontal displacements in the stiff foundation (i.e. Sand) layer are nil as De Leeuw theory
is based on elastic solution.At the bottom of the Depth-History window, the resulting elasticity
for the vertical is displayed (average elasticity between all elastic layers).Horizontal displace-
ments are maximum and equal for verticals 3 and 5 as they are both situated at the top
level of the load (Figure 9.46). For vertical 4 situated at the middle of the loading, horizontal
displacements are almost nil because of symmetry.
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Figure 9.46: Depth-History window, Horizontal Displacements at vertical 3 (Tutorial-2f)

Bandwidth Determination (Tutorial-2g)

D-SETTLEMENT'’s reliability module will be used hereafter to estimate the bandwidth in total and
residual settlement, based on values for the standard deviation of soil parameters and layer
positions. D-SETTLEMENT can either estimate standard deviations based on safe defaults for
variation coefficients, or use direct input of the standard deviation. In this case, direct input
has been applied, based on Equation 9.1.

Note: It is assumed in this case, that the thickness of the layers is large compared to the
scale of vertical variability. Averaging in vertical direction is then allowed. The input value
of the standard deviation of the local average in a vertical has been estimated from the total
variance, by assuming a ratio of 1 to 4 between the variance of the local average in a vertical
and the total variance from the lab tests.

Note: D-SETTLEMENT supports normal and lognormal distributions. Usage of a Student-t dis-
tribution is theoretically preferred in cases with a small number of lab tests. The additional
uncertainty by small test numbers has been incorporated approximately in the standard devi-
ation of a normal or lognormal distribution, by an exaggeration factor on the total variance.

Note: D-SETTLEMENT does not stochastically model the uncertainties following from limita-
tions of the prediction model, the uncertainties in loading and the uncertainty in soil type. The
expected bandwidth is in reality therefore presumably larger than the calculated bandwidth.

73. Open the Save As window and save the current project as <Tutorial-2g>.

74. Open the Model window via the Project menu, mark the Reliability Analysis checkbox and
unmark the Horizontal displacements checkbox.
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Figure 9.47: Model window (Tutorial-2g)

75. Open the Probabilistic Defaults window via the Project menu.

76. Select <Deterministic>for the Distribution of the Layer boundary and <Log normal> for
the Distribution of the other parameters. Enter <0> for the Correlation coef. with CR or
Cc in the Compression tab.
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Figure 9.48: Probabilistic Defaults window (Tutorial-2g)

77. Open the Materials window via the Soil menu. Unmark the Probabilistic Defaults check-
box for each soil type, and add the standard deviations and distributions, according to
Figure 9.49 to Figure 9.51.
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Figure 9.50: Materials window for Peat (Tutorial-2g)
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Figure 9.51: Materials window for Sand (Pleistocene) (Tutorial-2g)

78. Open the Calculation Times window via the Calculation menu and add the times for band-

width determination, according to Figure 9.52.
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E] Calculation Times @
Te Time[days] |
= 14
3 2 ia]

Gl HE 56
4 il

e 5 38
B 113

7 140

g 161

9 200

10 300

11 500

12 240

g 300

4 2000

5 10000

*
Cancel | Help |

Figure 9.52: Calculation Times window for Bandwidth determination (Tutorial-2g)

79. Open the Start Calculation window via the Calculation menu. Monte Carlo is the preferred
method for robust determination of bandwidth in both total and residual settlements. Se-
lect Monte Carlo reliability analysis, select Vertical <4> at horizontal co-ordinate 50 for
the settlement determination, enter <0.15 m> as Allowed residual settlement, and enter
<200> as the Maximum number of samples. Unselect the Add dissipation calculation
option. Click Start to start the Monte Carlo sampling.

Start Calculation @

Calculation type

" Settlements [deterministic]

™ Band width of settlements [FOSHM)

™ Probability of failure [FORM)

&+ Band width and probability of failure [Monte Carla)

Diszipation

[ Add dissipation calculation

4 50,000 m

Reliability

Vertical 4: 50,000 m - Masimum number of samples  [] |200
Allowed residual settlerment  [m] (015 15

Times...

Calculation progress

| 0z Sample:

LClose | | Help |

Options...

Figure 9.53: Start Calculation window for Monte Carlo reliability analysis (Tutorial-2g)

80. After the analysis has finished, open the Time-History (Reliability) from the Results menu
to view the bandwidth results (Figure 9.54). Monte Carlo results can vary slightly from
analysis to analysis, because of the random drawing of soil parameters for the 200 sam-
ples. Using the right-hand mouse button, open the Chart Data window and check that the
total settlement after 1000 days is approximately 3.78 &= 0.60 m. Note that those values
can vary from a calculation to another due to a different sampling for each calculation.
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[ Tirme-History (Reliability) =5 |
[V Eress | G' G W Deformation s Confidence interval [%] |95.00 om
Edit_2
1
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Time [days]
*\
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4 L] [\\
Vertical 1 (X = 50.000 m; Z = 0.000 m)
Method = NEN - Bjerrum with Darcy - Monte Carlo

Figure 9.54: Time-History (Reliability) window, Total settlement vs. Time with Band width
for Monte Carlo method (Tutorial-2g)

81. Then open the Residual Settlement (Reliability) window from the Results menu (Figure 9.55)
and check that the residual settlement after 900 days is approximately 0.15 & 0.07 m.

82. Click on the Probability of failure P button and check that the failure probability (residual
settlement larger than 0.15 m) is 45%.

Note: Those values can vary from a calculation to another due to a different sampling for
each calculation. Note also that the mean final and residual settlements from a Monte Carlo
analysis are larger than results from a deterministic calculation.

] Residual Settlement (Reliability) =N =R
R P | Yecd [ 3] mm | Confidence inervalz] [EEI

Edit 2

Residual settiement [

——

10 % 1000 10000
Time [days]

Abowed residual settiement

i
[

Reliability index (]
\

] 0o 000 10000

Vertical 1 (X =50.000 m 2 = 0.000 m) Allowed residual settlement = 0.15
Method = NEN - Bjerrum with Darcy - Monte Carlo

Figure 9.55: Residual Settlement (Reliability) window (Tutorial-2g)

9.10 Conclusion

This tutorial presents the different stages of a project leading to use vertical strip drains with
enforced dewatering in combination with temporary pre-loading in order to accelerate the
consolidation process and finally get acceptable residual settlements.
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10 Tutorial 3: Settlement plate fit

10.1

This is the second tutorial in a sequence of two on the construction of a high embankment for
the Dutch A2 highway, at a viaduct crossing with the N201 road nearby Vinkeveen. Vertical
drains with enforced dewatering have been used to speed up the consolidation and to reduce
the residual settlement. The first part (chapter 9) already illustrated D-SETTLEMENT’s different
features for the initial design.

The objectives of this exercise are:

<& to perform a settlement plate fit after input of the actual loading stages;
¢ to perform a bandwidth determination, in order to improve the predictions and reduce
the uncertainty during the construction stage.

The following D-SETTLEMENT modules are needed:

<& D-SETTLEMENT Standard module (1D)
¢ 2D Geometry module

¢ Darcy module

<& Vertical Drains module

< Fit for Settlement Plate module

< Reliability Analyses module

This tutorial is presented on the files Tutorial-3a.sli to Tutorial-3c.sli and is based on measure-
ment file Tutorial-3.txt.

Actual loading steps

Compared to the initial design calculation in the previous Tutorial-2f [chapter 9], a waiting
period of 100 days has been introduced after construction of the working floor and the instal-
lation of the drains, and the additional period for the soil raise to maximum height has been
extended to 264 days. The available construction period, including the construction of the
working floor, is now 940 days, and the residual settlements from 1000 days may not exceed
0.15 m.The shape of the loading must also be adapted to fit with the actual loading stages.
The 14 stages with their application time and geometry are given in Figure 10.1. The exact
co-ordinates of each loading stage are given in Table 10.1.
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Y =+10.44m — 15 days
—115 days

— =144 days
— 162 days
— — 169 days
— 176 days
— 190 days

225 days

240 days

246 days
— 288 days
— 379 days
512 days
= — e — — - 940 days

Figure 10.1: Actual loading stages for Tutorial 3

Table 10.1: Co-ordinates of the different loading stages (Tutorial 3)

Load name Time Y co-ordinate [m] at ...
[days] X=0 X=35 X=50 X= 67 X=103

15 days 15 -1.9 -0.7 -0.66 -0.63 -1.83
115 days 115 -1.9 -04 -0.36 -0.63 -1.83
144 days 144 -1.9 0.6 0.64 0.67 -1.83
162 days 162 -1.9 0.6 0.64 1.37 -1.83
169 days 169 -1.9 0.6 2.14 2.27 -1.83
176 days 176 -1.9 2.1 2.14 2.27 -1.83
190 days 190 -1.9 3.7 3.64 2.27 -1.83
225 days 225 -1.9 5.6 5.44 5.47 -1.83
240 days 240 -1.9 5.6 5.44 717 -1.83
246 days 246 -1.9 7.1 7.14 717 -1.83
288 days 288 -1.9 8.5 8.44 8.47 -1.83
379 days 379 -1.9 10.5 10.44 10.37 -1.83
512 days 512 -1.9 10.1 10.14 10.37 -1.83
940 days 940 -1.9 9.379 9.413 9.469 -1.83

10.2 Initial prediction (Tutorial-3a)

1. Open the initial input file <Tutorial-2g.sli>, containing already the input data for the subsoil,

the drains with enforced dewatering and the measured loading.

Open the Save As window and save it as <Tutorial-3a>.

3. In the Project Properties window, fill in <Tutorial 3 for D-SETTLEMENT > and <Settlement

plate fit> for Title 1 and Title 2 respectively in the Identification tab.

In the Model window unselect the option Reliability Analysis.

5. Open the Non-Uniform Loads window from the Loads menu and delete all existing loads
using the Delete button.

6. Add a new load by clicking the Add button and rename it to <15 days>. Enter a Time
of <15> days. Enter a Total unit weight above and below phreatic level of respectively
<18> and <20> kN/m®. Enter the co-ordinates of this first load as given in Table 10.1.
This should result in the same window as Figure 10.2.

o

A
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E] Mon-Uniform Loads @
et I Initial load
Time [days] |15
Sequence of loading [
[~ Endtime [days]

Total unit weight

Abowe phreatic level [kMAm=] |18.00
Below phreatic level [kM =] (20,00

Import from D atabase..

3

B A co-ordinate [m] ' co-ordinate [m)

3

7 0,000 1.900
|| 35.000 -0.700

gw | | 50000 -0.660
L | E7.000 -0.630
|| 103.000 -1.830
Ed

Add Inzert =

Lenerate... 1] 4 | Cancel | Help |

Figure 10.2: Non-Uniform Loads window, First load

7. Then click 13 times on the Add button to input the 13 other loads. Modify the Load name,
the Time and the Y co-ordinate of those 13 loads according to Table 10.1. For the two last
loads <512 days> and <940 days> enter a negative Total unit weight above and below
phreatic level to model the removing of the load, as illustrated in Figure 10.3.
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E] Mon-Uniform Loads @
locdigme [ Initial load
15 days
115 days Time [days] |340
144 days
162 days Sequence of lnading [ |14
169 d .
176 d:ﬁz [~ End time [days]
;gg 3:?2 Total unit weight
240 days Above phreatic level [kM#m=] |-18.00
245 days
288 days Below phreatic level [kM#m=] |-20.00
379 days
512 days Import from Database...
:I4E
3 * co-ordinate [m] ' co-ordinate [m)
3
7] 0000 A1.8m0
|| 35.000 9.379
gw | | 50000 9413
L | E7.000 9,469
|| 103.000 -1.830
kd
an
Add Inzert j
Delete | Rename j = = "
Generate... 0K | Cancel | Help |

Figure 10.3: Non-Uniform Loads window, Last load

8. Open the Vertical Drains window and increase the Start of drainage of 20 days and the
Begin and End time of enforced dewatering of 100 days to get the same window as Fig-
ure 10.4. Click OK to confirm.

E] Wertical Drains @
Dirain Type Enforced Dewatering
&+ Stip " Column ¢ Sand wall ¢ Of  Simple lnput 7 Detailed Input
Horizantal Fange Start of Drainage
Fram [m] |0.000 Start of drainage [daws] (20,000
To [m] | 103,000 Phreatic level in drain [m] |-2.200
Positioning Input Parameters for Simple Mode
Bottom position [m] |-7.500 Begin time [days] |154.000
LCenter to center distance [m] |1.000 End tirme [days] |538.000
wfidth [m] {0700 IUnderpressure [kPa] |35.000
Thickness [m] |0.003 Water head during dewatering [rn] |-2.200)
Grid Rectangular hd

ak | Cancel Help

Figure 10.4: Vertical Drains window

9. Open the Calculation Times window and modify the times according to Figure 10.5. Click
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OK to confirm.

E] Calculation Times @

Te Timne[days] [

=
e

b

0|00 |~ [T |7 [ [P [—
—_
o
i

o | = L | [— 2
o
=y
=

1] Cancel Help |

Figure 10.5: Calculation Times window

10. Press the function key F9 to open the Start Calculation window.

11. View the transient settlement and effective loading at the surface level after selecting Ver-
tical number <4> in the Time-History window from the Results menu (Figure 10.6) and
check that the predicted final settlement is 3.747 m.

8] Time-History [E=RE=R |
Pogess G G ¢ R P RV Defomation S I” FixSeflement &xis | Mettical ¢ 4| | om | Depth[m] [1.880() =

J‘L |

E

2
50
Tool: 2 lJ_‘
5 100

il

Time [days]

Setilement [m]

Vertical 4 (X = 50.000 m; Z =0.000 m) Depth = 1.850 (-) [m]
Method = NEN - Bierrum with Darcy Setflement after 10000 days = 3.747 [m]

Figure 10.6: Time-History window, Settlements and Effective stress at surface level vs.
Time for vertical 4 (Tutorial-3a)

12. Open the Residual Settlement window and check that the predicted residual settlement
after 1000 days for vertical 4 is about 0.14 m.
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10.3 Settlement plate fit (Tutorial-3b)

13. Open the Save As window and save the current project as <Tutorial-3b>.
14. Open the Model window via the Project menu and mark the Fit for settlement plate check-
box (Figure 10.7).

Model (=25
Dimenzion Options
1D i« 2D [v Vertical draing

i B eliabilit lysi
Calculation model r ; eliability analysis

@ NEN - Bjerrum [Cr, Ce. Ca) e
™ Horizortal displacemnents

™ lzotache natural strain [a, b, c)
™ MEM - Koppejan [Cp. Cs]
r

Conzolidation model
i Terzaghi

e Darcy

akK | Cancel Help

Figure 10.7: Model window

15. Open the Fit for Settlement Plate window via the Calculation menu.

16. At the top of the window, select Vertical <4 at 50.000m>.

17. In the Measurements tab, click the File Open button and select <Tutorial-3.txt> from the
Tutorials directory where the D-SETTLEMENT program was installed (Figure 10.15). Click

Open.
E] Open @
@'\__J-‘?l <« DSettlement » Projects » Tutorials vl&? W search Tutorats ol
Organize = New folder - M @
[ Favorites i || Tutorial-3
Ml Desktop

4 Downloads

= Recent Places

m

= Libraries
| Documents
-, Music
k| Pictures

B videos

. -
M Comnuter

File name: Tuterial-3 - |Textfi|es(*.bctj v|

| Open | | Cancel |

Figure 10.8: Open window

Note: The text file named Tutorial-3.txt has a simple two-column number format (times and
settlements), separated by tabs. It is possible in the input window to enter a shift in time or
settlement.
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The measurements are displayed in the Measurements tab of the Fit for Settlement Plate
window (Figure 10.9). Separate weights can be attached to each of the measurements. The
default weight is 1. A large weight to a certain measurement will increase its relative influence.

Fit for Settlement Plate @
Wertical |4 at50.000m -
Measurements | Materials |
File Open... File: name; Tutorial-3. et Clear
Shift measurements
Start date | 1/ 1/2000 - Time [daws] |0
Start timeg | 12:00:00 Ak =i Settlenent [m] |0.000
[v Show shifted time in table [v Show shifted settlernent in table
Date Time Shifted | Settlement | Shifted Weight -
time settlement
[dd-mrm-y] [days] [days] [m] [m] [
(30 25-01-2000 24 24 0591 0591 1.00
2 14-05-2000 13 134 1166 1166 1.00 E
3 22-05-2000 142 142 1177 1177 1.00
4 29-05-2000 149 143 1.353 1.383 1.00
5 04-06-2000 155 155 1513 1513 1.00
[ 11-08-2000 182 162 1615 1615 1.00
7 18-06-2000 169 169 1.759 1.759 1.00
[ 25-08-2000 176 176 1.923 1.923 1.00
9 02-07-2000 183 183 1.986 1.986 1.00
10 05-07-2000 180 180 2088 2088 1.00
11 16-07-2000 197 197 2220 2220 1.00
12 13-08-2000 225 225 2487 2487 1.00
13 20-08-2000 232 232 2512 2512 1.00
14 28-08-2000 240 240 2594 2594 1.00
15 03-09-2000 246 246 2638 2638 1.00 -
Ok, | Cancel | Help |

Figure 10.9: Fit for Settlement Plate window, Measurements tab (Tutorial-3b)

18. Select the Materials tab. This tab offers options for automatic or manual adaptation of 5
special fit parameters as shown in Figure 10.10.
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Fit for Settlement Plate

Wertical |4 atB0.000m

Measurements  Materials |

Flate pozitioned on top of

Selection of layers by material
W

v| Paat
| Sand [Pleistocene)

m - Soil model: NEN - Bjerrum

Congolidation model: Darcy

Fit

Shaw Current

Iteratian. ..

Fit results

Coefficient of determination: 0.000 [-]

Imperfection: 0.00 [m]

Ratio primary-secondary settlement: 80 - 20 [%]

Fit factors

Current Previous “wheight
¥ Reloading # Compression ratio (RR)/(CR) [1.000 |1.000 [10.00
[V Compression ratio (CR) [1.000 [1.000 |4.00
¥ Ratio Compression (Cal/(CR) [1.000 |1.000 [10.00
¥ Preconsalidation stress (POP or DCR) [1.000 |1.000 |3.00
[V ‘ertical permeailty (kv) [1.000 [1.000 [1.00

Reset

[}

o

Cancel |

Help |

Figure 10.10: Fit for Settlement Plate window, Materials tab (Tutorial-3b)

19. Click the Show Current button to compare the initial prediction with the actual measure-
ments as shown in the Time-History (Fit) window that opens (Figure 10.11).

[ Time-History (Fit) ===
P Enes g G @ R P R | W Defomation S [~ Fix Gettlement Adis | Wettical  [4 2] om | Depth(m] [18800) ~
Edit 2
200
D J
A - I
i w
& e
Toal 2| §
2 |z Ij_l
B =
00 000 10000
Time [days]
°
E
b=
=
5 "\\
T
s, Lerg0,
I 4 o4
I
: N
100 1000 10000
rrrrrr +------ Measurement
Vertical 4 (X = 50.000 m; Z = 0.000 m) Fit factors used Depth = 1.880 (-) [m]
Method = NEN - Bjerrum with Darcy Coefficient of determination = 0.000 Settlement after 10000 days = 3.746 [m]

Figure 10.11: Time-History (Fit) window, Initial prediction versus measurement, imperfec-

tion 0.19 m (Tutorial-3b)

In the Materials tab of the Fit for Settlement Plate window, D-SETTLEMENT also displays a so-
called Imperfection value of 0.19 m (Figure 10.12). This is the root-mean-square deviation
between prediction and settlement.
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Fit results

Coefficient of determination: 0.000 [-]
Imperfection: 0.19 [m]

Ratio primary-zecondany settlement; 80 - 20 [%]

Figure 10.12: Fit for Settlement Plate window, Materials tab, Details of the Fit Results
(Tutorial-3b)

D-SETTLEMENT uses fit factors to multiply the following five soil parameters and ratio’s for all
layers or for user-selected layers:

o ¢, or k, ( consolidation)

¢ OCR or POP (preconsolidation)

& C'R (primary virgin compressibility)

¢ ratio RR/CR (reloading compressibility relative to primary virgin compressibility)
¢ ratio C,, /C R (secondary compressibility relative to primary virgin compressibility)

It is possible to manually modify those single fit factors and see the effect on the total and
residual settlements. For instance:

20. Set the multiplication factor on C'R to <0.95> and click Show Current to view the predic-
tion versus the measurement.

Now, an automatic iterative modification of the fit factors is performed:

21. Reset all fit factors to <1> in the Materials tab from the Fit for Settlement Plate window.

22. Click the Iteration button to open the lteration stop criteria window and change the default
iteration stop criteria to the values displayed in Figure 10.13. The coefficient of determina-
tion is defined as 1 minus the division of the square of the final imperfection by the square
of the initial one. The required iteration accuracy is the minimally required improvement in
the coefficient of determination per iteration. Click OK to confirm.

Iteration stop criteria @
M awimum number of iteratiots [] |20
Bequired iteration accuracy [[] |0.0000000001

Fequired coefficient of determination [] 10930
Ok, | Cancel | Help |

Figure 10.13: lteration stop criteria window (Tutorial-3b)

23. Click Fit to start the automatic iterative modification of the fit factors.

D-SETTLEMENT uses a robust weighted least squares procedure, which minimizes not only the
deviation between prediction and settlement, but also the deviation between the initial and
modified parameter. Separate weights can be attached to each of the fit factors. The default
weights are suited for most purposes. A large weight on a fit factor will reduce the freedom to
deviate from 1. The default weights are the largest for the two compressibility ratios, because
a local variation in primary virgin compressibility is likely to be correlated to a similar variation
in reloading and secondary compressibility.

The fit factors during the fit are displayed in the Fit for Settlement Plate window. An acceptable

match between fit and measurements by modification of soil parameters might hide that model
limitations and loading uncertainties are in reality sometimes also a major cause of deviations
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between the initial prediction and the measurements. Therefore, a fit result can only be trusted
if the initial soil parameters were determined accurately and if the variation of the fit factors in

different cross sections is realistic compared to the natural variability in the soil parameters.

Fit for Settlement Plate @
Wertical  [EREIgIIRIIN]
Measuremnents Materials|
Plate positioned on top of
|3 Clay j Soil model: NEM - Bjerum
. . Cansclidati del: D
Selection of layers by material R eEME eRlh BEE)
v Fit Show Current Iteration. ..
| Peat
v| Sand [Pleistocene) Fit results

Coefficient of determination: 0961 [-]
Imperfection: 0.04 [m]
Fiatio primary-secondary settlement; 90 - 10 [%]

Fit factars

Current Previous Wheight
[V Reloading / Compression ratia (RRJ/(CR) [1.073 [1.000 [10.00
¥ Compression ratio (CR) |0.906 [1.000 |4.00
[V Ratio Compression (CalA(CR) [1.02 |1.000 [10.00
[V Preconsalidation stress [POP ar DCR) |0.es7 [1.000 [2.00
¥ “eitical permeaility (k) [1.357 [1.000 [1.00

Reset

Diraimed zoil cannot be uged in combination with dewatering of vertical drains.

[}

o]

Cancel |

Help |

Figure 10.14: Fit for Settlement Plate window, Materials tab, Fit factors after fit (Tutorial-

3b)

24. After completion (Figure 10.14), click the Show Current button to view the final result, with
an imperfection value of 0.04 m (Figure 10.15).

[¥] Time-History (Fit)

[ ]

v ges ¢ G P R P R | Defomation s [~ FixSettlement i | Yertical |4 3| | om | Depth[m] [1.860() ~
Edit 2
200
- [
= rJ_.
a
=
Took 2| 2 w0 I
& z r']-
&
£ =
10 000 10000
Time [days]
0
E : - :
= |
E ;
= \
2 :
@ :

...... 4------ Measurement

t
1000

10000

Vertical 4 (X = 50.000 m; Z = 0.000 m)
Method = NEN - Bjerrum with Darcy

Fit factors used
Coefficient of determination = 0.000

Depth = 1.850 (=} [m]
Settlement after 10000 days = 3.423 [m]

Figure 10.15: Time-History (Fit) window, Prediction vs. measurement after fit, imperfec-
tion 0.04 m (Tutorial-3b)
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Tutorial 3: Settlement plate fit

25. Open the Start Calculation window and mark the Use fit parameters checkbox (Figure 10.16).

Start Calculation @
Fit
v Use fit parameters
Wertical ’W‘
Measurement file: Tutorial-3.
Coefficient of determination: 0.967 [-]

Imperfection: 0.04 [m]

Dizsipation

Calculation progress

0%

Ophons. . | Start | LClaoze | | Help |

Figure 10.16: Start Calculation window

26. Click Start.
27. Open the Time-History window from the Results menu and check that the total settlement
in vertical 4 after 10000 days is 3.484 m, identical to Figure 10.15.

Band width after settlement plate fit (Tutorial-3c)

28. Open the Save As window and save the current project as <Tutorial-3¢c>.

29. Open the Model window and mark the Reliability analysis checkbox. See section 9.9 for
the input of the stochastic soil data.

30. Open the Start Calculation window, and select the Monte Carlo analysis. Input of an Imper-
fection value is required for a reliability analysis with a preceding fit, to quantify limitations
of the model and measurement errors, preventing a perfect fit and a perfect prediction of
the remainder. The imperfection value resulting from the fit (0.04 m) needs to be multiplied
with y/(n — 5) / (n — 1) to derive the input value of 0.05 m, where n equals the number
of measurements (n = 43).

31. Click Start.
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Start Calculation @

Calculation type

" Settlements [deterministic]

™ Band width of settlements [FOSHM)

™ Probability of failure [FORM)

&+ Band width and probability of failure [Monte Carla)

Fit Diszipation
[~ Use fit parameters [ Add dissipation calculation
4: 50,000 m 4: 50,000 m
Reliability
Vertical 4: 50,000 m - Mawirmum rumber of samples  [] |200
Allowed residual settlerment  [m] (0.15 15
0.05 Times...

Calculation progress

Sample:

=
&

[}

LCloze | | Help |

Options...

Figure 10.17: Start Calculation window, Monte Carlo using fit parameters (Tutorial-3c)

D-SETTLEMENT will start with an update of the parameters dependencies (correlation matrix),
followed by the actual Monte Carlo analysis with updated mean values and updated correla-
tion matrix.

32. View the resulting settlement in the Time-History (Reliability) window and check that the
final settlement at 10000 days is now approximately 3.49 4 0.06 m (Figure 10.18).

I3 Time-History (Reliability) =8 IER <)
W Stess | Ou W Deformation s Confidence interval [2] |95.00 o

Edit 2

200

!

Tool: &

Effective stress [Pa]

T
N iy

] 100 1000 10000

2

Time [days]

Setflement (]
[l

=

Vertical 1 (X = 50.000 m; Z = 0.000 m)
Method = NEN - Bjerrum with Darcy - Monte Carlo

Figure 10.18: Time-History (Reliability) window, Total settlement vs. Time with Band
width for Monte Carlo method (Tutorial-3c)
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33. Open the Residual Settlements (Reliability) window and check that the residual settlement
after 1000 days is now approximately 0.154 £ 0.079 m (Figure 10.19), with a probability
of 46.5% that the maximum of 0.15 m is exceeded.

2] Residual Settlement (Reliability) =2 EcR )

B P | Yetcal |1 S| om | Confidence interval [7] |EIERY
Edit_2

i =
ey

_1
Residual setlement [m]

0 0 000 0000
Time [days]

Reliability index ]

Vertical 1 (X = 50.000 m; Z = 0,000 m) Allowed residual setflement = 0.15
Method = NEN - Bierrum with Darcy - Monte Carlo

Figure 10.19: Residual Settlement (Reliability) window (Tutorial-3c)

10.5 Conclusion

This tutorial illustrates that the initial uncertainty at the design stage can be reduced sig-
nificantly during the construction stage, by using measurement data. Conditions for such
a significant reduction are however that a large number of measurements are available, in
combination with a low imperfection value (0.05 m or less).
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11.1

Tutorial 4: Ground improvement
This tutorial illustrates the modelling of ground improvement using two different methods. To
reduce the settlement by embankment construction, part of the original soil (peat) is first
replaced by sand.
The objectives of this exercise are:
¢ To simulate ground improvement (replacing soft soil by a foundation layer of sand)
¢ To apply a load using different construction stages
¢ To analyze the settlement results by comparing both methods
For this example, the following D-SETTLEMENT modules are needed:
<& D-SETTLEMENT Standard module (1D)
¢ 2D Geometry module
¢ Darcy module
This tutorial is presented in the files Tutorial-4a.sli and Tutorial-4b.sli.
Introduction

This tutorial includes the ground improvement of part of the actual soil, and the construction
of a road embankment including several stages.

X

|
|
! Final Load (t=1000 days) 4m
|
l Load 2 (t=500 days) 3m
|
|
|
I
|
|
|

Load 1 (t=100 days) 3m

S /

Figure 11.1: Ground improvement and embankment construction in three stages (Tutorial
4)

Ground improvement

To reduce the settlement by embankment construction, part of the original soil (clay and peat)
is first excavated and replaced by sand. There are two ways to simulate soil improvement
in D-SETTLEMENT. Method 1 is modelling the excavated soil as initial load. This is the most
straightforward method. Drawback is that D-SETTLEMENT will apply some unphysical load
distribution for the initial load in horizontal direction; Method 2 is modelling the sand slab as
a soil layer with reduced initial weight and additional loading. This enforces D-SETTLEMENT
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to calculate a proper initial stress distribution and also to calculation deformations and pore
pressures in the foundation layer.

Both methods consist in:

< Method 1: excavated soil as an initial load (Tutorial-4a)

O Initial stage: the part of the soil that will be replaced is modelled as an initial non-uniform
load. The top surface of the soil layers is therefore located at the bottom of the part that
will be excavated. An imaginary surface is defined at this bottom in order to achieve a
proper initial stress distribution.

B Time t = 0 days: the excavation is modelled by a reversed initial non-uniform load
(negative unit weight) and the replacement by sand is modelled by applying a non-
uniform load with the unit weight of sand.

<& Method 2: new soil as an initial layer (Tutorial-4b)

O Initial stage: the final foundation layer is already defined in the initial geometry. This
layer has the mechanical properties of the improved soil but the density of the original
soil. In this way, proper initial stresses are created.

B Time t = 0 days: Replacement is modelled by a non-uniform load, with a unit weight
equal to the difference between the sand and the original soil.

B Timet = 100 days: A nil load is added to redefine the initial level for subsequent em-
bankment construction (i.e. non-uniform nil load with a top surface at the ground level).
This nil load has a zero unsaturated unit weight. The saturated unit weight is equal to
the unit weight of water, to neutralize the effect of possible submerging.

Note: Method 1 will disturb the real initial stress field due to load distribution.

Embankment
After the soil improvement, a road embankment of 10 m height is constructed including several
stages:

¢ Timet = 100 days: first stage of the embankment construction (3 m height).
¢ Timet = 500 days: second stage of the embankment construction (3 m height).
¢ Timet = 1000 days: third stage of the embankment construction (4 m height).

For this tutorial, the a/b/c isotache model is used in combination with the Darcy consolidation
model. The a/b/c isotache model enhances the NEN-Bjerrum isotache model, by using natural
strain (based on deformed state) instead of linear strain (based on initial state). Natural strains
can be advantageous to prevent unphysical large deformations. All parameters for the a/b/c
Isotache model can be derived from common oedometer tests. The OCR (over-consolidation
ratio) is the ratio between the initial vertical preconsolidation stress and the initial field stress.
The amount of initial over-consolidation is an important value for the Isotache model, because
it defines the initial creep rate that would occur without additional loading.

Table 11.1: Soil type properties (Tutorial 4)

Peat Sand
Saturated unit weight Yeat [kN/m®] | 15 17.5
Unsaturated unit weight Yunsat [kN/m?3] 15 20
Overconsolidation ratio OCR [-] 1.1 1.1
Coefficient of consolidation Co [m?/s] 5 x 10~° | Drained
Reloading/Swelling constant a [-] 102 107°
Primary compression constant b [-] 101 2x10°°
Secondary compression constant c [-] 5x 1072 [ 107°
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11.2 Project

11.2.1

To create a new file, follow the steps described below:

1. Click File and choose New on the D-SETTLEMENT menu bar.

2. Select New geometry (Figure 11.2) to create the project geometry.

3. Click OK.

MNew File

Geometry

o]

" Mew geometny wizard

" Import geometry

=]

Cancel | Help |

Figure 11.2: New File window

4. Click Save as in the File menu.
5. Enter <Tutorial-4a> as file name.

6. Click Save.

Soil and Consolidation Models

The soil and consolidation models are to be set.

7. Choose Model from the Project menu to open the Model window.
8. Select the Isotache soil model and the Darcy consolidation model in 2D geometry (Fig-

ure 11.3).

9. Click OK to confirm.

Deltares

Model
Dimension

1D o 2D

Calculation model

" MEM - Bjerrum [Cr, Cc, Ca)

" MEM - Koppejan [Cp. Cs]
r

Consolidation model
" Terzaghi

" Darcy

Options
[~ Wertical draing
[~ Reliability analysiz
[~ Fit for settlement plate

[~ Horizartal displacements

ok | Cancel

Help

Figure 11.3: Model window
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11.2.2 Project Properties

To give the project a meaningful description, follow the steps described below:

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

11. Fill in <Tutorial 4 for D-SETTLEMENT > and <Ground improvement> for Title 1 and Title 2
respectively in the Identification tab.

12. In the View Input tab, mark the Points checkbox of the Labels sub-window in order to
display the point’'s number and select the option As material names of the Layers sub-
window in order to display the name of the layers.

13. Click OK.

11.3 Geometry

In the Geometry menu, the geometry aspects of the project can be specified.
11.3.1  Limits
The boundaries of the calculation domain must be specified.

14. Choose Limits from the Geometry menu to open the Geometry Limits window.
15. Enter a Boundary limit at left of <-100 m> instead of 0 m.

16. Click OK.
Geometry Limits @
Geometry Limits

Boundary limit at left  [m]  |-100.000

Boundary limit at right  [m]  [100.000
Cancel | Help |

Figure 11.4: Geometry Limits window
11.3.2 Points
Te

All lines (phreatic line, piezometric line or/and boundary layer) in D-SETTLEMENT are connected
between points. The different points are defined using theAdd row button:

17. Choose Points from the Geometry menu to open the Points window.
18. Click the Add row button to enter the first point.

19. Click the X co-ordinate of point 1 and enter <-100>.

20. Click the Y co-ordinate of point 1 and enter <0>.

21. Repeat it for the other points (2 to 10) as shown in Figure 11.5.

22. Click OK.
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E] Points @
0
E ¥ Co-ordinate Y Co-ordinate
[m] [m]
e
2] -100.000 0.000
L -E0.000 0000
3 -50.000 -5.000
4 50.000 -5.000
L5} E0.000 0.000
E 100.000 0.000
7 -100.000 -20.000
T g 100.000 -20.000
a 9 -100.000 -1.000
10 100.000 -1.000
*
Cancel | Help

Figure 11.5: Points window

The defined points can now be seen in the View Input window. The Zoom limits button in the
Tools panel can be used to optimize the limits of the drawing.

PL-line / Phreatic line

To create the phreatic ling, first a PL-line (piezometric level) must be defined:

23. Choose Pl-lines from the Geometry menu to open the PI-Lines window.
24. Click the Add button to create PL-line number <1>.
25. Enter points number <9> and <10> in the Point number column at the right of the

window (Figure 11.6).

26. Click OK.
Pl-Lines (23]
Pl-Lines Points
S I i
! S Eslﬂtje[ #-Coor. *f-Coor.
e 3|3 100000 -1.000
2 10 100,000 -1.000
I [
Add Ingert
Delete
Ok, | Cancel | Help

Figure 11.6: Pl-Lines window

The defined phreatic line can now be seen in the View Input window.

Note: When at least one PL-line is defined in the P/-Lines window, D-SETTLEMENT automat-
ically defined PL-line number 1 to be the phreatic line, as can be seen in the Phreatic Line
window from the Geometry menu (Figure 11.7).
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Phreatic Line @

Select the Plline [by

number] which acts as ’ﬁ
phreatic line:

Cancel | Help |

Figure 11.7: Phreatic line window

Layers

After defining the points (section 11.3.2), the actual layers can now be defined according to
Figure 11.1.

27. On the menu bar, click Geometry and then choose Layers.

28. In the Layers window that appears, click the Add button to create boundary number <0>.
Remember that layer number 0 is never a physical layer but defines the base of the project.

29. Enter points number <7> and <8> in the Point number column at the right of the window.

30. Add boundary number <1> by clicking the Add button and enter point’s number <1>,
<2>, <3>, <4>, <5> and <6>.

Layers :I
Boundaries | I aterialz |
Boundaries Paints
0 gﬂ: Esli_mje[ ‘ #-Coar, ‘ '-Coar.
= DN 1 00000  0.000
2 2 -60.000 0.000
[z |3 50000 5000
4 4 50.000 -5.000
5 5 £0.000 0.000
3 3 100.000 0.000
*
a
Add Inzert
Delete
ok | Cancel | Help |

Figure 11.8: Layers window, Boundaries tab

31. Select the Materials tab of the Layers window to define a soil type for each layer.
On the left of the window (Figure 11.9), a list containing default available materials is displayed.

32. Assign material Peat to layer number 1 as shown in Figure 11.9 by clicking the _*| button.
33. Click OK to confirm the input.
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Layers

Bound

Agal

aries  Materials |

ilable materials

Lavers

B

Mame |

'

Soft Clay
b edium Clay
Siiff Clay

Loose Sand
Denge 5and
Sand

Gravel

Loam

Muck
Undeternined

Murmber

>

Material name

Cancel

Help

Figure 11.9: Layers window, Materials tab

The defined layer and phreatic line can now be seen in the View Input window (Figure 11.10).

8] View Input

Geometyy | Input . Topview

Tools 2

=]

Stage %

-

= -29 600

o

=

for

Peat

[E]

00.000

e -21.000

‘Add plinefs)

Curent object: Foint 8

Materials

[ Peat

[E=8 Bl 5

Figure 11.10: View Input window, Input tab

11.4 Method 1 for ground improvement
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11.4.1  Soil properties

In the Soil menu, the properties of the Peat layer given in Table 11.1 can be inputted.

34. Choose Materials from the Soil menu to open the Materials window.

35. Select Peat in the material list and enter the soil properties values of this layer as indicated
in Table 11.1 in both tabs.

36. Click OK to confirm.

Materials @
b aterial name [ Drained
Soft Clay
Mn_adium Clay )
Stiff Cla Consolidation and unit weight - Compression |
Loose Sand
Dense Sand
Sand (" Preconsolidation pressure [Op) [kM ]
Gravel
Laam " Pre-overburden pregsure [FOF) [kM ]
Fuck
U:getermined { Owerconzalidation ratio (OCR) [] )10
" Eguivalent age [days] |5.56E+00
Reloading/sweling constant [a] [-] |1.000E-02
Primary compression constant (b) [] {1.000E-01
Secondary compression conztant (o] [] |5.000E-03
Add Insert | ~
Delete | Rename| +
0k | Cancel | Help |

Figure 11.11: Materials window, Compression tab for Peat

11.4.2 Loads

As explained in section 11.1, the soil that has to be excavated is modeled as an initial non-
uniform load with the same unit weight as the Peat layer.

37. From the Loads menu, choose Non-Uniform Loads to open the input window.

38. Inthe Load name sub-window, click the Add button and rename the load with name <Initial
S0il>.

39. Mark the Initial load checkbox.

40. Enter a Total unit weight above and below phreatic level of <15> (as for Peat in sec-
tion 11.4.1).

41. Enter two points using the Add row 3 button with X co-ordinate of <-60> and <60> and
Y co-ordinate of <0> (see Figure 11.12).
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E] Mon-Uniform Loads |:
LD o v Initial load
Initial load
Time [days] |1
Sequence of loading [ ,17
[~ Endtime [days] ,7

Total unit weight

Abowe phreatic level [kMAm=] |15.00
Below phreatic level [kMAm=] |15.00

|G sse|

* co-ordinate [m] ' co-ordinate [m)
il -60.000 0.000
|| £0.000 0.000
k.
Add Inzert | = [
Delete | Rename|
4 Tl 3
Generate... ak | Cancel | Help

Figure 11.12: Non-Uniform Loads window

As explained in section 11.1, at time 0 day, the excavation is modeled by simply adding a
reversed initial non-uniform load (by means of a negative unit weight) and the refilling with
sand material is modeled by applying a non-uniform load (with the same unit weight as the
sand material).

42.
43.
44.

45.

46.

47.

Click the Add button and rename the load with name <Excavation>.

Unmark the Initial load checkbox.

Enter a Time of <0 days> and a Total unit weight above and below phreatic level of
<-15>.

The bottom boundary of the excavation includes four points: select the second row and
use the Insert row 3 button to insert two rows between the two existing rows. Enter co-
ordinates X of <-50> and Y of <-5> for point 2 and X of <50> and Y of <-5> for point
3 as shown in Figure 11.13 (left).

To model the refilling with sand material, select the load /Initial soil previously defined and
click the Add button. Rename the load with name <Improvement>.

Unmark the Initial load checkbox and enter a Total unit weight of <17.5> and <20>
respectively above and below phreatic level. The co-ordinates don’t need to be modified as
the top boundary of the Improvement load is the same as the Initial soil load (Figure 11.13).
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m MNon-Uniform Loads

Load hame

Irittial Inad

Add Irsert j
Delete: Renamej

Generate.

X

[ Initial load
Time: [days] ’07
Sequence of loading [1 ,27
[~ Endtime el [

Tatal unit weight

[kh#m3] |-15.00
[kh#m3] |-15.00

Above phreatic level

Below phreatic level

e ¥ co-ordinate [rm] ‘ ¥ co-ardinate [m] ‘
3
il 0000 0000
| | -50.000 5.000
rd 50.000 5.000
| | £0.000 0.000
kdl
] m b
oK | Cancel | Help ‘

m MNon-Uniform Loads @
Coanans I Initial lgad
Irittial load
Encavation Time [daps] |0
Sequence of loading [ 2
[~ Endtime [days]
Tatal unit weight
Above phieatic level [kM/m3] [17.50
Below phreatic level [kM/m3] (20,00
T
= ¥ co-ordinate [rm] ¥ co-ardinate [m]
3
Gl 0000 0000
L7 E0.000 0.000
Ed
Add Irsert j i
Delete | Rename: j - = D
Generate. oK | Cancel Help

Figure 11.13: Non-Uniform Loads window

w After the soil improvement, now enter the three stages of the embankment con-
struction by using the Generate button.

48. Click the Generate button at the bottom of the Non-Uniform Loads window to open the
Generate Non-Uniform Loads window.

49.

In the Envelope Points tab, enter the co-ordinates of the points that define the envelope of

the road embankment, as given in Figure 11.14 to be in accordance with Figure 11.1.

E] Generate Non-Uniform Loads @ E] Generate Non-Uniform Loads @
op of load steps | Envelope Points  Top of load steps |
Se # co-ordinate [m] |Y co-ordinate [m] | Se Y co-ordinate [m] |
= 1 -E0.000 0.000 = 1 3.000
EIJ: 72 -40.000 10.000 EIJ: Flz £.000
] 40.000 10.000 *
T 4 £0.000 0.000 T
*
Ok, | Cancel | Help | Ok, | Cancel | Help

Figure 11.14: Generate Non-Uniform Loads window

. Select the Top of load steps tab and enter the two intermediate values at <3 m> and
<6 m> (Figure 11.14).

51. Click OK to generate the loads.

. Rename load Generated load (1) with name <Load 1> and enter a Time of <100 days>.

. Rename load Generated load (2) with name <Load 2> and enter a Time of <500 days>.

. Select Final load and enter a Time of <1000 days>.

. Click OK to confirm.

The non-uniform loads are now displayed in the Input tab of the View Input window.
The Zoom limits button in the Tools panel can be used to optimize the limits of the drawing
(Figure 11.15).
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[8] View Input E=8 ol 5|

Geomety | Input | Topview
Edit & e R T 0, To|  Materials

[ Peat

Stage %
&

Al

114600 " 13.000 Edit

Figure 11.15: View Input window, Input tab

~| ©|To visualize the sequence of loading, use the Previous stage and Next stage buttons
in the Stage panel.

11.4.3 Verticals

A sufficient number of verticals must be defined to get a good impression of the settlement
distribution.

56.
57.
58.

59.
60.

Choose Verticals from the GeoObjects menu to open the input window.

Select Interval in the Automatic generation x co-ordinates sub-window.

Enter a First and a Last point with X co-ordinate of respectively <0 m> and <60 m>,
and enter an Interval of <10 m>. Because of symmetry, verticals are generated only for
half part of the embankment.

Click the Generate button.

Click OK to confirm.

E]Verticals @
. X
=l * co-ordinate [m] Z co-ordinate [m] |0.000
3
l ISE 0.000 Discretisation [ |100
}* 2 10.000
3 20.000
g igggg Automatic generation » co-ordinates
3 50.000
7 £0.000
- ¥ ™ Modes & |nterval
i H Il

First [m] |0.000
Last [m] |60.000
Interval [m] |10.000

Ok, | Cancel | Help |

Figure 11.16: Verticals window
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11.4.4 Calculation Options

The top surface of the soil layers is located at the bottom of the excavation (i.e. top of the Peat
layer). Therefore an imaginary surface is defined at this bottom in order to achieve a proper
initial stress distribution.

61.
62.

63.
64.

65.

Choose Options from the Calculation menu.

Mark the checkbox Output of settlements by partial loading (green lines) in order to view
in the Time-History window the settlements due to each load-step (section 11.4.5).

Mark the Imaginary surface checkbox.

Leave other options like submerging (decrease of effective load by submerging) to their
default settings.

Click OK to confirm.

Calculation Options @

End of settlement calculation [days] |10000 Cieep rate reference time  [days] 1.000

Stress distribution

Sail Euizman - v Imaginary surfage |F'eat j
Loads Mone - v Submerging [only for soil weight and non-uniform loads)
Load colurmn width
[~ Maintain profile MNor-uniform |oads [m] |1.00
Superelevation Trapeziform loads [rn] ’1007
Imaginary surface [m] |1.00
Tatal unit weight
Iteration stop criteria

Submerging [m] |00
Minimum zettlement for submerging  [m] |0.000

I axirmum iteration steps for submerging |1

v iOutput of settlements by partial loading [green lines) ;

ok, | Cancel Help

Figure 11.17: Calculation Options window

11.4.5 Results of Method 1

66.
67.
68.
69.

Choose Start from the Calculation menu or press the function key F9.

Click OK to start the calculation.

Choose the Time-History option in the Results menu.

In the Time-History window displayed, inspect the results for each vertical using the scroll
arrows # of the Vertical box, at the top of the window. Vertical 1 at the axis of the embank-
ment (Figure 11.18) gives the largest final settlements.
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[8] Time-History [E=RE=RE
Wi g G P R P R | ¥ Defomation S [ Fix Setlement &xis | Yefical |1 2] | om | Depth[m] |5000( ~

Edit #

Effective stress [kPa]

t t
] 100 1000 000D

Time [days]

Settlement [m]

T t
0 1 000 000D

Vertical 1 (X =0.000 m; Z = 0.000 m) Depth = 5.000 (-} [m]
Wethod = Isotache with Darcy (Natural strain} Settlement after 10000 days = 1.854 [m]

Figure 11.18: Time-History window for vertical 1 (Tutorial-4a)

Method 2 for ground improvement

The second method models the sand foundation as an initial layer and uses an additional load
to add the additional weight. Therefore a new Sand layer must be introduced in the project.

Defining the Sand layer

70. Click Save As in the file menu and save this tutorial as <Tutorial-4b>.

71. Click Save.

72. Select Material in the Soil menu to open the Material window.

73. Select the Sand material.

74. In the Consolidation and unit weight tab, mark the Drained checkbox as indicated in Ta-
ble 11.1 for Sand but for the weight, enter the same unit weights (below and above the
phreatic level) as the Peat layer (i.e. <15>).

75. In the Compression tab, enter the soil properties as indicated in Table 11.1 for Sand.

76. Click OK.

77. On the menu bar, click Geometry and then choose Layers.

78. In the Layers window that appears, click the Add button to create boundary number <2>.

79. Enter points number <1>, <2>, <5> and <6> in the Point number column at the right
of the window.

80. In the Materials tab of the Layers window, assign the Sand material to Layer number 2
using the | button.

81. Click OK to confirm the input.
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Modeling the soil improvement

As explained in section 11.1, at time ¢ = 0 days, the additional density due to soil improvement
is modeled as a non-uniform load (with an effective unit weight equal to the difference between
the initial Peat material and the new Sand material):

82.
83.

84.

85.

¢ Above phreatic level: 17.5 — 15 = 2.5 kN/m?;
¢ Below phreatic level: 20 - 15 + 9.81 = 14.81 kN/m?>.

From the Loads menu, choose Non-Uniform Loads to open the input window.

Delete the existing loads Initial Soil and Excavation by selecting them and clicking the
Delete button.

Select the Improvement load and enter unit weights equal to the additional density: <2.5 kN/m>>
above and <14.81 kN/m®> below the phreatic level.

In the co-ordinates table, enter the co-ordinates of the four points of the excavation bound-

ary as given in Figure 11.19 (left).

A nil load must now be added at time 100 days to redefine the initial level for subsequent

e

mbankment construction (i.e. non-uniform nil load with a top surface at the ground level).

This nil load has a zero unsaturated unit weight and a saturated unit weight equal to the unit
weight of water, to neutralize the effect of possible submerging:

86
87

88

89

2

. Select Load 1 and click the Insert button.

. Rename the load with <Step to surface> and enter unit weights of <0 kN/m®> and
<9.81 kKN/m*> respectively above and below the phreatic level.

. In the co-ordinates table, delete points 2 and 3 using the Delete row button #/in order to
keep only the top surface boundary as shown in Figure 11.19 (right).

. In the Calculation Options window, unmark the Imaginary surface checkbox.
m Non-Uniform Loads @ m Non-Uniform Loads @
Loadlie I Initial load Cosdlnans I Initial load
Improvemen Imgrovemenl
Load 1 Time [days] |0 Time [days] |00
Load 2 Load 1
Final load Sequence of loading [ Load 2 Sequence of loading M2
5 Final load 5
[~ Endtime [days] [” End time [daws]
Total unit weight Total unit weight
Abagve phreatic level [kM/m®] (250 Above phreatic level [kM/m*] (0.00
Below phreatic lewel [kM/m3] [14.81 Below phreatic level [kM/m3] [9.81
=3 =3
= % co-ordinate [m] ' co-ordinate [m] = % co-ordinate [m] ' co-ordinate [m]
e e
I -E0.000 0.000 I -E0.000 0.000
Fox || -60.000 -5.000 | | E0.000 0.000
|| 50.000 -5.000 Ed
| | E0.000 0.000
Ed
Add | Insen | o] | o Add | Insen | o] | o
Delete | Rename: j - . = - Delete | Rename: j - . -
Generate oK | Cancel | Help ‘ Generate oK | Cancel Help

Figure 11.19: Non-Uniform Loads window (Tutorial-4b)
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11.5.3 Results of Method 2

90. Press the function key F9 to start the calculation.

Start Calculation @
Dizzipatiorn
-

Calculation progress

0%

Mon-uniform load [1]: Co-ordinate is below suface (2]
Mon-uniform load [1]: Co-ordinate is below suface (3]

| | Cloze | i Continue | |

Figure 11.20: Start Calculation window (Tutorial-4b)

As the Improvement load is below the ground surface, warning messages appear in the Start
Calculation window (Figure 11.20).

91. Click the Continue button to continue the calculation.

92. Choose the Time-History option in the Results menu.

93. In the Time-History window displayed, inspect the results for each vertical using the scroll
arrows = of the Vertical box, at the top of the window. Note that vertical 1 (Figure 11.21)
gives the more important final settlements.

[ Time-History [E=8E=RE
Vostess ¢ G P @ P R Defomation S I~ Fis Setflement Awis | Yetical [1 2] om | Depth(m] [GHIEN ~

Edit 2

n
1

Took %

Effective stress [kPal

H

@

+
] 00 0000

Time [days)

Settlement [m]

t t
10 100 1000 0000
Vertical 1 (X = 0.000 m; Z = 0.000 m) Depth = 5.000 (-} [m]
Wethod = Isotache with Darcy (Natural strain) Seitlement after 10000 days = 1.854 [m]

Figure 11.21: Time-History window for vertical 1 (Tutorial-4b)

Practically no deformation occurs from depth 0 m to depth -5 m, because of the relatively low
compressibility of the Sand layer (from depths 0 m to -5 m). To illustrate this:

94. Select depth <0.000 m> of the Depth box and then use the scroll button of the mouse to
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display in a continuous way the results at each depth.
Another way to illustrate this is to use the Depth-History window:

95. Open the Depth-History window from the Results menu.
96. Select the final time <10000 days> from the drop-down menu of the Time box.

[8] Depth- History E=8 EeR =)
Wogness |7 Ge ¢ R P R | Defomation s Vettical |1 %] | Iime[daps] [10000.000
Edit 2 o

Sand

Tools 2

Depth [m]
|

Peat

t t t t t
180 20 20 240 260 280 30 00 05 10
Effective stress [kPa] Settlement [m]

Vertical 1 (X = 0.000 m; Z = 0.000 m) Time = 10000.000{days]
Methed = Isotache with Darcy (Natural strain)

Figure 11.22: Depth-History window (Tutorial-4b) after 10000 days

The settlement chart displayed (Figure 11.22) shows that almost no settlement occurs in the
top sand layer called Sand. Note that excess pressures are still significant at 10000 days.

11.6 Comparison of both ground improvement methods

To compare the settlement and loading curves of both methods, the data from D-SETTLEMENT
graphs are exported to spread sheets:

97. In the Time-History window, click with the right hand mouse button in the graph area.

98. Select View Data.

99. In the Chart Data window displayed (Figure 11.23), select the columns with the mouse.
100. Use the Copy button %/ to copy the data to the Windows clipboard.
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E] Chart Data @
Effective stress  Settlement |
Tine [daps] [ Settlement [m] | .
b1 010 0.002
2 010 0002 =
3 0.20 0.002
4 033 0.002
3 0.43 0.002
6 063 0.003
7 094 0.003
8 1.26 0.003
3 167 0.004
10 218 0.005
il 282 0,005
12 363 0.006
3 465 0.007
4 5.94 0.003
3 7.56 0.01
g 960 0.013
7 1218 0.015
i 15.43 0.017
3 19563 0.020
20 2470 002 o
— LTIt nnaT

Figure 11.23: Chart Data window (vertical 1 of Tutorial-4b)

Using the steps described above, both chart data’s (for both methods) can be pasted in a
spreadsheet for direct comparison as shown in Figure 11.24 for settlement curve and Fig-
ure 11.25 for effective stress curve. Those figures show that both methods give approximately
the same results in vertical 1.

Time [days]
1 10 100 1000 10000
0

0.2 |
0.4
0.6 |
0.8 -

1 L
1.2 -
1.4 | —+Tutorial-4a (method 1) - Vertical 1

Settlement [m]

1.6 | — Tutorial-4b (method 2) - Vertical 1
1.8
2 F

—
2.2 k=1
o
1

Load 2

2.4

Figure 11.24: Settlement vs. Time — Comparison between methods 1 and 2
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Figure 11.25: Effective stress vs. Time — Comparison between methods 1 and 2

Conclusion

Two methods were demonstrated to model ground improvement with D-SETTLEMENT. Mod-
elling of the ground improvement as an initial load is the most straightforward method. This
method will however disturb the true initial stress distributions outside the centre of the em-
bankment. Modelling of the ground improvement as an initial soil layer yields proper initial
stresses. Results from both methods at the centre of the embankment are comparable for
these embankment dimensions.
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12 Tutorial 5: Enforced dewatering by sand screens (IFCO)

12.1

IFCO method illustrates the modelling of sand screens in combination with enforced dewater-
ing (IFCO method) for the construction of a new Schiphol airport runway. This example has
also been described in Dutch literature Den Adel et al. (2004) and Den Adel (March 2002).

The objectives of this exercise are:

¢ To import the soil type properties from an MGeobase database;
¢ To model soil drainage by sand screens with enforced dewatering;
¢ To model ground improvement.

For this example, the following D-SETTLEMENT modules are needed:

& D-SETTLEMENT Standard module (1D)
¢ 2D Geometry module

¢ Darcy module

<& Vertical Drains module

This tutorial is presented in the files Tutorial-5a.sli to Tutorial-5c¢.sli.

Introduction

A new runway at a height of about 1.2 m above ground level has to be constructed. Sand
screens with enforced dewatering (IFCO method) are used, because of the severe constraints
on building time (short) and residual settlement (small). A general view of this project is shown
in Figure 12.1.

A

' Pre-loading 7-”_7”"\‘

6L -4.85 m / \
L] T T T T T T _4___J
L‘W Soil improvement (
WL -6.5m
Sand walls -
N
Drain pipes

Figure 12.1: General view with pre-loading and sand walls (Tutorial 5)
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Excavation and loading stages

2m 355m

-4183m

Soil improvement
(Sand)

Figure 12.2: Geometry of the excavation and pre-loading phases (Tutorial 5)

The following stages are modelled, up to and including the sand embankment construction.

¢ At time 0 day: Excavation of the subsoil, providing space for the foundation layer, until
roughly 0.55 m below the ground level;

<& Attime 12 days: Filling of the foundation trench with sand;

¢ Attime 19 days: Installation of sand screens and start of enforced dewatering;

¢ At time 39 days: embankment raise to a level of 1.2 m.

The added sand has an unsaturated and a saturated unit weight of respectively 17.5 and
20 kN/m?.

Subsoil characterization

For the characterization of the subsoil, a boring is made nearby the studied location. Results
are shown in Figure 12.3.
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g am PLine1)
7 485mI(GU =
Sand clayey

Avan 6.1m

Sand 7 05m PLine2)
v— 6.8m E—

Clay very silty

v—a.Sm

Sand

-9.9m

v -121m Clay slightly peaty

127m et
AV

Pleistocene

Figure 12.3: Layers in the subsoil (Tutorial 5)

The compression related parameters of the six soft layers were determined from Ky-CRS
(constant rate of strain) tests, each with an unloading/reloading branch. This test type allows
a more accurate determination of the primary compression parameters and the preconsolida-
tion stress, compared to an oedometer test. The resulting parameters are given in Table 12.1.
Note that the POP value is very large for Dutch conditions.

Table 12.1: Soil properties from Ky-CRS test (Tutorial 5)

Pleisto; Sand | Sand | Clay Clay Clay Clay Peat
cene clayey | very silty mod. | slight.
silty silty peaty
Vunsat [kN/m3]| 18 157 [ 144 |99 9.1 7.8 5.9 25
Vsat [kN/m®]| 20 195 [18.7 |16.0 |155 | 144 |[133 | 105
K0 [1o* |- 1.3 7.2 2.7 0.6 7.0 053 |79
m/d]

Ch [] - 0.01 0.082 | 0.353 | 0.396 | 0.209 | 0.316 | 0.213
kn/ke |1 - 1 1 1 1 1 1 4
a [-] 10° 0.0002 | 0.0031 | 0.0085| 0.0090| 0.0134 | 0.0143 | 0.0211
b [-] 2.10° | 0.0419] 0.0452| 0.1197 | 0.1795| 0.1825 | 0.2389 | 0.3225
c [] 0 0 0.0017 | 0.0025 | 0.0101 | 0.0109 | 0.0149| 0.0187
POP [kPa] 0 20 91.4 35.6 63.5 47.5 85.0 151.0

Deltares 219 of 290



12.1.3

12.2

12.2.1

D-SETTLEMENT, User Manual

Drainage using sand screens and dewatering

IFCO method method is based on the combination of sand screens with enforced dewatering
during pumping. The enforced dewatering will cause temporary pre-loading by lowering of the
water table and sometimes also by creating additional under pressure via sealing.

The sand screens are constructed roughly perpendicular to the axis of the runway, with a
width of 0.25 m, a depth of 10.2 m below reference level and a distance of 3.5 m. Horizontal
drain pipes are installed inside each screen at a depth of 10.075 m below reference level. A
reduced pressure of 10 kPa is applied in the drain pipe during pumping.Moreover, the runway
is sealed from surrounding water and air pressure by means of bentonite shields and an
impermeable foil. This way, an additional air underpressure of 30 kPa is created at the top of
the trenches.

Sand load

\./—\./\./\./\./_\./\./
Drain Clay Drain

Sand

Figure 12.4: IFCO system (sand walls)

Project

How to define the layers geometry and soil properties has been explained already in the
previous tutorials. Use the different figures and data’s given in section 12.1 to create the
geometry and then proceed with section 12.5 for the description of the additional steps.

However, an alternative to the manual input is to import the geometry from a so-called GEO file
(section 12.2.1) and to import the soil properties from an MGeobase database (section 12.3).

Importing an existing geometry
To import the geometry from a GEO file, follow the steps below.

1. In the File menu, select New to open the New File window (Figure 12.5).
2. Select the Import geometry option and click OK.

New File (=25

Geometry

= New geometry

= New geometry wizard

u] I Cancel | Help |

Figure 12.5: New File window
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3. In the Import Geometry From window displayed, select the GEO file named <Tutorial-
5.geo> located in the Tutforials folder where the D-SETTLEMENT program was installed.
4. Click OK.

The predefined geometry is displayed in the Geometry tab of the View Input window (Fig-
ure 12.6). This imported geometry contains only the points, the layers boundary and the
PL-lines, not the material types and properties. They will be imported from an MGeobase
database (section 12.3).

3 view Input
Geometry  Input ' T ophiew
Edt & B P P 0 8 B BB PR B O 10 B B B O 0 0 T

L %
=
o

I

SR A

|
§

&

o
F

|
[ [4
TN

Clay moderately silty

Clay shightly peaty
Peat

Pleistocene

-75.000 75.000

T,

%: 76,500

<

Edi Current object None

Figure 12.6: View Input window, Geometry tab after importing geometry

5. Click Save as in the File menu, enter <Tutorial-5a> as file name and click Save.

12.2.2 Model

The soil and consolidation models, as well as the use of vertical drainage are to be set.

6. In the Model window from the Project menu, select the Isotache soil model and the Darcy
consolidation model in 2D geometry and mark the Vertical drains checkbox

12.3 Importing material properties from a database

The layers geometry is already modelled however the material properties still need to be
defined. The parameters from Table 12.1 were saved in an MGeobase database. To import
them, the location of this MGeobase database must be first specified:

7. In the Program Options window from the Tools menu, select the Locations tab.
8. Mark the Use MGeobase database checkbox and click the Browse button to specify the
location of the MGeobase database with material data.
9. In the Open project database window displayed, select the MDB file named <Tutorial-
5.mdb> located in the Tutorials folder where the D-SETTLEMENT program was installed.
10. Click Open and then OK.
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E] Program Options

Wiew | General  Locations | Language | Modules |

¥ Sawe last used current directony as working directong

‘wiorking directory
|C:\Program Filez\[D eltares D S etlement . Projectzh Tut J

v Use MGeobase databaze
MGeobase database
|C:\Program Filez\D eltares\D S ettlement Projectsh Tut J

18 | Cancel

Help

Figure 12.7: Program Options window, Locations tab

The soil properties of each material given in Table 12.1 can now be imported from this

MGeobase file:

11. Open the Materials window from the Geometry menu and select the Database tab.
12. Select Clay moderately silty in the material list of the Database tab and click the </ button to
import this soil type (with associated properties) in the material list of the Materials window

(Figure 12.8).

Materials

Material name Parameters Database

Add

Pleistocene

I aterials
< [J Clay moderately sty
Clay silty

Clay slightly peaty

Clay very silty
Clay wery =ilty Peat
Sand clayey Pleistacene
Sand
Sand clapey

Undetermined

Information @

Material name in use, overwrite?

Cancel

Inzert | «

Delete

Rename| -

=

o ]

Cancel | Help |

Figure 12.8: Materials window, Database tab

13. As the soil type has already been defined, D-SETTLEMENT opens an Information window

asking if the existing local properties should be overwritten. Click Yes to confirm
14. Repeat it for the 7 other materials.

222 of 290

Deltares



Tutorial 5: Enforced dewatering by sand screens (IFCO)

15. In the Parameters tab, check that the imported properties are the same as in Table 12.1.
16. Click OK.

12.4 Piezometric Levels

12.4.1 Phreatic Line

In the Phreatic Line window from the Geometry menu, select PL-line number <2> at level
-6.5 m as phreatic line.

12.4.2 PL-lines per Layer

In this project, the piezometric level at the ground surface corresponds with the phreatic line
(i.e. PL-line number 1 at depth -6.5 m) and the piezometric level in the Pleistocene layer is at
-4.4 m (i.e. PL-line number 2). In between, a linear distribution is assumed:

17.

18.
19.
20.

Open the PL-lines per Layer window from the Geometry menu and note that the eight
layers are already defined with PL-line number 1 as default.

For layer 1 (i.e. Pleistocene), leave PL-line number <1> at both top and bottom.

For layer 8 (i.e. top layer), enter PL-line number <2> at the top.

Enter <99> in all other cells of the table to indicate a linear distribution (Figure 12.9): the
interpolation will take place between the PL-line belonging to the first soil layer above with
a real PL-line number (i.e. not equal to 99), and the PL-line belonging to the first soil layer

below with a real PL-line number.

E] PL-lines per Layer

sl

Layer
Murmber

FL-line
at top

FL-line
at buottam

— [P | L0 [ |07 o [~ oo e

Cancel |

Help |

Figure 12.9: PL-lines per Layer window

12.5 Loads
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Modelling the soil improvement

The soil that has to be excavated is modelled as an initial non-uniform load with the same unit
weight as the original layer (i.e. Clay very silty 1). This method is explained in detail in Tutorial
4 (section 11.1).

21.
22.
23.

24.

From the Loads menu, choose Non-Uniform Loads to open the input window.

In the Load name sub-window, click the Add button and rename the load to <Initial state>.
Mark the Initial load checkbox and enter a Total unit weight above and below phreatic level
of respectively <14.4>and <18.7> kN/m® (same as for Sand clayey).

Enter two points using the Add row  button with X co-ordinate of <-37.5> and <37.5>
and Y co-ordinate of <-4.85>.

The excavation is modelled by simply adding a reversed initial non-uniform load at time 0, by
means of a negative unit weight:

25.
26.
27.

28.

Click the Add button and rename the load to <Excavation>.

Unmark the Initial load checkbox.

Enter a Time of <0 days> and a Total unit weight above and below phreatic level of
respectively <-14.4> and <-18.7> kN/m®.

Enter the co-ordinates of the excavation boundary given in Figure 12.10 (left).

The filling with sand material is modelled by applying a non-uniform load (with the same unit
weight as the sand material) until the ground surface:

29.

30.
31.

Select the previously defined load /nitial state, and click the Add button. Rename the load
to <Fill>.

Unmark the Initial load checkbox and enter a Time of <12> days.

Enter a Total unit weight above and below phreatic level of respectively <17.5> and
<20> kN/m®. The co-ordinates don’t need to be modified, as the top boundary of the Fill
load is the same as the Initial state load (Figure 12.10, right).

m MNon-Uniform Loads @ m MNon-Uniform Loads @
Lo.ad fiame) [ Initial load Lod LD Iv Iritial load
Irittial state nitial state
Timg [days] |0 Excavation Timg [days] |1
Sequence of loading [ 2 Sequence of loading [
[~ Endtime [days] ™ Endtime [days]
Tatal unit weight Tatal unit weight
Aboye phieatic level [kN/m3] |-14.40 Aboye phieatic level [kN/m3] |14.40
Below phreatic level [kN/m3] |-18.70 Below phreatic level [kN/m3] |18.70
Import from Database. Import from Database.
T " T "
= ¥ co-ordinate [rm] Y co-ordinate [m] = ¥ co-ordinate [rm] Y co-ordinate [m]
3 3
Gl 7500 N I 7500 48
Fe Jl2 -37.500 -5.025 gz 37.500 -4.850
3 30.000 5125 #
4 30.000 5.625
] 16.000 5,625
3 0.000 5,400
7 15.000 5.625
a ] 30.000 5.625 a
H k] 30.000 5125
10 37.500 -5.025
Add Irsert j 1 37500 4850 Add Irsert j
Delete | Rename: j # Delete | Rename: j
Generate oK | Cancel | Help ‘ Generate oK | Cancel | Help

Figure 12.10: Non-Uniform Loads window, Initial state and Excavation loads
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12.5.2 Modelling the embankment construction

The sand embankment construction is modelled by applying a non-uniform load with the unit
weight of sand and with the embankment profile:

32.
33.
34.

Click the Add button. Rename the load to <Embankment>.

Enter a Time of <39> days.

Enter a Total unit weight above and below phreatic level of respectively <17.5> and
<20> kN/m®. The position of the foil is given in the table of co-ordinates in Figure 12.11
(left).

35. Repeat it for the last load named <Embankment> using the values of Figure 12.11 (right).
36. Click OK to confirm.
E’ Non-Uniform Loads @ E’ Non-Uniform Loads @
Load name ™ Iniisllosd Load name ™ Iniisllosd
Initial state Initial state
Excavation Timg [days] |12 Excavation Timg [days] |39
Fill
Sequence of Inading NRE Sequence of Inading [+
™ End time [daws] ™ End time [daws]
Total urit weight Total urit weight
#boye phreatic level [kM/m3] [17.50 #boye phieatic level [kM/m#] [17.50
Below phreatic level [kM/m3] (20,00 Below phreatic level [kN/m3] |20.00
Impart from Database. Impart from Database.
e " e "
= # co-ordinate [m] ¥ co-ordinate [m] = # co-ordinate [m] ¥ co-ordinate [m]
3, 3,
Gl K] 7 E¥:] Gl N 7 4850
L 37.500 -4.850 F #l2 -35.000 4,183
* 3 0.000 3.650
4 36.000 41683
5 37.500 4,650
*
a ay
Add Irsert j Add Irsert j
Delete | Rename: j Delete | Rename: j
Generate. oK | Cancel | Help ‘ Generate. oK | Cancel | Help

37.

Figure 12.11: Non-Uniform Loads window, Fill and Embankment loads

In the View Input window, select the Input tab to view the non-uniform loads and use the
Previous stage *!buttons in the Stage panel to visualize the sequence of loading.

12.6 Verticals

In this project only one calculation vertical is defined at the centre of the embankment.

38.
39.

Deltares

Choose Verticals from the GeoObjects menu to open the input window.
Enter X co-ordinate of <0 m> and click OK to confirm.
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12.7 Vertical Drains
Perform the following steps for definition of the sand screens.
40. In the GeoObjects menu, select Vertical Drains to display the corresponding window.

41. Select <Sand wall> as Drain Type and <Simple Input> of Drainage Schedule.
42. Enter the values given in Figure 12.12 .

E] Vertical Drains @

Cirain Type Enforced Dewatering
i Stip £ Colurin {* Sand wall " Off " Detailed Input
Harizontal Range Start of Drainage

From [rn] ’W Start of drainage [dayz] ’W

To [rn] W Phreatic level in drain [m] ’W
Pozitioring Input Parameters for Simple Mode

Bottom position [m] ’W Begin time [days] ’W

Center to center distance: [m] ’W End time [daps] ’W

Width [m] |0.134 Underpressure [kPa] [30000

Tube pressure during dewatering [kPa] |10.00
Position of the drain pipe [m] |-10.075

Ok | Cancel | Help

Figure 12.12: Vertical Drains window for Sand wall

12.8 Calculation Times

43. Choose Times from the Calculation menu, and enter the times for calculation of residual
settlements, according to Figure 12.13.

E] Calculation Times @
3 Time[days] |
DA 165
3 z 200
Gl ) 200
I [%

Cancel | Help |

Figure 12.13: Calculation Times window

12.9 Results

44. Press the function key F9 to start the calculation and click Start.
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12.9.1 Settlements vs. time curve

45. Choose the Time-History option in the Results menu to view the settlements versus time

(Figure 12.14). The final settlement is 0.189 m.

8] Time-History
P g PR PR

Edit 2

[V Deformation s [~ FixSetlement Axis | Yertieal |1

om | Depth [m]

5.400()

oo )

.00

Effective stress [kPal

100

[days]

10000

Setilement (m]

0000

Vertical 1 (X = 0.000 m; Z = 0.000 m)
Method = Isotache wih Darcy (Natural strain)

Depth = 5.400 (-} ]
Settiement after 10000 days = 0,189 [m]

Figure 12.14: Time-History window, dewatering with underpressure (Tutorial-5a)

12.9.2 Residual settlements vs. time curve

46. Choose the Residual Settlement option in the Results menu to view the residual settle-

ments versus time (Figure 12.15).

3] Residual Settlement
vetical [ %] | mm

Edit 2

(B8 ECR

Residual setiement [
-

T T
180 180 )

=

Time [days]

T
20

Vertical 1 (X = 0.000 m; Z = 0.000 m)
lethod = Isotache with Darcy (Natural strain)

Figure 12.15: Residual Settlement window, dewatering with underpressure (Tutorial-5a)

12.9.3 Excess hydraulic head vs. depth curve

47. Choose the Depth-History option in the Results menu to view the excess head along the

depth at different times, at 10000 days for example (Figure 12.16).

Note that the apparent excess head at 10000 days is not caused by loading. This difference

Deltares
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between the final and initial (user-defined) head distribution is caused by the effect of the sand
screens. D-SETTLEMENT assumes after dewatering in the drains a hydrostatic pore pressure
distribution below the user-defined position of the phreatic level.

[8] Depth-History (=8 [E=8 =
W Stess @ G P|® P B | W Defomation s Verical |1 %] | Tims [days] ([T -

Edit B3 I

®
R

/44

Tools 2

=

Depth [m]

t t t t t t
28 04 2z 0.0 0.00 0.05 0.10 0.15

Excess hydraulic head [m] Settlement [m]

Vertical 1 (= 0.000 m; Z = 0.000 m) Time = 10000.000[days]
Wethod = lsotache with Darcy (Natural strain)

Figure 12.16: Depth-History window, excess head at 10000 days (Tutorial-5a)

12.9.4 Effect of the enforced air underpressure (Tutorial-5b)

In case of perfect sealing at the top of the sand screens, the enforced air underpressure is
equal to 30 kPa. A second calculation is performed, using a safe value of 0 kPa.

48.
49.
50.
51.

Save the current project as <Tutorial-5b>.

In the Vertical Drains window, enter an Underpressure of <0 kPa>.

Start the calculation via the Calculation menu.

Select Time-History in the Result menu to see the settlement results of this calculation
without underpressure.
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B Time-Histony Eloes
Wgtess ¢ G @ @ P R ¥ Deformation S [~ FixSettlement Axis | Wettical |1 4| om | Depth[m] [5.400() ~

Edit 2
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Seftlement fm]
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Vertical 1 (X = 0.000 m; Z = 0.000 m) Depth = 5.400 (- ]
Method = Isotache with Darcy (Natural strain) Settlement after 10000 days = 0.155 [m]

Figure 12.17: Time-History window, dewatering without underpressure (Tutorial-5b)

The final settlement (0.155 m) is smaller compared to the case with underpressure (0.189 m).

12.9.5 Effect of dewatering (Tutorial-5c)

A last calculation is performed with dewatering turned off, to show its influence.

52.
53.
54.
55.

Save the current project as <Tutorial-5¢>.

In the Vertical Drains window, turn the dewatering option off.

Start the calculation via the Calculation menu.

Select Time-History in the Result menu to see the total settlement results of this calculation
without dewatering. The final settlement (0.132 m) is smaller compared to the case with
dewatering.

B Time-History oS
WStess ¢ O @ @ P R | W Defomation S I™ Fix Seflement Axis | Vetical |1 #] | om | Depthim] |5.4000)
Edit %
000
w 2000
=
Tool & | 8
2 0o
&
&
000
10 100 1000 10000
Time [days]
000
N
E o
g i
5 TR
= T
5 \
010 L
T
—~
~
) 10 1000 10000
Vertical 1 (X =0.000 m; Z = 0.000 m} Depth = 5.400 (- [m]
Method = lsotache with Darcy (Natural sirain) Setiement after 10000 days = 0.132 [m]

Figure 12.18: Time-History window, no dewatering (Tutorial-5c)

56. Select Residual Settlement in the Result menu to see the residual settlement results of this
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calculation without dewatering. Note that the residual settlement after 200 days is hardly

affected.

3] Residual Settlement
Vetical [1 2| cm

Edit 2

= ek

Tool: &

0.0%0

082

Residual seftlement [m]

0.084

T
E

Time [days]

Vertical 1 (X = 0.000 m; Z=0.000 m)
Method = Isotache with Darcy (Natural strain)

Figure 12.19: Residual Settlements window, no enforced dewatering (Tutorial-5¢)

12.10 Conclusion

In this tutorial the IFCO method (sand screens in combination with enforced dewatering) has
been modelled. Three cases have been considered to see the influence of the enforced
dewatering on the settlements, as illustrated by Figure 12.20.

& Case A: perfect sealing at the top (enforced air underpressure is 30 kPa);
¢ Case B: dis-functioning of the sealing (enforced air underpressure is 0 kPa);
¢ Case C: enforced dewatering is turned off.

It can be clearly seen that the enforced dewatering increase the final settlement, in other
words reduce the residual settlements.

0.1 1
-0.05 T

10

Time [days]
100

1000 10000

Excavation
0 =

Settlement [m]

0.2

0.25

0.3

____Pre-load (foundation)

__ Start of drainage

__Pre-load (road)

— Tutorial-5a - Enforced dewalt. ON and Pair = 30lkPa

— Tutorial-5b - Enforced dewat. ON and Pair = 0 kPa
Tutorial-5¢ - Enforced dewat. OFF

Figure 12.20: Settlement results for different cases (Tutorial-5)
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13.1

13.2

Loads
This section includes background information on the following load types:

section 13.1 — Non-uniform loads
section 13.2 — Trapeziform loads
section 13.3 — Circular loads
section 13.4 — Rectangular loads
section 13.5 — Uniform loads
section 13.6 — Maintain profile
section 13.7 — Submerging
section 13.8 — Water load

CO OO0

A negative load will decrease the vertical effective stresses in a vertical. A negative time can
be used to indicate that the initial load will only affect the initial effective stress.

See chapter 14 for background information on calculating stresses by loading.

Non-uniform loads

The top of a non-uniform load is defined as a layer boundary, and the bottom is equal to
the surface level or — when more non-uniform loads have been defined — the top of an un-
derlying non-uniform load. Besides soil raise, you can also use non-uniform loads to model
excavations by defining a negative unit weight.

Figure 13.1: Non-uniform load

Non-uniform loads are subdivided into columns. The weight of these columns depends on the
phreatic level in the column.

Trapeziform loads

The input of trapeziform loads consists of:

P the unit weight, in kN/m?;

Xy, the length of the left part of the trapeziform load, in m;
Xy the length of the middle part of the trapeziform load, in m;
Xgr the length of the right part of the trapeziform load, in m;
H the height of the trapeziform load, in m;

P(x, y) the starting point (left side) of the trapeziform load

Trapeziform loads are subdivided into columns.
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Figure 13.2: Trapeziform load subdivided into columns

The change of stress at a point on a vertical is calculated for each column using formulas
of stress distribution of a load column. The contact pressure is assumed to be equal to the
weight of the column.

XL XM XR

N

Figure 13.3: Trapeziform load with a negative height

13.3 Circular loads

!

Figure 13.4: Circular load

The stress due to a circular load is:

2
q(r)—Ploe—i—Z(l—a) (}—%) ] (13.1)
where:
q(r) s the prescribed stress as a function of " in kN/m?;
P is the magnitude of the load in kN/m?;
R is the radius of the circular load in m;
R is the distance in R-direction in m;
0" is the shape factor to specify the shape of the contact pressure. If & = 1, the contact

pressure is constant (represents flexible footing). If o = 0, a parabolic distribution
is used with 0 kN/m? in the centre and 2P kN/m? at the edge (represents rigid
footing).
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13.5

13.6

Loads

Rectangular loads

Figure 13.5: Rectangular load

The stress due to a rectangular load is:

M%z%:P{a+l%gf§Q[X(%)?+Z<§)1} (13.2)

where:

q(z, 2) is the prescribed stress, in kN/m?;

M (z,y, z) is the co-ordinate of the centre point;

is the magnitude of the load, in kN/m?;

is the width of the load in x-direction, in m;

is the width of the load in z-direction, in m;

is the shape factor to specify the shape of the contact pressure. If o = 1, the
contact pressure is constant (represents flexible footing). If & = 0, a parabolic
distribution is used with 0 kN/m? in the centre and 3P kN/m? at the edge
(represents rigid footing).

D N

Uniform loads

A change of vertical effective stress is calculated at each point on a vertical located below the
level of application (zp)-

Ao =qgxh (13.3)
where:
q is the unit weight in N/m?;
h is the height in m;

Zapp 18 the level of application, in m.

The contact pressure is assumed to be equal to the load of a load column above.

Maintain profile

D-SETTLEMENT can calculate the settlement caused by a non-uniform load with a fixed position
of the top surface. When selected (section 6.2.6), the Maintain profile option will iteratively
increase the height of all the load columns of which a non-uniform load is composed. The
iterative process will start at a user-defined time, corresponding usually to the last load step,
and will stop when the average difference between the specified and calculated level of the
top surface is less than the stop criterion. Swell is neglected, which means that no soil is
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removed when swell occurs.

Submerging

Two methods are implemented in D-SETTLEMENT to take submerging into account. The appli-
cation of each method depends on the consolidation model or the soil model:

¢ section 13.7.1 — Approximate (Terzaghi or Koppejan): the approximate method takes
submerging of non-uniform loads of by deformation into account by an initial load re-
duction on the basis of final settlements. This method applies either if Terzaghi consol-
idation model or NEN-Koppejan soil model are selected;

<& section 13.7.2 — Accurate: the accurate method takes submerging of non-uniform load
and soil layers by deformation into account on the basis of the actual settlement. This
method applies for NEN-Bjerrum and Isotache in combination with Darcy.

Note: For Submerging in combinaison with Water Load (section 4.6.2), the original phreatic
line (as defined in the Phreatic Line window, see section 4.3.11) is used.

Submerging — Approximate method (Terzaghi or NEN-Koppejan)
This method applies either if Terzaghi consolidation model or NEN-Koppejan soil model which
are selected which corresponds to the four following combinations:

¢ Isotache soil model with Terzaghi consolidation model;

< NEN-Bjerrum soil model with Terzaghi consolidation model;
& NEN-Koppejan soil model with Terzaghi consolidation model;
¢ NEN-Koppejan soil model with Darcy consolidation model.

When soil is submerged, the effective unit weight of the (non-uniform) loads decreases:

'7/ = Ysat — “Ywater (13.4)

This method determines the submerged weight of non-uniform loads on the basis of final
settlements for all load columns. Because of the deformation-dependent weight, these set-
tlements are determined iteratively. The process is stopped when the average settlement
increment in a particular iteration is less than the stop criterion.

Note: Submerging with the approximate method only works for non-uniform loads. D-SETTLEMENT
does not take the submerging of actual soil layers into account.

If a very small stop criterion is defined and a small column width in the Calculation Options
window (section 5.1), the calculation can be very time-consuming!

Submerging — Accurate method (Darcy + Isotache/NEN-Bjerrum)
This method applies with two combinations of models:

¢ NEN-Bjerrum soil model with Darcy consolidation model;
¢ Isotache soil model with Darcy consolidation model;

When soil is submerged, the effective unit weight of the (non-uniform) loads and the soil layers
decreases:

Y = Ysat — Ywater (13.5)

234 of 290 Deltares



13.8

Loads

D-SETTLEMENT estimates the submerged weight of non-uniform loads and soil layers using an
extrapolated settlement based on a linear extrapolation of the two previous time-steps, which
writes:

S (tifl) — S (tz;g)
lig — i1

Sextrapolate (tz) =S (tifl) + (tifl - ti) (13.6)

A single estimate per time step (without iterations) is usually sufficiently accurate. However,
an iteration procedure per time step can be applied in case of large settlement increments per
step. lteration will stop when the average settlement increment in a particular iteration is less
than the stop criterion or when the maximum number of iterations is reached.

Note: The accurate method takes the submerging of actual soil layers into account oppositely
to the approximate method.

If a very small stop criterion is defined and a small column width in the Calculation Options
window (section 5.1]) the calculation can be very time-consuming!

Water loads

D-SETTLEMENT calculates the change in pore pressures due to a water load by subtracting the
effective stresses determined with the new and the previous PL-lines configuration:

Au, =0l —o0ol (13.7)
where:

o, s the effective stress determined from the PL-lines and phreatic line inputted for
water load number i in kKN/m?;

o, istheinitial effective stress determined from the initial PL-lines and phreatic line (see
section 4.3.10 and section 4.3.11) in kN/m?.

Note: For Submerging in combination with Water Load (section 4.6.2), the original phreatic

line (as defined in the Phreatic Line window, see section 4.3.11) is used.
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14 Distribution of stress by loading

14.1

14.1.1

Below, the following subjects are discussed:

& section 14.1 — General equations for stress distribution
& section 14.2 — Stress distribution for a strip load

& section 14.3 — Stress distribution for a circular load

<& section 14.4 — Stress distribution for a rectangular load
¢ section 14.5 — Imaginary surface

General equations for stress distribution

Stress increments caused by a surface point force

The basic formula used in D-SETTLEMENT is based on the stress distribution formula for a point
load P, where the vertical, horizontal and shear stresses increase in a point at a depth y, and
a horizontal distance from the point load of X =y X tan ¢ are calculated:

m P t?
oy (Y, @) = 5_7ry2 cos™ 2 (14.1)
(v0) =2 L isin g cos” (142)
Oz (Y, ) = = ——sin cos :
Yy, ¥ 2 i Y ¥
m P
: m+1
Ty (Y, 0) = ———sin cos 14.3
v (0, 9) = 5 gsing # (14.3)
where:
oy,  is the vertical stress increment, in kN/m?;

O g is the horizontal stress increment, in kN/m?;

Tay is the shear stress increment, in kN/m?;

P is the increment of surface load, in kN;

Y is the depth, in m;

%) is the angle with the vertical, in °.

m is a concentration index [-]. Boussinesq assumes a concentration index of 3 and
Buisman of 4.

.

T

Figure 14.1: Stress distribution under a point load
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Note: D-SETTLEMENT automatically calculates the stress distribution according to Buisman.
Boussinesq can however be selected in the Calculation Options window (section 5.1), but only
for non-uniform and trapeziform loads.

Stress increments caused by a line load

The stress increments due to a line load ¢ = P X H can be found by integration of the point
load P along the height H of the line load in Equation 14.1:

= —— o8 14.4
Oyy T ¥ (14.4)
2
Ope = —9 cos? ¢ sin? ¢ (14.5)
Tz
2
Toy = —9 cos® @ sinp (14.6)
T2

for Boussinesq.

Stress distribution for a strip load

The stress increments in a point (x, y, z) 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 14.4:

Ty (2.y.2)

Figure 14.2: Stress distribution under a load column

For Boussinesq:

; [(¢1 — p2) + sin ¢y cos ¢y — sin ¢, cos ¢y (14.7)
Opx = % (1 — @2) — sin ¢y cos ¢y + sin ¢y cos o] (14.8)
Toy = % [stgb — sin ¢2] (14.9)

For Buisman:

3q | . ) 1,. 4 .3
Oyy = 71 sin ¢ — sin ¢ — 3 (Sln ¢1 — sin qbg) (14.10)
Opp = % (51n3 01— sin® Q§2) (14.11)
Toy = %(cos (o — COS ¢1) (14.12)

Note: Trapeziform and non-uniform loads are subdivided into load columnsLoad columns.
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The width of these columns and the choice of the stress distribution type (Buisman or Boussi-
nesq) can both be defined in the Calculation Options window (section 5.1).

14.3 Stress distribution for a circular load

¥ L
a

Figure 14.3: Stress distribution under a circular load

For this figure, the following equation applies:

y2

Y2+ A2 +12—2r A cosa

cos? Y= (14.13)

The vertical stress increment in a point (x, y, z) due to a circular load can be found by integra-
tion in tangential and radial directions of Equation 14.1 (Buisman):

(Y, 2) /R/% EALL (14.14)
oy (1,9, 2) = '
yy \ T, Y, 0 0 W(y2+A2—}-r2—2TACOSOé>

Deltares 239 of 290



D-SETTLEMENT, User Manual

14.4 Stress distribution for a rectangular load

Ll

Figure 14.4: Stress distribution under a rectangular load

For this figure, the following formula applies:

y2

1415
y? + (y tana)’ + (y tan B)* (1419

cos? p =

The vertical stress increment in a point (z, y, z) due to a rectangular load can be found by
integration in x and z directions of Equation 14.1 (Buisman):

yy?drdz
ayy T,Y, 2 / / 512 (14.16)
y + ytana) + (y tan f) ]

where:

T =y X tan oy
Ty = Y X tan ap
21 =y X tan 3
29 =y X tan [y
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Distribution of stress by loading

Imaginary surface

D-SETTLEMENT will determine the stress distribution in the layers below an imaginary surface
caused by the weight of the layers above the surface. This option must be used in the case
of an initially non-horizontal surface — for example, for an embankment. Boundary 2 in the
following figure is an example of such an imaginary surface.

V2

V-

Sinitial Sinitial

Figure 14.5: Imaginary surface

The entire soil load above the imaginary surface will only affect the initial stresses. The effect
of stress distribution is taken into account. Incorporating stress distribution will result in an
increase in the initial stress in vertical vl near the embankment, and a decrease of initial
stress in the vertical v2 below the embankment.
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15 Pore pressure

15.1

15.1.1

The combination of a static hydraulic pore pressure field with transient excess pore pressures
can be modeled with either the approximate Terzaghi model or with the accurate Darcy model.
The Terzaghi model uses the theoretical solution for one-dimensional consolidation to modify
directly the drained settlement solution. The Darcy model solves the transient development of
excess pressures and settlements, using Darcy’s general storage equation. Both models use
equal input (section 15.1):

¢ The initial hydraulic head distribution from piezometric level lines at each layer boundary.
& The position of the phreatic line.

¢ The soil weight.

¢ The coefficient of consolidation ¢, per layer.

The calculation process and the output results are different:

¢ Terzaghi (section 15.2) allows for quick and direct predictions of primary and secondary
settlements, including the approximate influence of consolidation.

¢ Darcy (section 15.3) enables a more accurate prediction of the transient pore pressure
development, by stepwise solution of excess pore pressures. The Darcy model also
allows for stepwise determination of the effective stress by submerging of layers and
loads.

A comparison of both consolidation models is done in section 15.5.

The influence of vertical drains on pore pressure development can be analyzed with both
models (section 15.4).

Hydraulic head distribution

Piezometric level lines

A piezometric level line (PL-line) represents the initial and transient hydraulic water head (ex-
cluded the excess component). A PL-line can be defined for the top and bottom of each soil
layer (section 4.3.10, section 4.6.2).

PL-line 2

PL-line 1

1 1
SAND
1

1
1 99
CLAY ) \ o \
2 . \
SAND \ \
2 \ 99 \
2 \ 99 \
CLAY2 ; 0 \\
1

2 \
SAND \
\
\

Figure 15.1: Pore pressure as a result of piezometric level lines
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D-SETTLEMENT 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
pressures at 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, D-SETTLEMENT
will use at that boundary 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 giving PL-line numbers:

Positive integer: | Capillary pore pressures are not used — that is, if negative pore pres-
sures are calculated for points above the phreatic line they become

zero
Zero: All points within the layer obtain a pore pressure 0 kN/m?
99: The pore pressure depends on the first layer above and/or below the

point with a PL-line number unequal to 99.

Phreatic line

The phreatic line (or groundwater level) is used to mark 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 y due to soil weight is:

Yunsat (yO - y) if ¥ > Ywater
i(y,t) = : 15.1
Tsol (y’ ) { “Yunsat (yO - ywater) + Ysat (ywater - y) it ¥ < Ywater ( )

where:

Yunsat IS the unit weight of soil above phreatic level, in kN/m?3;

Ysat is the unit weight of soil below phreatic level, in kN/m?®;
Y is the vertical initial co-ordinate, in m;
Yo is the initial surface level, in m;

Ywater 1S the preatic level, in m.
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15.2 Terzaghi

15.2.1

Terzaghi’s one-dimensional consolidation theory is characterized by the consolidation coef-
ficient. Terzaghi’s model allows quick determination of final settlements, with approximate
effect of consolidation.

Related to D-SETTLEMENT’s implementation of the Terzaghi model, the following subjects are
discussed hereafter:

section 15.2.1
section 15.2.2
section 15.2.3
section 15.2.4

Terzaghi’s general consolidation theory
Consolidation of multi-layered systems
Drainage conditions

<o
<o
<o
O Effective stress and pore pressure

P
~— — ~— ~—

Terzaghi — General consolidation theory

Terzaghi’s theory on one-dimensional vertical consolidation of a homogeneous elastic layer
yields the following expression for the degree of consolidation U

8 — 1 2yt
Ut)=1—- — —exp{— 2i—1)2—=2 (15.2)
where:
Cy is the coefficient of consolidation, in m?/s;
d is the drainage length, in m;
t is the time, in s.

In case of vertical drains, the expression is more complex. D-SETTLEMENT combines the de-
gree of consolidation with the predicted layer deformation under fully drained conditions:

Al — U (t) Ahgrim (0") + Ahgec (07,t) for NEN-Koppejan (15.3)
U (t) Ahgrainea (07,1) for Isotache and NEN-Bjerrum '
where:
o’ is the vertical effective stress, in kN/m?;
Ahgrim is the primary contribution to layer deformation according to Koppejan, in m;
Ahgec is the secondary contribution to time dependent layer deformation according

to Koppejan, in m;

Ahgrainea 18 the theoretical time dependent layer deformation under fully drained condi-
tions according to Isotache/NEN-Bjerrum, in m;

AH is the total layer deformation with approximate influence of consolidation, in m.
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Terzaghi — Consolidation of multi-layered systems

D-SETTLEMENT considers clusters of consolidating layers, between drained layers or drained
dispersion boundaries. D-SETTLEMENT models these multi-layered systems by introducing a
fictitious homogeneous layer with equivalent consolidation coefficient. D-SETTLEMENT scales
the vertical co-ordinate z in layer ¢ with the vertical consolidation coefficient c,, ;. The follow-
ing cases show the expressions used, including the contributions of optional vertical drains
(section 15.4).

d’¢ dp o
ac Ty + 2 (¢ — Parain) (15.4)
with:
(=—
Cyi
i hi X~ h
v Cv.eq i—1 Cy.i
Do hi _ i hi
Ch.eq i_ Vv Ch.i
where:
n is the number of layers ;
h; is the the thickness of layer 7.

Terzaghi — Drainage conditions

The theoretical Terzaghi solution is based on drained conditions at just one side. D-SETTLEMENT
will halve the drainage length in case of drainage at both sides. Drainage at the boundary of
a cluster of consolidation layers can be specified via the dispersion condition at the top or
bottom of the geometry (see section 5.1.1), or via a drained property of certain soil layers
(see section 4.2.2).

D-SETTLEMENT sets the degree of consolidation in drained layers directly to 100%.

Terzaghi — Effective stress and pore pressure

Terzaghi determines the effective stress at time ¢ and initial vertical position y, disregarding
eXCess pore pressures, using:

o’ (y7 t) = Osoil (y, t) + A0joad (y7 t) + Dhyadr (y, t) (15.5)

with:

Phydr (y, t) = Owater (y, t) — max (‘phydr (y, t) - v, O) Yw
where:

O soil is the stress due to soil weight (section 15.1.3), in kN/m?;

Aoag is the incremental stress due to loads (chapter 13), in kN/m?;

Dhydr is the hydraulic component of pore pressure, in kN/m?;

Owater IS the stress due to a water level above the soil surface, in kN/m?:
Owater (y, t) = max [(ywater (t) — Ysurface (t>> Yw; 0]
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Pore pressure

Y is the initial vertical co-ordinate, in m;

Dhydr is the user-defined hydraulic head at time ¢, in m. It can either be defined in the PI-
lines per Layer window (section 4.3.13) for the initial state or in the Water Loads
window (section 4.6.2) for a specific time.

NOTE: The influence of excess pore pressures during consolidation is therefore
neglected.

Only for post processing purposes in graphs and the report, Terzaghi will use the final position
Ysinal fOr the calculation of the values of final pore pressure and effective stress along the depth.

Note: The Terzaghi’'s model doesn’t calculate a pore pressure distribution, but applies directly
a degree of consolidation on settlements. Output of pore pressure distribution is only available
at the initial and final state, without influence of excess pore pressure. In Darcy’s model,
pore pressures are calculated at each time step by means of the storage equation given in
section 15.3.1.

Darcy

Darcy’s model can be applied to find the pore pressure development in clusters of compress-
ible (creeping) layers. Application of Darcy enables accurate 1D solution of the full hydraulic
head, and allows combination with vertical drains modelling.

Related to D-SETTLEMENT’s implementation of the Darcy model, the following subjects are
discussed hereafter:

section 15.3.1
section 15.3.2
section 15.3.3
section 15.3.4

Darcy’s consolidation theory
Drainage conditions
Effective stress and pore pressure

&
o
o
o Numerical solution

P
~— — ~— ~—

Darcy — Consolidation theory

Equation of continuity
Darcy’s consolidation model is based on the Storage equation Equation 15.6.

d?¢p  de
ky—~—+—+L=0 15.6
Ydzy  dt (156)
where:
) is the excess hydraulic water head, defined as the total head minus the initial
head, in m;
k, is the Darcy vertical permeability, im m/day;
de/dt is either the natural strain rate (abc) or the linear strain rate (NEN-Bjerrum, NEN-
Koppejan);
L is the leakage term by vertical drains (see section 15.4), based on the difference

between the average head and the drain head, the drain dimension and the hori-
zontal permeability.

The implemented equation is based on excess heads, and assumes full saturation below
the phreatic line, even when the calculated pore pressure becomes negative. Saturation
dependent phreatic storage and permeability changes are therefore neglected.
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The initial head is user-defined using PL lines per layer, like the Terzaghi model.

The excess head will be calculated in all soil layers below a user defined phreatic level, except
drained layers. Drained layers can however deform (like the Terzaghi model).

The effect of negative pore pressures on effective stress will only be taken into account below
a user-defined position of the phreatic level (like the Terzaghi model).

The effect of settlement on the pore pressure in the soil and the head in the drain will be taken
into account.

Weight reduction by submerging will be taken into account during time integration, for both
soil layers that are initially above the phreatic level and non-uniform load above the phreatic
level.

Strain dependent permeability
The real permeability of soil is a function of void ratio. D-SETTLEMENT offers therefore a strain
dependent model according to Equation 15.7.

_lteq
k=Fkox 10" (15.7)
where:
ko is the initial permeability at undeformed state, in m/s;
12’;0 is the permeability strain modulus;
€ is the strain;
Ch is the permeability strain factor;
€ is the initial void ratio.

This type of strain dependency follows also from the assumption of a constant value for the
consolidation coefficient, in combination with D-SETTLEMENT’s stress dependent compressibil-
ity models.

Strain dependent permeability from the consolidation coefficient

D-SETTLEMENT can derive the values for the permeability strain modulus and the initial vertical
permeability at different locations from the input of a consolidation coefficient, in combination
with the compression parameters (primary consolidation parameters), the preconsolidation
stress and the overconsolidation ratio, using Equation 15.8:

Ck
+ €g

CR 7Yw X ¢y RR X InOCR — 1n 10
WP exp (15.8)

= with CR =
In10 o, CR )

Equation 15.8 is expressed in NEN-Bjerrum parameters. It can be changed to Isotache or
NEN-Koppejan parameters by using:

RR _ 1 CR _ 1

>~ gnd b L~
mio G, o mio ¢

1%

a (15.9)

The horizontal strain dependent permeability is determined from the vertical permeability via
a user-defined ratio (section 4.2.3).
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Pore pressure

Darcy — Drainage conditions

Darcy assumes drainage at the surface and the bottom of the geometry. Additionally, inter-
mediate drained layers can be defined between clusters of consolidating layers.

Darcy — Effective stress and pore pressure

Darcy determines the effective stress at time ¢ and current vertical position 1, including the
influence of the excess head, using:

0" (Yt t) = Osoil (Y5 1) + Abioag (Y, 1) + p (Y, 1) (15.10)
p (yta t) = Owater (y7 t) + Yw [SOhydr (y, t) + Pexcess (y7 t) - yt] (15.11)
where:

Ve is the uit weight of water, in kN/m?;

Yunsat IS the uit weight of soil above phreatic level, in kN/m?3;

Ysat is the unit weight of soil below phreatic level, in kN/m®;

Y is the initial vertical initial co-ordinate, in m;

Ug is the current vertical initial co-ordinate, in m;

Owater 1S thes stress due to a water level above the soil surface, in kN/m?;
Owater (ya t) = Inax [(ywater (t) - ysurface (t)) Tws 0]

Ohydr is the user-defined hydraulic head, defined in the PL-lines per Layer window (sec-
tion 4.3.13) for the initial state;

Vexcess 1S the excess head at time ¢, in m.

Darcy — Numerical solution

The transient pore pressure distribution is solved numerically with an automatic time stepping
scheme, using an efficiently integrated spatial Fourier interpolation along sections of the ver-
ticals. Within each time step, the settlements at the section interfaces are solved iteratively.
D-SETTLEMENT determines the time step sizes such that a stable solution is achieved under all
practical circumstances.

Vertical drains
Three types of vertical drains can be modeled in D-SETTLEMENT:
<& Strip drains

¢ Column drains
¢ Sand wall

Note: The initial and final head distributions can be different when using vertical drains. The

reason is that the vertical drains contribution (section 15.4) is not included during the initial
head determination.
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Modified storage equation

In case of vertical drains, D-SETTLEMENT solves the average head between the drains along
each vertical. D-SETTLEMENT uses the modified storage Equation 15.12 for Darcy, and the
modified consolidation Equation 15.13 for Terzaghi. The Terzaghi solution can be considered
as an extension of the classic solutions by Barron (1948) and Carillo (1942).

de dQ@ 95 — Pdrain n d@

—+k + k — Yp—— =10 for Darcy model 15.12
ar g T e TR dt y (15.12)
¢ 1dp | ¢ — Yman

— =t for Terzaghi model 15.13
Ay ¢, di \2 9 (15.13)

where:
%) is the average value of the head between the drains, in m;

©drain 1S the head in the drain, in m. See section 15.4.2 for line-shaped drains (strip or
column) and section 15.4.3 for plane-shaped drains (granular wall);

A The so-called leakage length [m]. See section 15.4.2 for line-shaped drains (strip
or column) and section 15.4.3 for plane-shaped drains (granular wall);

Yew is the unit weight of water, in kN/m3;

K, is the bulk modulus of water, in kKN/m?;

n is the porosity of the soil layer.

Figure 15.2: Theoretical and average pressure distribution between two drains
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Line-shaped vertical drains (strip/column drains)

In case of line-shaped drainage strips (i.e. Strip or Column), water will flow radially out on top
of the drains. Sometimes a combination with an enforced underpressure on top is applied, via
a drained layer with impermeable cover.

Dair
«p P

Parain

Larain

Figure 15.3: Pressure distribution along a line-shaped drain (radial flow)

D-SETTLEMENT assumes that @ q.4in is equal to a certain water level in the drain, with an optional
reduction by underpressure.

P.
Oarain = MAX (2] Zwater) — —— (15.14)
w

where:

Zwater 1S the water level in the drain, in m. If underpressure is applied, this water level
is equal to the position where the underpressure is applied. Otherwise, the water
level simply equals the phreatic level;

Py is the enforced underpressure, in kN/m?.

The leakage length for radial flow is equal to:

A2 = Deaky [ Dea m(Pea) L Daq — deq (15.15)
Sk |DZ—dZ "\dg) 2 4DZ, |

where:

k./k, is the ratio horizontal/vertical permeability.
is the equivalent distance between the drains depending on the position of the

e
) calculated vertical and the type of grid (triangular of rectangular):
Deg = forig X insid.e the draiqage range
eq grid max (2 D; 4 | — Xymit|) outside the drainage range
D is the actual distance between the drains, in m;
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fgr

Xlimit

id

Deq

is the factor depending on the grid type: 1.05 for a triangular grid and 1.13 for a
rectangular grid;

is the (horizontal) X co-ordinate of the limit of the drained area, in m;

is the equivalent diameter of the drain cross-section, in m:

— For strip drain, this value is the circumferential distance of the rectangular cross
section (width X thickness) divided by 7.

— For column drains, this value equals the actual diameter D) of the drain cross-
section

15.4.3 Plane-shaped vertical drains (plane flow)

DrainsSee Vertical drainsin case of plane-shaped drains (trenches filled with granular mate-
rial), water will flow out via drainage tubes, located downwards in the drain. Sometimes an
additional air underpressure is enforced at the top of the drains.

Pair
Pérair:
Ypipe
+—>
Pripe

Figure 15.4: Pressure distribution along a plane-shaped drain (plane flow)

D-SETTLEMENT assumes that the negative pore pressures in the drain above the water level
are equal to the air underpressure while the head under the water level is equal the water
level minus the air underpressure.

where:

Ywate r

Ypipe

v

p!

;:U@

ipe

P.:
Pdrain = Max (Y§ Ywater) — == with Yoater = Ypipe + —

Boive | Lar (15.16)

w w ’Yw

is the water level in the drain, in m;

is the vertical location of the drainage tube, in m;

is the pressure in the drainage tube, in kN/m?;

is the vertical location of a point on the plane-shaped drain, in m;

is the enforced air underpressure at the top of the vertical drain, in kKN/m?.

252 of 290 Deltares



Pore pressure

The leakage length for sand wall (plane flow) is equal to:

1k
2\ = ﬁk_i (Deq — w)° (15.17)
where:
k./k, is the ratio horizontal/vertical permeability;
Degq is the equivalent distance between the drains depending on the position of the
calculated vertical and the type of grid (triangular of rectangular):
Do — { D inside the drainage range
® 7 ] max (2 D; 4 |z — Xjmis|) outside the drainage range
D is the actual distance between the drains, in m;
Ximit  is the (horizontal) X co-ordinate of the limit of the drained area, in m;
w is the width of the granular wall, in m.

15.5 Comparison of the consolidation models

The following table compares the Darcy model to the classic Terzaghi model.
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Table 15.1: Comparison of Terzaghi and Darcy models in D-SETTLEMENT

Terzaghi

Darcy

Solution method

Analytical solution

Combination of analytical
and numerical, using time

steps
Speed Very fast Fast
Stability Unconditional Unconditional
Final settlements accurate accurate
Time-dependent settlement | approximate accurate
Settlement plate fit average accurate

Parameters

Consolidation coefficient

Consolidation coefficient or
permeability (the last one
optionally strain dependent)

Vertical drains

Approximate

Accurate

Different layers Approximate Accurate
Combination with creep Approximate Accurate
Combination with Approximate Accurate
un/reloading

Submerging Approximate Accurate

Effective stress correction
by pore pressure

Below phreatic line

Below phreatic line

Initial heads input

Piezometric level per layer

Piezometric level per layer

Drained layers

Only deformation, no ex-
cess pore pressure

Only deformation, no ex-
cess pore pressure

Post-processing

Time-settlement curve,

Initial and final stage
stresses.
For each load increment,

the time-settlement curves
show the full settlement that
would occur without further
loading.

Time-depth plots for settle-
ments, heads and stresses.
For each load increment,
the time-settlement curves
show the full settlement that
would occur without further
loading.

Coupling to stability analysis

Settled geometry, degree of
consolidation

Settled geometry, degree
of consolidation and tempo-
rary lowering of water table
by enforced drainage
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16 Soil and strain models

16.1

D-SETTLEMENT calculates the transient settlement of all layers along user-defined verticals,
using one of the following soil models:

< NEN-Bjerrum (section 16.1)
The NEN-Bjerrum model is suited for cases with un- and reloading, by using a rate-type
visco-plastic isotache formulation (all plastic compression results from creep). The NEN-
Bjerrum model is based on linear strain and supports the common linear strain parameters
C,,C,and C,.

< Isotache (section 16.2)
The Isotache a/b/c model is suited for cases with large strains and/or un-/reloading. The
model uses a rate-type visco-plastic formulation (all plastic compression results from creep)
and is based intrinsically on natural strain. The model uses the objective natural strain
parameters a, b, c.

¢ NEN-Koppejan (section 16.3)
The classic Dutch soil model for many years. The model makes a distinction between
primary and secondary settlement. Major differences with NEN-Bjerrum are the less real-
istic stress-dependency of the secondary creep and the poor description of un-/reloading.
Usage of Koppejan for cases with load removal is therefore not recommended.

NEN-Bjerrum

The NEN-Bjerrum model is based on the same theory as the a/b/c/ isotache model. The only
difference is that the NEN-Bjerrum model supports the common linear strain parameters C'.,
C. and C,, instead of the natural strain parameters a/b/c. The shared isotache formulation im-
plies that all inelastic compression results from visco-plastic creep. The NEN-Bjerrum model
therefore assumes that creep rate will reduce with increasing overconsolidation and that over-
consolidation will grow by unloading and by ageing. Bjerrum’s name is attached to this model,
because he was the first to notice that creep rate depends on both overconsolidation ratio and
age. Den Haan (1994) has developed the full mathematical formulation.

Parameters for the NEN-Bjerrum model are easily determined from common oedometer tests
(section 17.3), especially when using the Deltares Geo-Tools program MCompress.

Note: Practice proves that the methods for determination of NEN-Bjerrum parameters can
differ from laboratory to laboratory. Therefore please read the description of the expected
parameter determination method (chapter 17), in order to assure that it is compliant with the
actual parameter determination is compliant with the actual determination method.

Hereafter is a global description of the following aspects of D-SETTLEMENT’'s NEN-Bjerrum
implementation.

¢ section 16.1.1 — Idealized behavior
< section 16.1.2 — Mathematical formulation
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16.1.1 NEN-Bjerrum — Idealized behavior

Figure 16.1 and Figure 16.2 show that the behavior of drained soil according to the NEN-
Bjerrum model can be schematized to an idealized primary and secondary contribution, with
different stiffness below and above preconsolidation. This schematized behavior is also known
from popular textbooks, from standards like NEN 6744 (NEN, 1991b) and from recommenda-
tions like ISSMGE-ETC5 (ISSMGE/DIN, 1998).

Note: The true isotache behavior differs from the idealized behavior, especially in combina-
tion with consolidation. The final settlement after consolidation will however be the same.

to
. WNEN-Ejerrum
Primary:
g \
Mh
Secondary: —=
hy
v
5= B0
Ry

Figure 16.1: NEN-Bjerrum: Idealized primary and secondary settlement during time
(drained conditions)

log ofa &
r » log &

&

\ C(_‘

CF'

Figure 16.2: NEN-Bjerrum: Idealized primary settlement during loading (drained condi-
tions)

v A‘c’-pcrl'm = I:l T );ﬂ
0

For the idealized drained NEN-Bjerrum behavior, three contributions exist:
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¢ If the vertical effective stress after loading is smaller than the preconsolidation pres-
sure gy, the primary settlement contribution according to the idealized behavior can be
calculated from:
Ahprim
ho

/

= RR log (0—> , 00<0’<0p (16.1)
0o

¢ If the vertical effective stress after loading is larger than the preconsolidation pressure
0p, the primary settlement according to the idealized behavior can be calculated from:

Ahprim
ho

o o’
= RR log (—p> + CR log (—) ,op <0 (16.2)
g g

0 P

¢ If the vertical effective stress after loading is larger than the preconsolidation pressure
0p, the secondary settlement according to the idealized behavior can be calculated

from:
Ah t
*¢ = C,log (—) , op <0 (16.3)
ho T0
with
C
CR= —~
1 —+ €0
Cy
RR =
1 —+ €o
where:
C, is the reloading/swelling index below preconsolidation pressure;
C. is the compression index above preconsolidation pressure;
Ca is the coefficient of secondary compression above preconsolidation pressure;
Ahprim is the primary settlement contribution of a layer, in m;
ho is the initial layer thickness, in m;
€0 is initial void ratio.

16.1.2 NEN-Bjerrum — Mathematical Formulation

A full description of the mathematical formulation of the NEN-Bjerrum model can directly be
derived from the a/b/c Isotache description (section 16.2), by application of the following small
strain limits:

If e — ¢ (small strains) then:

a%ﬂ RR—L
In(10)’ 14eg
A P 16.4
lngo)’ 14 (16.4)
c— ——
In(10)

The basic ingredients of the formulation are summarized below.

¢ Strain decomposition. The total strain consists of a direct elastic contribution and a tran-
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sient viscous contribution.
€ =0 +&§ (16.5)

¢ Elastic (direct) contribution. The elastic contribution is determined by parameter RR.

O./
e{ = RRlog — (16.6)
0

¢ Visco-plastic (creep) contribution. The viscous creep rate éSC depends on the stress
rate, the already reached creep strain at a certain time and the current overconsolidation

ratio o, / 0.
¢ CR—RR
o'\ S dr
1+ — — (16.7)
o \Op 70

The graphical illustration in Figure 16.3 shows that creep will also grow below preconsolidation
stress (un-/reloading), but that the rate will rapidly decrease at larger values of overconsolida-
tion (stress more below preconsolidation stress).

e¢ = C,log

Treg= &

> log(cf)

LN
gs.re/
O 10
1
gs.re/
cw 100

Figure 16.3: NEN-Bjerrum: Creep rate depending on overconsolidation

In case of several loading and un/reloading steps, the drained solution of Equation 16.7 be-
comes:

9 (t) = RRlog (@> + CRlog <&) + Cylog (w) (16.8)
o

/
0 Op To

where the equivalent age 6,, is calculated as follows:

’ CRC—RR CF{C—RR
g, o g, «@
en = (n_,l) ' (anl +t, — tnfl) with 90 =Ty X (—?
o o
n 1
o;, + POP for POP compression
0, =4 0p % OCR for OCR compression
0(, X (tage/to)?== for equivalent age compression
where:
tn is the begin time of step n, in days;
n is the number of the load steps.

258 of 290 Deltares



16.2

16.2.1

Soil and strain models

Isotache a/b/c

D-SETTLEMENT’s a/b/c Isotache model is based on natural strain, and uses a rate type for-
mulation. Natural strain is referred to the deformed state. A rate formulation means that all
inelastic compression is assumed to result from visco-plastic creep. The a/b/c model might
be advantageous to the NEN-Bjerrum model if large strains are involved.

Hereafter you can find a global description of the following aspects of D-SETTLEMENT’s Iso-
tache a/b/c implementation.

¢ Natural strain (section 16.2.1)
& Creep (section 16.2.2)

See Den Haan (1994) for more information on the Isotache model. For a basic description
of the a/b/c parameter determination, see section 17.4. These natural strain parameters can
also be derived from linear strain parameters at given stress levels (section 17.7).

Isotache — Natural strain

The Isotache model intrinsically uses natural strain, whereas the NEN-Bjerrum model uses
linear strain by default. Natural (or logarithmic) strain is advantageous when compressions
are large. When strains are small, the two strain measures become equivalent. The Isotache
model obtains the natural strain by defining the increment of strain relative to the present,
actual thickness, and by integrating the increments:

dh b dn h
del=—— H=——_ | —=_In(— 16.9
where:
h is the actual layer thickness, in m;

ho is the initial layer thickness, in m.

The linear strain, given by:

dh h
deC = ——, e =1- — 16.10
is related to natural strain by:
5H:—ln(1—€c) (16.11)
|F'CI

0 1 Ec: EH

Figure 16.4: Height related to linear and natural strain
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The superscripts C and H refer to Cauchy and Hencky, respectively, to whom the respective
measures of strain are ascribed. The figure above relates £¢ and €7 to compression. e¢
can numerically exceed 100%, and compressions larger than the initial layer thickness are
indeed found from conventional models — for example, by using a small initial stress and a
large stress increase. This is impossible using natural strain. Natural strain also allows a
better fit for oedometer tests, when compression is large (see the figure below).

log &,

Figure 16.5: Compressed height compression as a function of effective stress

Isotache — Creep

The Isotache model assumes that the creep rate will reduce with increasing overconsolidation
and that overconsolidation can grow by unloading and by ageing. This concept is encapsu-
lated by means of creep Isotaches.

Creep Isotaches are lines of equal rate (speed, velocity) of secular (visco-plastic) strain eg
in a plot of (natural) strain versus (natural) logarithm of vertical effective stress. These are
displayed in the figure below.

> In(c)

b-a
S.Sref

~H
lc"5.113/
¢ exp(l)
~H
lc".s.r\e/
2V expig)

Figure 16.6: Creep Isotache pattern

The Isotaches are all parallel with slope b—a. The Isotache a parameter determines the direct
(elastic) strain component 55{ . The b and ¢ parameters determine the secular (visco-plastic)
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creep component €%

dell
b—a= (16.12)
del!
delf
= Ao’ (16.14)
el =l 1 (16.15)

The reference Isotache starts at preconsolidation stress o, = 0, and is characterized by a

reference creep strain rate ¢ _ 7

The secular creep rate is given by:

b _ /
el =l rexp <( D gy <1) — a?) (16.16)
C Op

This equation assumes in fact that the secular creep rate is related to a so-called intrinsic time
7, which is related to the common time ¢ by an equivalent age 4.

" C
el = 2 T =t 4 tage (16.17)
T

S

The initial equivalent age represents the theoretical age of the soil since the end of virgin
loading, if the current overconsolidation ratio would have been caused by ageing only.

b—a
tage = To OC’R( c ) (16.18)
The total rate of strain is the sum of the elastic and secular rates:
e =l gl (16.19)

Time integration of Equation 16.16 finally yields Equation 16.20.

/ t / 7ad
H — gln (5,) +eln [1 +/ <i> e T] (16.20)
0-0 0 Up T0

D-SETTLEMENT sets the reference time 7 by default to 1 day.

7o = 1 day (16.21)

During a constant stress period after virgin loading, Equation 16.20 simplifies to:
/

aH(t):alng—f’erlniJrclnl (16.22)
O'O O'p T0

This equation applies to the creep tail when ¢’ has become constant, and this is the familiar
relation for one-dimensional creep, with strain depending on logarithm of time.

In case of several loading and un/reloading steps, the drained solution of Equation 16.20
becomes:

/ p—
e’ (t)=a In <0—5’> +b In (&) +cln (M> (16.23)
o) O-p T0
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where the equivalent age 0, is calculated as follows:

’ b—a
o, c
en = ( /1> X (en_1+tn—tn_1)
Un
with:
b—a
O‘ c
80 = Tg X (—?)
01
o, + POP for POP compression
o, x OCR for OCR compression
Op = <
P , Lage \ *7° , ,
oy X for equivalent age compression
70
where:
tn is the begin time of step n, in days;
n is the number of the load step.

NEN-Koppejan

NEN-Koppejan’'s model is based on separate primary (instantaneous) and secondary (creep)
contributions to the settlement. Compared to the NEN-Bjerrum model, the NEN-Koppejan
model assumes that direct deformation under drained conditions occurs instantaneously, and
that secondary settlement is the result of superposition of separate contributions from loading
and/or unloading steps.

Hereafter can be found a short description of the following aspects of D-SETTLEMENT’S NEN-
Koppejan implementation:

<& Settlement calculation (section 16.3.1)
¢ Swelling calculation (section 16.3.2)
< Natural strain calculation (section 16.3.3)

See Koppejan (1948) for more information on the NEN-Koppejan model. See section 17.5 for
a basic description of the NEN-Koppejan parameter determination.

NEN-Koppejan — Settlement

Figure 16.7: Koppejan settlement

Four different situations can be distinguished for NEN-Koppejan:

< If the vertical effective stress is smaller than the preconsolidation pressure, the primary
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settlement can be calculated from:

Ahprim 1 o’ ,
Zlpim S (L) <o <o 16.24
h(] Cp o 70 P ( )

<& If the vertical effective stress is larger than the preconsolidation pressure, the primary
settlement can be calculated from:

Ahgim _ 11 (% FER o <oy <o (16.25)
=—In|— — — ], 0 o :
h(] Cp 0o 01/7 o1y P70 P

<& If vertical effective stress is smaller than the preconsolidation pressure, the secondary
settlement for one loading can be calculated from:

Algee _ 1 1 1+ t In a <o < (16.26)
= — 10 — — (o ag g .
ho Cs s To 0o o0 P

<& If the vertical stress is larger than the preconsolidation pressure, the secondary settle-
ment for one loading can be calculated using the following equation:

Ahrsec Ldog (14 L)1 (2 (16.27)
— — 10 —_— e .
ho CS & To 00

+—1 1 1+—t 1 —, < <o
(0] n o g o

where:
Cp is the primary compression coefficient below preconsolidation pressure;
C;, is the primary compression coefficient above preconsolidation pressure;
C is the secular compression coefficient below preconsolidation pressure;
! is the secular compression coefficient above preconsolidation pressure;

S
Ahprim is the primary settlement contribution of a layer, in m;
Ahge is the secondary settlement contribution of a layer, in m;

ho is the initial layer thickness, in m;

ol is the initial vertical effective stress, in kKN/m?;
Op is the pre-consolidation pressure, in kN/m?;

t is the time, in days;

To is the reference time, in days.

NEN-Koppejan — Swelling

For NEN-Koppejan, the swelling can be formulated as:

Ahgim _ 1) (" e () o < (16.28)
—— = —In [ — —log|{ —|In{—|.,0O 0 .
ho Ap (o) As & T0 o1y P 0
where:
A, is the pimary swelling coefficient;
A, is the secondary swelling coefficient.

Note: The A, parameter will also be used in case of load removal. A large value of A,
implies that there will be no effect of load removal on creep. A large value is therefore only
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valid for cases with initial unloading.

NEN-Koppejan — Natural strain

D-SETTLEMENT’s NEN-Koppejan model uses the following equation to describe the optional
deformation reduction of each layer by natural strain:

Ah i
Ahpa = ho {1 — exp (—M)] (16.29)
ho
where:
Ahpat is the settlement contribution of a certain layer, based on natural strain;

Ahkoppejan s the original Koppejan settlement contribution, based on linear strain.

Note: Application of natural strain strictly speaking requires that soil parameters are also
determined on the basis of natural strain.
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17.1

17.1.1

17.1.2

Determining soil parameters

In order to determine proper parameters for D-SETTLEMENT’S soil models, the usage of the
Deltares program MCompress is recommended. MCompress can interpret results from both
oedometer tests and the modern Constant Rate of Strain tests (Ko —CRS) in order to gen-
erate consistent parameters for D-SETTLEMENT’s models. In this paragraph, just some basic
ingredients for parameter determination are discussed, based on oedometer test results and
simplified conversion formulas.

section 17.1 — Oedometer tests

section 17.2 — Overconsolidation

section 17.3 — NEN-Bjerrum parameters

section 17.4 — Isotache parameters

section 17.5 — Koppejan parameters

section 17.6 — Conversion of NEN-Bjerrum parameters from Koppejan parameters
section 17.7 — Conversion of Isotache parameters

CO OO OO0

An overview of important parameter definitions can be found in the first chapter of this manual
(section 1.2).

Oedometer tests

Description

Oedometer tests are also called ‘confined compression tests’ or ‘consolidation tests’. In these
tests, the vertical settlement Ah of a sample with initial height H, and initial void ratio egis
determined during step-wise loading, with intermediate consolidation and creep. Lateral de-
formation is prevented. It is common to double the load every 24 hours. Occasionally, unload-
ing steps are also applied. Complete information on practical oedometer test interpretation
can be found for example in the NEN 5118 standard (NEN, 1991a) (in Dutch).

The Deltares Systems software called MCompress interprets oedometer test data’s according
to NEN-Bjerrum, NEN-Koppejan and Isotache models. For more information on this software,
contact our sales department: sales@deltaressystems.nl.

Simulating an oedometer test with D-settlement

D-SETTLEMENT uses a minimum time step of 1 day by default. To simulate a short term oe-
dometer test with typical loading stages of just 1 day, a smaller unit of time can be applied by
using a trick:

¢ Enter a multiplication factor for the Creep rate reference time in the Calculation Options
window (section 5.1.1). For example a value of 24 X 60 = 1440 for a time unit of
minutes.
<& Enter all input of time in the new unit:
O The end of calculation time in the Calculation Options window (section 5.1.1)
0 The times of applying changes in loading or water pressures
O The times in the measurement file, when using the Fit for Settlement Plate option
(section 5.3.1). The fit option enables you in fact to perform advanced parameter
determination.
o Divide all values of permeability or consolidation coefficient in the Materials win-
dow with the same factor (1440 for minutes).
<& Interpret time values in the results in the modified unit of time, when inspecting graphs
and reports.
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Overconsolidation

A sample can be over-consolidated, either by geological history (undisturbed) or artificially.
This overconsolidation can result from ageing and/or pre-overburden pressure. The overcon-
solidation is characterized via the preconsolidation stress o,. This value marks the transi-
tion point between the reloading branch and the virgin loading branch in the strain versus
In(o) diagram (Figure 17.1). Soil will behave differently below and above the preconsoli-
dation pressure.The preconsolidation stress varies however along the depth. Therefore, the
pre-consolidation stress must be transformed into a stress-independent soil parameter.The
Koppejan model can calculate the preconsolidation stress from the Over-Consolidation Ratio
(OCR), or from the gradient in the initial stress. The NEN-Bjerrum and Isotache models can
calculate the preconsolidation stress from the OCR or the pre-overburden pressure (POP).

¢ The OCR is defined as the preconsolidation stress divided by the actual in-situ vertical
stress.

¢ The POP is defined as the difference between the preconsolidation stress and the actual
in-situ vertical stress. This means that the gradient along the depth is equal to the gradient
of the initial stress.

See Figure 17.1 for a graphical representation. In general, OCR is considered more appropri-
ate if the preconsolidation stress results predominantly from ageing. POP (or using the same
gradient as the initial stress) is considered more appropriate if the cause is predominantly a
large overburden pressure in the past.

\ 4
\

POF

5 op = v + POP o3 ap=0CR x v

Figure 17.1: Over-consolidation: POP and OCR

NEN-Bjerrum parameter determination

D-SETTLEMENT’'s NEN-Bjerrum model (section 16.1) uses parameters that correspond to to-
day’s international de-facto standard. The reloading/swelling index C'. describes the elastic
stiffness during unloading and reloading (below preconsolidation pressure). The primary com-
pression index C'. and the coefficient of secondary compression C', describe respectively the
idealized elasto-plastic deformation and the viscous creep rate during virgin loading. All these
parameters are traditionally determined using a linear strain assumption instead of natural
strain (section 16.2.1).

Note: With regard to the NEN-Bjerrum parameter definition, please note the following impor-
tant attention points:
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¢ Linear strain parameters are determined with reference to the initial height. However, some
standards and recommendations for interpretation of oedometer tests prescribe that pa-
rameters (especially C,,) are determined with reference to the height before the next load-
ing step. Therefore you should always check if your parameters have been determined in
the way that D-SETTLEMENT expects.

<& Linear strain parameters are not objective if strains become large. In cases with large
strains, you must therefore determine linear strain parameters from tests that use the same
initial and final stress levels as experienced in the field.

¢ The parameters C,. and C.. are in fact related to changes in void ratio. C., is however di-
rectly related to changes in linear strain. Please note that this definition of the C', complies
with common practice, but differs from the original definition by Mesri (January 1973).

Assuming drained conditions, the NEN-Bjerrum model defines the idealized linear strain in-
crement by one virgin load step (above preconsolidation pressure) by the following equation.

—— =" (t) =" (t,) = — lo + Cypmax | 0;lo
hO ( ) ( n) 1 + ey g O 1 a.n g To
(17.1)
where:
n is the subscript denoting the load step number;
tn is the start time of load step n, in days;
To is the reference time (1 day).

Assuming again that pore pressures are dissipated before the following load increment, C', ,,
can be determined from the tangent of the tail of the strain increment during one virgin load
step. This is illustrated in Figure 17.2.

dA (b — ta)

Con = L0 >0 17.2
o dlog(tygr — tn) P (172
tmt - tn
! . log(t - &)
dhs®
het = e d ]-Og(tn+1 - fn)
hﬂ

Figure 17.2: Determining the common coefficient of secondary compression

The compression ratio for the virgin load step n follows by substitution of C,, ,, into Equa-
tion 17.1.

cn A ¢ tn _tn - Coenl tn _tn 70
C. _ ¢ (tn+1 ) — max (Co.n log (tn1 ) )70/>0p

14 eg 1Og<an)

CR,

On—1

(17.3)
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The reloading/swell index (un-/reloading below preconsolidation) is determined in complete
analogy.

Crn A€ (tyi1 — tn
1+e log( In )

On—1

RR, (17.4)

The parameter R R is preferably determined from unloading curves. Determination from load-
ing before the initial preconsolidation stress will usually result in values that are too low, be-
cause of the sample disturbance.

Isotache parameters determination

Hereafter is explained how Isotache natural strain parameters are determined from oedometer
test results. These parameters are: the Isotache natural primary compression index a, the
Isotache natural swelling index b and the Isotache natural secondary compression constant c.
See section 17.7 for conversion from existing soil parameters for other models. The simplified
treatment is based on the assumption that a common oedometer test is used, with doubling
of load each step, and a limited duration of each step.

Assuming drained conditions, the natural strain increment at the end of one virgin load step
(above preconsolidation pressure) can be defined approximately by equation Equation 17.5.

AgH (tn—l—l - tn) = gH (tn—l—l) — gH (tn)
~bln ( o ) + max (O; cln (M)) (17.5)

On—1 70
where:
n is the subscript denoting the load step number;
tn is the start time of load step n, in days;
) is the reference time (1 day).

Note: The expression for the final natural strain increment at the end of the load step is
similar to Equation 17.1 for the NEN-Bjerrum model (section 17.3). The actual behaviour of
both the NEN-Bjerrum model and the Isotache model during the first part of the load step will
however be quite different, due to the rate type formulation.

The value of tghist determines the influence of creep from previous load steps, and can be
determined by curve fitting. For interpretation of common oedometer tests (doubling of load
each step) however, the assumption is justified that tgps is close to zero.

Assuming that pore pressures are dissipated before the following load increment, and assum-
ing tshit = 0, ¢ can be determined from the tangent of the tail of the natural strain increment
by one virgin load increment.

dAe® (t,11 —ty)
Cn = 5
dln (tn+1 — tn)

o > o, (17.6)

This is illustrated in Figure 17.3.
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fmi - fn
! In{f - &)

dhst

A d ln[tnﬂ - tn)

Figure 17.3: Determining the Isotache natural secondary compression index c

The Isotache natural compression index b for the virgin load step n follows by substitution of
¢y, into Equation 17.5.

b A Ae (tn+1 — tn) — Cp, In (tn—i-l — tn)
! In (;22) ’

A more refined estimate of b can be found if the reference creep rate is known (the strain rate
after one day loading at the initial preconsolidation stress). The strain increment Ae should
then be determined exactly at the moment where the strain rate is equal to the reference strain
rate after one day of loading.

Ac(t—ty)
i (52%)
On—1
The parameter a is preferably determined from unloading curves, where creep rates are low.

. Ae (tn+1 — tn)

an,
ln< In >
On—1

Determination of a from loading before the initial preconsolidation stress will usually result in
too low values, because of the sample disturbance.

o' > o, (17.7)

by, E(t—ty) =Eres (1o =1day), o' > oy (17.8)

, 0 < op (17.9)

Rough estimates of parameter values can be derived from correlation formulas. Usage of
these formulas is at own risk, as accurate parameters can only determined by soil testing.

Equation 17.10 gives a rough correlation between the b parameter and the saturated unit
weight in undeformed state.

—2.11
b~ 0.326 (%“t“) (17.10)

Yw

Table 17.1 gives rough estimates of b/a and b/c for different soft soil types.

Table 17.1: Rough Isotache parameter correlation for soft soil types

Vsat.0 bla ble

[kN/m?] [] [-]
Peat 11 7 12
Organic soft clay 12 8 13
Organic clay 14 12 20
Silty clay 16 12 25
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NEN-Koppejan parameter determination

The NEN-Koppejan model (section 16.3) distinguishes primary and secondary settlements.
The elasto-plastic primary compression is a function of only the effective stress. The vis-
cous secondary compression (creep) is a function of both the effective stress and the time.
The values of the primary and secondary coefficients are different below and above the pre-
consolidation stress. Traditionally, NEN-Koppejan parameters are determined using a linear
strain assumption instead of natural strain (section 16.3.3). This means that applicability of
linear NEN-Koppejan parameters for soft soil is limited to stress levels in the field that are
comparable to the stress levels used for parameter determination.

Primary and secular compression coefficients

To determine the compression coefficients from the measured strains in the interval between
load step n and nn+1, you must first subtract the approximate settlement/swelling contributions
from all preceding load steps © =1 ,n—1.

, — o; 1 1 t—t
Ae'(t—t,)=e(t)—> In — + 5 log - (17.11)

i1 -1 Oprim.i
where:
n is the subscript denoting the load step number;
tn is the start time of load step n, in days;
To is the reference time (1 day).

The parameters Cyimi and Cseci in interval ¢ possess either the value below or above the
TeIE prim; ;
preconsolidation pressure.

o 0’ < 0p: Chim = Cp and Cyee = C
o 0 > 0p: Cpim = C’;) and Cyee = C?,
Each load step that passes preconsolidation must be split into one sub-step before precon-
solidation stress, and one sub-step after preconsolidation stress.If it is assumed that pore
pressures are dissipated before the following load increment, then Cge; can be estimated
from the tangent of the tail of A¢’, according to Figure 17.4 and Equation 17.12.

on \ dlog (tui1 —t,)
Op—1 dAg’

(17.12)

! log(f - £a)

dig'
dloglf, ., — £,
Mg

Figure 17.4: Determining Koppejan's secondary compression index
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The primary compression index for the current step follows then by substitution of C,..,, into
Equation 17.11.

1 <tn+l - tn)
O —_—
1 _ Agl (tn—l-l - tn) _ & To (17 13)

C’prim.n ln( On ) Csecn

On—1

Primary and Secondary swelling coefficients

Theoretically, the primary and secondary swelling indices can be determined from unload-
ing steps, analogous to determining the compression coefficients. In practice, the primary
swelling index is mostly set equal to the value of the primary compression index below pre-
consolidation, and the secondary swelling coefficient is set to a large value.

A,=Cpand A; — o0 (17.14)

Note: A, will also be used by the NEN-Koppejan model in case of load removal. A large value
of A, implies that there will be no effect of load removal on creep. Therefore, the swelling part
of the Koppejan model with large A, value is only valid for cases with initial unloading.

NEN-Bjerrum parameters from Koppejan parameters

For a single load

In case of single load Ao, conversion of existing NEN-Koppejan parameters to NEN-Bjerrum
parameters is performed easily, using the following formulas.

= _

CR = In(10) (17.16)

— C ,
1 o 1 oh+ Ao

— —In(Z* —In|2——" 17.17

co=gn(%) r e (M5 17

From oedometer test results

The NEN-Bjerrum parameters (RR, CR, C',) can be calculated from the NEN-Koppejan pa-
rameters using the results of an oedometer test (C,, C}’, C’) and as additional information
the preconsolidation stress o, and the stresses o, at the different virgin loading steps. It is
assumed that creep before preconsolidation stress can be neglected.

The calculation of RR is still straightforward, as long as the creep before preconsolidation
stress is neglected.

_ In(10)

RR
Cp

(17.18)

For the calculation of C,, the theoretical slope of the creep tail according to C’ at a certain
time has been calculated for each of the virgin loading steps, and (', is then determined from
these slopes by averaging. The creep before preconsolidation stress is again neglected. The
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resulting formula is:

R o
nC”Zln o (17.19)
S =1

where n is the number of load steps above pre-consolidation pressure (i.e. virgin loading
steps).

Co =

The calculation of C'R is most complicated, because the C),’ parameter has been determined
from a primary strain increment after a certain load step, after subtracting the theoretical
creep contributions caused by the preceding load steps, according to C’. Simplifications
are possible by: (a) neglecting the creep before the first virgin loading step; (b) assuming a
doubling of loading after each load step; (c) assuming a duration of 1 day for each load step.
The resulting approximate conversion formula is given below.

n

> (n+1—1i)log (i) (17.20)

=2

CR =1n(10) Clg+n0g

Isotache a/b/c parameter conversion

Existing soil parameter collections often consist of NEN-Bjerrum and NEN-Koppejan parame-
ters, determined using a linear strain assumption. Alternatively, also Cam-Clay based param-
eters for finite element analysis might be available. The following equations show how you
can convert these parameters to natural Isotache parameters and vice versa.

The formulas were derived, by equalling the separate deformation contributions by reload-
ing to preconsolidation stress, virgin loading and creep. Equation 16.22 was used for the
Isotache model. Equation 16.1 and Equation 16.2 were used for the NEN-Bjerrum model.
Equation 16.24 and Equation 16.25 were used for the NEN-Koppejan model.

Note: Using the conversion formulas, the user should realize that settlement prediction with
linear parameters and natural parameters will only yield approximately equal settlements at
one specific stress level and at one specific time. Due to the different nature of the formula-
tions, equal settlements at any stress and any time can never be expected.

The following assumptions have been used during derivation:

<& The conversion is based on the condition that the linear strain contributions are set
equal at a given effective stress ¢’ and time ¢.

¢ The consolidation is finished at time ¢, so that the effective stress rate has become
approximately zero.

<& The parameters for primary swelling and primary reloading below preconsolidation stress
are equal for both the NEN-Bjerrum model and the NEN-Koppejan model.

¢ The secondary settlement contribution in the NEN-Bjerrum and NEN-Koppejan model
for loading below preconsolidation stress is neglected.
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17.7.1 Linear NEN-Bjerrum parameters

(17.21)

17.22
T e (%) (17.22)
log —
)
In(1—-¢%) —In[1—¢c%
b= (1=<) . L= o) (17.23)
o
In (—)
Op
o\ 7"
(1-c6) (1- <_)
CR = Co _ i 17.24
= The = (U,> (17.24)
log | —
Op
In (1 ¢ In |1 ¢ C,1 t
n( _eprim)_ n _Eprim_ a 10g 7__0
c= (17.25)
t
In (—)
7o
t —C
1—¢eC 1—(—
( Epnm) ( (7_0) >
C, = r (17.26)
log (—>
T0
where
gg is the primary linear deformation below preconsolidation:

0

C _ P
e, = RRlog p
0
Eprim is the total primary linear deformation (at reference stress o”):

/
eC. = RRlog <%> + CRlog (Z—)
0 p

o’ is the reference stress level for which the conversion is made. The stress level
used should be representative for the final stresses after embankment construc-
tion.
Note: For small strains (e — £©) the following limits apply:
C C C
a— . , b— - , =
In (10) (1 + e) In (10) (1 + ep) In (10)
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Linear NEN-Koppejan parameters

The conversion of NEN-Koppejan parameters into Isotache parameters can be performed in
2 steps:

& NEN-Koppejan parameters are first converted into NEN-Bjerrum parameters using equa-
tions given in section 17.6.1 for a single load or in section 17.6.2 for several load steps (i.e.
oedometer test).

¢ Then Isotache parameters are deduced from NEN-Bjerrum parameters using equations
given above (section 17.7.1).

Natural and linear Cam-Clay-creep parameters

A Cam Clay based visco-plastic model is available in many finite element programs to describe
the two-dimensional or three-dimensional soft soil behaviour. A well-known example is the
Plaxis soft-soil-creep model. The strain based soft-soil-creep parameters are expressed in
the classic void-ratio based Cam Clay parameters using:

R

A= and K* = (17.27)

1+€0 1+60

Cam Clay parameters relate volumetric strain to isotropic stress, whereas Isotache parame-
ters relate vertical strain to vertical stress. The optional Updated Mesh method (or Updated
Lagrange method) in finite element programs is completely equivalent with Isotache’s natural
strain method. Cam-Clay-creep parameters are in practice however often determined and
used with a linearised strain assumption.

Cam-Clay-creep parameters that were determined on a natural strain basis are hereafter
indicated by the addition ('7), while the parameters on linear strain basis are indicated by the
addition (©).

The a parameter can be expressed in the soft-soil-creep parameter x*, using the normally
consolidated earth pressure coefficient X - and the Poisson'’s ratio v.

(1 + ZKNc) O'p

14+v
1+ 2K, —
( + NC) UP 1_1/

In

(Up — 09)

a=r" (M) (17.28)

where:

v is the Poisson’s ratio for elastic unloading and reloading;
Kye  is the earth pressure coefficient in normally consolidated state (virgin loading).
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Parameter b is directly equal to natural soft-soil-creep parameter A*(¢), on the condition
that the yield cap of the constitutive model has been constructed in such a way that the earth
pressure coefficient during virgin loading is preserved.

b= A (") if = Kye (17.29)

where:

Parameter c is directly equal to the natural soft-soil-creep parameter u*(sH ), as vertical strain
equals volumetric strain under confined compression conditions.

¢ =y (1) (17.30)

where:
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18 Special Calculations

The following sections contain a short theoretical background on three special calculation
types:

<& Fit for settlement plate (section 18.1)
< Reliability analysis (section 18.2)
¢ Horizontal displacements (section 18.3)

18.1 Fit for settlement plate

D-SETTLEMENT can iteratively improve the match between measured and predicted settle-
ments in a single vertical, by using a special Weighted Least Squares (WLS) method, also
known as Maximum A-Posteriori estimate (MAP). This method will update the values of fit pa-
rameters, by minimizing not only the difference between measurements and predictions, but
also the difference between the initial value and the updated value of the fit parameters. Sepa-
rate weights to each of the differences can be attached. Such a weight determines the relative
importance of each difference. A large weight implies a more certain value of a measurement
or parameter; a small weight implies a more uncertain value.

The weighted least squares method minimizes the following expression.

T T
S = (2m —2p) W, (2m —2p) + (x —x0)" Wy (x — z0) (18.1)
where:
Zp is the vector with predicted settlements;
Zm is the vector with measured settlements;

W, is a diagonal matrix, containing the weights for the measurements. In a probabilistic
framework, this matrix can be considered as the inverse of the covariance matrix
of the imperfections: W, = C’gl, see section 18.2. The imperfections represent
the inaccuracies in the measuring method and in the model assumptions.

X The vector with updated fit parameters. D-SETTLEMENT uses 5 special fit parame-
ters, to scale the values of the corresponding parameters for all the different soil
layers.

T is the vector with initial values of the fit parameters;

W,  is adiagonal matrix, with the weights for the fit parameters. In a probabilistic frame-
work, this matrix is equal to the inverse of the covariance matrix of the fit parame-
ters: W, = C; 1.

Equation 18.2 shows the iterative solution scheme, in case of a nonlinear relationship between
the fit parameters and the predicted settlements.

2D = 2 4 (JOTWL0 W) - (JO W, (2 = A7)+ W, (2 = 2))

(18.2)
where:
[ is the number of the iteration;
J is the Jacobian matrix, containing derivatives of z,, for variations of x:
I = Ozp.i
‘ al'j
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D-SETTLEMENT approximates the coefficients of J for each iteration numerically, by using small
parameter variations (perturbation method).

N AZp.i

A 18.3
Jij A, (18.3)

D-SETTLEMENT will temporary increase the diagonal terms of the matrix J®" W, J® + W,
according to the Levenberg-Marquardt algorithm, whenever this is required for further conver-
gence during the iteration process.

D-SETTLEMENT indicates the goodness of fit by a so-called imperfection and a coefficient of
determination.

. (0) rir (1)
Imperfection: eV = , T =2Zm— 2p
At
(™) (18.4)

Coefficient of determination: 1 —

where 71 is the number of measurements.

Reliability analysis

The bandwidth and the parameter sensitivity for total and residual settlements in a single
vertical can be determined by using a reliability analysis. The bandwidth and sensitivity of
the settlements depend on the assumed uncertainty in the input parameters, expressed in
standard deviations. D-SETTLEMENT can update (and thereby reduce) the initial parameter
uncertainty, by using settlement measurements. The following sections will present the basic
background on:

¢ Stochastic distributions and parameters (section 18.2.1)

< Initial and updated parameter covariance (section 18.2.2)

<& Sensitivity analysis with D-SETTLEMENT (section 18.2.3)

¢ The probabilistic methods in D-SETTLEMENT (section 18.2.4).

Stochastic distributions and parameters

D-SETTLEMENT can apply a standard normal probability distribution for all stochastic (uncer-
tain) parameters and all probabilistic methods. The alternative lognormal distribution is cur-
rently only available for testing purposes. Both distribution types are characterized by a mean
L and a standard deviation o for a standard normal distribution.

Normal
The probability that a value x is smaller than the value T ¢haracteristic 1S for @ normal distribution
expressed by:

P (1' < xcharacteristic) =Py (ucharacteristic) (18.5)
where:
U is the parameter of a standard normal distribution:
_ z— pa]
U= —-
o [x]
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D v (Ucharacteristic) integral of the standard normal probability density:
Ucharacteristic

Oy (ucharacteristic) = f_oo YN (u> X du

on(u) Standard normal probability density:
exp (—u?/2)
on (u) = ——=——
270 [z]
Lognormal

If parameter y = In(X') has a normal distribution, then parameter X has a lognormal dis-
tribution. A lognormal distribution always yields positive values. For small ratio’s between
standard deviation and mean, the two distribution types will become equivalent. The normal
and lognormal distributions are similar for small ratios between the standard deviation and the
mean. D-SETTLEMENT uses the following two equations to calculate y[y] and o[y] from the
user input of u[X] and o[ X]:

oyl = ,|In (1 + (%)j (18.6)

—

wly] =In (u [x] — %02 [a:]) (18.7)
Mean
the mean value of parameter x can be calculated straightforwardly from Equation 18.8:
1 n
plel =~ 2; i (18.8)
1=

where n is the number of samples.

Standard deviation
The standard deviation quantifies the initial uncertainty in a parameter. D-SETTLEMENT sup-
plies defaults via the variation coefficient V.
ol|x
V, = j (18.9)
(7]
The default values for the coefficient of variation are mainly based on the Dutch NEN standard
(NEN, 1991b). The input value of the standard deviation should be somewhere between the
standard deviation of a local value and the standard deviation of the mean value, depending
on the thickness of the layers and the scale of horizontal and vertical variability.

1 t 2
local: Ooal = \/ (WVays)® + (5 + 1) (aostatismal) (18.10)

1 [t ?
mean: Ttotal = \/(Mvsys)2 + ﬁ (aastatisticd) (18.11)
where:
1 n
2 2
O statistical — m Z (xz - ﬂ) (18.12)
=1
and where:

Deltares 279 of 290



18.2.2

D-SETTLEMENT, User Manual

t is the parameter from a Student distribution, which depends on the number of
samples nn. The parameter becomes equal to w for large values of n.
Viys is the coefficient of variation that quantifies the systematic uncertainty by soil

testing and by the transformation from measurements to parameters. A usual
value for soil compression parameters is 0.1.

Initial and updated parameter covariance

D-SETTLEMENT determines the bandwidth in an initial design analysis from the input values of
the parameter standard deviations. D-SETTLEMENT stores the square values of these standard
deviations in the diagonal terms of the initial parameter covariance matrix C., .

Cyo.ii = 0> (04) (18.13)

D-SETTLEMENT can update the mean parameter values via a fit on measured settlements (sec-
tion 18.1). If you use these updated mean values in a reliability analysis, then D-SETTLEMENT
will apply Bayesian Updating of the parameter covariance matrix, according to Equation 18.14.
This update will introduce correlations between the different uncertain (stochastic) parame-
ters, which finally yield a reduced bandwidth for the updated mean values of the settlement
prediction.

C

T

g = (5 Co T+ CY) O = 12 (18.14)

The Jacobian matrix .J contains the derivatives of the settlements to the different parameters

B 8Zp,i

J— 18.15
‘]ZJ al,j ( )

D-SETTLEMENT approximates the coefficients of ./ numerically, by using small parameter vari-
ations (perturbation method). D-SETTLEMENT updates the derivatives after a fit, by using the
updated mean values of the parameters.

The input value of the imperfection € defines the diagonal covariance matrix C,. This imper-
fection represents in fact the combined inaccuracy of the measurements and the prediction
model. Equation 18.14 shows that the effect of measurements on the update of the parameter
covariance will increase if the value of the imperfection € becomes smaller, and if parameter
variations show more influence on the measured part of the settlement curve.

Finding a proper value for the imperfection is therefore important. One might consider using:

T
2 L =2, — 18.16
€ = max | ——, Epeasurement ) 11— Am — Zp (18.16)
n—p
where
n is the number of measurements
P is the number of fit parameters
€measurement is the size of the inaccuracy in the measurements
Zm is the vector with measurements
Zp is the vector with predictions after a fit.
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Sensitivity analysis with influencing factors

Influencing factors show the relative influence of uncertain parameters on total and residual
settlements at different time points. The value of the influencing factor increases if the param-
eter is more uncertain, and if the effect of parameter variation on the considered part of the
settlement curve is larger. D-SETTLEMENT calculates the influencing factors by using:

ol — Jrj Di Cxjidki
& > Ik D2 Cxjidki

where the index £ is related to the time ¢;, and the index j is related to parameter z;.
D-SETTLEMENT determines the initial parameter covariances from the input values of the pa-
rameter standard deviations, see Equation 18.13. D-SETTLEMENT updates the parameter co-
variances after a fit on measurement data, see Equation 18.14. The Jacobian matrix j con-
tains the linearised derivatives of the settlements to the different parameters. D-SETTLEMENT
updates the derivatives after a fit, by using the updated mean values of the parameters.

(18.17)

Probabilistic methods

D-SETTLEMENT offers a choice between three different probabilistic methods. The Monte Carlo
method is the most accurate method (level 1), but also the most time-consuming. The quick
linearised FOSM method and the iterative FORM method are approximate methods (level
) for respectively total and residual settlements. Output of influencing factors for sensitivity
analysis is only available for the FOSM and FORM methods.

Linearised First Order Second Moment method (FOSM)

This method can be selected for a quick and approximate determination of the bandwidth and
sensitivity factors for total settlements. D-SETTLEMENT determines the standard deviation of
the settlements from the diagonal terms of the covariance matrix of the settlements.

02 (zl) = CZ..’i’i) Cz = JC;,;JT (18.18)

D-SETTLEMENT linearises the derivatives in the Jacobian matrix at the mean values of the
uncertain parameters. The derivatives are updated after a fit, by using the updated mean
values of the parameters. D-SETTLEMENT will also update the parameter covariance matrix
after a fit, by using Equation 18.14.

Iterative First Order Reliability method (FORM) for bandwidth and sensitivity factors of resid-
ual settlements

This method can be selected for an approximate determination of the bandwidth and sensi-
tivity factors for residual settlements.This method will give the approximate probability that the
residual settlement exceeds an allowed value. The limit state function Z equals the predicted
residual settlement minus the allowed residual settlement.

Z = Faowed — F, F' = Zend — 24 (18.19)

F'is the residual settlement starting from time ¢, z; is the settlement at time ¢ and z,,,4 is the
final settlement at the end of the calculation. Each different input value for the time ¢ will yield
a different limit state function.

All combinations of parameter values where the residual settlement equals the allowed value
are together called the Limit State Surface.

The FORM procedure determines for each limit state function the most likely parameter com-

bination on this surface (the design point), Design point by iteratively calculating the probability
of failure, using a linearisation of Z.
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limit state function

( y=0 S u* = design point
glu;, u,) =

Figure 18.1: FORM method

Output of a FORM analysis is the standard deviation of the residual settlement in the design
point, together with the reliability index 3.

Fallowed — K [F]

b= o [F]

(18.20)

where ([ F'] defines the expected mean value and o[ F] the standard deviation of the residual
settlement. A large value of 3 implies a large probability that the allowed residual settlement
will not be exceeded.

Crude Monte Carlo method for bandwidth of total and residual settlements

The Monte Carlo method is based on the execution of a large number of settlement pre-
dictions, using different parameter values that are generated from the initial or updated pa-
rameter distributions. These distributions are derived from the mean value and the matrix of
covariance’s. The integration of all individual results yields the probability distribution of the
settlements.

Horizontal displacements

Principles of De Leeuw method

The De Leeuw method (De Leeuw, 1963) estimates the horizontal displacements based on
an elastic solution for a single elastic incompressible layer, characterized by the Young?s
modulus E, and loaded by a uniform load with a certain width. The solution assumes that
the horizontal deformations of the elastic layer are always constrained at the bottom by a stiff
foundation layer. Optionally the deformations can also be constrained by a stiff layer at the
top.

The method considers the following two situations (Figure 18.2):

¢ | elastic layer on a rigid base;
< l: elastic layer on a rigid base with a stiff layer on top.
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Situation I Situation II

Figure 18.2: Situations considered by De Leeuw method

Note: In case of an inputted embankment load, D-SETTLEMENT schematizes it as an equiva-
lent uniform load with a certain width as illustrated in Figure 18.3.

—— Embankment load (D-SETTLEMENT input)

---- Equivalent uniform load (D-SETTLEMENT calculation}

Figure 18.3: Non-uniform load schematized as a uniform load

18.3.2 Limitations

The method has the following limitations:

¢ As Poisson ratio v = 0.5 is used (i.e. incompressible layer), this gives the elastic re-
sponse of the soil in an undrained situation, so in fact directly after applying the load;
additional horizontal deformations due to consolidation are not accounted for;

¢ The thickness of the stiff top layer is not taken into account.

¢ The horizontal distance of the considered vertical to the boundaries of the surcharge
load is limited to 6 times the thickness of the elastic layer.
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E-Modulus

The Young’s modulus of the elastic layer can either be directly prescribed by the user or
automatically estimated by D-SETTLEMENT from the average unit weight -y of the soft layers.
D-SETTLEMENT determines the average unit weight v.,q of several soft layers using the follow-
ing formula:

n

> v X hy
i=1
Yavg = T (18.21)
where:
Yi is the unit weight of the elastic layer ¢;
n is the number of elastic layers;
h; is the thickness of elastic layer ¢;
H is the total thickness of the elastic layers.

The elasticity modulus is then derived from the unit weight by linear interpolation in the table
below, according to De Leeuw & Timmermans.

Table 18.1: E-modulus vs. unit weight (De Leeuw & Timmermans)

¥ E
[kN/m3] [kN/m?]
10 575

13 1000

18 1500

19 2800

The E-modulus can also be determined from compression parameters like C},’ and CY’, in
combination with an assumption for the Poisson’s ratio v:

Ao’ (1+v)(1—2v)

1 1 oh + Ao 1—v
4 = In( 22— —"
<C;+C; log(t)) “( o )

jop (18.22)
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19 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 users to overview the checking procedure and verify for
themselves the correct functioning of D-SETTLEMENT.

The benchmarks for Deltares Systems 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 benchmarks described in literature for which an approximate solution is
known.
¢ Group 3 — Benchmarks from spread sheets
Benchmarks which test program features specific to D-SETTLEMENT.
¢ Group 4 — Benchmarks generated by D-SETTLEMENT
Benchmarks for which the reference results are generated using D-SETTLEMENT.
¢ Group 5 — Benchmarks compared with other programs
Benchmarks for which the results of D-SETTLEMENT are compared with the results of other
programs.

The number of benchmarks in group 1 will probably remain the same in the future. The reason
for this is that they are very simple, using only the most basic features of D-SETTLEMENT.

The number of benchmarks in group 2 may grow in the future. The benchmarks in this chapter
are well documented in literature. There are no exact solutions for these available problems;
however in the literature estimated results are available. When verifying D-SETTLEMENT, the
results should be close to the results found in the literature.

Groups 3, 4 and 5 of benchmarks will grow as new versions of D-SETTLEMENT are released.
These benchmarks are designed in such a way that (new) features specific to D-SETTLEMENT
can be verified. The benchmarks are kept as simple as possible so that, per benchmark, only
one specific feature is verified.

As much as software developers would wish they could, it is impossible to prove the correct-
ness of any non-trivial program. Re-calculating all the benchmarks in this report, and making
sure the results are as they should be, will prove 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 produce wrong results. Hopefully by using the verification procedure the
number of times this occurs will be limited.

The benchmarks are all described in detail in the Verification Report available in the installa-
tion directory of the program.

The input files belonging to the benchmarks can be found on CD-ROM or can be downloaded
from our website www.deltaressystems.com.
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