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Preface

This text is a new effort of the Ground Engineering Area of Universidad Politécnica
de Cartagena (UPCT) to develop teaching material that helps students of Bachelor
and Master Courses of Civil Engineering to start using PLAXIS 2D. PLAXIS 2D is
one of the most employed software to analyse and solve problems related to
geotechnics. Nowadays, the use of commercial software (especially if it is as
powerful as PLAXIS) must be an essential part of engineering study programmes,
mainly because of two reasons. In first place, students have a practical learning
experience that also helps them to reinforce the concepts they acquire in the
theoretical lessons. In second place, they orientate and prepare themselves for their
professional career when leaving university and entering the engineering labour
market.

The aim of the problems that are solved in the present book is, exclusively, the
initiation in the use of PLAXIS software. Despite the rigour from the geotechnical
point of view, this text is focused on the guided creation from scratch of different
PLAXIS 2D models that accurate show the geotechnical conditioning factors
presented in each problem. By all means, the result collection and representation
employing PLAXIS Output is of equal importance in the text.

PLAXIS 2D possibilities for both data introduction and model creation, and solution
presentation with PLAXIS 2D, are varied. This has led us to carefully choose the
exercises to solve in order to help the student to acquire the knowledge in a
progressive and orderly manner.

In this way, this book consists of seven exercises, each of them easily identifiable and
relatable to the different topics that are studied along the ground engineering study
programme: safety analysis in embankments and excavations, soil settlements, flow
nets under retaining structures, footings, sheet piles wall and deep foundations.

This book is thought as a mean to gradually learn to use the program, so a user without
previous experience should follow the order in which the exercises are presented in



the text. Therefore, the first exercises are focus as a guide, carefully describing each
of the options the student must select in the input interface. Here, also the presentation
of results is thoroughly explained. As we go on reading, the text is less focused on
being a guide and starts showing the versatility of the software: different types of
calculation, constitutive models, structural elements, their combinations and, of
course, the result interface.

This book and its content are only for educational purposes. Its elaboration, as well
as the images from the software, has been authorized by PLAXIS, a property of
Bentley Systems Company, to whom we are thankful for their collaboration.
‘PLAXIS 2D Reference Manual 2019° and the online help at
https://www.plaxis.com/support, have also been very helpful in the resolution of the
problems, and the reader is encouraged to read those manuals for an advance
experience.

The version that has been employed for the resolution of the problems has been
2016.01, owning the corresponding user’s licence.

Do not hesitate to contact the authors for questions or suggestions. All comments are
welcome.

The authors


https://www.plaxis.com/support
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Exercise 01. Long-term stability analysis of a cutting excavation in a homogeneous material

Exercise 01

Long-term stability analysis of a cutting excavation
in a homogeneous material

1.1. INTRODUCTION

The aim in the following exercise it to show a cutting excavated in a homogeneous
soil, analysing different points of interest in this kind of works, especially the
determination of the possible slip surface and the long-term global safety factor.

1.2. PARAMETERS OF THE PROBLEM

Let us consider a mass of homogeneous soil that is big enough (80-meter wide and
30-meter high). The cutting geometry (10 meters in the vertical direction with a
3H:2V slope) and the geotechnical parameters of the considered problem are
presented in Figure 1.1 and Table 1.1, respectively.

$—

Figure 1. 1. Sketch of the cutting excavated in a homogeneous soil in PLAXIS 2D
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Geotechnical parameters

Material Clay

Constitutive model Mohr-Coulomb

Material behaviour Drained

Soil unit weight above phreatic level | 17.5 kN/m?

(’Yunsat)

Soil unit weight below phreatic level (ys) | 20 KN/m?

Young’s modulus (E") 15000 kPa

Poisson’s ratio (V') 0.33

Effective soil cohesion (c') 14 kPa

Effective friction angle (') 23.5°

Dilatancy angle (y) 0°

Geometrical parameters

Cutting height 10 m

Slope 3H:2V

Phreatic level Half-way of the cutting (5
m)

Table 1. 1. Geotechnical and geometrical parameters of the cutting excavated in
homogeneous soil

1.3. RESOLUTION OF CUTTING EXERCISE WITH PLAXIS 2D

1.3.1 Introduction of the parameters of the problem

We start the finite element software PLAXIS 2D (PLAXIS input) and choose ‘Start
a new project’ option in the emerging window ‘Quick select’.

A new window now appears, which is called ‘Project properties’. In this, which has
three tabs, is where we name the project and we choose the units, the type of model
and elements, some of the constant values and the measure of the borders among
which the geometry of the soil and the structures are defined.

In ‘Project’ tab we name the project (Figure 1.2). Therefore, for example, in the
title bar, we can write: ‘Cutting excavated in homogeneous soil’.
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Project properties
Project Model Constants
P LAX I s essential for geotechnical professionals
Project
Title |Desrnonbe excavado en suelo homogéneo |
Directory || |
File name | |
Comments Company logo
Mo logo selected
[ set as default Next OK. Cancel

Figure 1. 2. ‘Project properties’ window. Basic data

Before clicking on ‘OK’ we go to ‘Model’ tab and we choose ‘Plane strain’ option
for the model and ‘15-Noded’ option for the elements. We keep the default units the

software presents, as shown in Figure 1.3. Finally, in order to define the borders, we
write the values in Table 1.2.

[}
BB |E|B

Table 1. 2. Coordinates for the Project borders
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Project properties
Project  Model  Constants
Type Contour
Mode! Plane strain ~ X min
Elements 15-Noded i X mas
Units ¥ min !
Length m ~ ¥ max
Force kM ~
Time day v :
Temperature K ~
Energy k3 v
Power kw i
Mass t
Stress kM/m2
Weight feMfm2
[[]set as default MNext oK Cancel

Figure 1. 3. ‘Project properties’ window. model, units and project borders

We keep the default values the software presents for the constants (Figure 1.4), and
we click on ‘OK’ to save all the modifications that have been introduced in the
‘Project properties’ window.

Project properties

Project Model Constants

General
Gravity 1,0 g (-f direction) L 293,1 K
Earth gravity 9,810 mfs?

Water

7 wter 10,00 kNfm?

Liquid Ice

Cumir Kajtk e Kajtk

FA— ke fm i Fiem kg fm

Lymer kajt e T

L — » 1K Wapour

T prster 293,1 K Cyzpour kIt
I yapour kW fmjK
R [ali:Le

[ use temperature dependent table
[set as default Next oK Cancel

Figure 1. 4. ‘Project properties’ window. Project constants
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1.3.2 Soil definition

In order to define the homogeneous material where the excavation has been carried
out, we choose the blue tab, ‘Soil’. We can find two blue tabs, which are the
‘Geometry Modes’, and three green ones, the ‘Calculation Modes .

If we click on the ‘Create borehole’ button, as shown in Figure 1.5, we can create
the first necessary borehole to define the excavated material.

|4 PLAXIS 2D: Desmonte excavado en suelo honm_gfneo.pEF;

File Edit Soil Options Expert Help

& bl EY T3
T‘ SN
Selection explorer RS 0.00 ‘
@ ... . .
| 800
% 4
= 4
= Create borehal
Model explorer q ate borehale
Attributes library -
& Geometry 4.00

@ Boreholes

1,

X

Figure 1. 5. Create borehole’ button

Now we have to define the borehole. We first the point (0, 0), and an emerging
window appears, ‘Modify soil layers’. Here, we select ‘Add’, writing in ‘Top’ 30
and in ‘Bottom’ 0.

As the phreatic level is halfway the cutting, in ‘Head’, we write 25 (meters). Once
all these modifications are done, we click on ‘OK’ to save the data of this first
borehole, Figure 1.6.
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Ed Modify soil layers O x
Borehole 1 [
: :
X 0,000 .
Head 25,00 Soil layers  Water Initial conditions  Field data
Layers Borehole_1
# Material Top Bottom
i <not assigned > 30,00 0,000
F3 Boreholes |E| Materials OK

Figure 1. 6. First necessary borehole to define the cutting

The second borehole is placed in coordinates (25, 30). Again, we write 30 in ‘Top’
and 0 in ‘Bottom’. The value of ‘Head’ is 25.

The third borehole is located in coordinates (32.5, 25). In order to be able to place
the borehole in coordinate x=32.5, it is necessary to have set the value 2 in ‘Number
of snap intervals’, in ‘Snapping options’, Figure 1.7. This allows subdividing each
interval of 1 meter in 2 when introducing data. After that, we write 25 in ‘Top’ and
0 in ‘Bottom’. ‘Head’ value is still 25.

The fourth and last borehole is located in coordinates (40, 20). In ‘Top’, we
introduce 20 value and in ‘Bottom’,0. As the phreatic level is now 20 m (ground
surface), in ‘Head’ we write 20.

Once the geometry of the problem has been defined, we have to create the material
to model the homogeneous soil. For this, we select the ‘Show materials’ button
(Figure 1.8.). Here, we keep the default values (‘Set type’ in ‘Soil interfaces’) and
click on ‘New’. Now we name the material (for example, ‘Clay’) and introduce the
geotechnical parameters presented in Table 1.1. Figures 1.9 and 1.10 show the
parameters once they are set in PLAXIS 2D.
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3240 3280 3320 3360
2560
S ]
— Snapping x|
= Snap to object
: Snap to grid
ol Spacing [m] i =
7 Mumber of snap intervals | 2 =
] ‘ oK Cancel
24280
Coordnates  (33.00 25.00) |[Ruters | rign | crosshar | Snap to object || Snap to grid || Grid H:] Snapping options
Command line
Session | Model history

Figure 1. 7. Snapping options

& pLavas. A da b i Ey
Fie Edit Soil Optioed Fipen  Help
D Bl & | QB |
r———r— —

Seleceien explécer = 050 am ET) £ 0
) Borensie_| | | |

xom0n o mn:_

it

Faad: 15,000
Fuekd inta: enct esigrads 4

Model exlorer
o Tera——
- ) Geomey
7 ) Berehoies
i ) ok

Figure 1. 8. ‘Show materials’ button and cutting geometry
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Soil - Mohr-Coulomb - Arcilla
B .

General | Parameters | Groundwater | Thermal | Interfaces | Initial |

Property Unit Value
Material set
Identification Arcilla
Material model Mohr-Coulomb
Drainage type Drained
Colour RGB 161, 226, 232
Comments

General properties

Vunsst Kl/m? 17,50
Vig kpl/m3 20,00
[+ Advanced
i Next ] | OK | [ Cancel

Figure 1. 9. General soil properties in our project

Soil - Mohr-Coulomb - Arcilla —
O B e
|GenevaJ| Parameters ‘Groundwater | Thermalllnterfaces | Initial |
Property Unit Value
Stiffness £
£ kh/m2 15,003
V' (nu) 0,3300
Alternatives
G kn/m2 5639
Eo kHifm2 22,22E3
Strength -
€ ref kil/m?2 14,00 [
@' (phi) ° 2350
W (psi) ¢ 0,000
Velocities
v, m/s 56,22
v, m/s 111,6
+ Advanced :
[ Next ] [ oK ] [ Cancel

Figure 1. 10. Soil parameters in our project
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In the geometry mode ‘Soil’, we select (in the workspace), with the right mouse
button, the material than has been previously generated (select ‘Set material’, select
‘Clay’), Figure 1.11.

File Edit Soil Options Expert Help

Cnll—= = [ - N -

Selection explorer ‘ T

(=l @, BoreholePolygon_1
=) Sail_1
[ Material: Arcilla
Colour: O
- Apply strength reduction:
[ ThermalConditions_1

conditions

2500 0.00 2500 50.00 75.00

S

I
I

Model explorer
Attributes library
@, Geometry
[ @), Boreholes
@, Soils

2500

| 1) BoreholePolygon_1

[ sotmess | [ wae
-

EE Modify soi layers...

o

Figure 1. 11. Setting ‘Clay’ as the material to model the studied soil
1.3.3 Soil meshing

We select ‘Mesh’ calculation mode to mesh the soil. After that, we click on
‘Generate mesh’ button (Figure (1.12) and we choose a medium element
distribution (Figure 1.13).

00 25.00 50.00 75.00

Phases explorer
N = )
® Initial phase [Initial =

Selection explorer
- @ ..

i
=
=
=
|

4

Model explorer
Attributes library
@ Geometry -
@) Groundwater flows BCs N

Figure 1. 12. Generating mesh in ‘Mesh’ calculation mode
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Mesh options

Enhanced mesh refinements
@ Element distribution

| Medium

©) Expert settings

R

Figure 1. 13. Selecting a medium element distribution

In order to display the generated mesh, we select ‘View mesh’ button, which is right
below ‘Generate mesh’ one. This opens PLAXIS Output program, allowing us to
see the generated mesh (Figure 1.14).

e PLAXIS Output 2D - [Desmonte excavado
Mesh

en suelo enew - Genera
Toels Window Expert Help

__ file View Project Geometry

B D& @| || A AR o) ~E|

0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 20,00

| L | N | L L 1 1 1 1 1 L L 1 1 | L 1 | | L

& & Geometry —

= w sais o 3
S Nodes —]

To] & 12 Swess ponts —

= 4,00

5 =

v e

@ =

e ocn s

(7] 3

1] oS

Connectivity plot

Figure 1. 14. Generated mesh, presented in PLAXIS Output
1.3.4 Display of the phreatic level in the ground

If we select ‘Flow conditions’ calculation mode, we can display the phreatic level
created when defining the soil with the boreholes (Figure 1.15).

10
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global

Figure 1. 15. Generated global phreatic level
1.3.5 Project phases

In this particular case, since we are studying the stability of a cutting, we just create
two calculation phases. The first one is actually an Initial Phase in which the slope
has already been created, while the second phase is the one that calculates the safety
factor.

The first phase (‘Initial Phase’) is already created. The default Calculation type is
‘K0 procedure’, but we choose ‘Gravity loading’ instead (Figure 1.16). Both
options determine initial stresses in the natural terrain, but they are obtained in a
different way.

e R N

ol M-
Initial phase [InitialPhase] B EE Name Value

g Phase_1 I @l ¥ = General
D Initial phase [InitialPhas
Calculation type | Gravity loading
Loading type KO Erocedure
IMucight Flow onfy .
Pore pressure calculation type = Phreatic T
Thermal calculation type [1] Ignore temperatu ™
Time interval 0,000 day
Estimated end time 0,000 day
First step 100
Last step 103
Design approach (Mone) =

Figure 1. 16. Initial Phase definition. Selection of ‘Gravity loading’ calculation type

11
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In this way, when choosing ‘K0 procedure’, vertical stresses are calculated, and the
horizontal stresses obtained from the vertical ones and the K, value that has been
set. It is a calculation that does not involve finite elements (the governing equation
are not solved), so the equilibrium is not guaranteed if we do not have horizontal
soil layers.

Nevertheless, with ‘Gravity loading’ option, a plastic calculation is carried out,
where initial stresses are obtained after applying the weight of the material. This
option is, therefore, more appropriate when we do not have a horizontal
stratigraphy. As explained later, this option does lead to displacements, so we must
not consider those when starting the following phase.

In order to create the second phase (which allows obtaining the safety factor and the
slip surface) we click on ‘Add phase’ button in ‘Phase explorer’ menu (Figure
1.17).

kel PLAXIS 2D: Desmonte excavado en suelo homogéneo.p2dx ™
File Edit Flow conditions Options Expert Help
& | S & P
1 ¥
> 2
Phases explorer )
- I -
® e | 40,00
(;'1 Add phase e [InitialPhase == = e i
L |
a|
Selection explorer (InitialPhase) -
® = i
°=" | 20,00 ]

Figure 1. 17. Creation of the new phase in ‘Phase explore’ menu

Clicking twice on ‘Phase I’ that has been created, an emerging window called
‘Phase’ appears. In ‘General’, we write a name for the phase next to ‘/D’, in order
to recognize it. In this case, we name is as ‘Safety’. Observe that, despite having
changed the name, the software keeps ‘Phase 1’ next to the given name.

Still in ‘General’, in ‘Calculation type’, we select ‘safety’, which allows calculating
the safety factor of the cutting in the selected phase, in this case, the Initial Phase
(‘Start from Phase’, ‘Initial Phase’), as presented in Figure 1.18. We must pay

12
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attention and select ‘Reset displacements to zero’, while the rest of the calculation
options are not changed. We click on ‘OK’ to accept.

B

TR

(;) Tnitial phase [InitialPhase] BEHE Name Value

@ safety [Phase_1] Al 1= General
his] Safety [Phase_1]
Start from phase Initial phase -
Calculation type 71 Safety -
Loading type Al Incremental multipier v
Mg 0,1000
Pore pressure calculation t1 | 4| Use pressures fromp v
Thermal calculation type Ignore temperature v
First step
Laststep
Design approach None)

I Deformation control parameters

Ignore undr, behaviour (4, =
Reset displacements to zer
Reset small strain
Reset state variables il
Updated mesh il

Updated water pressure
Ignore suction
Cavitation cut-off

. O®

Cavitation stress

+/ Numerical control parameters

Figure 1. 18. Phase 1 ‘Safety’

Before starting to calculate it is possible to select those point that we considered
interesting to obtain the advance graphical outputs in PLAXIS Output (in ‘Staged
construction’ Calculation mode, ‘Selecting points for curves’). For example, we
choose some points close to the possible slip surface.

It is also possible to calculate without introducing these points * and, once the slip
surface is known, select the interesting ones. In this exercise we do as explained in
this paragraph. Therefore, we click on ‘Calculate’ in the calculation mode ‘Staged
Construction’ (Figure 1.19). A warning saying that no nodes have been chosen for
the curves appears. We ignore it.

* NOTE. When the calculations are carried out without selecting nodes for advance
graphical outputs, the results provided by PLAXIS Output are correct for both
graphical representations shown in the workspace and information in tables.
However, if we add nodes for obtaining these advance graphical outputs, the
information that is obtained may be wrong in those graphics (although it is
displayed correctly in the workspace and tables). For this reason, every time nodes
for advance graphical output are added, we must re-calculate all the project phases.

13
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File Edit Phases Options Expert Help

CEH | DB

>

Phases explorer 2000 2000

w | E D \
Initial phase [Initial = [ 5 = [I]
Safety [Phase_1 [~ [a] [V [1]

Kl .

x

Selection explorer (Phase_1)

4 BmaL
|IIII

20.00

=
=

alculate

Model explorer (Phase_1)

Attributes library
@ [¥] Geometry 50
@[] Groundwater flows BCs
@[] Soils

@ @] Model conditions

YA

B
.18

=« ¥

Figure 1. 19. ‘Calculate’ button in PLAXIS

If during the calculation no errors have appear, results can be displayed in PLAXIS
Output clicking on ‘View Calculation Results’ button (Figure 1.20).

Phases explorer W |0-00 | ‘zs.oc
%|@L—‘:ﬂ ‘_ N N A NN N A Y Y Y N
H —
CI,) Initial phase [Initial &2 [5 = [ ] -
& Phase_1 Ic @& ¥ || — ]
— -
25.00
. =
Selection explorer (Phase_1) - —
..... - < | A
l
@)
[ View calculation results l.ﬂ
Model explorer (Phase_1) 000 o>
[+ Attributes library _ y
ek @ [V canmatns

Figure 1. 20. Phases once they have been successfully calculated and ‘View calculation
results’ button
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1.3.6. Results in PLAXIS Output

In PLAXIS Output the deformed geometry of each of the calculated phases can be
easily displayed. This graphic (‘Deformed mesh’, |u|) is the first output that
appears in the workspace right after opening PLAXIS Output when clicking on
“View Calculation Results’ (Figures 1.21 and 1.22).

Figure 1. 21. Initial Phase deformed mesh

Figure 1. 22. ‘Safety’ Phase deformed mesh

In order to display the deformed mesh of a particular phase, we must select, in the
bar above, that phase (Initial Phase or ‘Safety’ [Phase 1]). In this point, it is
important to highlight that in ‘Safety type’ phases, the numerical value of the
displacements is not significant, since the computation that PLAXIS carries out in
this type is focused on the calculation of the safety factor and, in any event, on the
identification of the slip surface. However, it is not focused on the numerical value
of the displacements. Talking about the displacements that represented in the Initial
Phase (Figure 1.21), this are due to the procedure that has been chosen to obtain the

15
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initial stresses in this phase, but they are not considered when -calculating
displacements in the following phases.

When the slip surface is required to be displayed, from the cutting deformation we
can select ‘Deformation’, ‘Total displacements’, |u|, as shown in Figure 1.23.

. PLAXIS Oulput 20 - (L en suelo - Calculation results, Phase_1 [Phase_1] (1/39), D'"M
< File View Project Geometry Mesh | Deformations | Stresses Tools Window Expert Help
.| o M| B ©|dée| % S Deformed meshjul  Cilel  [Phase 1] (Step99) = 3
} Total displacements fel |ul Ctri+2

— i »
- Sum phase displacements &l v, 20,00 0,00 a0,00 0,00 &0,00 0,00 B0,00
) Phase displacements Y E u,
— g:";"e"‘-‘ Incremental displacements | = Table
. watar loadz Total cartesian straing
0| Hodees . )

Stress paints Phase cartesian strains
[ran) Incremental carlesian strains
= Total strains

Phase strains
Incremental strains

Figure 1. 23. Windows to select “Total displacements’ and obtain the possible slip surface

In Figure 1.24, the possible slip surface can be observed.

0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00 80,00

30,0

=]

(]
=1
f=1

10,0

=1
[=1

RN SN N ST AR A

Figure 1. 24. Possible slip surface

There are different ways to obtain the global safety factor in PLAXIS Output, as
presented below.

16
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In the global safety factor analysis, PLAXIS employs ‘phi-c strength reduction
method’, a routine that successively reduces ‘tang’ and ‘c’ (shear strength
parameters of the soil), as well as its tensile strength, until failure occurs. XM,
multiplier (which is the safety factor) is used to define the value of the shear
strength parameters of the soil in a given analysis phase:

tang c Su tensie strength

XMsr = tan@reqd  Cred  Sured ~ tensile strength,.q4

The easiest and most direct way to obtain the safety factor is with ‘Calculation
information’ option, which can be found in ‘Project’ menu in the tool bar (Figure
1.25). In the emerging window, the exact safety factor value, XMy, is displayed (in
this case, it is 1.133, Figure 1.26). For this, ‘Safety’ Phase must have been
previously selected (drop-down menu right above workspace).

== PLAXIS Out;put 2D - [Desmonte excavado en suelo homggéneo - Calculation resuE Si_ﬁ’t! [?hﬂseﬁl] (1/100), Dy
File View Geometry Mesh Deformations Stresses Tools Window Expert Help

==} ‘ 13 & [E2 Input nodes ‘ = Safety [Phase_1] (Step 100) - :‘
EZ Node fixities

—> EZ Water load information

i 0 0,00 10,00 20,00 30,0
W E= Applied volume strain

%/ ( ¥ Volume information
¥ g PR -
iy E= Material information (all load cases)

i B2 Material information (current load case)

General information
Calculation information
Calculation info per phase
Calculation info per step
Step info

Structures per phase

it e S SiE

Safety information

Figure 1. 25. ‘Calculation information’ selection to obtain the safety factor
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Calculation information - - L] l =] é
= Step info
Fhase Phase_1 [Fhase_1]
Step Initial
Calulation mode Classical mode
Step type Safety
Updated mesh False
Solver type Picos
Kernel type 32 bit
Extrapolation factor 2,000
Relative stiffness -7,599E-12
= Multipliers
Soil weight IMopyeight 1,000
Strength reduction factor M -1,848E-3 IMg 1,133
Time Increment 0,000 End time 0,000
[+ Staged construction
+ Forces
[+ Consolidation
< m 3
‘ Copy | | Print | I Close

Figure 1. 26. Calculation information, where My, is the safety factor

Another way to obtain the safety factor is plotting for any of the soil points any
variable (for, example, displacements) versus the safety factor XM,

However, for this it is necessary to select those points for which we want to obtain
advance graphical outputs. For this, we go back to PLAXIS Input and in ‘Staged
construction’ calculation mode, we choose ‘Select points for curves’ button (Figure
1.27). We can see that the program takes us back to PLAXIS Output.

-18.00

Is B

4| B [ .

@,

Figure 1. 27. ‘Select points for curves’ button
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We select, for example, some points* that are close to the slip surface (see Figure
1.24) and a point on the foot of the slope (Figure 1.28). We select them by clicking
on them in the workspace and, once we have finished the selection, we click on
‘Update’.

* NOTE. Two different kinds of points can be found: 1) ‘Nodes’ (in red), that are
basically used when representing displacements; and 2) ‘Stress points’ (in purple),
for essentially representing efforts and deformations.

. File View Project Geometry Mesh Tools Window FExpert Help
! & Q| B dc| & G B |§ = v |z
% 2,00 16,00 24,00 32,00 40,00 8,00 || pame % ¥ Selocted
. Leva b tne bbbt bient e e ania s Ul ariode 107) 20,00 2000  Precac
= @ Soils B (Node 677) 2732 2288  Precac
i i: Water boads C (Node 1001) 3488 1650  Precak
To] | @I Nodes D (Node 767) 2655 17,19 Precak
# @] stress points 24,00 E (Node 179) 1550 26067  Precak
& K (Stress pont 1833) 18,30 2409  Pre-cakc
— L (Stress pont 1875) 21,06 7504 Precalc
]
< | 16,00
7]

Figure 1. 28. Selected points for advanced graphical outputs

Now we re-calculate all the project phases: back in PLAXIS Input, we go to ‘Staged
construction’ calculation mode and in the menu on the left, ‘Phase explorer’, with
the right mouse button, we mark each phase for calculation (‘Mark for calculation’
option). When the calculation is done, in PLAXIS Output we click on ‘Curves
manager’ button (Figure 1.29).

oo PLAXIS Output 2D - [Desmonte excavado en suelo homogéneo

o« File View Project Geometry Mesh Deformations 54
&l & @|Ble A A 4 |
>. Cuwesmanager'

Figure 1. 29. ‘Curves manager’ button for creating advanced graphical outputs

=Y
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Exercise 01. Long-term stability analysis of a cutting excavation in a homogeneous material

In ‘Curves manager’ window we mark ‘Chart’ tab and select ‘New’ (Figure 1.30)
to create a new plot.

w Curves manager X
Charts  Curve points  Select points
Title X-Axis f-Axis

Figure 1. 30. Initial aspect of ‘Curves manager’ window

Figure 1.31 shows the parameters and options that must be chosen to plot, for point
A, the total displacements versus the safety factors, so the relation between them
can be observed (Figure 1.32).

i Curve generation x

H-hods
A (40,00 / 20,00) ~

(= Deformations

¥-Axis

Project -

Step

[=+ Total displacements [=}- Multiplier
Lt veon
u, EMarea
I
Stresses Csp
Global error
Force
[invert sign Dlnvertslgn

OK Cancel

Figure 1. 31. Selection of the variables to plot in ‘Curves manager’
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Chart 1
bﬂ-*-ﬂ-«—-“—"—— e s e e 2 e T —+— N1017(A)

Msf]]

o 1000 2000 3000 4000 5000
Jul [m]

Figure 1. 32. Variation of the safety factor versus the total displacement (‘Safety’
calculation Phase) of point A

As we have previously commented, in ‘Safety type’ calculation phase, the numerical
value of the displacements is not significant, since the computation carried out by
PLAXIS when employing this mode only uses displacements to lead the process
and indicate the possible failure mechanism. As observed in Figure 1.32, a safety
factor of around 1.135 is rapidly obtained to keep constant from a hypothetical
value of displacement. When closing this graphic, it is possible to save it and open
it later in ‘Curves manager’.
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Exercise 02. Stability analysis of an embankment on a clay layer

Exercise 02

Stability analysis of an embankment on a clay
layer

2.1 INTRODUCTION

On a thick clay layer, an embankment has been built, with a height of 5 meters and
a crest length of 25 meters. The slope in both sides is 2H:1V. The aim is to obtain
the global safety factor (embankment- foundation soil) when the phreatic level is at
the foundation ground surface. Both geometrical and geotechnical parameters are
presented in the following section.

2.2 GEOMETRICAL AND GEOTECHNICAL PARAMETERS

Figure 2.1 presents a sketch with the geometry of the problem.

%% B E ol
© Initial phase [ini @ 006 0« g |
il

Selection explorer (Phase_2) » 1
@ ]
% il

Model explorer (Phase_2)
o Airibubes erary

4 ) [ Ganmeary o |
# )] Groendwater fiow BCs A
it M Sols Tl
+ )W Mode condtions

Figure 2. 1. Geometry of the problem
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Exercise 02. Stability analysis of an embankment on a clay layer

Tables 2.1, 2.2 and 2.3 show the geotechnical parameters of the materials
(foundation and embankment), as well as the geometrical ones for the embankment.

Geotechnical parameters of foundation soil

Foundation material Clay
Constituve model Mohr-Coulomb
Material behviour Undrained (C)

Soil unit weight above phreatic level (yunsa)) | 20 KN/m?
Soil unit weight below phreatic level (Ysr) | 20 KN/m?

Young’s modulus (E") 14000 kPa
Poisson’s ratio (V') 0.495
Undrained shear strength (Sy.rer) 40 KPa

Table 2. 1. Geotechnical parameters of foundation soil

Geotechnical parameters of embankment

Embankment material Embankment
Constitutive model Mohr-Coulomb
Material behaviour Drained

Soil unit weight above phreatic level (Yunsar) | 20.7 kKN/m?
Soil unit weight below phreatic level (Ysr) | 23 KN/m?

Young’s modulus (E") 35000 kPa
Poisson’s ratio (V") 0.3
Effective soil cohesion (c') 15 kPa
Effective friction angle (¢") 28°
Dilatancy angle () 0°

Table 2. 2. Geotechnical parameters of embankment

Geometrical parameters

Embankment height | 5 m

Embankment slope | 2H:1V

Phreatic level At the foundation ground surface
Table 2. 3. Geometrical parameters of embankment
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Exercise 02. Stability analysis of an embankment on a clay layer

2.3. RESOLUTION OF EMBANKMENT PROBLEM WITH PLAXIS
2D

2.3.1 Introduction of the parameters of the problem

We first name the new project in ‘Project’ tab in the emerging window ‘Project
properties’. In the bar title we write, for example: ‘Embankment on a clay layer’.

In ‘Model’ tab, we check if ‘Plain strain’ option is selected for the model and we
choose ‘15-Noded’ for the elements.

In order to define the borders of the workspace, we use the values that appear in
Table 2.4.

Xmmin 0 m
Xmax 105 | m
Ymin 0 m
Yméx 40 m

Table 2. 4. Coordinates for the project borders

We keep the default constants the program provides (‘Constants’ tab).

2.3.2 Soil definition (foundation and embankment)

We select ‘Soil’ geometry mode and click on ‘Create borehole’ button to create the
first and only necessary borehole to define the foundation soil in this problem.

We mark point (0, 0) to define the borehole in ‘Modify soil layers’. After that, we
click on ‘4dd’ and assign value 20 in ‘Top’ and -15 in ‘Bottom’. A clay layer 35
meters thick is therefore considerate. As the phreatic level is located at the
foundation ground surface, in ‘Head” we write 20. Borehole data introduced in
PLAXIS 2D appear in Figure 2.2.
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B2 Modify soil layers m] ®
Borehole_1 [
x 0,000

Head 20,00 Soil layers  Water Initial conditions  Field data

=

) G =)

Layers Borehole_1
Material Top Bottom
1 ardla 20,00 -15,00

15,00

10,00

5000

w000

5,000

-10,00

-igm

Ff5 Boreholes =] Materials oK

Figure 2. 2. First and only necessary borehole to define the foundation soil

Geometry shown in Figure 2.3 appears.

Figure 2. 3. Foundation soil geometry

Now we create the material to model the foundation soil. In order to define this
material, in ‘Soil’ geometry model we click on ‘Show materials’ button. Keeping
‘Set type’ option in ‘Soil and interfaces’, we select ‘New’ and introduce the
geotechnical parameters of the exercise for the clay (Table 2.1.) Figures 2.4 and 2.5
show the parameters once they have been introduced in the program. After creating
this material, we can drag and drop from the material menu to the workspace,
assigning to the foundation soil the material ‘Clay’. We follow the same
instructions for the definition of the embankment material (Table 2.2) and, when its
geometry is defined, we will assign this new material.
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Soil - Mohe-Coulomb - Arcilla
B e i
General Paamelers Groundwater Thermal Interfaces  [ritisl

Property it Waoe

ertrhcanon ecila
Myzerial model Moty Coulems
Dranage tyoe Uk e {E}

Colowr RGE 161, 226, 232

Vorue Km? 20.00

.
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Figure 2. 4. General properties of foundation soil
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Figure 2. 5. Geotechnical parameters of foundation soil
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Exercise 02. Stability analysis of an embankment on a clay layer

2.3.3. Embankment geometry definition

In order to define the geometry of the embankment, we go to ‘Structures’ geometry
mode and click on ‘Create soil polygon’ button (Figure 2.6).

[ PLAXIS 2D: Ejercicio 02 terraplen (obras geotécnicas).p2dh *
File Edit Structures Options Expert Help

Bl . R
| sol  Structures >

Selection explorer EIY 00 -18.00
I T
i, -
2 —_
ek B
$as | 38007
= i
Model explorer o,
i Attributes library - —
it} OF) Geometry m 18.00 7|

i @) Boreholes
i} @) Soils

&

& | Create soil polygon

=

I -
M =
B .

‘ (]

-| -18.00

Figure 2. 6. ‘Create soil polygon’ button, in ‘Structures’ geometry mode

Now we create the embankment by clicking (on the workspace) on the following
coordinates (Table 2.5):

Coordinates of the embankment contour points
A (30, 20)
B (40, 25)
C (65, 25)
D (75, 20)
Table 2. 5. Coordinates of the embankment contour

The next step is to assign the material. In the workspace, we click on the drawn
embankment with the right mouse button, marking ‘Soil” option, then ‘Set material’
and finally we choose ‘Embankment’ material (Figure 2.7).
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\ Polygon_1
12 So P‘ L1 soil_2
¥ % Merge equivalent geometric objects : Set material b ‘ D arcilla [Arcilla]
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Figure 2. 7. Assignation of material to the created embankment polygon
2.3.4. Problem meshing

We select ‘“Mesh’ calculation mode to mesh the soils, we click on ‘Generate mesh’
button and indicate a medium element distribution. We can display the generated
mesh in PLAXIS Output by clicking on ‘View mesh’ button (Figure 2.8).

Figure 2. 8. Problem meshing in PLAXIS Output
2.3.5. Display of the phreatic level in the ground

If we select ‘Flow conditions’ calculation mode, we can display the phreatic level
that has been created when defining soil in the first borehole (Figure 2.9).
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Exercise 02. Stability analysis of an embankment on a clay layer

Figure 2. 9. Location of the phreatic level
2.3.6. Project phases
We define 3 different phases in our project:

o [Initial Phase. In this phase we only considered the foundation soil.
Therefore, we deactivate the embankment by clicking on the embankment
with the right mouse button and selecting ‘deactivate’ (Figure 2.10). For
this, we must have previously selected ‘Staged construction’ calculation
mode. Once the embankment has been deactivated, the workspace looks as
in Figure 2.11 for this Initial Phase.

For this exercise, unlike for the previous one, we keep the default
calculation type, ‘K0 procedure’ (we go to ‘Phase explorer’ menu on the
left and double click on ‘Initial Phase’), since it is a horizontal soil layer.

‘ [1] Polygon_1_1 =

Jl

B actvate

|"_‘1 Deactivate |
Ml soil 3
P @ Regenerate

YA

Preview phase
Calculate

@ View calculation results

Figure 2. 10. Embankment deactivation for the Initial Phase
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Exercise 02. Stability analysis of an embankment on a clay layer

YA

Figure 2. 11. Aspect of the workspace for the Initial Phase

e Phase 1 (Embankment). We create this new phase and activate the
embankment (Figure 2.12).

CEHEl S~ AR |
Phases expit-)rer gi 0.00 3200 | se00 86,00
L N = e o
By
(s Initial phase [Ini B 7
& Phase_1 |
i
F YA
Lz = (s -
Selection explorer (Phase_1) Ll
@ s o
] “
& d

Figure 2. 12. Aspect of the workspace for Phase 1 (Embankment)

e Phase 2 (Safety). This phase is used to calculate the safety factor of the
embankment on the foundation soil, as well as for graphically obtain the

slip surface. Figure 2.13 shows how this new phase is defined.
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s Phases __-—“——
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Figure 2. 13. Definition of Phase 2 (Safety)

Once all the phases have been defined, we click on the ‘Calculate’ button. If no
node has been chosen yet to obtain the advanced graphical output later, a warning
telling so will appear, although we can ignore it. Whether during the calculations
PLAXIS does not find any mistake, we can display the results in PLAXIS Output,
selecting ‘View calculation results’ button.

2.3.7. Results in PLAXIS Output

After the calculations, PLAXIS Output first displays the deformed mesh of the
problem, which is available for each the defined phases (Figure 2.14 and 2.15).
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Figure 2. 14. Deformed mesh in Phase 1 (Embankment)

A W = A AW SV A iy e A A e, =
P i A N e A W e B A Vil e Y
NS B
hhé"‘méi-‘v'gﬁw&ay

;i QRN
AV, VAV
<O %"“‘m"“"“"vgy

]
NN AN
AKX AT

Figure 2. 15. Deformed mesh in Phase 2 (Safety)

In order to obtain the slip surface from the embankment deformations, we select
‘Deformations’, ‘Total displacements’, |u|. Total displacements, |u|, for Safety
Phase are presented in Figure 2.16.
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Figure 2. 16. Total displacements, |u|, representation (Safety Phase)

In this case, the slip surface in mainly located in the foundation soil, very deep. If
we want to identify it more accurately, we must consider that the failure occurs in
those points of the soil with higher deformation and, according to Figure 2.16, they
are found in the yellow zone. Therefore, we can modify the legend configuration,
restricting the represented displacements to a given range of values (clicking with
the right mouse button on the graphic and selection ‘Legend settings...” option), so
the slip surface is displayed in a clearer way, Figure 2.17.
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Figure 2. 17. Slip surface (Safety Phase)

Finally, we are going to obtain the safety factor. As commented in exercise 1, there
are different ways to calculate it. As a first option, once we have selected Safety
Phase in the drop-down menu that allows changing phase (Figure 2.18), we select in
PLAXIS Output tool bar ‘Calculation information’ option in ‘Project’ tab. In the
emerging window, we can the exact safety factor value, XM, (Figure 2.19), which,
in this case, 1s 2.04
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Figure 2. 18. Drop-down menu for phase selection
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Figure 2. 19. Safety factor value

It is also possible to obtain the safety factor value by plotting in a foundation or
embankment point any of the output variable versus safety factor, 2M,: For this, it
is necessary to select at least one point of the mesh to plot the evolution of the
variables. Back to PLAXIS Input, and in ‘Staged construction’ calculation mode,
we select ‘Select points for curves’ button.

In this case, the selected points can be the ones shown in Figures 2.20 and 2.21.
Points can be selected clicking on those points.
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Figure 2. 20. Selected points of soil and embankment
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Mame X b Selected
A (Mode 539) 75,00 20,00 Pre-calc
B (Node 734) 74,07 10,01 Pre-calc

C (Mode 1045) 61,22 14,41 Pre-calc
D {(Mode 1062) 55,15 18,79 Pre-calc
E (Node 308) 52,50 23,71 Pre-calc

Figure 2. 21. Coordinates of the selected points

Now we have to re-calculate all project phases, because if we do not do so, the
advanced graphical output will show wrong values. Still in ‘Staged construction’
calculation mode, in ‘Phase explorer’ menu on the left, we mark each phase (‘Mark
for calculation’) with the right mouse button, so they are ready to be calculated
again.

Once calculations are over, we click on ‘Curves manager’ button in PLAXIS
Output. In ‘Charts’ tab, we select ‘New .

In Figure 2.22, we can observe the parameters that must be chosen in point A to
plot total displacements, |u|, versus safety factor. As visible in Figure 2.23, with this
procedure we obtain a similar value of safety factor. At this point, we must
remember that the displacement that is represented in a safety phase is not
significant.

When closing the graphic, it is possible to save it in order to open it again later in
‘Curves manager’.
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Figure 2. 22. Selection of the parameters to plot
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Figure 2. 23. Safety factor variation versus total displacement (‘Safety’ calculation Phase) in
point A
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Exercise 03

creation of a highway

Consolidation analysis of an embankment on a

homogeneous soil for the creation of a highway

3.1 INTRODUCTION AND DEFINITION OF THE PROBLEM

The aim of the exercise is to analyse the consolidation and study the stability of an
embankment 10 meters high, 30 meters long in crest and 3H:2V slopes that is
supposed to be built on a homogeneous layer 30 meters thick. The embankment is
built with the same material, since this has been obtained from a cutting close to the
area, but with geotechnical characteristics that are slightly different.

Four different cases are presented.

- First, the construction of the embankment in seven phases:

(0]

(0]
(0]

1* phase. Construction of the first 4 meters of embankment during
a four-day period.

2" phase. 10 days elapse, allowing soil consolidation.

3rd phase. The next 3 meters of embankment are built, during a 3-
day period.

4™ phase. 10 days elapse, allowing soil consolidation.

5™ phase. The last 3 meters of embankment are built, during a 3-
day period.

6 phase. 10 days elapse, allowing soil consolidation.

7" phase. A 23 kN/m? traffic load* is applied.

- Second, the embankment is also built in seven phases, but in the following

way:
o

1* phase. Construction of the first 4 meters of embankment during
a 4-day period.
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0 2" phase. The consolidation of the soil is permitted until 70%
degree of consolidation is reached.

0 3" phase. The next 3 meters of embankment are built, during a 3-
day period.

0 4™ phase. The consolidation of the soil is permitted until 80%
degree of consolidation is reached.

0 5" phase. The last 3 meters of embankment are built, during a 3-
day period.

0 6" phase. The consolidation of the soil is permitted until 90%
degree of consolidation is reached.

0 7" phase. A 23 kN/m? traffic load* is applied.

* For every case, for the study of traffic load application, we consider the two
possible scenarios: the load application only on one half of the embankment (right
side) and the load application on the whole embankment length.

3.2 PROBLEM PARAMETERS

3.2.1 Problem geometry

Figure 3.1 shows the general aspect of the problem geometry.

YI

x

Figure 3. 1. General geometry of the problem
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creation of a highway

3.2.2 Soil parameters

Tables 3.1 and 3.2 show the properties for both foundation and embankment soil.

Foundation soil

Material Natural clay (Previous soil)
Constitutive model Mohr-Coulomb
Material behaviour Drained

Soil unit weight above phreatic level (Yunsat) | 20.5 kN/m3
Soil unit weight below phreatic level (ysr) | 22 kN/m?
Young’s modulus (E") 12500 kPa
Poisson’s ratio (v") 0.35

Effective soil cohesion (c') 7 kPa

Effective friction angle (¢") 32.5°

Dilatancy angle (v) 0°

Horizontal hydraulic conductivity (Ky) 0.02 m/day
Vertical hydraulic conductivity (K) 0.02 m/day

Table 3. 1. Geotechnical parameters of natural soil

Geotechnical parameters (embankment material)

Material Compacted clay (embankment)
Constitutive model Mohr-Coulomb

Material behaviour Drained

Soil unit weight above phreatic level (Yunsa)) | 20.5 KN/m?

Soil unit weight below phreatic level (ys) | 22 kN/m?

Young’s modulus (E") 28000 kPa

Poisson’s ratio (v") 0.35

Effective soil cohesion (c') 7 kPa

Effective friction angle (9" 32.5°

Dilatancy angle () 0°

Horizontal hydraulic conductivity (Ky) 0.012 m/day

Vertical hydraulic conductivity (K) 0.012 m/day
Embankment geometrical parameters

Embankment height 10 m

Slope 3H:2V

Phreatic level 2 meters below natural soil

Table 3. 2. Geotechnical and geometrical parameters of embankment soil
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creation of a highway

3.3 RESOLUTION OF THE CONSOLIDATION PROBLEM WITH
PLAXIS 2D

3.3.1 Introduction of the project parameters

We start PLAXIS 2D (PLAXIS Input) and choose ‘Start a new project’ option in
‘Quick select’ emerging window. In ‘Project’ tab we name the problem
‘Consolidation and stability analysis of a highway embankment’.

In ‘Model’ tab we choose ‘Plain strain’ option in model and ‘/5-Noded’ in
elements. We keep the default units, as presented in Figure 3.2. In order to define
the project borders, we write the values in Figure 3.2. We keep the default constants
(‘Constants’ tab).

Project properties

Project  Model Constants

Type Contour

Model Plane strain ~ X min m
Elements 15-Noded ~ F— m
Uniits ¥ mwin m¥
Length m ~ ¥ max "
Force ki ~

Time day v :
Temperature K ~

Energy kJ i

Power kw i

Mass t

Stress kMfm2

Weight kM jm=

Q

[ set as default Next K Cancel

Figure 3. 2. Model type, units and project borders
3.3.2 Soil definition

In order to define the homogeneous layer on which the embankment is built, we
start ‘Soil’ geometry mode. We click on ‘Create borehole’ button to define the
foundation soil.
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We click on coordinate (-60,0) and in ‘Modify soil layers’ emerging window we
select ‘Add’ (with the pull-down marking ‘Soil and interface’ option). In ‘Top’ we
write 0 and in ‘Bottom’, -30. Since the phreatic level is located 2 meters below the
initial ground surface, we write -2 in ‘Head’. Figure 3.3 shows the borehole data. In
this way, we create the geometry of the homogeneous foundation soil (Figure 3.4).

& Modify soil layers m] X
hole 1 5]

x -60,00

Head -2,000 Soil layers water Initial conditions ~ Field data

Acd < 3

Layers Borehole_1
# Material Top Bottom

1 <not assigned> 0,000 -30,00

HS Boreholes [ materials oK

Figure 3. 3. Borehole for the foundation soil

1.

X

Figure 3. 4. Geometry of the homogeneous foundation soil

Now both materials, foundation soil and embankment, must be created by clicking
on ‘Show materials’ button. We select ‘New’ and create the first material (‘Previous
soil’) from data in Table 3.1. Then, clicking again on ‘New’, we create the second
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material (‘Embankment’) with the geotechnical parameters in Table 3.2 (Figure 3.5,
3.6 and 3.7).

Soil - Mohr-Coulomb - Terraplén “

J B e
General | F | Groundwater | Thermal | nterfaces | mitial |
Property Unit Value
Material set
Identification Terraplén
Material model Mohr-Coulomb
Drainage type EDramed
Colour RGB 134, 234, 162
Comments

General properties

Vorsat ki/m3 20,50
Vet kn/m> 22,00
|+ Advanced

Figure 3. 5. General properties of embankment material

Sail - Mohr-Coulomb - Ye_
2 E s
General| Parameters | Groundwater | Thermal | Interfaces | Inital |
Property Unit Value
Stiffness
£ kn/mz 28,00E3
v (nu) 0,3500
Alternatives
G kiy/m?2 10,373
Eceq kh/m?2 44,94E3
Strength
S kNfm2 7,000
@' (phi) » 32,50
w (psi) ° St
Velocities
v, m/s 70,45
vy mfs 146,6
[+ Advanced

Figure 3. 6. Resistance parameters of embankment material
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Soil - Mohr-Coulomb - Terraplén w—
e

| General E Parametersi Groundwater \ThermaJEInterfaces ! Initial |

Froperty Unit Value

Model

Data set Standard A |
Soil

Type Coarse

<2pm % 10,00

2 pm - 50 pm % 13,00

50 pm - 2 mm % 77,00
Flow parameters

Set to default values O

ke mfday 0,01200

k m/day 0,01200
10,00E3

0,5000

s, 1m 9,0756-6

Figure 3. 7. Groundwater parameters of embankment material

We click with the right mouse button on the generated ground (Figure 3.4) and
select (in “Soil’) ‘Set material’ and ‘Previous soil’ value.

3.3.3. Definition of the embankment geometry

In order to define the embankment, we go to ‘Structures’ geometry mode and select
‘Create soil polygon’ button.

Now, we can create the embankment. For this we introduce with the mouse in the
workspace the coordinates in Table 3.3.

Coordinates of the embankment border points
A (-30,0)
B (-15, 10)
C (15,10)
D (30, 0)
Table 3. 3. Coordinates of the embankment borders

The next step is to assign to the created polygon the material that was generated in
the previous point. We select ‘Set material’ and choose ‘Embankment’ material.
Figure 3.1 shows the geometry of the embankment on the natural soil.
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As the embankment has been created to be divided into three construction phases
(instead of been built in one phase), two lines must be created to separate the
different layers.

In ‘Structures’ geometry mode, we click on ‘Create line’ button (Figure 3.8) and
select the coordinates for each of them from Table 3.4. For this, we must write 2 in
‘Number of snap intervals’ option (in ‘snapping options’ menu, which is right
below the workspace).

Line First point coordinates Second point coordinates
A (-24,4) (24, 4)
B (-19,5;7) 19,5, 7)

Table 3. 4. Coordinates for the lines that divide the embankment in three layers

-80.00

Ny

oy
—,
B [ 2000
"o

SN createline
@ ‘&{a Create line load
%, | %y Create ine displacement
m & cresteline contraction
., I create plate
o°  Create geogrid
T % Create embedded beam row

i+
5 Cresteinterface

+
e

‘| ‘_:
it

¥ Creste node-to-node anchor

q

+
+&+ Create wel

4

ol B8 create drain
m I Create groundwater flow be

/ Create thermal flow bc

Figure 3. 8. ‘Create line button, inside ‘Structure’ geometry mode

3.3.4. Loads definition

Still in ‘Structure’ geometry mode, we click on ‘Create load’ button and select
‘Create line load’ (Figure 3.9).
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Selection explorer )
o . hs

20.00 7

L
Model explorer

- Attributes library \.
+- (&) Geometry =

4. (&) Boreholes

iy *,
3l &) Sois + | § create point load

Yy ¥4 create line load

~| -z0.00

SR

Coordinates (-64.00 -6.

Figure 3. 9. ‘Create line load’ button, inside ‘Structure’ geometry mode

We create two symmetrical and identical loads of 23 kN/m?, each of them applied
on a length of 15 meters. The load on the right is applied on coordinates (0, 10) to
(15, 10), Figure 3.10. The one on the left goes from (-15, 10) to (0, 10), Figure 3.11.

[ 1]

A/

Figure 3. 10. Applied load on the right side of the embankment
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Figure 3. 11. Applied load on the left side of the embankment

Once the application line for both lines has been drawn (Figure 3.12), we define
their value. For this, we select the load we want to give value to, go to ‘Selection
explorer’ menu on the left and right -23 in gy, s s (the type of load is ‘LineLoad’),
Figure 3.13.

Figure 3. 12. Applied load on the whole embankment length
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Phases explorer

% % | E O \

.
] Fase 2: ZBCEEE;
Fase 3: 3“&%@
Fase4: AT [H=[1] ~
Selection explorer

= @ [¥] GWFlowBaseBC_2 -
- Behaviour: Seepage
= @& [¥] LineLoad_1_1 —
Distribution: Uniform
Qe start,reft 0,000 kN/m/m —
L5200 18007
|qshmmf| 23,00 kMN/m/m
=3 Q.D DynLineLoad 1 1
Distribution: Uniform
Qe startret 0,000 KN/m/m
Qyetartref 0,000 kN/m/m
| Qetart,ref |+ 0,000 KN/m/m
- Multiplier,: <not assigned> || -
Multiplier, : <not assigned> ~

BE4emDED

m

Figure 3. 13. Load value assignation in ‘Selection explorer’
3.3.5. Problem meshing

We select ‘Mesh’ calculation mode and click on ‘Generate mesh’ button, indicating
medium element distribution. We can display the generated mesh in PLAXIS
Output selecting ‘View mesh’ button (Figure 3.14).

Figure 3. 14. Problem meshing
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3.3.6. Display of the phreatic level in the ground

Selecting ‘Flow conditions’ calculation mode we can display the phreatic level that
has been creating when defining the soil in the borehole (Figure 3.15).

Figure 3. 15. Location of the phreatic level

3.3.7. Point selection for advanced graphical outputs

The selected points for plotting advanced graphical outputs are shown in Figures
3.16 and 3.17.

-60,00 -50,00 -40,00 -30,00 -20,00 -10,00 0,00 10,00 20,00 30,00 40,00 50,00 60,0

10,00

o
=]

| | | el
A NN R AN A AR N A A

-10,00

-20,00

-30,00

Connectivity plot

Figure 3. 16. Selected points in foundation and embankment for advanced graphical outputs
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Name X Y Selected
A (Node 300) 30,00 0,00 Pre-calc
B (Node 1245) 14,34 -6,47 Pre-calc
C (Node 1010) 0,04 5,50 Pre-calc
D (Node 1819) 0,00 -18,22  Pre-calc
K (Stress point 3440) -29,17  -0,80 Pre-calc
L (Stress point 2701) 0,00 -7.40 Pre-calc
M (Stress point 2943) -15,01  -6,21 Pre-calc

Figure 3. 17. Selected point coordinates in foundation and embankment for advanced
graphical outputs

3.3.8. Project phase definition for the consolidation study

NOTE: It is recommendable to save the project with a clear name, since now we
are defining the different phases involved in each of the exercise cases. Moreover,
each of the cases should also be saved as an independent file once the phases have
been defined and the calculations have been carried out).

First case: a) Embankment construction in seven phases employing
consolidation times. The load is applied on the right side of the embankment.

8 phases must be defined:

e Initial Phase: just foundation soil.

e Phase 1: a 4-meter layer of embankment is built in a 4-day period.

e Phase 2: the consolidation of the soil due to the embankment load is
allowed for 10 days.

e Phase 3: the next 3-meter layer of embankment is built in a 3-day period.

e Phase 4: the consolidation of the soil due to the embankment load is
allowed for 10 days.

e Phase 5: the last 3-meter layer of embankment is built in a 3-day period.

e Phase 6: the consolidation of the soil due to the embankment load is
allowed for 10 days.

e Phase 7: a 23 kN/m’ traffic load is applied on the right side of the
embankment.

In the Initial Phase we must deactivate the three embankment layers and the traffic
load (just activate the foundation soil). We check that in ‘Phase’ window, the
selected calculation type is ‘K0 procedure’, Figure 3.18.
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kil Phases
% ol @i 0-
C} Fase inicial [InitialPhase] = = MName Value
- General

D Fase inidal [InitalPhase]
Calculation type + KO procedure -
Loading type Staged construction
M pight 1,000
Pore pressure calculation tv = Phreatic -
Thermal calculation type Ignore temperature ~
Estimated end time 0,000 day
First step
Last step
Design approach (Mone) -

-I Deformation control parameters
Updated water pressure
Ignore suction

Figure 3. 18. Initial Phase, which corresponds to foundation soil

In Phase 1 we activate the first embankment layer and select ‘Consolidation’
calculation type. In the same window we must indicate a time interval of 4 days
(Figure 3.19).

ka Phases
TR Hl2|0-
() Fase inicial [InitialPhase] =5 = @||| name Value
|| ) Fase 1: 12 capa terraplén [Phase_1] 3 [H = [1]|| £ General
juj Fase 1: 12 Capa terrapl
Start from phase Fase inicial ®
Calculation type 34 Consolidation =
Loading type Staged constructi ™
M sight 1,000
Pare pressure calculation type = Phreatic i
Thermal calculation type T] Ignore temperatu ™
Time interval 4,000 day
Estimated end time 4,000 day
First step
Last step
Design approach (None) ™
=] ion control
Reset displacements to zero
Reset small strain
Reset state variables O
Updated mesh O
Updated water pressure
Ignore suction
Cavitation cut-off O
Cavitation stress 100,0 kN/m2

I+ Numerical control

Figure 3. 19. Phase 1: first embankment layer construction (4 meters)
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In Phase 2, we do not activate or deactivate anything. As calculation type, we select
‘Consolidation’ and as time interval, we write 10 days.

In Phase 3, we activate the second embankment layer and choose ‘consolidation’ as
calculation type. In ‘Phase’ window we must write a 3-day time interval (Figure
3.20).

Lz Phases
% 1| 0 -
() Fase inicial [InitialPhase] = = Name Value
Fase 1: 13 capa terraplén [Phase_1] i = I~ General
Consolidacidn 12 capa [Phase_2] i ¥ D Phase_3
() 22 capa terraplén [Phase_3] ) = Start from phase Phase_2 ot

Calculation type 4 Consolidation
Loading type

M

Staged constructi ™
1,000

weight
Pore pressure calculation type = Phreatic

Thermal calculation type | Ignore temperatu ¥

Time interval 3,000 day

Estimated end time 17,00 day

First step

Last step

Design approach (Mone) i
! Deformation control parameters

Reset displacements to zero =

Reset small strain

Reset state variables O

Updated mesh =

Updated water pressure

Ignore suction

Cavitation cut-off O

Cavitation stress

I+ Numerical control

Figure 3. 20. Phase 3: second layer embankment construction (3 meters)

Phase 4 is very similar to Phase 2.

In Phase 5, we activate the third embankment layer, change the calculation type to
‘consolidation’ and indicate a time interval of 3 days (Figure 3.21).
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23 capa terraplén [Phase_3]

00000 |d

Start from phase

& Phases
o/ Q| O -
Fase inicial [InitialPhase] Mame Value
I Fase 1: 12 capa terraplén [Phase_1] I~ General
Consolidacidn 13 capa [Phase_2] D 33 capa terraplén [Phas|

Consolidacion 23 cap ™

Consolidacién 22 capa [Phase_4] Calculation type [ Consolidation ¥
3a capa terraplén [Phase_5] 3 5 Loading type | Staged constructi ™
Mygght 1,000
Pore pressure calculation type = Phreatic =

Thermal calculation type [1] Ignore temperatu ™

Time interval 3,000 day
Estimated end time 30,00 day
First step
Last step
Design approach (Mone) b

= ion control

Figure 3. 21. Phase 5: third embankment layer construction (3 meters)

Phase 6 is again very similar to Phases 2 and 4.

In Phase 7, we activate the traffic load only on the right side of the embankment and
we change the calculation type to ‘Plastic’ (Figure 3.22).

R —— T —
&l Phases
ol 1 ] i 2
? Fase inicial [InitialPhase] Name Value
&Ij Fase 1: 13 capa terraplén [Phase_1] = General
Y Consolidacidn 12 capa [Phase_2] D Sobrecarga trafico [Pha

Start from phase Consolidacién 32 cap ™

23 capa terraplén [Phase_3]

Consolidacién 22 capa [Phase_4] Caleulation type T Plastic ~

& & B &l B & LY

) 38 capa terraplén [Phase_5] Loading type Staged constructi ™

) Consolidacién 32 capa [Phase_6] ZMgtage 1,000
(. Sobrecarga trafico [Phase_7] bg M yraight 1,000
Pore pressure calculation type [ Phreatic b

Thermal calculation type i | Ignore temperatu ™

Time interval 0,000 day

Estimated end time 40,00 day

First step

Last step

Design approach (None) ki
i [= Deformation control parameters

Ignore undr. behaviour (A,B) =

Reset displacements to zero it

Reset small strain

Reset state variables =

Updated mesh E

Updated water pressure

Ignore suction

Cavitation cut-off il

Cavitation stress 100,0 kN/m2z

Figure 3. 22. Phase 7: application of the traffic load on the right side of the embankment
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Figures 3.23 to 3.27 display the different phases of the embankment construction.

Figure 3. 23. Initial Phase: foundation soil

FT1 1

YA

«<|Y

Figure 3. 24. Phase 1: first 4 meters of embankment

FT1 1

Y

Figure 3. 25. Phase 3: second layer of embankment (3 meters)
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[ [ 111

Y

Figure 3. 26. Phase 5: last layer of embankment (3 meters)

[ 1111

Y

L4

s |Y

Figure 3. 27. Phase 7: traffic load applied on the right side of the embankment

NOTE. Once the phases have been defined, it is convenient to save the project with
a clear name, since the next step is to define the rest of variants of the exercise (it is
recommended to save each variant in a different file).

First case: b) Embankment construction in seven phases employing
consolidation times. The traffic load is applied on the whole length of
embankment.

7 phases must be defined:

Initial Phase, as well as Phases 1 to 6, is the same as in case a), so the previous
saved file can be taken as a base. However, in Phase 7 the traffic load is applied on
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the whole embankment length (Figure 3.28) 40 days after the beginning of the
embankment construction.

Therefore, in order to define Phase 7, we activate the two traffic loads (right and left
side of the embankment). The rest of the parameters are the same as in Phase 7 in
First case b). We save the project with an appropriate name.

[ T [ ][]

Y

Y

Figure 3. 28. Phase 4: traffic load applied on the whole length of the embankment, 90 days
after the beginning

Second case: a) The embankment is built in seven phases but employing
degrees of consolidation. The traffic load is applied on the right side of the
embankment.

8 phases are defined:

o Initial Phase: only foundation soil.

e Phase 1: the first 4-meter layer of embankment is built in a 4-day period.

e Phase 2: the load is applied until 70% consolidation degree is reached.

e Phase 3: the next 3-meter layer of embankment is built in a 3-day period.

e Phase 4: the load is applied until 80% consolidation degree is reached.

e Phase 5: the last 3-meter layer of embankment is built in 3-day period.

e Phase 6: the load is applied until 90% degree of consolidation is reached.

e Phase 7: a 23 kN/m’ traffic load is applied on the right side of the
embankment.
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In the Initial Phase, we deactivate the three embankment layers and the traffic load
(only activate the foundation soil). We check that in ‘Phase’ window the selected
calculation type is ‘K0 procedure’.

In Phase 1 we activate the first embankment layer and select ‘comsolidation’
calculation type. In the same window we must write a time interval of 4 days.

Phase 2 is a consolidation phase linked to a degree of consolidation. In ‘Phase’
window we choose ‘consolidation’ calculation type, while in ‘Loading type’ we
choose ‘Degree of consolidation’. There we write 70% (Figure 3.29).

Ead Phases

= =

® % Bl ][ -

Q Fase inidal [InitialPhase] = = MName Value

Q Fase 1t 12 Capa terraplén [Phase_1 [7 = - General

() Fase 2:Grado consolidacién =3 [33 [ D Fase 2: Grado consolidacidn
Start from phase Fase 1: 12 Capa terraplé =
Calculation type +# Consolidation -
Loading type | Degree of consolidati
Degree of consolidation 70,00 %
M yigh: 1,000
Pore pressure calculation t Use pressures fromp +
Thermal calculation type Ignore temperature
Estimated end time 0,000 day
First step
Last step
Design approach (Mone) -

-I Deformation control parameters

Reset displacements to zer O
Reset small strain
Reset state variables O
Updated mesh O
Updated water pressure
Ignore suction
Cavitation cut-off Il
Cavitation stress 100,0 kN/m2

Figure 3. 29. Phase 2 linked to a degree of consolidation

In Phase 3, we activate the next embankment layer and select ‘consolidation’
calculation type, assigning a time interval of 3 days.

Phase 4 is another consolidation phase linked to a degree of consolidation. As done
in Phase 2, in ‘Degree of consolidation’ we write 80% (Figure 3.30).
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i Phases

e

q_; Fase inicial [InitalPhase] = = Name Value

(TJ Fase 1: 12 Capa terraplén [Phase_1 b = = General

(T; Fase 2: Grado consolidacidn = 70% |35 [ i) Fase 4: Grado consolidaddn

(T/ Fase 3: 22 Capa terraplén. [Phase_? b 3 Start from phase Fase 3: 22 Capa terraplé -

() Fase 4: Grado consolidacién = £ ;3 [« Calculation type ‘% Consolidation -
Loading type | Degree of consolidati v
Degree of consolidation 80,00 %
My ighe 1,000
Pore pressure calculation t Use pressures from g
Thermal calculation type Ignore temperature ¥
Estimated end time 0,000 day
First step
Last step
Design approach {None) -

= Deformation control parameters
Reset displacements to zer
Reset small strain
Reset state variables
Updated mesh
Updated water pressure

OoogooO

Ignore suction
Cavitation cut-off

OF

Cavitation stress

Figure 3. 30. Phase 4 linked to a degree of consolidation

In Phase 5 we activate the last embankment layer and select ‘consolidation’
calculation type, assigning a time interval of 3 days.

Phase 6 is another consolidation phase linked to a degree of consolidation. As in
Phases 2 and 4, in ‘Degree of consolidation’ we write 90% (Figure 3.31).
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£ Phases
® %/ D[ 0-
(1_) Fase inicial [InitialPhase] = = Mame Value
(TJ Fase 1: 12 Capa terraplén [Phase_1 [T = = General
(T) Fase 2! Grado consolidadén = 70% 3@ (4 ] Fase 6: Grado consoldiacidn
(r} Fase 3: 22 Capa terraplén. [Phase_: [T/ ¥ Start from phase Fase 5: 32 Capa terraplé «
(T'J Fase 4: Grado consolidadién = 80% [3& [ Calculation type t# Consolidation -
(r') Fase 5: 38 Capa terraplén [Phase_5 [T ¥ Loading type #| Degree of consolidati +
() Fase 6: Grado consoldiacion = € [ [# Degree of consolidation 90,00 %
M eighe 1,000
Pore pressure calculation t Use pressures fromp +
Thermal calculation type Ignore temperature -
Estimated end time 0,000 day
First step
Last step
Design approach {Mone) -

= Deformation control parameters
Reset displacements to zer
Reset small strain
Reset state variables
Updated mesh
Updated water pressure

oooo

Ignore suction
Cavitation cut-off

OE

Cavitation stress 100,0 kN/fm?

Figure 3. 31. Phase 6 linked to a degree of consolidation

In Phase 7, the traffic load is activated on the right side of the embankment,
assigning ‘Plastic’ calculation type.

In Figure 3.32 the different created phases can be observed. We save the project
with an appropriate name.

Phases explorer

= = =

= = B|E

Fase inicial [InitialPhase]

Fase 1: 1® Capa terraplén [Phi

Fase 2: Grado consolidacidn =
Fase 3: 22 Capa terraplén. [Pt

A
»
+ -|| -||

o

Fase 4: Grado consclidadidn = |3
Fase 5: 32 Capa terraplén [Phi

®

Fase 6: Grado consoldiacion = |3
Fase 7: Carga lineal lado d |+ ¥

4 ks 3 el L
=

O-0-C-0-0000

Figure 3. 32. Embankment phases linked to a degree of consolidation, with traffic load
applied on the right side of the embankment
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Second case: b) The embankment is built in seven phases but employing
degrees of consolidation. The traffic load is applied on the whole length of the
embankment.

8 phases must be defined:

The Initial Phase, as well as Phases 1 to 6, is the same as in Second case a). In
Phase 7, the traffic load is applied on the whole length of the embankment after
reaching a degree of consolidation of 90%.

Therefore, in order to define Phase 7, we activate the two traffic loads (on the right
and the left side of the embankment). The rest of the parameters are the same as
those in Phase 7 in Second case a).

We save the project in a file with an appropriate name.

3.3.9. Results in PLAXIS Output for consolidation study

In ‘Staged construction’ calculation mode, we click on ‘Calculate’ button. We can
display the results in PLAXIS Output by selecting ‘View calculation results’ button.

First case: a) Embankment construction in seven phases employing
consolidation times. The load is applied on the right side of the embankment.

In PLAXIS Output we can display deformation information in different ways.
Sometimes it is interesting to show displacements represented by arrows. This can
be obtained by selecting ‘Deformations’, ‘Total displacements’. Here we choose the
total displacement option that we need: total displacements, |u|, horizontal total
displacements, u,, and vertical total displacements, u, (Figure 3.33).
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Mesh = Deformations  Stresses  Tools Window Expert  Help

o | Fel| Deformed mesh [u]  Ctrl+1 E Fase 2: Sobrecargg

Total displacements Fel| |u] Ctrl+2
:| Sum phase displacements v |l u,
Phase displacements | [Fal uy,

E Table

Incremental displacements  *

0,0 Total cartesian strains 4

Phase cartesian strains 4

Incremental cartesian strains  *

Total strains 4 v
Phase strains 4
Incremental strains 4
-40, 0 X

Figure 3. 33. Total displacements representation options

In order to represent displacements by arrows, we select ‘Arrows’ button (Figure
3.34).

e
= @
Arruwsi
0,00 20,0

Figure 3. 34. ‘Arrows’ button to represent displacement

In this way, graphics in Figures 3.35, 3.36 and 3.37, which correspond to total

displacements, |u|, u, and u,, in the last phase (Phase 7), are obtained.
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Figure 3. 35. Total displacements, |u|, in Phase 7
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Figure 3. 36. Total horizontal displacements, u,, in Phase 7
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Minimum value = -0,3444 m (Element 20 at Node 645)

Figure 3. 37. Total vertical displacements, u,, in Phase 7

In order to obtained total displacement advanced graphical outputs, and in the
different nodes that have been previously selected (Figures 3.16 and 3.17), we click
on ‘Curves manager’ and ‘New’ to create a new curve (activating ‘Charts’ tab). In
‘X-axis’, we select ‘Project’ in the pull-down menu, and Time’ as the variable to
plot. In “Y-Axis’ we choose the point (A, B, C or D) and select ‘Deformations’,
‘Total displacements’, and the displacements to plot, u,, u, or, as we show here, |y|
(Figure 3.38).

e Curve generation @
X-Axis Y-Axis
[Project +]  [A@uo0/000) -
Step =) Deformations
Force o,
uY
Stresses
[l1nvert sign [Cinvert sign

Figure 3. 38. Curve generator for total displacements in points
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In the same graphic we can add other points, clicking on itself with the right mouse
button and selecting ‘Add curve’, ‘From current project...’. It is also possible to
adjust different plotting options (axis limit, scale type, grid, etc.) selecting
‘Settings’.

In Figure 3.39 total displacements, |u|, during the embankment construction in
nodes A, B, C and D are shown.

04

|| Chart 1
{ |-+ n30o(A)
1| =+ N1245(B)

03 = = e e remnmnt L L | ST (o

lul [m]

Time [day]

Figure 3. 39. Total displacements, | u | , during the embankment construction in nodes A, B,
Cand D

In the same way, it is also possible to plot the evolution of pore pressure (Pexcess,
Figures 3.40 y 3.41), or vertical effective stress (¢, Figures 3.42 y 3.43), in the
‘Stress points’ that were added to obtain this kind of graphics (Stress points K, L,
and M in Figures 3.16 and 3.17).
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Figure 3. 40. Curve generator for pore pressure
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Figure 3. 41. Pore pressure during embankment construction in points K, L and M
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Figure 3. 42. Curve generator for vertical effective stress, o'y,

B Sl ol Chart 3
e e = S | B PP 03]

™ - 52701(L)

- S2043(M)

——— e

180 -~

@', lktjm2]
g
y
|
|

210 : s

T A .

Time [day]

Figure 3. 43. Vertical effective stress, ¢, during the embankment construction in points K,
Land M
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creation of a highway

First case: b) Embankment construction in seven phases employing
consolidation times. The traffic load is applied on the whole length of the
embankment.

In Figures 3.44, 3.45 and 3.45 total displacements, |u|, pore pressure and vertical
effective stress, ), for Phase 7, are presented (traffic load already applied).

-60,00  -50,00  -40,00  -30,00  -20,00  -10,00 0,00 10,00 20,00 30,00 40,00 50,00 60,00
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=107 m]
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360,00
300,00
0,00
240,00
-10,00 180,00
120,00
-20,00 60,00
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Total displacements [u]
Maximum value = 0,3601 m (Element 5 at Node 862)
Figure 3. 44. Total displacements, | u | , in Phase 7
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Figure 3. 45. Pore pressure in Phase 7
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Figure 3. 46. Vertical effective stress, ¢, in Phase 7

Second case: a) The embankment is built in seven phases but employing
degrees of consolidation. The load is applied on the right side of the
embankment

Figures 3.47, 3.48 and 3.49 represent, respectively, total displacement, |u|, pore
pressure and vertical effective stress, o'y, evolutions during the embankment
construction.
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Figure 3. 47. Total displacements, | u| , during the embankment construction in nodes A, B,
Cand D

68



Exercise 03. Consolidation analysis of an embankment on a homogeneous soil for the

creation of a highway

Time [day]

o —— =
e R ] T —
B S e R H =
| L. - L it Chart 2
| 7 : % g o 53440(K)
! 41 | 1! . ] —+ 52701(L)
s E] | R o i 1 i LIRS NI O - 52943(M)
1 4 y; H !
i H 1 i
I . T i
o b d i & H
E | : 1t i
3 ¥ t
g LT ¥
i f o | : HT :
5 ¥l 1 ] 10 i
= / V- {--f f
\f \54 iy i
0 ; I e i e |‘;' o e ) H
T : : H 3
- f
. H | H
0 10 20 n 40 50 (-] n [ €0

Figure 3. 48. Pore pressure during the embankment construction in points K, L and M
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Figure 3. 49. Vertical effective stress during the embankment construction in points K, L

and M

Second case: b) The embankment is built in seven phases but employing

degrees of consolidation. The traffic load is applied on the whole length of the
embankment.

Figures 3.50, 3.51 and 3.52 represent, respectively, total displacement, |u|, pore

pressure and vertical effective stress, o), evolutions during the embankment

construction.
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Figure 3. 50. Total displacements, | u | , in Phase 7
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Figure 3. 51. Pore pressure in Phase 7
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Figure 3. 52. Vertical effective stress, ¢}y, in Phase 7.
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Exercise 04. Flow net under concrete dam

Exercise 04

Flow net under concrete dam

4.1. INTRODUCTION

A concrete dam is built on a 10-meter thick sand-clay layer. The dam is 10 meters
high, 10 meters wide in base and 5 meters wide in crest. The upstream length is 10
m, as it is downstream. The water lever is 8 meters upstream and 3 meters
downstream the dam. Both soil and concrete properties are presented below.

The aim of the exercise is to obtain the flow net (representation of equipotential lines
and velocity vectors), as well as the infiltrated water flow under the structure.

4.2 GEOMETRICAL AND GEOTECHNICAL PARAMETERS

4.2.1 Problem geometry

Figure 4.1 shows the geometry of the problem.
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File Edit Phases Options Expert Help
=H | 8 B o |

Phases explorer e ‘

= | B =1 e

-10.00 ‘nuu ‘mnn ‘zn

i
@ Initial phase [Ini EHI B

Selection explorer (InitialPhase)

Model explorer (InitialPhase)
F Attributes library

1 @[] Geometry

[ Groundwater flow BCs
Soils

(W] Model conditions

-10.00

Figure 4. 1. Sketch of the dam on the sand-clay layer
4.2.2 Problem parameters

Tables 4.1 and 4.2 define parameters for foundation soil and concrete dam
respectively.

Foundation soil

Material Sand-clay
Constitutive model Mohr-Coulomb
Material behaviour Drained

Soil unit weight above phreatic level (Yunsa)) | 18.5 KN/m?
Soil unit weight below phreatic level (ys) | 21.5 kKN/m?

Young’s modulus (E") 22500 kPa
Poisson’s ratio (v") 0.32
Effective soil cohesion (c') 5 kPa
Effective friction angle (") 30°
Dilatancy angle () 0°
Horizontal hydraulic conductivity (Ky) 4-10° m/day
Vertical hydraulic conductivity (K) 10° m/day

Table 4. 1. Foundation soil parameters
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Concrete dam

Material Concrete
Constitutive model Linear elastic
Material behaviour Non-porous

Soil unit weight above phreatic level (Yunsat) | 24 kN/m?
Soil unit weight below phreatic level (Ys) | 24 kKN/m?
Young’s modulus (E") 200-10° kPa
Poisson’s ratio (v") 0.15

Table 4. 2. Concrete dam parameters

4.3 RESOLUTION OF THE PROBLEM WITH PLAXIS 2D

4.3.1 Introduction of the project parameters

We start PLAXIS Input and select ‘Start a new Project’ option in ‘Quick select’
emerging window.

We name the problem in ‘Project’ tab. In the title bar we write: ‘Flow net of a
concrete dam on a sand-clay layer’.

In ‘Model’ tab we choose ‘Plane strain’ option in model and ‘15-Noded’ in elements.
We keep the default units (Figure 4.2).

Units

Length m v
Force kM w
Time day hd
Temperature K v
Energy kJ ~
Power kw ~
Mass L:

Stress khfm2

Weight krdfm=

Figure 4. 2. Problem units

The border can be defined with the values presented in Figure 4.3.
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Contour
Xoin -10,00

-10,00

3 3 32 3

=
3
E

¥ max 15,00

.

Figure 4. 3. Project borders

S

We keep the default constants (‘Constants’ tab).
4.3.2. Soil definition

In “Soil’ geometry mode we select ‘Create borehole’ button and define the foundation
soil.

We click on coordinate (-10, 0) and in ‘Modify soil layers” we select ‘Add’. In ‘Top’
we write 0 and, in ‘Bottom’, -10.

As the phreatic level in this borehole is located 8 meters above the ground surface,
we write 8 in ‘Head’. Figure 4.4 shows the borehole data.

B Modify soil layers

Borehole_1 [4o)| g

x -10,00
Head 8,000 Soil layers  water Initial conditions ~ Field data
Layers Borehole_1
# Material Top Bottom

0,000 . 1 Terreno Areno-ardlleso 0,000 -10,00

2,000

|
4,000 —

6,000

5,000

-t

Figure 4. 4. First borehole definition

The second borehole is located in coordinate (0, 0), and we use the same data as in
the first one (Figure 4.5).
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B Modify soil layers
Borehole 2 [ p
=3 C) =)
x 0,000 a4 :
Head 8,000 Soil layers  water Initial conditions ~ Field data
Layers Borehole_2
# Material Top Bottom
0,000 : 1 Terreno Areno-arciloso 0,000 -10,00
2,000
4,000 —
6,000
-, 000 |
-0 ——

Figure 4. 5. Second borehole definition

The third borehole is located in coordinates (8.5, 0), so we first need to change
‘Number of snap intervals’ value to 2 in ‘snapping options’ menu. In ‘Modify soil
layers’ window, we select ‘Add’. In ‘Top” we write 0 and -10 in ‘Bottom’. As the

phreatic level is located 3 meters above the ground surface, we write 3 in ‘Head’
(Figure 4.6).

& Modify soil layers

e B : 2
x 8,500

Head 3,000 Soi layers yvater Initial conditions  Field data
Layers Borehole_3
# Material Top Bottom
0,000 1 Terreno Areno-arcllosa 0,000 -10,00
2,000
00 H

+6,000

-3, 00

-ty L

Figure 4. 6. Third borehole definition.

The fourth borehole is located in (10, 0). In ‘Top’, we write 0 and in ‘Bottom” -10.
Here, the phreatic level is also 3 meters above the ground surface, so we write 3 in
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‘Head’. The last borehole is located in (20, 0), and the rest of the properties are the
same as in the fourth one (Figure 4.7).

- 2°)

Borehole_4 Borehole 5 |,
2 5 A 5 3 sl 5 add
x 10,00 x 20,00 =
Head 3,000 Sollayers water Initial conditions  Field data Head 3,000 Soillayers Water [Initial conditions  Field data
Layers Borehole_4 Layers Borehole_S
. Material Top Bottom = Material Top Bottom

1 Termeno Areno-argloso 0,000 -10,00 0,600 1 Terreno Areno-arciloso 0,000 -10,00

Figure 4. 7. Fourth (left) and fifth (right) borehole definition

In Figure 4.8 the foundation soil is presented.

1

Figure 4. 8. Foundation soil

In order to create the foundation material, we select ‘Show materials’ button, we click
on ‘New’ (once we are in ‘Soil and interfaces’) and we introduce the geotechnical
parameters presented in 4.2.2 (Figures 4.9, 4.10 and 4.11).
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Soil - Mohr-Coulomb - Terreno Areno-arcilloso

JB e

General parameters Groundwater Thermal Interfaces Initial

Property Unit Value
Material set
Identification Terreno Areno-arciloso
Material model Mohr-Coulomb
Drainage type Drained
Colour RGE 161, 226, 232
Comments

General properties

Vunsat khfm? 13,50
Ve kNfm? 21,50
+ Advanced

Figure 4. 9. General properties of sand-clay soil

Soil - Mohr-Coulemb - Terreno Arenc-arcilloso
LD
General Parameters  Groundwater Thermal Interfaces Initial
Property Unit Value
Stiffness
E kM/m2 22,50E3
v (nu) 0,3200
Alternatives
G kM/m2 8523
E e khijm? 32,2063
Strength
2 - Khjm? 5,000
' (phi) & 30,00
W (psi) = 0,000
Velodities
Vg m/fs 67,23
Vg m/fs 130,7

Figure 4. 10. Parameters of sand-clay soil

k. m/day 4,000E-6

m/day 1,000E-6

Figure 4. 11. Hydraulic conductivities of sand-clay soil
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4.3.3. Dam definition

Concrete presents the properties shown in Figures 4.12 and 4.13.

Soll - Linear elastic - Hurmigiﬁnv
W) B
General ‘ Parameters | Groundwater | Thermal | Interfaces | Initial |

Property Unit Valug
Material set
Identification Hormigdn
Material model Linear elastic
Drainage type Non-porous
Colour RGB 134, 234, 162
Comments

General properties

Yunsat ki/m> 24,00

kn/ms3 24,00

Vst

Figure 4. 12. General properties of concrete

Soil - Linear elastic - Homigéw

i)
| General| Parameters | Groundwater | Thermal | Interfaces | mnital |

Property Unit Value
Stiffness
E kN/m2
v (nu) 0,1500
Alternatives
G ki/m?2 86,96E6
Eced kh/m?2 211,2E6
Velocities
v, m/s 5962
Y m/s 9291

Figure 4. 13. Elastic parameters of concrete

In order to create the dam, we go to ‘Structures’ geometry mode and select ‘Create
soil polygon’.

We select the points in Table 4.3 in the workspace.
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Dam contour coordinates
A (0,0)
B (0, 10)
C(5,10)
D (10, 0)
Table 4. 3. Concrete dam contour coordinates

We click on the dam with the right mouse button and select ‘Concrete’ material,
which has been created previously (Figure 4.14).

Polygon_1

Y
= s b Soil_2
9 Merge equivalent geometric objects -
] @ Setmaterial b | D Arcilla
—
A Snap % Delete sr
I Delete

Figure 4. 14. Definition of ‘Concrete’ as dam material

The dam is defined as presented in Figure 4.15.

Figure 4. 15. Defined dam on sand-clay foundation soil

80



Exercise 04. Flow net under concrete dam

4.3.4. Problem meshing

We go to ‘Mesh’ calculation mode and click on ‘Generate mesh’ button, indicating a
‘Fine’ meshing. If we want to display the generated mesh in PLAXIS Output (Figure
4.16) we select “View mesh’ button.

-10,00 -5,00 0,00 5,00 10,00 15,00 20,00

10,00

%]
[

‘D ‘D ‘D ‘D ‘
Looboodbbeo b b b b

=
[

u
[

=
=1
o

Figure 4. 16. Problem meshing
4.3.5. Project phases

In this case, we only need to create one phase (‘Initial phase’). In ‘Calculation type’
we select ‘Flow only’ and in ‘Pore pressure calculation type’ we choose “Steady state
groundwater flow’ (Figure 4.17).
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MName
=/ General
jin]
Calculation type

Pore pressure calculation t || Steady state groundwater £+

Value

Initial phase [InitialPhase]

Flow only -

Thermal calculation type Ignore temperature -
Estimated end time 0,000 day
First step
Last step
Design approach {MNone) -
=/ Numerical control parameters
Solver type Picos {multicore iterative) -
Max cores to use 256
Max number of steps store 50

Flow control parameters

Figure 4. 17. Initial phase configuration for the study of steady flow under the concrete dam

Finally, we click on ‘Calculate’ button to run the calculations. Once the phase is
calculated, we go to PLAXIS Output to display the results clicking on ‘View
calculation results’ button.

4.3.6. Results in PLAXIS Output

In order to see the equipotential lines, in ‘Stresses’ we select ‘Pore pressure’ and
‘Groundwater head’ (Figure 4.18). Figure 4.19 shows these equipotential lines.

esh  Deformations | Stresses | Tools Window Expert Help
| S C m Cartesian effective stresses  # [ [InitialPhase] (Step 0) ~ [
Cartesian total stresses 4
-48,00 Principal effective stresses ¥ -16,00 -8,00 0,00 8,00 16,00 24,00
P I AN AN N A IOV A AV BAArS S e A
] Principal total stresses 4
8,00 7 State parameters 4
] Pore pressures Fal Groundwater head
= Groundwater flow VR Pae
(270 Y 11111 :£2 2 0 3 W, o N —
] Heat flow HE Pyaer
4 %l Plastic points Ctrl+6 | ol Pogcess Ctrl+7
5,00 1 Fixed-end anchors Bl Picagy
E Node-to-node anchors i Suction
- Wells Fel Suction g
Drains Bl Ry peformed mesh [u] (att o
jormed mesh |u| (at true scale]
O Table
Uniform value of 0,000 m

Figure 4. 18. Selection of equipotential lines representation
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JAVAVAVAV/ VA

Figure 4. 19. Equipotential lines

We can also represent water velocity vectors if instead of selecting ‘Groundwater
head’ we choose ‘Groundwater flow” and |g| (flux modulus), as explained in Figure
4.20. Figure 4.21 shows the representation of water velocity vectors.

Cartesian effective stresses
Cartesisn total stresses
Principal effective stresses
Principsl total stresses
Shate paramcters
Pore pressures
Groursdwater flow
Heat flow

Il Plastic points Crieb
teied-end anchars

Hode-to-node anchars

Sresses Tooks  Window  Expent  Help

b

3
.
3
.
3

b

k [neihsse] (570 0) “JEl | m[=]

W
oA,
Gl s,
el Saturation
el Saturstion

ol Pemeability
=1 Table of groundwater flow

Figure 4. 20. Selection of water velocity vectors representation
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1710 sjdeny]

5 E

8 B ¥ & g8 B o -4 g

Groundwater flow |q] (scaled up 2007107 times)
s vakie = §,027°50 % mjday (Dement 419 at Stress pont 5257)
Mirira.en value = 0,01094710 * = dary (Bement 129 a4 Siress point 1539)

Figure 4. 21. Water velocity vectors
4.3.7. Flow net if lateral and bottom contour behave as impervious borders

Sometimes, we might be interested in blocking the water flow through the
problem’s contours. The aim of this is to obtain the flow net only considering the
flow from upstream (line that goes from (-10, 0) to (0, 0)) to downstream (line that
goes from (10, 0) to (20, 0)).

Therefore, we must ‘close’ the flow running through the contour lines of both dam
(lines 1, 2, 3 and 5) and impervious borders (lines 7, 8 and 9), as shown in Table 4.4.

Dam contour

First point coordinates

Second point coordinates

Line 1 (0,10) (5,10)
Line 2 (0,0) (0,10)
Line 3 (5,10) (10,0)
Line 5 (0,0) (10,0)
Impervious contour First point coordinates Second point coordinates
Line 7 (-10, 0) (-10, -10)
Line 8 (20,0) (20,-10)
Line 9 (-10, -10) (20,-10)

Table 4. 4. Contour lines where the flow is blocked

In PLAXIS Input we go to ‘Staged construction’ calculation mode. We select, for
example, Line 7 (Figure 4.22) and, in ‘Selection explorer’ menu, we choose ‘Closed’
in ‘Behaviour’ and activate it (green tick).
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Phases explorer | xS ‘ 000
% % 3| B D | e ;
_ Sk
| © Initial phase [Ini B m B
Selection explorer (InitialPh 2 q
= @ [¥] BoundaryLine_7 I —
Coarseness factor: 1,000 Tav]
= @ ¥ Gwrh Wi 7 I
= Eehawour:l_cbsed 'I @ i >
Seepage X
N Coscd |
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[ Attributes library | Inflow
@ [ Geometry Qutflow
1 @M Groundwal T filtration
' % ;‘:’il o CONStant value from previous p
Maintain function from previous

Figure 4. 22. ‘Closed’ option not to allow water flow through a line

We do the same for the rest of the lines and calculate again the phase. Figures 4.23
and 4.24 show equipotential lines and water velocity vectors respectively.
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Figure 4. 23. Equipotential lines
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Groundwater flow |q| (scaled up 200*10° times)

Maximum value = 6,051*10 m/day (Element 438 at Stress point 5245)
Minimum value = 4,894%10°° m/day (Element 147 at Stress point 1755)

Figure 4. 24. Water velocity vectors

Now we obtain the inflow and outflow running under the dam. For this, and
previously having represented |q| (‘Stresses’, ‘Groundwater flow”) we select ‘Cross
section’ button (Figure 4.25).

In the emerging table we write line 4 coordinates, from (-10, 0) to (10, 0), as shown
in Figure 4.26, in order to obtain the flow running through that section (inflow).
Points can also be selected straight on the workspace. As result, we obtain an inflow
value (‘Total discharge’) of approximately 5,71-10° m*/day/m (Figures 4.27 and
4.28).
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@) || Geometry
¥ || Soils

= [F] water loads
< [+| Nodes
2 || Stress points

T
&

BB B

"' Cross section

.. Draw a line

7 Shift draws a perpendicular line
T

=

&

Figure 4. 25. ‘Cross section’ button

Cross section points X
First point (A)
X |-0,00 2 m
¥ |0,000 2l m
Second point (A%)
X |0,000 2l m
v [o,000 = m
oK Close

Figure 4. 26. Coordinates of the line (section) through which the inflow is running
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-10,00 -5,00 0,00 5,00 10,00 15,00 20,00 25,00
poc b b b b b b b b s b b v b b b g

10,00 —|

5,00 —

0,00 — = — =

-5,00 o

— Y
-10,00 I
- X
Groundwater flow |q| (scaled up 200*10° times)
Maximum value = 4,795%10°° m/day
Lz Minimum value = 0,3514%10°° m/day
Total discharge is -5,?09*10'6 m3/day/m
Figure 4. 27. Incoming flow (inflow) per meter of dam thickness
~10,00 8,00 6,00 4,00 2,00 0,00 2,00
ol b b b b b b b s b b b b Iy
200
0,00 7]
1 : — =

200 ]

Figure 4. 28. Inflow per meter of dam thickness, zoomed image

In order to know the outflow through line 6, from (10, 0) to (20, 0), we apply a similar
procedure, obtaining Figures 4.29 and 4.30. The outflow value (‘Total discharge’) is
approximately 5,63-10° m*/day/m, similar to inflow value.

88



Exercise 04. Flow net under concrete dam

-10,00 -5,00 0,00 5,00 10,00 15,00 20,00
bbb b b b b b b B b e b e |
10,00
5,00
0,00 -
-5,00
— Y
-10,00 —
= X
Groundwater flow |q| (scaled up 200+10° times)
- Maximum value = 6,328%10 3 m/day
Minimum value = 0,3488*10 m/day
Total discharge is 5,631%10 ® m3/day/m

Figure 4. 29. Outcoming flow (outflow) per meter of dam thickness
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Figure 4. 30. Outflow per meter of dam thickness, zoomed image
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4.4 FLOW NET UNDER THE DAM WITH SHEET PILE

4.4.1. Introduction of the sheet pile in PLAXIS Input

The geometry is the same as in the previous problem (we can use it as base and save
it with a new name) but for the sheet pile built next to the dam toe. The sheet pile
presents a length under the surface of 3 meters. Figure 4.31 presents the geometry of
the problem and Table 4.5 the contour points of the sheet pile. As in the previous
problem, lateral and bottom borders, the dam and the sheet pile are impervious.

Sheet pile contour coordinates.
A (8,0)
B (8,-3)
C(9,-3)
D (9,0)
Table 4. 5. Sheet pile contour coordinates

Figure 4. 31. Geometry of the problem with sheet pile

In order to create the sheet pile, we go to ‘Structures’ geometry mode and click on
‘Create soil polygon’. There, we select the sheet pile contour points presented in
Table 4.5.

Once it is drawn, we assign it the material ‘Concrete’ (Figure 4.32).
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A

Polygon_2

[ soil 3 Soil_3

™ .

2 Merge equivalent geometric objects Set material D Arcilla
—a

5 5Snap S Delete Hormigdn
& Delete

Figure 4. 32. ‘Concrete’ assignation to sheet pile

Now we go to ‘Mesh’ geometry mode. We click on ‘Generate mesh’ button, choosing
a very fine mesh. We create a single phase as in the previous problem (Figure 4.17).
In ‘Calculation type’, we select ‘Flow only’ and in ‘Pore pressure calculation type’,
we choose, ‘Steady state groundwater flow’. Now, we can calculate.

4.4.2. Flow net results with sheet pile

Figures 4.33 and 4.34 show both equipotential lines and water velocity vectors.
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-8,00 0,00 8,00 16,00 24,00 32,00
ca b b b b b P b b b P b B |
- [m]
— 8,40
e . 760
_ 6,80
- 6,00
U,Ug 5,20
l 4,40
] 3,60
-8,00 —
— 2,80
Groundwater head
[ Maximum value = 8,001 m (Element 191 at Node 995)
Minimum value = 2,998 m (Element 689 at Node 4059)
Figure 4. 33. Equipotential lines for dam with sheet piles
-10,00 -5,00 0,00 5,00 10,00 15,00 20,00
Lo b b b b B b e e B b b e L
500 —
000 7 A (Vs S
-5,00 T
-10,00
Groundwater flow |q]| (scaled up 200*10° times)
2] Maximum value = 3,564%10 % m/day (Element 191 at Stress point 2282)
Minimum value = 2,774*10° m/day (Element 270 at Stress point 3231)

Figure 4. 34. Water velocity vectors under the dam with sheet piles
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In this case, the outflow value (‘Total discharge’) is approximatery 4,16-10¢
m’/day/m (Figure 4.35). This means that the construction of the sheet piles
considerably reduces the value of infiltrated flow.

-8,00 -4,00 0,00 4,00 8,00 12,00 16,00 20,00

=
=
=

R
=

o}
=

‘D |D ‘
celvre bbbl

Groundwater flow |q| (scaled up 500%10° times)
Maximum value = 2,801*10°% m/day
Minimum value = 0,3543%10°° m/day

Total discharge is 4,164*10 ® m3/day/m

Figure 4. 35. Outflow per meter of dam thickness with sheet pile
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Exercise 05

Shallow foundations on clay soil

5.1. INTRODUCTION

A five-floor building (ground floor + 3 middle slabs + attic) is built on an eight-
meter thick clay layer. In order to know the load that is applied to each pile, and,
therefore, to each footing, a study has been developed. Each footing row has three
of them, so the simplified problem we are going to study has three footings. These,
which are on natural soil, have 3.7 meters wide and 0.8 meters thick. The distance
between the centres of the footings is 7 meters. It is considered that it is enough to
study a ground length of 28 meters (Figure 5.1).

The ground floor and each of the slabs applies a load of 140 kN/m per footing (each
floor), while the attic only applies 40 kN/m. in this way, once the construction is
finished, the whole load each footing must bear is 600 kN/m.

The aim of this problem is to know if the soil can bear the load transmitted by the
building (representing displacements and stresses, as well as safety factor). If it is
not able, we will obtain its bearing capacity. The phreatic level is located on the
ground surface.

5.2. PROBLEM PARAMETERS

The geometry of the problem is presented in Figure 5.1.
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He

Figure 5. 1. Geometry of the problem in PLAXIS 2D

The geotechnical parameters of the soil where the building is placed are shown in
Table 5.1.

Geotechnical parameters

Material Clay
Constitutive model Mohr-Coulomb
Material behaviour Drained

Soil unit weight above phreatic level (yunsar) | 16.5 kN/m?
Soil unit weight below phreatic level (Ysar) 19 kN/m3

Young’s modulus (E") 47000 kPa
Poisson’s ratio (V') 0.33
Effective soil cohesion (c") 4.5 kPa
Effective friction angle (¢") 22°
Dilatancy angle (y) 0°

Table 5. 1. Soil geotechnical parameters

The properties of the concrete that is employed to build the footings are presented
in Table 5.2.

Concrete footing

Material Concrete
Constitutive model Linear elastic
Material behaviour Non- porous

Soil unit weight above phreatic level (yunsa) | 24 KN/m?
Soil unit weight below phreatic level (Ys) | 24 KN/m?
Young’s modulus (E") 200-10° kPa
Poisson’s ratio (v") 0.15

Table 5. 2. Parameters of footing concrete
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5.3 RESOLUTION OF THE PROBLEM WITH PLAXIS 2D
5.3.1 Introduction of the problem parameters

Once we start PLAXIS Input, we choose ‘Start a new project’ option in ‘Quick
select’ emerging window. In Title bar of ‘Project’ tab we write, for example:
‘Footings on clay soil’.

In ‘Model’ tab we select ‘Plane strain’ for model and ‘15-Node’ for elements. We
keep the default units (Figure 5.2).

Units

Length m ~
Force kM [V
Time day i
Temperature K ~
Energy ka ~
Power lew ~
Mass t

Stress ke fm 2

Weight kMfm2

Figure 5. 2. Problem units

The project contour is defined as shown in Figure 5.3.

Contour

X min 0,000 m

X max 28,00 m
Yr"in -3.000 m ¥
¥ - 3,000 m

Figure 5. 3. Problem contours

We keep the default values of constants (‘Constants’ tab).
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5.3.2. Soil definition

In order to define the soil below the building, we go to ‘Soil” geometry mode and
select ‘Create borehole’ button. We select point (0, 0) and click on ‘4dd’. In ‘Top’
we write 0, and -8 in ‘Bottom’. The phreatic level is located at the ground surface,
so in ‘Head’ we write 0 (Figure 5.4).

Ed Modify soil layers

Borehole_1 |4 o
2 :

x 0,000
Head 0,000 Soil layers  water Initial conditions  Field data
Layers Borehole_1
T
# Material Top Bottom
- 1 Ardla 0,000 -8,000
-L000
|
2,000 {
|
3,000 |
|
4,000 —

5000

0

700

00—l

Figure 5. 4. First borehole

Now we create the material to model the soil the footings are built on. For this, we
select ‘Show material’ button. We click on ‘New’ and introduce the geotechnical
parameters presented in Table 5.1 (Figures 5.5 and 5.6).

Soil - Mohr-Coulomb - Arcilla

O B &

General parameters Groundwater Thermal Interfaces Initial

Property Unit Value
Material set
Identification Ardlla
Material model Mohr-Coulomb
Drainage type Drained
Colour RGE 161, 226, 232
Comments

General properties
- Khjm? 16,50

Ve iyjm? 19,00

Figure 5. 5. General properties of clay soil
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Soil - Mohr-Coulomb - Arcilla
E 2N )
General Parameters  Groundwater Thermal Interfaces Initial
Property Unit Value
Stiffness
E ki/m2 47,00E3
v' () 0,3300
Alternatives
G ki fm2 17,67E3
Eoed Kijfm2 59,643
Strength
< ref ki /m32 4,500
o (ph)) © 22,00
w (psi) ° 0,000
Velocities
Vg uti 102,5
Vo m/fs 203,5

Figure 5. 6. Geotechnical parameters of clay soil

We select again ‘New’ and introduce concrete resistant parameters shown in Table
5.2, to model the footing material (Figure 5.7 and 5.8).

Soil - Linear elastic - Hormigan

2 B & [
General Parameters Groundwater Thermal Interfaces Initial
Property Unit Value
Material set

Identification Hormigén

Material model Linear elastic

Drainage type Mon-parous

Colour RGE 134, 234, 162

Comments

General properties

¥ unsat kM jm? 24,00

Vest KN jm? 24,00

Figure 5. 7. General properties of concrete
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Value

200,0E6

0,1500

86,96E6

211,2F6

5962

9291

Soil - Linear elastic - Hormigan
J B s
General Parameters  Groundwater Thermal Interfaces Initial
Property Unit
Stiffness
E kM fm2
v {nu)
Alternatives
G kM fm2
E ped kM fm2
Velocities
V. m/s
U m/s

Figure 5. 8. Resistant parameters of concrete.

Clicking with the right mouse button on the created soil, we

material to model it.

5.3.3. Definition of the three footings

select clay as the

We go to ‘Structures’ geometry mode, click on ‘Create soil polygon’ and then on

‘Create soil rectangle’ (Figure 5.9).
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J_I_I_I_

0.00

‘D‘, I Create soil polygon
+

4 | [l Create soil rectangle
Uuu n Follow contour

|_. \X Cut palygon

+
+5 )

-

) e

Figure 5. 9. ‘Create soil rectangle’ button to create a rectangle shaped structure

In the command bar we write (after © polygon’): ‘(5.15 0) (8.85 0) (8.85 0.8) (5.15
0.8)’ and press ENTER. The first footing is drawn according to these coordinates.
Another option is to click on the workspace, first on point (5.15, 0) and then on
point (8.85, 0.8). For this second option, we must indicate 20 in ‘Number of snap
interval’ (from ‘Snapping option’ right below the workspace).

The second footing is created by writing (12.15 0) (15.85 0) (15.85 0.8) (12.15
0.8)’ in the command bar (after °_polygon’), and for the third one, we write * (19.15
0) (22.85 0) (22.85 0.8) (19.15 0.8)".

This three footing we have just introduced are shown in Figure 5.10. Once they are
created, we select concrete as the material to model them (Figure 5.11).

100



Exercise 05. Shallow foundations on clay soil

l_,l:ll:ll:l

Figure 5. 10. Footings created on soil

l_.-—ﬁ:

Polygon_1

« lygon_.
i s 3 Soil_2
Q9 Merge equivalent tric objects i
) ge equivalent geometric objec Setmaterial b D Ardlla
—a .
-4 Snap &% Delete Hormigdn
P& Delete

Figure 5. 11. Definition of concrete as footing material
5.3.4. Definition of the punctual loads applied to the footings

We select ‘Create load’ button and click on ‘Create point load’ (Figure 5.12).
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+ || & create pointload

by ‘\‘.& Create line load

Figure 5. 12. Creation of punctual loads on footings

We click on coordinates (7; 0,8), (14; 0,8) and (21; 0,8), which are the centres of the
footing. The three punctual loads are now created on each footing (Figure 5.13).

J I R R

\

Figure 5. 13. Punctual loads on footings

5.3.5. Problem meshing

In ‘Mesh’ calculation mode, we click on ‘Generate mesh’ button, indicating a
medium element distribution.

If we want to display the created mesh in PLAXIS Output (Figure 5.14) we select
‘View mesh’ button.
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Figure 5. 14. Problem meshing.
5.3.6. Project phases
We define the following project phases:

e Initial Phase. Only clay soil.

e Phase 1. Footings are built.

e Phase 2. Ground floor slab is applied (first slab).

e Phase 3. Ground and first floor slabs are applied (second slab).

e Phase 4. Ground, first and second floor slab are applied (third slab).

e Phase 5. Ground, first, second and third floor slab are applied (fourth slab).

e Phase 6. All loads are applied, including attic.

e Phase 7. ‘Safety’ Phase to know the safety factor after the attic
construction.

For the Initial Phase, in ‘Staged construction’ Calculation mode, we must deactivate
the three footings, as well as the punctual loads applied on them.

We keep the characteristics that appear in Figure 5.15. The calculation type is the
default one, ‘KO procedure’, and the load type is also the default type, ‘Staged
construction’.
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-l General

1D Initial phase [InitialPhase]

Calculation type —7 KO procedure -
Loading type Staged construction -
M eighe 1,000
Pare pressure calculation type = Phreatic -
Thermal calculation type Ignore temperature -
First step u]
Last step o]
Design approach (Mone) -

Figure 5. 15. Initial Phase characteristics

We keep ‘Ignore temperature’ selected in thermal calculation type and ‘Phreatic’ in
pore pressure calculation type. Now, we create Phase 1 and activate the three
footings by clicking on each of them with the right mouse button (Figure 5.16).
Figure 5.17 shows the general characteristics in Phase 1 (with ‘Plastic’ as
calculation type).

Sinmm maa

X

Polygon_3_1

EJ Activate
ij Deactivate

I soil 4

@ Regenerate

% Preview phase

Calculate

Lﬂ‘ View calculation results

Figure 5. 16. Activation of third footing in Phase 1
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General

jin} Zapata [Phase_1]

Start from phase Initial phase -
Calculation type | Plastic -
Loading type Staged construction -
M asge 1,000
M ot 1,000
Pore pressure caloulation type = Phreatic -
Thermal calculation type Ignore temperature -
Time interval 0,000 day
First step 1
Last step 3
Design approach (Mone) -

Figure 5. 17. Phase 1 ‘Footing’ characteristics

In Phase 2 (called, for example, ‘First slab’), we activate the three punctual loads
(Figure 5.18). In Figure 5.19, the general characteristics for this phase (‘Plastic’
type) are presented.

YA |
’—l Point_1_1 —lﬁ
-;x B activare
BE Deactivate
§ rointload »

@ Regenerate

C% Preview phase
Calculate

m View calculation results

Figure 5. 18. First footing punctual load activation, in Phase 2 (first slab)
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General

D ler forjado [Phase_2]

Start from phase Zapata -
Calculation type | Plastic -
Loading type Staged construction -
Myce 1,000
M eight 1,000
Pore pressure calculation type =7 Phreatic -
Thermal calculation type Ignore temperature -
Time interval 0,000 day
First step 12
Last step 13
Design approach {None) -

Figure 5. 19. Phase 2

characteristics (first slab)

Finally, we have to assign a value to each of the loads. For this, we select the load
in the workspace and in ‘Selection explorer’ menu on the left we write -140 (kN/m)
in F,.s (Figure 5.20). We can see here that the load is a punctual one
(‘PointLoad 1 _1°).

Phases explorer
%| B

B

) Initial phase [Ini 75 [H = [
(» Zapata [Phase_1
& 1er forjado [P
‘-T,- 2do forjado [Pha
2 3er forjado [Pha:
2 4to forjado [Pha:
© Atico [Phase_6]

Selection explorer (Phase_2)

= @ [¥] Point_1_1 A
i Coarseness factor: 0,2500
£l @[] PointLoad 1 1
Foores 0,000 kN/m

Py SN g

IF gl 140,0 KN/ ‘
M: 0,000 kN m/m |
= @[ pynPointLoad 1 1 |
Py et 0,000 KN/M
Fyert 0,000 kN/m
IF_c|: 0.000 kN/m

T 2t
.
Il

1 YA

\ &
y

%
L
b3

| «
B \

B

Coordinates  (7.000 1.000)

Command line

Rulers || Crigin | Crosshair | Snap to object

Snal

Model explorer (Phase_2)

Phase 2 set as current phase

Figure 5. 20. First slab load assignation in ‘Selection explorer’
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We click on ‘Add phase’ button to create Phase 3 (called ‘Second slab’). We
activate the three punctual load and give them a value of -280 (kN/m), as presented
in Figure 5.21. The characteristics are the same as in Phase 2.

Selection explorer (Phase_3)
= @[] Point_3_1
Coarseness factor: 0,2500
=} @, [¥] PointLoad_3_1
HFME{: 0,000 kN/fm
F\,..E+: -280,0 kM/m
|F ,¢l: 280,0 ki/m
Mz 0,000 kM m/m

Figure 5. 21. Second slab load assignation

In order to create Phase 4 (called ‘Third slab’) we keep the loads activated and
increase their value up to -420 kN/m. The characteristics of this phase are the same
as in Phases 2 and 3.

We add Phase 5 (called ‘Fourth slab’), keeping the loads activated and increasing
them up to -560 kN/m (Figure 5.22). This phase has the same characteristics as the
previous one.

Selection explorer (Phase_5)
=} @[] Point_3_1
Coarseness factor: 0,2500
=} @) [¥] PointLoad_3_1

Frert 0,000 kMNfm
FWE{: -560,0 kM/m
IF o5l: 560,0 kM/m
M: 0,000 kM mjfm

Figure 5. 22. Fourth slab load assignation

Now, we add Phase 6 (called ‘Attic’) and keep the three loads activated, giving
them a value of -600 kN/m (Figure 5.23), and again the characteristics are the same
as in the previous phase.
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Selection explorer (Phase_&)
= @ [¥] Point_3_1
Coarseness factor: 0,2500
- @ [¥] PaintLoad_3_1

Fyrest 0,000 kN/m
F‘rr.'Ef: -600,0 kM/fm
|F ,|: 600,0 kN/fm
M: 0,000 kM m/fm

Figure 5. 23. Attic Phase load assignation

Finally, we can define ‘Safety’ Phase, right after ‘Attic’ one. For this, we select
‘Add phase’ button to create Phase 7 (called, ‘Safety’). Its characteristics appear in
Figure 5.24 (“‘Safety’ calculation type, with ‘Incremental multipliers’ loading type).

General

D Safety [Phase_7]

Start from phase Atico -
Calculation type (7 Safety -
Loading type Al Incremental multipliers -
M 0,1000
Pore pressure calculation type Use pressures from previous ph
Thermal calculation type Ignore temperature -
First step

Last step

Design approach {(Mone) -

Deformation control parameters
Ignore undr. behaviour (A,B)
Reset displacements to zero
Reset small strain
Reset state variables
Updated mesh

aOoOonono

Updated water pressure
Ignore suction
Cavitation cut-off

Cavitation stress 100,0 kMN/jm?2

O&

Numerical control parameters
Max cores to use 258
Max number of steps stored 50
Use default iter parameters

Figure 5. 24. ‘Safety’ Phase characteristics

108



Exercise 05. Shallow foundations on clay soil
5.3.7. Selection of points for advanced graphical outputs and model calculation

Before calculating, we select a group of points under the footings to later plot
advanced graphical outputs (Figure 5.25). Their coordinates are presented in Figure
5.26, where we can see that there are two different kinds of points: ‘Nodes’, that are
used to plot displacements; and ‘Stress points’ that are used to represent stresses
and deformations.

Figure 5. 25. Selection of points to plot advanced graphical outputs

Name X Y Selected
A (Node 2229) 21,48 -2,30 Pre-calc
B (Node 1389) 13,28 -2,25 Pre-calc
C (Node 607) 6,48 -2,31 Pre-calc

K (Stress point 878) 22,69  -2,25 Pre-calc
L (Stress point 1694) 14,48  -2,18 Pre-calc
M (Stress point 1009) 7,67 -2,23 Pre-calc
N (Stress point 939) 5,29 -2,25 Pre-calc

Figure 5. 26. Coordinates of points for advanced graphical outputs

The last step to obtain results is clicking on ‘Calculate’ button and wait for the
program to calculate each phase. We can display the results in PLAXIS Output by
selecting ‘View calculation results’.

5.3.8. Results in PLAXIS Output

As we can see, the calculation of all phases is correct, so we can accept that all the
loads applied during the building construction are compatible with the soil and the
foundation solution that is proposed.
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Another common way to check this is by plotting an advanced graphical output
(‘Curves manager’) of XM project variable. In this way, for example, Figure
5.27 show the evolution point A’s vertical displacement (u,) versus 2M;;ge.

For this, we select the advanced graphical output option as it appears in Figure 5.28.
Once the graphic is plotted, it is very important to keep in mind that the default
option in ‘Curves manager’ is to plot all project phases, including ‘Safety’ ones.
Nevertheless, as we have already commented, displacement information in this type
of phases is not valid, so we delete it from the graphic. We can do this by clicking
on the graphic with the right mouse button and selecting ‘Settings...”. After this, a
window appears (Figure 5.29), where we mark point A tab (‘N2229’) and select
‘Phases’. Finally, we unmark ‘Safety’ Phase (Figure 5.30), obtaining Figure 5.27 as
presented in this document.

Chart3 |
- N2229(A) |

Figure 5. 27. Point A’s vertical displacement versus 2Myqge
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iz Curve generationss S & S

Stresses

- IMweight

-ZMarea

EMsf
C5p

- Global error

Force

- =X
X-Axis Y-Axis
[A (2148 -2,30) ~|  [Project v
E| Deformations i Step
. é-TotaI displacements E| Multiplier

Figure 5. 28. Selection of options to plot point A’s vertical displacement versus ZMg.

Settings

Chart | N2229(A)

Title
Curve ttle  N2229(A)

Data file location:

Show

[] Show curve

\...\Plaxis 2DXT emp\data.P2DX Phase
Line Markers
"] Fitting Markers
Type ‘Sphne v| Draw every 1 |% points
soje o R
Width 1 |% points Width 5 ‘% points
| Colour I Blue - Colour I Blue A
‘ < ‘ | > ‘ I Regenerate... l I Add curve ¥ l | Delete |

I

o [ ] [_somy

Figure 5. 29. Advanced graphical output settings window
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Select phases &J

Select al phases for which this curve has to be shown

| Initial phase [InitialPhase]
/| Zapata [Phase_1]

¥ ler forjado [Phase_2]
¥ 2do forjado [Phase_3]
| 3er forjado [Phase_4]

| 4to forjado [Phase_5]

J1 Atico iphase_si
Safety [Phase 71

Selectal | [  Deselectal |

| [ o [ e |

Figure 5. 30. Selection of phases to represent in the advanced graphical output

In Figure 5.27 we can observed how the program has been able to calculate 100%
of all phases (Mg value is 1); this is, soil and footings bear all stresses and
displacements of each of the phases. PLAXIS solves each phase by ‘Steps’, so
2 Mg increases its value as the phases is calculated. For each of these steps,
PLAXIS solves the governing equation and obtains the values for the output
variables (that is the reason why we can see the displacement evolution). Once it
reaches 100% of a phase (Mg takes a value of 1), the next phase is started
(X M4age value is 0). In Figure 5.27 we see how point A’ vertical displacement, when
Phase 6 ‘attic’ is finished, takes a value of approximately 1.6 cm.

Now, we are going to plot XM,e. versus total vertical stresses, (oyy), for points K
and L. For this, we open again ‘Curves manager’ and click on the options shown in
Figure 5.31 (to plot point K).
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i Curve generation . s — - - ﬂ
X-Axis Y-Axis
[k (22,62 /2,25) <] |profect -
[# Deformations . Step
[=)- Stresses E Multiplier
[+}- Pore pressures -+ IMweight
[+l Cartesian effective stresses ~ZMarea
[=] Cartesian total stresses
O . o3Msf
| o o
“Og Global error
[# Principal total stresses IE Force

[+l Principal effective stresses

[+ Groundwater flow

[ nvert sign [Tl tvert sign

[ ok |[ conce |

Figure 5. 31. Selection of points to plot total vertical stresses for point K versus ZMjqqe

With ‘Settings’ option we delete again ‘Safety’ Phase, modify other plotting options
as well, such as line colour and markers (we change them into black), among others.

In order to add point L, we click on the graphic with the right mouse button, select
‘Add curve’ option, and afterwards, ‘From current Project...’. Here, we select the
same options as for point K. Once it is plotted, we also delete ‘Safety’ Phase for this

point and, if we want, change line and mark colour to red, obtaining the graphic
shown in Figure 5.32.
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Figure 5. 32. Total vertical stresses in points K and L versus ZMjqq.

As example, Figures 5.33, 5.34 and 5.35 show total displacements, |u|, in Phases 2,
4 and 6, respectively.

Total displacements |ul

Maximum value = 4,787=10  m (Element 19 at Node 1438)

Figure 5. 33. Total displacements, |u | , in Phase 2 (1st slab)
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ot lmal gt

A A ‘\VAV)V

Total displacements |u|
Maximum value = 0,01403 m {Element 32 at Node 2142)

Figure 5. 34. Total vertical displacement, |u| , in Phase 4 (3rd slab)

[*107 m]

24,00

20,00

16,00

12,00

Total displacements |u|

Maximum value = 0,02513 m (Element 3 at Node 837)

Figure 5. 35. Total displacements, |u| , in Phase 6 (attic)

It is visible that, when Phase 6 is finished, displacements under the central footing
are lower that under the other two. It might be more representative to show the
incremental displacements, |A4u|, in Phases 2, 4 and 6 (Figures 5.36, 5.37 and 5.38).
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Incremental displacements | Au|
Maximum value = 0,5881%10 m (Element 32 at Node 2142)

Figure 5. 36. Total incremental displacements, |A4u|, in Phase 2 (1st slab)

A

Incremental displacements | Au|
Masximum value = 0,4365%10 > m (Element 7 at Node 387)

Figure 5. 37. Total incremental displacements, |Au|, in Phase 4 (3rd slab)
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[=10% m)
50,00

45,00

Incremental displacements |Au|
Maximum value = 0,0431610 > m (Element 7 at Node 387)

Figure 5. 38. Total incremental displacements, |4u|, in Phase 6 (attic)

Incremental displacements show the displacement difference that exists between a
phase and the previous one. Therefore, for Phase 6 (Figure 5.38) it is visible the
high difference of incremental displacement, | Au |, under the central footing and the
other ones. This is, between Phase 5 and Phase 6 the largest part of the deformation
is produced under the outer footings (which means that these are closer to failure).

In this way, we look for the safety factor value that we have once the attic is built.
For this, selecting ‘Safety’ Phase (after Phase 6 ‘Attic’), we click on ‘Project’ and
then on ‘Calculation information’, obtaining a safety factor value of 1.019 (Figure
5.39).

NOTE. ‘Calculation information’ window always shows XM, value, no matter
which phase is selected. However, this value is only valid when we are on a ‘Safety’
Phase, in which the program applies ‘phi-c strength reduction method’ to calculate
it (see exercise one) once 100% of the previous phase has been reached. For the
other phases (for example, ‘Plastic’ type ones), 2M, value is never over 1, since the
maximum possible value reached during the calculation is 100% of this phase.
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... Calculation information
= Step info
Phase Safety [Phase_7]
Step Initial
Calulation mode Classical mode
Step type Safety
Updated mesh False
Salver type Picos
Kernel type 32 bit
Extrapolation factor 1,000
Relative stiffness -0,02877E-6
=/ Multipliers
Soil weight EMyyeight 1,000
Strength reduction factor Mg -0,04651E-3 M 1,019
Time Increment 0,000 End time 0,000
= Staged construction
Active proportion total area Mares 0,000 M s 1,000
Active proportion of stage Mstage 0,000 IMgrce 0,000

Figure 5. 39. Safety factor ZM,s (for ‘attic’ Phase) in ‘Calculation information’ window

As the safety factor that is obtained is 1.019, a small load increase would suppose a
failure in the soil underneath. If we plot total incremental displacements, |Au|, for
‘Safety’ Phase, we can see, an approximation of the failure surface under the outer
footings (Figure 5.40). The safety factor is so close to the unit that the incremental
displacements under the central footings are negligible, and all this deformation is
basically located under the footings that fail.

Figure 5. 40. Total incremental displacements, |4u|, (approximate slip surface) under the
outer footings for ‘Safety’ Phase.
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The next point presents a variation of the problem: instead of an attic of 40 kN/m, a
fifth slab of 140 kN/m load is built, so the soil will fail because of this load. In this
way, we can obtain the bearing capacity. We save this project with an adequate
name.

5.3.9. Construction of a fifth slab instead of an attic

We go to ‘Staged construction’ calculation mode, double click on Phase 6
(previously called ‘Attic’) and change its name in ‘Phases’ window (for example
‘Fifth slab’). We keep the same characteristics as in ‘Attic’ Phase (Figure 5.41.)

General

jin] 5to forjado [Phase_a]

Start from phase 4to forjado -
Calculation type 7| Plastic -
Loading type Staged construction -
M stzge 1,000
M peight 1,000
Pore pressure calculation type = Phreatic -
Thermal calculation type Ignore temperature -
Time interval 0,000 day
First step 57
Last step 38
Design approach (Nane) -

Figure 5. 41. General characteristics of the new Phase 6 (fifth slab)

In ‘Selection explorer’ menu, we keep the three punctual loads selected, but we
change F), . value to -700 kN/m (Figure 5.42).

Selection explorer (Phase_6)
= @ Selection
Coarzeness factor: 0,2500
=+ @) [¥] PointLoad

Frert 0,000 kNjm

F.reft 700,0 kM fm

|F oel: 700,0 kM/m

Mz 0,000 kM mjm

Figure 5. 42. Punctual load value in the last ‘Plastic’ Phase ‘Fifth slab’
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We delete the ‘Safety’ Phase we had, clicking with the right mouse button on the
phase and select ‘Delete’. Now, we calculate. In Figure 5.42 we can appreciate that
the soil failure has happened in this new phase.

0.00 2000

Phases explorer s

% % B E o | mmmy
& Initial phase [Initial =

L

H

Y =

T Zapata [Phase_1] v = | e
o

) 1ler forjado [Phase_[*
) 2do forjado [Phase [*

-

&) 3er forjado [Phase_[=

) 4to forjado [Phase_= [5 =
) 5to forjado [Ph b = Coordinates (41.00 -5.000) Rulers || Origin | Crosshair | Snap to objec
0 Safety [Phase_7] I [ Command line
Session | Model history

0K
@388> mergeequivalents Geometry

No equivalent geometric objects found
Selection explorer (Phase_6) 8309> _gotostages

oK

® .. @31@> _setcurrentphase Phase_7

Phase_7 set as current phase
@311> _setcurrentphase Phase_6

Phase_6 set as current phase
@312> _selectmeshpoints

oK
@313> _set (InitialPhase.ShouldCalculate Phase_1.5houldCalculate Phase
Model explorer (Phase_6) oK
s 8314> calculate
Attributes library = The calculations of the following phases failed:
@ [/] Geometry Phase_6

@[] Point loads ] [

m

Figure 5. 43. Indication of calculation failure in Phase 6

If we want to know more about the soil failure in this new phase, we can represent
2 Mg €volution versus vertical displacement, u,, in point A. We can also obtain the
safety factor after building the fourth slab.

For this, we create a ‘Safety’ 'Phase after Phase 5 (‘Fourth slab’). Clicking on
Phase 5, we select ‘Add phase’ in the ‘Phases explorer’ menu on the left. Once it is
created, we edit it as presented in Figure 5.44.
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General

jin] Safety [Phase_7]

Start from phase 4to forjado -
Calculation type (7 Safety -
Loading type Al Incremental multipliers -
M 0,1000
Pore pressure calculation type Use pressures from previous ph =
Thermal calculation type Ignore temperature -
First step

Last step

Design approach (Mone) -

Deformation control parameters
Ignore undr. behaviour (A,B)
Reset displacements to zero
Reset small strain
Reset state variables
Updated mesh
Updated water pressure

OOooOoO

Ignore suction
Cavitation cut-off

O &

Cavitation stress 100,0 kifm?
Humerical control parameters
Max cores to use 256

Max number of steps stored 50

Figure 5. 44. Selection of options in ‘Safety’ Phase after the fourth slab

We recalculate all phases and go to PLAXIS Output. Figure 5.45 shows total
incremental displacements, |A4u|, in Phase 6 (fifth slab). In this we can observe the
failure mechanism of one of the outer footings (in this case, although it is a
symmetric problem, the failure only appears in one the outer footings because of a
calculation internal mechanism of the program).

121



Exercise 05. Shallow foundations on clay soil

[*10 ¥ m)

0,00

48,00

35,00

24,00

12,00

0,00

a
=

Incremental displacements |Au|
Maximum value = 0,06548%10 > m (Element 58 at Node 2363)

Figure 5. 45. Total incremental displacement, |A4u|, in Phase 6 (fifth slab)

In order to obtain safety factor in Phase 5 (fourth slab), we use the information in
‘Project’, ‘Calculation information’ (Figure 5.46).

Step info ~
Phasze Safety [Fhase_7]
Step Initial
Calulation mode Classical mode
Step type Safety
Updated mesh Falze
Solver type Picos
Kernel type 32 bit
Extrapolation factor 1,000
Relative stiffness 0,01107E-6
Mutltipliers
Soil weight M ygighe 1,000
Strength reduction factor M 0,03258E-3 M 1,041
Time Increment 0,000 End time 0,000
Staged construction
Active proportion total area M pres 0,000 M pres 1,000
Active proportion of stage M Stage 0,000 Mgype 0,000
< >
Copy Print

Figure 5. 46. Safety factor after the construction of the fourth slab

Figure 5.47 shows the value that 2M,.,. takes versus vertical displacements, u,, in
point A (delete ‘Safety’ representation in ‘Settings’). As we see below, ZMqe value
is very useful to know soil bearing capacity.
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2 " rnef e [Chant 2

| [+ M2229(a)
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Figure 5. 47. ZMjqe versus vertical displacements, u,, for point A

As we can observe, the last phase is not complete, reaching 32% of the load due to
the fifth slab.

It is also possible to obtain the exact value of 2Mg. in a phase (in this case, Phase
6 ‘Fifth slab’). For this, we go to ‘Project’, ‘Calculation information’ (Figure 5.48).

.. Calculation information - -— - l ==l
= Step info
Fhase Sto forjado [Phase_6]
Step Initial
Calulation mode Classical mode
Step type Flastic
Updated mesh False
Solver type PFicos
Kernel type 32 bit
Extrapolation factor 1,000
Relative stiffness -1,897E-3
= Multipliers
Soil weight EMyeight 1,000
Strength reduction factor M 0,000 M 1,000
Time Increment 0,000 End time 0,000
= Staged construction
Active proportion total area My 0,000 Mg es 1,000
Active proportion of stage LN, -1,760E-3 Mz 0,3193

Figure 5. 48. ZMjqe value
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We can see that the reached 2M;;,g. value in Phase 6 is 0.3193. Finally, we can
calculate the bearing capacity.

& Fmax

B = B + (Yconcrete * d)

If ‘B’ is the footing width and ‘d’ its thickness, then Fax:
Frax = Qin + ZMgtage * (Qfin — Qin)
where:
Qin: load when the failure phase starts.
Qrin: load that was supposed to be reached at the end of the failure phase.
Therefore:
Foax = 560 + 0,3193 * (700 — 560) = 604,7 kN/m

Qu _ <604,7 kN/m

— 2
B 37 + 24 % 0,8> = 182,63 kN/m

5.3.10. Construction of a fifth slab instead of an attic and foundation slab

For this new project we can use the previous one as base. Since we are going to
modify it, we save the project with a different name. In this problem, the foundation
surface is increased, converting the three footings into a foundation slab.

We go to ‘Structures’ geometry mode, delete the three existing footings (Figure
5.49) and create the foundation slab. For this we must write in command line:
‘polygon (5.15 0) (22.85 0) (22.85 0.8) (5.15 0.8)’, as presented in Figure 50.
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1. e by ok

Polygon_1

|

Soil 3

°,6'

Merge equivalent geometric objects

Snap

€\l

Delete

Figure 5. 49. Removal of the first footing, in ‘Structure’ geometry mode

Figure 5. 50. New foundation slab

Once it has been created, we assign ‘Concrete’ as the material to model the
foundation slab (Figure 5.51).
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D ——

1 po 1
X | fygon_
| @ soi b | ] soil 2
Qu Merge equivalent geometric objects | Set material  F | D Arcilla
o e )
_A S5nap 4( Delete Hormigdn
% Delete

Figure 5. 51. Selection of ‘Concrete’ as the material to model the foundation slab

Since we have modified the geometry of the problem, we have to mesh the problem
again. In ‘Mesh’ calculation mode we indicate a medium element distribution. We
select ‘View mesh’ to display the created mesh (Figure 5.52).

‘\I. ‘L\"«:‘!; \:!I I

Figure 5. 52. Meshing of the problem after creating the foundation slab

The phases are the same as in the previous exercise, but instead of activating the
three footings in Phase 1 (previously called ‘Footing’) and on, the foundation slab
must be activated (we have to be sure that it is deactivated in the Initial Phase). If
we want, we can call now Phase 1 ‘Foundation slab’.

Another small difference is that the safety factor study is done in a different phase.
For this, we delete the previously ‘Safety’ Phase and create a new one after the last
phase (Phase 6, ‘Fifth slab’). This new ‘Safety’ Phase presents the same properties
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as the ones created in previous points of the exercise. Figure 5.53 shows the
different phases of the problem before calculating.

Phases explorer
% = o B
) Initial phase [InitialPhase =
) Losa [Phase_1]
ler forjado [Fhase_2]
2do forjado [Phase_3]

@
3 Jer forjado [Fhase_4]
8

) 4to forjado [Phase_5)
5Sto forjado [Phase_g]
) safety [Phase_7]

R E X EX R R ]
Bl Gl B Gl G B Gl
HEHEHEHEHEHEHH

Bl [

Figure 5. 53. Phases of the problem with foundation slab

Since we have a new mesh, we must select some points to represent advanced
graphical outputs. The chosen points (Figure 5.54) are very close to those of the
previous points, but they do not have the same coordinates because the generated
mesh is not exactly the same. These coordinates are presented in Figure 5.55.

- A
E N
. N NN RN NN
EE N e '?%}f&?ﬁ'%?
B R 2 S R R R e A AR A

Figure 5. 54. Selection of points for advanced graphical outputs
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Name X Y Selected
A (Node 495) 21,20  -2,26 Pre-calc
B (Node 1463) 13,28 -2,16 Pre-calc
C (Node 2121) 6,19 -2,35 Pre-calc

K (Stress point 2546) 2257 2,18 Pre-calc
L (Stress point 2817) 1448  -2,39 Pre-calc
M (Stress point 2594) 7,63 -2,19 Pre-calc
N (Stress point 2348) 5,08 -2,40 Pre-calc

Figure 5. 55. Coordinates of points to obtain advanced graphical outputs

Once the calculations are finished, we can see that all the phases are completely
finished (Figure 5.56), which means that the soil will not fail despite the
construction of the fifth slab. This is because we are employing a foundation slab
instead of the three footings.

FPhases explorer

= =

T' Initial phase [InitialPhase = =
T' Losa [Phase_1] b =
T ler forjado [Phase_2] b =
T 2do forjado [Phase_3] bl =
T 3er forjado [Phase_4] b =
T' 4to forjado [Phase_5] bg =
T Sto forjado [Phase_g] b =
) Safety [Phase_7] 1 A

Figure 5. 56. Phases of the problem with foundation slab once the calculation is finished

Now we can represent some results obtained with PLAXIS Output. For example,
Figure 5.57 displays the vertical displacements, u,, when Phase 6 (with the fifth slab
completely built).
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Total displacements u,

= Maximum value = 0,9287’10'3 m (Element 156 at Node 2384)

Minimum value = -0,01725 m (Element 14 at Node 2093)

Figure 5. 57. Vertical displacements, u,, in Phase 6 (fifth slab)

Figures 5.58 and 5.59 show the total incremental displacements, |Au|, in Phase 6
and Safety Phase, respectively. In fact, Figure 5.59, Safety Phase shows a possible
failure mechanism, if the load applied in Phase 6 was higher. We can obtain the
safety factor in Phase 6 from the information in ‘Project’, ‘Calculation information’
(we have to select Safety Phase before, which is defined right after Phase 6). In this
way, in Figure 5.60 we can see that XM, value is 1.631.

*107% m]

Incremental displacements |Au|
= Maximum value = 0,1170%10> m (Element 14 at Node 2093)

Figure 5. 58. Total incremental displacement, |4u|, in Phase 6 (fifth slab)
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Incremental displacements |Au|
Maximum value = 4,854‘10':l m (Element 278 at Node 207)

Figure 5. 59. Total incremental displacements, |A4u|, in Safety Phase (after fifth slab)

i Calculation information
itep info
Fhase Safety [Fhase_7]
Step Initial
Calulation mode Classical mode
Step type Safety
Updated mesh False
Solver type Picos
Kernel type 32 bit
Extrapolation factor 1,000
Relative stiffness 0,1461E-3
Aultipliers
Soil weight Mg
Strength reduction factor Mg 0,3131E-3 Mg
Time Increment 0,000 End time
itaged construction
Active proportion total area M prea 0,000 My s
Active proportion of stage Merane 0,000 Merace
[ £
Copy Print

O X

1,000
1,631
0,000

1,000
0,000

>

Figure 5. 60. Safety factor in Phase 6 (after building all slabs)

We save the project.
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5.3.11. Construction of four slabs and an attic with a foundation slab

We take the previous file as base project and save it with a different name. The only
difference is that the applied load is now -600 kN/m. The last phase is now called
‘Attic’ instead of ‘Fifth slab’. We delete the existing safety phase and create a new
one after the attic construction.

We can check that the displacements are lower here than in the previous point (five
slabs and a foundation slab). Figure 5.61 displays vertical displacements, u,, when
Phase 6 is finished (once the attic has been built).

-8,00 -4,00 0,00 4,00 8,00 12,00 16,00 20,00 24,00 28,00 32,00 36,0

Ll
3
3
B
W
2

1=}
=)
=)

> <

i
e bbbl

- X

Total displacements u,,
Maximum value = D,?‘!Dﬁ”lﬂ'3 m (Element 156 at Node 2384)

Minimum value = -0,01484 m (Element 14 at Node 2093)

Figure 5. 61. Vertical displacements, u,, in Phase 6 (attic)

Figures 5.62 and 5.63 show the total incremental displacements, |4u|, in Phase 6
and Safety Phase, respectively. Figure 5.63 (Safety Phase) displays a possible
failure mechanism, if the applied load in Phase 6 was higher.
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Figure 5. 62. Total incremental displacements, |Au|, in Phase 6.
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Incremental displacements |Au|
&= Maximum value = 0,8485 m (Element 278 at Node 207)

Figure 5. 63. Total incremental displacements, |4u|, in Safety Phase (after building the

attic)

In ‘Project’, ‘Calculation information’ we can obtain the safety factor in Phase 6
(we must select Safety Phase previously, which is right after Phase 6). In this way,
we see in Figure 5.64 that XM, is 1.736, a bit higher that in the previous point (five

slabs and a foundation slab).
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Calculation information

I mode

mesh

e

e

tion factor
tiffness

it

reduction factor

struction
sportion total area

sportion of stage

Classical mode
Safety

False

Picos

32 bit

1,000
-2,785E-9

M -4,514E-6

Increment 0,000

Mg res 0,000
Mpnge 0,000

0,000 kNjm
0,000 kNjm

™ Weight

My
End time

M pres

™ Stage

Copy

1,000
1,736
0,000

1,000
0,000

Print

>

Close

Figure 5. 64. Safety factor in Phase 6 (after building the attic)

133




Exercise 06. Excavation in heterogeneous soil between two diaphragm walls

Exercise 06

Excavation in heterogeneous soil between two
diaphragm walls

6.1. INTRODUCTION

An excavation is dug. It is 8-meter-deep in a 21-meter stratum of heterogeneous soil.
The stratum presents 3 layers: the first one, which involves the first 2 meters that are
closer to the surface, and they are clay; the second layer (9 meters) is formed of sands;
and the third one, the last 10 meters, is silt.

The excavation is carried out with diaphragm walls, and it will have a final depth of
8 meters. Anchors will be used to reinforce the walls.

The phreatic level is located at 5.5 meters below the soil surface. Moreover, a non-
constant- value distributed load is applied on the soil surface.

The details of the whole geometry of the problems, the load values, the layers
characteristics and the excavation, walls and anchors procedures will be defined in
the following sections.

For all the phases, the variables to obtain are bending moments on the walls, total
displacements and horizontal effective stress on the soil. In addition, for the last
phase, the flow net is studied: iso-potential lines, pore pressure, velocity vectors and
infiltrated water flow.
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6.2 GEOMETRY AND GEOTECHNICAL PARAMETERS OF THE
PROBLEM

A scheme of the geometry is shown in Figure 6.1:

- Soil width to consider: 75 meters.
- Excavation width: 15 meters (centred in the middle of the 75 meter of soil width).

- Trapezoidal load.
First end (10.5 meters on the right of the excavation axis): 12.2 kN/m/m.
Primer extremo a 10,5 metros a la derecha del eje de la excavacion y de valor
12 kN/m/m.
Second end (25.5 meters on the right of the excavation axis): 4 kN/m/m.

- Wall depth: 12 meters.

- Excavation phases:
2 meters are removed, and the first anchors are placed (upper anchors).
3.5 meters are removed, and the second anchors are placed (lower anchors).
The last 2.5 meters of soil are removed.

- Achors have a length of 17 meters (having to add 4 meters of anchorage zone) and
an angle of 30° to the horizontal. Materials and anchors characteristics are defined
later.

I
o~

Figure 6. 1. Geometry of the problem in PLAXIS-2D

In Tables 6.1, 6.2 and 6.3 the geotechnical parameters of each soil layer are presented.
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Geotechnical parameters of the first layer (clay)

Material Clay
Constitutive model Hardening-Soil
Material behaviour Drained

Soil unit weight above phreatic level (Yunsat) 17.5 kN/m?
Soil unit weight below phreatic level (Ysar) 20 kN/m?
Initial void ratio (€ini) 0.5

Stiffness

Secant (ELSf 21000 kN/m?
Tangent (ELSE 21000 kN/m?
Unloading/ reloading (ELef 55000 kN/m?
Power for stress-level dependency of stiffnes (m) 0.5

Strength

Reference effective cohesion (c'ref) 7 kPa
Effective friction angle (") 35°
Dilatancy angle () 0°

Advanced stiffness

Ky in a normally consolidated soil (K7€) | 0.4264

Soil

<2um 46%

2um — 50 ym 26%

50 pm —2 mm 28%

Flow parameters

Horizontal hydraulic conductivity kg 0.08 m/day
Vertical hydraulic conductivity ky 0.08 m/day
Interfaces

Strength type Rigid
Strength ratio (Riner) 1

Initial

ko determination Automatic
Over-consolidation

Over-consolidation ratio (OCR) 1

(G’V max / G’v actual)

Pre-overburden ratio (POP) 15 kN/m?
(G’V max ~ G’V actual)

Table 6. 1. Geotechnical parameters of the first layer
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Geotechnical parameters of the second layer (sand)

Material Sand
Constitutive model Mohr-Coulomb
Material behaviour Drained
Soil unit weight above phreatic level (Yunsat) 18 kN/m*
Soil unit weight below phreatic level (Ysa) 21 kN/m?3
Stiffness

Young’s modulus (E") 34000 kPa
Poisson’s coefficent (v") 0.3
Strength

Effective cohesion (c'rer) 0 kPa
Effective friction angle (¢") 28°
Dilatancy angle (y) 0°

Soil

<2um 10%

2um — 50 ym 13%

50 pum — 2 mm 77%
Flow parameters

Horizontal hydraulic conductivity kg 4.3 m/day
Vertical hydraulic conductivity ky 4.3 m/day
Interfaces

Strength type Manual
Strength ratio (Rinter) 0.8

Table 6. 2. Geotechnical parameters of the second layer (sand)
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Geotechnical parameters of the third layer (silt)

Material Silt
Constitutive model Hardening-Soil
Material behaviour Drained

Soil unit weight above phreatic level (Yunsat) 16.5 kN/m?
Soil unit weight below phreatic level (Ysar) 19.5 kN/m?
Initial void ratio (€ini) 0.5

Stiffness

Secant (ELSf 17000 kN/m?
Tangent (EZ¢F) 13000 kN/m?
Unloading/ reloading (EXef 41000 kN/m?
Power for stress-level dependency of stiffnes (m) | 0.5

Strength

Reference effective cohesion (c'ref) 5 kPa
Effective friction angle (¢") 30°
Dilatancy angle (v) 0°

Advanced stiffness

Ky in a normally consolidated soil (K7€)

0.485

Soil

(G,V,max -0’y actual)

<2um 19%

2um — 50 ym 41%

50 pm —2 mm 40%

Flow parameters

Horizontal hydraulic conductivity kg 0.15 m/day
Vertical hydraulic conductivity ky 0.15 m/day
Interfaces

Strength type Manual
Strength ratio (Rinter) 0.7

Initial

ko determination Automatic
Over-consolidation

Over-consolidation ratio (OCR) 1
(G’V,maxlcjv,actual)

Pre-overburden ratio (POP) 5 kN/m?

Table 6. 3. Geotechnical parameters of the third layer (silt)
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6.3 RESOLUTION OF THE PROBLEM WITH PLAXIS 2D

6.3.1. Introduction of the project parameters

We start PLAXIS 2D (PLAXIS input) and choose ‘Start a new Project’ in ‘Quick
select’ emerging window. In ‘Project’ tab, we give a name to the problem, for
example, ‘Excavation in heterogeneous soil’.

We choose ‘Plain stain’ option in ‘Model’ tab, and ‘15-Noded’ elements. We keep
the default units, as shown in Figure 6.2.

Units

Length m ~
Force kM w
Time day ~
Temperature K v
Energy 4] ~
Power kw ~
Mass L:

Stress kM/m2

Weight kMjmz

Figure 6. 2. Problem units in PLAXIS

We define the contour writing the values displayed in Figure 6.3.

Contour
X min
X max

¥ min -21,00 m

¥ max

i)
=
=
=
El

Figure 6. 3. Definition of the problem contour

We keep the default constants in ‘Constant’ tab.
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6.3.2 Material and layer definition

In order to create the three materials that formed the heterogeneous soil, we select
‘Show materials’ button. We select ‘New’ (set type ‘Soil and interfaces’) and
introduce the geotechnical parameters for the first layer (‘Clay’, Table 6.1).

Figures 6.4-6.8 show ‘Clay’ properties.

Sail - Hardening sail - Arcilla R —
0 B A
|Genera| Parameters |Groundwater|Therma]llnten’?)cesllnm |
Property Unit Value
Stiffness
Ep kn/mz 21,0063
E ™ kn/mz 21,0053
e kh/m2 55,003
power (m} 0,5000
Alternatives
Use alternatives =
c, 0,01643
oA 5,645E-3
[ 0,5000
Strength
C ook kh/m2 7,000
@' (phi) 2 35,00
w (psi) o 0,000
= Advanced
Set to default values
Stiffness
Vi 0,2000
Dot kN/m2 100,0
ks 0,4264

Figure 6. 4. ‘Clay’ parameters
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Soil - Hardening soil - Arcill

Drainage type
Colour

Comments

General properties

¥ unsat

¥sat

a

DB
General  Parameters Groundwater Thermal Interfaces  Initial
Property Unit Valug
Material set
Identification Arcila
Material model Hardening soil

Drained

RGE 68, 224, 41

kM/m3
ki fm?

17,50

20,00

Figure 6. 5. ‘Clay’ general properties

Soil - Hardening soil - Arcilla

J B &
General Parameters Groundwater Thermal Interfaces
Property Unit Value
Model
Data set Standard
Soil
Type Fine
< 2pm %o
2pm - 50 pm %o
50 pm - 2 mm %o
Flow parameters
Set to default values
ky myday
ky m/day
Wunsat m
€ init
5 1/m

Initial

O

Soil Graphs

A
46,00 A
A

26,00

28,00

0,08000 [%] Sand 50 pm - 2 mm

0,08000
10,00E3
0,5000

4,438E-6

Figure 6. 6. ‘Clay’ groundwater parameters
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General Parameters Groundwater Thermal Interfaces  Initial

Property Unit Value
Strength
Strength Rigid ~
Riner 1,000
Consider gap dosure

Real interface thickness

a inter 0,000

Heat transfer
R m2 Kk 0,000

Figure 6. 7. ‘Clay’ interface configuration

General Parameters Groundwater Thermal Interfaces —Initial

Property Unit Value
KO settings
K determination Automatic w

Overconsolidation

OCR 1,000

POP kMfm? 15,00

Figure 6. 8. ‘Clay’ determination of K, and over-consolidation parameters

In the same wat we create the second layer (‘Sand’, Table 6.2). Figures 6.9-6.12 show
the introduced properties for this material.
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Sail - Mehr-Coulomb - Arena

J i & [

General Groundwater

Parameters
Property Unit
Material set
Identification
Material model
Drainage type
Colour

Comments

General properties

Thermal

Interfaces  Initial

Value

Arena
Mohr-Coulomb
Drained

) res 50, 189, 220

T kN /m? 18,00
Yest ki jm?3 21,00
Figure 6. 9. ‘Sand’ general properties
Soil - Mehr-Coulomb - Arena
2B e
General Parameters Groundwater Thermal Interfaces Initial
Property Unit Value
Stiffness
E kMfmz 34,00E3
w' (nu) 0,3000
Alternatives
G kMfm2 13,08E3
Eoue ki jm? 45,77E3
Strength
C ref kNfm? 0,000
' (ohi) ° 28,00
W (psi) d 0,000
Velocities
V. mjs 34,42
Vp mfs 157,9
Figure 6. 10. ‘Sand’ parameters
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Soil - Mohr-Coulomb - Arena

DB s
General Parameters Groundwater Thermal Interfaces Initial Soil
Property Unit Walue
Model
Data set Standard ~
Soil
Type Coarse
< 2pum %o 10,00
2 pm - 50 pm %o 13,00
50 pm - 2 mm Yo 77,00
Flow parameters
Set to default values O
Ky mfday 4,300
k\, m/day 4,300
Vneat m 10,00E3
C 0,5000
S 1fm 7,843E-6
Change of permeability
Ck 1,000E15

Graphs
100 0
ey
£ 2
3 %
I =
& /\ /\%‘
u
o
~ Y %

XN\
\/\ 100

1]

[%:] Sand 50 pm - 2 mm

Figure 6. 11. ‘Sand’ groundwater parameters

Soil - Mohr-Coulomb - Arena
)
General Parameters Groundwater Thermal Interfaces  Initial
Property Unit Value
Strength
Strength Manual ~
R inter 0,8000
Consider gap dosure
Real interface thickness
B 0,000
Heat transfer
R m2 Kfle 0,000

Figure 6. 12. ‘Sand’ interface configuration
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Finally, we create the third layer (‘Silt’, Table 6.3). It is a material with the same
constitutive model (Drained hardening soil) as ‘Clay’, so the introduction of the
parameters is similar.

In order to define the heterogeneous soil where the excavation is going to be dug, we
select “‘Soil” geometry mode Then we click on ‘Create borehole’ button and select (0,
0) coordinate.

We select ‘Add’ to create the upper layer. In ‘Top’, we write 0 and in ‘Botfom’ -2. In
‘Material’ pull-down menu, we select ‘Clay’.

Selecting again ‘Add’, we create the middel layer. In ‘Top’, we write -2 and in
‘Bottom’ -11. In ‘Material’ pull-down menu, we select ‘Sand’.

Finally, we create the last layer selecting ‘Add’. We write -11 in ‘Top’ and -21 in
‘Bottom’. In ‘Material’ pull-down menu, we select ‘Silt’.

Since the phreatic level is located 5.5 meters below the surface, so in ‘Head’ we write
-5.5, Figure 6.13.
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B2 Modify soil layers
Borehole_1

54 Insert 55 elEie

" 0,000 t ;
Head -5,500 Soil layers  Water Initial conditions ~ Field data
Layers Borehole_1
# Material Top Bottom
0,000 1 . Ardilla 0,000 -2,000
2 . Arena 2,000 -11,00
3.Lin‘|o -11,00 -21,00

-5.000

-10,00

-15.00

-20,00

Figure 6. 13. Soil stratigraphy definition in ‘Modify soil layers’ window

Figure 6.14 shows the resulting geometry.

Figure 6. 14. Geometry of the three layers where the excavation will be dug

6.3.3 Definition of the structural walls

We go ‘Structures’ geometry mode and draw the two diaphragm walls as plates
(‘Create line’, ‘Create plate’, Figure 6.15). The coordinates of each plate are defined
in Table 6.4.
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5N
N3

-20.00

P IR
& j

.

doo

L1
*u  Create line

+
%% Create line load

- "t} Create line digplacement

I Create plate
i

Y l—'
- .
, o Creste geogrid
Yy 4

%, Create embedded beam row
:I" % Create interface

\'. :D: Create line contraction
)=}

| 4

. oMe  Create node-to-node anchaor
;z' *E‘ Creats wel
ei*‘- ‘:z Create drain
Figure 6. 15. ‘Create plate’ button
Plate Inital coordinate Final coordinate
Left (15,0) (15,-12)
Right (30,0) (30,-12)
Table 6. 4. Diaphragm wall coordinates
Figure 6.16 shows the two plates once they have been created.
Y l—.

Figure 6. 16. Plates created in the soil
option, we select ‘New’ in ‘Material’ sub-option (Figure 6.17).

We must now create and assign a new material for plates. For this, we select both
plates at the same time (pressing CTRL) and, in ‘Selection explorer’, in ‘Plate’
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Selection explorer

=t @) Selection

=} Plate
Material:
Apply strength reduction: [_]

Model explorer

Attributes library \-
&) Geometry =1
¥ Boreholes w2
@ Plates Y
@) Soils T

llu,u

Figure 6. 17. Creation of a new material for the plates

After assigning a name to this new material (‘Diaphragm walls’), we write the
mechanical properties of the plate material: material type, axial stiffness (EA),
bending stiffness (EI), weight (w), and Poisson’s coefficient (v), Figure 6.18.
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Plate - Pantallas diafragma

Mechanical Thermal
Froperty Unit Value
Material set
Identification Pantallas diafragma

Comments

Colour B roe 244, 15, 28
Material type Elastic

Properties
Isotropic
End bearing O
EA, khjm 14, 50E5
EA, kM jm 14, 50E5
E kM m2fm 160,0E3
d m 0,3639
w ki fmjjm 9,200

v (nu) 0,000

Figure 6. 18. Mechanical properties of the plate material

Finally, in ‘Selection explorer’ menu this new material will appear (Figure 6.19).

Selection explorer

- @) Selection

=1- Plate
—I- Material: PantallasDiafraoma
Colour: M
Apply strength reduction: [_]

Figure 6. 19. ‘Diaphragm wall’ material in ‘Selection explorer’ menu

If we want to edit the properties of this material, it is possible to do this clicking with
the right mouse button on the material and select ‘Edit’ option (Figure 6.20).
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u >
Selection explorer

= @ Line_1 P
=

% 13,00 m -

y: 0,000 m

= e || R
x: 15,00 m
y:-12,00 m

[=} NegativeInterface_1 -
Material mode: From adjacent sc *
Apply strength reduction: |
Permeable: D‘. ]
Virtual thickness factor: 0,1000 4+,

=} Plate_1 @

[= Material: PantallasDiafrag " .
Colour: W . Pantallas diafragma

1
[ "]

Apply strength reduction: Edit...

[ TS NS

Model explorer Set colour ’

Attributes library Set material
@&, Geometry
@&, Boreholes
@&, Plates Undo

Save

L

Figure 6. 20. Selection for the edition of plate material

The last step for modelling the walls is creating their positive and negative interfaces.
With this we can simulate the interaction between the soil and the plate employing
the interface strength ratio that has been designed for the soil material. For this, we
select, for example, the left plate with the right mouse button. We choose ‘Create’
option, and then we click on ‘Positive interface’. We do the same again, but now
selecting ‘Negative interface’. The two interfaces for the left plate have been created
(Figures 6.21-6.23).
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— e
-
b

o

Line_1

‘ Create 3 |

Line load

Line displacement
Line contraction
Geogrid

Embedded beam row

Positive interface

L
L
I Plate Bl
%
Q-o Merge equivalent geometric objects | (AL
. HIF
-2 5nap £t
) HIF
x Delete .
+
+a+
+
T
+it

/

| Rulers ” Crigin | Crosshair | Snap to object || Snap to grid ||ﬁ| &

Megative interface
Node-to-node anchor
well

Drain

Groundwater flow BC

2?, Thermal flow BC

Figure 6. 21. Positive interface creation
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[

x
+ .
E—h S “4  Line load
%} Line displacement
‘ Create P‘ _
':C_}:' Line contraction
I Pate 3
o Geogrid
=it T
1= Positive interface [
= %; Embedded beam row
Q‘O Merge equivalent geometric objects ‘:: Negative interface
-8 Snap #¥2  Node-to-node anchor
x Delete -OE* well
&
3 Drain

, Groundwater flow BC

| Rulers || Crigin | Crosshair | Snap to object || Snap to grid ||ﬂ| & ”/ Thermal flow BC

Figure 6. 22. Negative interface creation

Figure 6. 23. Positive and negative interface created for the left plate
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Following the same steps for the right plates, we finally have created the interfaces
for both plates (Figure 6.24):

Figure 6. 24. Positive and negative interfaces created for both plates

In order to define the different excavation levels (Table 6.5) we must create three
lines, one for each of them.

Excavation level Inital coordinate Final coordinate
1 (15,-2) (30,-2)
2 (15;-5,5) (30; -5,5)
3 (15,-8) (30, -8)

Table 6. 5. Excavation levels

For this, we click on ‘Create line’ button (‘Create line’ option). After this, we can
directly draw them in the workspace, or we can write them in the command line:

line (15 -2) (30 -2)
line (15 -5.5) (30 -5.5)
line (15 -8) (30 -8)

153



Exercise 06. Excavation in heterogeneous soil between two diaphragm walls

6.3.4. Load definition

On the right of the excavation, at three meters from it (10.5 meters on the right of the
excavation axis), the soil is applied a trapezoidal load as follows:

First end: 10.5 meters on the right of the excavation axis, with a value of 12
kN/m/m.

Second end: 25.5 meters on the right of the excavation axis, with a value of
4 kN/m/m.

Therefore, the load has a total length of 15 meters.

In this way, we create a load which goes from the coordinate (33, 0) to (48, 0). On its
left border, it will have a value of -12 kN/m/m, and on its right border -4 kN/m/m.

First, we create the load from the point (33, 0) to (48, 0) with ‘Create line’, ‘Create
line load’.

Now (keeping selected the load) we go ‘Selection explorer’ menu, and in
‘Distribution option, we choose ‘Linear’. Finally, in g, sar,rer, We write -12 kN/m/m,
and in gy, end.rer -4 kKN/m/m (Figure 6.25).
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Selection explorer
= @) Line_14

E
w: 33,00 m
yr 0,000 m
=
w: 48,00 m
yr 0,000 m
= LineLoad_1

Distribution: Linear

Qystare,ress 0,000 kN/fm/m

.y, start,ref -12,00 kM/m/m

9 o e |t 12,00 kMfm/m

Qyand,refs 0,000 kNfm/m

Doy, end,ref’ -4,000 kM/m/m

19 ot e ® 2,000 kM fm

=} DynLinelLoad_1

Distribution: Uniform
0, stars reft 0,000 kNJm/m
0.y, start reft 0,000 kNfm/m
|9 cpzrp re |+ 0,000 kMfm/m
Multiplier .: <not assigned:
Multiplier\r,: <not assigned =

Figure 6. 25. Linear distributed load definition

6.3.5 Anchor definition

In order to create the anchors, we click on ‘Create structure’ button and select ‘Create

node-to-node anchor’ option (Figure 6.26). Anchors have a length of 17 meters and
an angle to the horizontal of 30°.
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File Edit Structures Options Expert Help

CEH a” A’

Selection explorer
..... @ -
ges | 0.00 ]
° |
Model explorer T —
[H Attributes library B - =
[+ @ Geometry = i
[+ @) Boreholes ]
[+} @) Plates P
[+ @) Node-to-node anchors 7

[ @, Embedded beam rows
[ @ Interfaces

- @&, Line loads

[ @ Soils

Create fixed-end anchor

| = o
=5 £
4 4.= 4 4
— é‘

Create plate

T o Create geogrid

{4
"4, % Create embedded beam row

o | H croate interface

Cﬂ |W‘° Create node-to-node anchor| [_R

Command line

Figure 6. 26. ‘Create node-to-node anchor’ button

The coordinates of the initial and final nodes for each anchor are displayed in Table
6.6.

Anchor First point Second point
1 (15,-2) (0,28; -10,5)
2 (15;-5,5) (0,28; -14)
3 (30, -2) (44,72; -10,5)
4 (30;-5.5) (44,72; -14)

Table 6. 6. Anchor nodes

If these coordinates have not been correctly introduced, we can modify them in
‘Selection explorer’ menu (Figure 6.27).
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Selection explorer

= @) Line_7
=
x: 15,00 m
ye -2,000 m
=
x: 0,2800 m
y: -10,50 m

=} ModeToModeAnchor_2
Material: <not assigned =
Apply strength reduction: [_]

Figure 6. 27. Initial and final coordinates of the anchor nodes

In Figure 6.28 the four anchors are shown.

A

N

Figure 6. 28. Anchors between the soil and the walls

Now, we have to create the anchor material. We click on ‘Show Materials’. In ‘Set
type’ we choose ‘Anchors’ (Figure 6.29). We click on ‘New’ and introduce the
material type, axial stiffness (EA) and the space between them, Figure 6.30.
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IMaterial sets
3> Show global
Project materials
Set type Anchors R
Soil and interfaces
Group order Plates
Geogrids

Embedded beam row

Figure 6. 29. Choosing ‘Anchors’ to create the anchor material

Anchor - Anclaje

oy
Mechanical  Thermal
Property Unit Value
Material set
Identification Andaje

Comments

Colour [l rce0.0,0
Material type Elastic

Properties
EA ki 500,0E3

Lspac'lng m 2,000

Figure 6. 30. Properties of the anchor material and the space between them

Now we select the four anchors at the same time and click on the right mouse button.
We select ‘Node-to-node anchor’, ‘Set material’ and finally we assign ‘Anchor’

material (Figure 6.31).
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1 ’ 111 l 1
X . "1'T L

."",f‘j:: | Create b :“!“~\~\‘\\‘

/

| %= Mode-to-node anchar 3

Node-to-node anchors

Group Set material b | . Andaje

Merge equivalent geometric objects % Delete

L E

Snap

*‘El Generate intersection points

Rulers || Origin | Crosshair | Snap i Delete

Figure 6. 31. Material assignation for the anchors
6.3.6 Definition for the anchor zone material and its introduction in the model

First, we define the anchor zone material (‘Grout-body’). For this, we click on ‘Show
Material’ menu. In ‘Set type’, we choose ‘Embedded beam row’ (Figure 6.32). We
select ‘New’ and introduce the parameter values: stiffness (E), unit weight (y), pile
type, predefined pile type, diameter, spacing, axial skin resistance (Tgin), base
resistance (Fmax), and interface stiffness factor, Figures 6.33 and 6.34.

Material sets
»» Show global
Project materials
Set type Anchors “
Soil and interfaces
Group order Plates
Geogrids
. dai Embedded beam row
Andaje Anchors

Figure 6. 32. ‘Embedded bream row’ selection for creating the anchor zone material
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Material set
Identification Grout body

Comments

Colour . RGE 199, 82, 143
Material type Elastic

Properties
E kM fm2 5, 400E5
i ki fm? 0,000
Pile type Predefined
Predefined pile type Massive drcular pile

Diameter m

A m2
I m# 0,3976E-3
LSpECiI‘l;

Rayleigh a 0,000

Rayleigh B 0,000

Figure 6. 33. Anchor zone material and spacing

Axial skin resistance
Axial skin resistance Linear
Tskin. Start, max kM /m 500,0
Tskin. end, max kb fm 500,0
Lateral skin resistance
Lateral skin resistance Unlimited
Base resistance
F max kN 0,000
Interface stiffness factor
Default values
Axial stiffness factor 0,6026
Lateral stiffness factor 0,5026
Base stiffness factor 6,026

Figure 6. 34. Properties of the anchor zone materials
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Now, in order to create the anchors, we select ‘Create structure’ button and then

‘Create embedded beam row’ (Figure 6.35).

-20.00

L] 0.00

r|_ | Create fixed-end anchor
i_ﬁ I createplate

<" Create geogrid
ol % Create embedded beam row
m % Create interface
Eudl

e (Create node-to-node anchor

Figure 6. 35. Creation of the structural element for the anchor zone

Initial and final coordinates of each of the anchor zone nodes are shown in Table 6.7.

Anchor First coordinate Second coordinate
1 (0,28; -10,5) (-3,184; -12,5)
2 (0,28; -14) (-3,184; -16)
3 (44,72, -10,5) (48,184; -12,5)
4 (44,72; -14) (48,184; -16)

Table 6. 7. Initial and final nodes of the anchor zone

Once they have been created, we assigned them their material. For this, we click with
the right mouse button on each of them, assigning them their material (‘Grout body”),
Figure 6.36.
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L.
]

VAl

|| Selection
e
Create 4
%, Embedded beam row 3 | || Embedded beam rows
Y Growp Set material 2 | Grout body [GroutBody]
9 Merge equivalent geometric objects " Delete
—
4 Snap

*‘El Generate intersection points

(-2.000 -12.00) Rulers | J§ Delete =

Figure 6. 36. ‘Grout body’ election as anchor zone material

Finally, the excavation scheme, before meshing and defining the phases, is the

following (Figure 6.37):

1.

X

|
e

i
VAl

Figure 6. 37. Excavation scheme before meshing

6.3.7. Problem meshing

We select ‘Mesh’ geometry mode to mesh the soil and click on ‘Generate mesh’
button. We choose medium element distribution.
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The generated mesh is displayed in Figured 6.38.

Figure 6. 38. Mesh for the studied problem

6.3.8. Project phases
The excavation has seven phases:

o Initial Phase. Only the ‘natural’ soil is considered.

o Phase 1. The two walls, their interfaces and the load are activated.
e Phase 2. The two first meters of soil (clay) are dug.

e Phase 3. The upper anchors are activated

e Phase 4. The next 3.5 meters of soil (sand) are dug.

e Phase 5. The lower anchors are activated.

e Phase 6. Final excavation of the last 2.5 meters.

In order to define the Initial Phase, in ‘Phase explorer’ menu we double click on
‘Initial Phase’, In ‘Calculation type’ we choose ‘Ky procedure’. In ‘Loading type’
we keep ‘Staged construction’. Finally, ‘Phreatic’ is the selected option for ‘Pore
pressure calculation type’ (Figure 6.39).
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Mame Value
- General
D Initial phase [InitialPhase]
Calculation type =5 KO procedure -
Loading type [ staged construction -
M eighe 1,000
Pore pressure calculation type E Phreatic -
Thermal calculation type |I| Ignore temperature -
Estimated end time 0,000 day
First step
Last step
Design approach (None) -
=l Deformation control parameters
Updated water pressure ]
Ignore suction

Figure 6. 39. Initial Phase configuration

We click on ‘Add’ to create Phase 1 (‘Plastic’ type). The name of this phase can be:
‘Walls and interfaces’. Here, we must activate the two diaphragm walls, their
interfaces (watch that once the soil has been divided by some lines for the different
excavation phases, walls and interfaces have also been divided), Figure 6.40. We also

activate the load.

I:ﬂ Selection

"_'| Deactivate

I Plate 3

it N
:':-_‘ Positive interface 3

it
:': 5 Megative interface

, Groundwater flow BC b

@ Group

{i Regenerate

m Preview phase
Calculate

.00 -3.000) || rulers || Origin | Crosshair | Snap to object || Snap to grid || Grid @ View calculation results

Figure 6. 40. Activation of diaphragm walls and interfaces
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We click on ‘4dd’ to create Phase 2 (‘Plastic’ type). Here, we deactivate the first soil

layer (Figure 6.41):

| 1] BoreholePolygon_1_2

B activate

W sl 3

H Regenerate

@ Preview phase
@ Calculate

@ View calculation results

Figure 6. 41. Deactivation of the first layer (clay)

In Phase 3 (‘Plastic’ type), we activate the two upper anchors (Figure 6.42).

I:L Selection

E Deactivate

%, Embedded beamrow b

e Node-to-node anchor b

@ Group

i Regenerate

@ Preview phase
E‘ Calculate

1 I
7.00 -12.00) || Rulers || Origin | Crosshair | Snap to object || Snap to arid || Grid @ View calculation results

Figure 6. 42. Activation of the upper anchors

Now we are going to apply the prestress force* to each of the anchors. For this, in
‘Selection explorer’ menu, we click on ‘Adjust Prestress’, and in Fpresiress W€ Write

550 kN (Figure 6.43).
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* NOTE. This prestress force value is only applied in the phase where it is defined.
For the following phases, this value is increased and decreased according to the force
and stress on the surroundings.

Selection explorer (Phase_3)
= Eﬁ} Line_7_1
Coarseness factor: 0,2500
B Eﬁ} ModeToMadeAnchor_2_ 1
= Material: Andaje

Apply strength reduction: [_]
Adjust prestress:

Figure 6. 43. Prestress force adjustment in an upper anchor

In Phase 4 (‘Plastic’ type), we deactivate the sand layer (3.5-meter depth), Figure
6.44.

] BoreholePolygon_2_1

B acivate

il soi 3

i@ Regenerate

& Preview phase
Calculate

@ View calculation results

Figure 6. 44. Deactivation of the second layer (3.5 meters of sand)

In Phase 5 (‘Plastic’ type), we activate the two lower anchors (Figure 6.45) and in
‘Selection explorer’ menu we mark ‘Adjust Prestress’. Finally, we assign a value of
1100 kN to Fpresiress to each of the lower anchors, Figure 6.46.
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IE Selection

BE peactvate

%, Embedded beam row

%2 Node-to-node anchor F

@ Group

H Regenerate

@ Preview phase

Calculate
7.00 -15.00) | Rulers || Origin | Crosshair | Snap to object || Snap to grid || Grid @ View calculation results

Figure 6. 45. Activation of the lower anchors

Selection explorer (Phase_5)
= 'il;‘i Line_6_1
Coarseness factor: 0,2500
Et- ':EI ModeToModeAnchor_1_1
E} Material: Andaje
C e Colour: W
Apply strength reduction: [_]
Adjust prestress:

Figure 6. 46. Prestress force adjustment of a lower anchor

Finally, in Phase 6 (‘Plastic’ type) we must change ‘Pore pressure calculation type’
to ‘Steady state groundwater flow’ (Figure 6.47), since, in this last excavation, the

initial phreatic level is reached.
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General

D Excavacdon final [Phase_6]

Start from phase Andlajes inferiores -
Calculation type [ Plastic -
Loading type |—_l-| Staged construction -
M tage 1,000
M ihe 1,000
Pore pressure calculation type Steady state groundwater flow =
Thermal calculation type Ignore temperature -
Time interval 0,000 day
Estimated end time 0,000 day
First step

Last step

Design approach (Mone) -

Figure 6. 47. Phase 6 configuration (final excavation)

Now we deactivate the last 2.5 meters (Figure 6.48):

[ 17 BoreholePalygon_2_4a

B actvate

Tl soi 3

i Regenerate

m Preview phase
Calculate

{ Vi Iculat Its
0.00 -7.000) |Ru\ers Crigin | Crosshair | Snap to object l@ R

Figure 6. 48. Deactivation of the third layer (2.5 meters of sand)

We go to ‘Flow condition’ calculation mode. In ‘Model explorer’ menu we choose
‘Attributes library’ and then ‘Water levels’.

We select ‘Create water lever’ in the vertical tool bar (Figure 6.49):
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5 _

RS

l';' Create water level
@ ‘fé Add water level point
‘fé Delete water level paint
"Eé Move water level point

= Move water level segment

Figure 6. 49. Phreatic level creation

The new phreatic level goes from coordinate (-15, -5.5) to (60, -5.5), passing through
(15, -8) and (30, -8), as in Figure 6.50.

Figure 6. 50. New phreatic level.

We open ‘Water levels’ menu and ‘User water levels’. We double click on

‘UserWaterLevel 1’ and rename it as ‘Lower_ phreatic_level’ (Figures 6.51 and
6.52).
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Model explorer (Phase_6)
=} Attributes library
Dynamic multipliers
Flow functions
Thermal functions
Materials
Design approaches
- @ Water levels
&, ™| Borehole water levels
= @y 9] User water levels
€ 3] UserWaterLevel 1

Figure 6. 51. User water level selection

Model explorer (Phase_8)
= Attributes library
Dynamic multipliers
Flow functions
Thermal functions
Materials
Design approaches
= 0 (W] Water levels

& M| Borehole water levels

= &) 9] User water levels
O] Nivel_freatico_inferior

Figure 6. 52. User water level name change

Finally, in ‘Model explorer’ menu, we choose ‘Model conditions’ and then ‘Water’.
We change ‘GlobalWaterLevel’ value to ‘Lower_phreatic_level’ (Figure 6.53).
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Model explorer (Phase_6)
e
- @[] Embedded beam rows
- @[] Interfaces
- @[] Line loads
- @, [M] Groundwater flow BCs
- @, [W] Sails
- @ W] Model conditions
- @ [ Climate
- @[] Deformations
- @ [¥] Dynamics
- @[] FieldStress
- @[] GroundwaterFlow
- @[] Precipitation
- @[] pseudo-static
- @[] ThermalFlow
- @ [v] water
- @, [B] GlobalwaterLevel: Nivel_fredtic v

Figure 6. 53. Definition of the created water level (‘Lower_phreatic_level”) as
‘GlobalWaterLevel’

The model and defined water level for Phase 6 are shown in Figure 6.54.

2000 0.00 2000 000 60.00
| L L ‘ ‘ | L L | L

Figure 6. 54. Phase 6 configuration in ‘Flow conditions’ calculation mode

Before starting the calculation, we can choose some points (Figures 6.55 and 6.56)
do display, if wanted, advance graphical outputs.
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.:
k=)
s

||\||||\|

S

4 R ,,_w.,‘).,‘..,-»
3 3750 e
b

A &V&W&W&W&W&’?&%@&W&V&W&W&W 8

-16,00

24,00

Figure 6. 55. Chosen points for the advance graphical outputs

Name X Y Selected
A (Node 3104) 15,00 -2,00 Pre-calc
B (Node 2850) 15,00 -5,50 Pre-calc
C (Node 8267) 30,00 -5,50 Pre-calc
D (Node 8428) 30,00 -2,00 Pre-calc
E (Node 4170) 22,50 -14,56  Pre-calc
F (Node 5620) 55,78 -11,00  Pre-calc
G (Node 1357) -10,78  -11,00  Pre-calc
K (Stress point 6... 30,15 -6,83 Pre-calc
L (Stress point 7... 15,07 -6,59 Pre-calc
M (Stress point 6... 30,08 -10,94  Pre-calc
N (Stress point 4... 14,92 -10,94  Pre-calc

Figure 6. 56. Coordinates for the chosen points for the advance graphical outputs

Once all the phases have been defined, we click on ‘Calculate’ button to start the
calculations. When these have finished, clicking on ‘View calculation results’, we go
to PLAXIS Output to display the results.

6.3.9. Problem results
First, we are going to show the bending moments on each of the walls for each phase.

For this, we select ‘Structural forces in volumes’ button (Figure 6.57), and with the
mouse we select the right-side wall initial (30, 0) and final (30, -12) points. It is also
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possible to introduce those points in ‘Centre-line points’ window (Figure 6.58). If
doing so, the steps are:

“Point #1”: 30 for X and 0 for Y; we click on ‘Add’.
“Point #2”: 30 for X and -12 for Y; we click on ‘Add’.
We click on ‘OK’ (without adding the last point).

i PLAXIS Output 2D - [Excavacion en terrenc heteregéneo 8 metros de profund
o File View Project Geometry Mesh Forces Tools Window  Expe
Bl s G| BE[e|ee|a a B¢
D Structural forces in vnlumesi
R | |' IO -30,00

c b b g
Geometry
rAREE

|| Plates 10,00

el | - Blode to mode ook

Figure 6. 57. ‘Structural forces in volumes’ option selection

Center line points L t@

Point #2
X 30,00 = m
Y 1200 & m

T~

Figure 6. 58. Definition of the second point of the right-side wall for displaying the bending
moments

In Figures 6.59-6.64 we can see the vending moments, M, applied on the right-side
wall for each phase. It is also possible to display axial forces, N, and shear force, O,
in ‘Forces’ option, Figure 6.65.
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Bending moment M (scaled up 1,00‘10'3 times)
Maximum value = 699, 2 kMm/m
Minimum value = -1103 kMNm/m

Figure 6. 59. Bending moments on the right-side wall in Phase 1

Bending moment M (scaled up ll,ﬂlll‘lll'3 times)
Maximum value = -1126 kNm/m
Minimum value = -5085 kiNm/m

Figure 6. 60. Bending moments on the right-side wall in Phase 2
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Bending moment M (scaled up I],Sﬂll‘lllﬂ times)
Maximum value = -1075 kNm/m
Minimum value = -4751 kNm/m

Figure 6. 61. Bending moments on the right-side wall in Phase 3

I!ﬂniu_]linlmultl"l{suﬁtl|I|)II,2€I]°'].1]’3 times)

Maximum value = -1077 kimjm
Minimum value = -11,42%10 % kim/m

Figure 6. 62. Bending moments on the right-side wall in Phase 4
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Bending moment M (scaled up 0,200‘10'3 times)
Maximum value = -1075 kNm/m
Minimum value = -9724 kNm/m

Figure 6. 63. Bending moments on the right-side wall in Phase 5

Bending moment M (scaled up 0,200*10 = times)

Maximum value = -1004 kNmj/m
Minimum value = -14,09%10 H kNm/m

Figure 6. 64. Bending moments on the right-side wall in Phase 6
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L File View Project Geometry Mesh |Forces | Tools Window Expert Help

B & @B ©|de| % Y@ Al forcesN = cavacion final [Phase._

———— [l Shear forces Q
S— o [F Bending moment M

2,00 Lo,un -8,00 0,00
@ = Geametry I I S N NS SN W E

Plates

Node-to-node anchars

@& | Embedded beam rows

&[5 Interfaces

B &3 5] Sails

[+ @ [ Line loads -8,00

[ Water loads

/] Hodes

[ Stress points

o
2

o & W
||||||||m\|||

5

o
b
2

Figure 6. 65. Selection of axial forces, N, shear forces, Q or bending moments, M as
displayed forces

In Figures 6.66-6.71 the bending moments on the left-side wall for each phase are
displayed.

Bending moment M (scaled up Dm‘lﬂ’a' times)
< Maximum value = -2434 kNm/m
Minimum value = -3436 kNm/m

Figure 6. 66. Bending moments on the left-side wall in Phase 1
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Bending moment M (scaled up 0.50|l'1.|]’3 times)
Maximum value = 1602 kNmjm
Minimum value = -2369 kNm/m

Figure 6. 67. Bending moments on the left-side wall in Phase 2

Bending moment M (scaled up ll,ﬂlll“ll]':i times)

Maximum value = 1299 kMNm/m
Minimum value = -2415 kiNm/m

Figure 6. 68. Bending moments on the left-side wall in Phase 3
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Bending moment M (scaled up 0,200%10 > times)
Maximum value = 8201 kMNm/m
Minimum value = -2413 kMNm/m

Figure 6. 69. Bending moments on the left-side wall in Phase 4

Bending moment M (scaled up 0,200%10 > times)

Maximum value = 6513 kNm/m
Minimum value = -2428 kNm/m

Figure 6. 70. Bending moments on the left-side wall in Phase 5
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Bending moment M (scaled up 0,200%10 > times)
< Maximum value = 11,27*10°% kiNm/m

Minimum value = -2438 kMNmj/m

Figure 6. 71. Bending moments on the left-side wall in Phase 6

In Figures 6.72-6.74. total displacements in soil, |u|, in Phases 1, 3 and 6 are
displayed.

=102 m)

AT 4,00

0,00

Total displacements [u]
Maximum value = 5,810%10 * m (Element 117 at Node 8366)

Figure 6. 72. Total displacements, |u|, in Phase 1
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10 m]
14,00
13,00
bl T 204

ggl! %}k}f 11,00

g a sngsg! ¥a, "1747‘ 10,00

AY VA" 'AV i3
ROORKK A R, g
b 2 8,00
e

7,00

Y 6,00
5,00

4,00

3,00

X 2,00
1,00

0,00
a

Total displacements [u]
Maximum value = 0,01335 m (Element 125 at Node 8634)
Figure 6. 73. Total displacements, ||, in Phase 3

102 m)

36,00

. 32,00

I
T
“&‘" 28,00
E’- 24,00
o
20,00
16,00
Y

12,00

8,00

X

4,00

0,00

a8

Total displacements |u|
Maximum value = 0,03500 m (Element 630 at Mode 4512)

Figure 6. 74. Total displacements, |u|, in Phase 6

In order to show the horizontal effective stresses, o'y, in ‘Stresses’ button we choose
‘Cartesian effective stress’ and finally ‘o’ (Figure 6.75).
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L PLAXIS Qutput 2D - [Excavacidn en terreno heterogéneo 8 metros de profundidad - Calculation results, Initial phase [InitialPhase] (0/0), Def
L File View Project Gecmet Mesh Deformations  Stresses  Tocols Window Expert  Hel
] Ty P! P
&|%éﬁ|o|€o|&@§@ Cartesian effective stresses | Fall @', p0) VE|
B Cartesian total stresses L4 GIW
R | | 2400 Principal effective stresses ¥ Tz TO 16]00
T T I
| [ &3 (1] Geometry —] Principal total stresses 4 Ty
— B Table
7 State parameters L4
] Pore pressures L4
0,00 7]
-] Groundwater flow L4
[ Line loads ] Heat flow 4
'Q’ CDI:‘ Water loads ]
5[] Nades _ Plastic points Ctrl+6
2 |2 . 8,00 —
. "] i
© V] stress points ] E=  Fixed-end anchors
7 EH  Node-to-node anchors
e 3 Wells
-16,00 &
n ] E= Drains
=
- 7
24,00
]
i —

Figure 6. 75. Selection of horizontal effective stresses, o'y, display

In Figures 6.76-6.79 the horizontal effective stress, o'y, are shown for Initial Phase
and Phases 1, 3 and 6.
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[kNjm3]

EAVAVAVAAVATAVAVAYAYAN AN
EVANVATAN P N oy v SN
N VAT VATA Y

Cartesian effective stress o',
Maximum value = -2,646 kNjm? (Element 3 at Node 477)
Minimum value = -124,1kN/m? (Element 741 at Node 4752)
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Figure 6. 76. Horizontal effective stresses, ¢, in the Initial Phase
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Cartesian effective stress @',
Maximum value = -0,1654 kN/m? (Element 95 at Node 7032)
Minimum value = -127,0 kNjm? (Element 751 at Node 3912)
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Figure 6. 77. Horizontal effective stresses, ¢y, in Phase 1
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A u'»"-‘v'v
i AT A nﬁi i ‘A: VAV AVAW: S
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Cartesian effective stress o', ,
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Minimum value = -167,7 kijm? (Element 605 at Node 5745)
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Figure 6. 78. Horizontal effective stresses, ¢, in Phase 3

Cartesian effective stress o' .,
Maximum value = 3,220 kijm? (Element 26 at Node 2165)
Minimum value = -257,1 kijm? (Element 832 at Node 5001)
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-220,00
240,00

-260,00

Figure 6. 79. Horizontal effective stresses, ¢, in Phase 6
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Finally, we are going to study the flow net for the last phase (Phase 6).

In order to display the equipotential lines, we select ‘Stresses’, ‘Pore pressures’ and,
finally, we choose ‘Groundwater head’ option. Figure 6.80 shows the equipotential
lines for Phase 6.

e

STATAVAVAVAVAY
T v

Groundwater head
Maximum value = 0,000 m (Element 1 at Node 433)
Minimum value = -8,000 m (Element 670 at Node 3655)

Figure 6. 80. Equipotential lines display in Phase 6

As can be observed, PLAXIS Output proposes a default legend that, occasionally,
should be modified (click with the right mouse button on the legend, ‘Legend
settings’ options, Figure 6.81), since those points above the phreatic level are
automatically given the potential value of its position. Therefore, to show a strict flow
net, we must only present those equipotential values between -5.5 (initial phreatic
level) and -8 (excavation button value), Figure 6.82.
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[m]
0,50
-1,00
/ "\ |

-2,50

Ly Copy..
£ print.. Cirl+P
\/\ Select all Ctrl+A

] Scale..

Legend settings...
+L Scanline

Settings... F10

roundwater head .
Cross section

F 0,000 m (Element 1 at Node 433)
Table Ctrl+T

ag &

B,000 m (Element 670 at Node 3686)

Structures

Figure 6. 81. Legend adjustment selection

Legend settings g

Scaling
(Z) Automatic
Manual
Minimum value m
Maximum value -5,500 |%
MNumber of intervals m

Colouring

[ Grayscale
Largest signal value up

[ oK ] l Cancel

Figure 6. 82. Manual assignment of the parameters of the legend
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The flow net is displayed in Figure 6.83.

Groundwater head
Maximum value = 0,000 m (Element 1 at Node 433)
Minimum value = -8,000 m (Element 670 at Node 3686)

Figure 6. 83. Equipotential line representation in Phase 6

If we want to know the pore pressure distribution, we select ‘Stresses’, ‘Pore
pressures’, Pyaeroption (Figure 6.84).

[kn/m2]
0,00

-20,00

-40,00

-60,00

-80,00

-100,00

-120,00

-140,00
-160,00

= Pore water pressures p,__.. (Pressure = negative)
Maximum value = 0,000 kN/mz (Element 1 at Node 751)
Minimum value = -155,0 kN/m2 (Element 741 at Mode 4752)

Figure 6. 84. Pore pressure representation in Phase 6

To display the velocity vectors in the net flow, we select ‘Stress’, ‘Groundwater
flow’, |q| (select ‘Arrows’ options), Figures 6.85-6.87.
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Lt PLAXIS Qutput 2D - [Excavacién en terreno heterogéneo 8 metros de profundidad - Calculation results, Excavacicn final [Phase_8] (7/57), Groundwater |
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Figure 6. 85. Velocity vectors representation selection

Groundwater flow |g| (scaled up 5,00 times)
Maximum value = 0,2513 m/day (Element 1015 at Stress point 12159)
Minimum value = 1,222*10 5 m/day (Element 125 at Stress point 1491)

[mfday]

Figure 6. 86. Velocity vectors of the flow net in Phase 6
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Figure 6. 87. Velocity vectors of the flow net in Phase 6 (zoom below the excavation)

In order to know the groundwater flow in the excavation, we use ‘Cross section’
option (Figure 6.88).

ey [5] Geometry

- &y || Plates

- @[] Node-to-node anchars
- @[] Embedded beam rows
= |2 Interfaces

- ey [ Soils

- (ﬁ Line loads

- [ water loads

- |v| Nodes

- (3 || Stress points

]

<7
Wl

1 Cross section
Draw a line
= Shift draws a perpendicular line

Figure 6. 88. ‘Cross section’ option selection
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We choose coordinates (15, -8) and (30, -8) to define the section (button of the
excavation). Although it is possible to select these coordinates in the workspace, it is

better to introduce them in the emerging window (Figure 6.89).

Cross section points :li MJ
First point (A)
X 15,00 Hom
Y -8,000 Hom
Second point (A*)
X 30,00 = om
Y -8 = m
OK l l Close

Figure 6. 89. Coordinate selection for the cross section where we want to obtain the

groundwater flow

The discharge flow at the excavation button appears in Figure 6.90, and it is 0.63

3
m>7day/m.
IiAnammnni]
Y
X
Groundwater flow |q| (scaled up 50,0 times)
Maximum value = 0,06033 m/day
A Minimum value = 0,02910 m/day
Total discharge is 0,6327 m3/day/m

Figure 6. 90. Groundwater flow at the excavation button due to the flow net
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Exercise 07
Pile foundation under bridge deck support

7.1 INTRODUCTION

On a terrain made of three soil layers, an embankment is built (with three layers of
two meters thickness) to place a bridge deck support and a pile foundation. The
different soil layers consist on two materials (sand and clay).

The first layer is built in a 3-day period and, once it is finished, we wait 25 days to
build the second layer. This second layer is also built in a 3-day period, and the
third layer is started once 50 days have passed. Finally, the last layer is built also in
a 3-day period and it is kept for 75 days. The three layers consist on sand material
with the same properties as the sand in the foundation soil.

Once the embankment is built, a cutting is excavated with a total depth of 2 meters,
a width in the bottom of the cutting of 6 meters and 2H:1V slopes in both sides.
Afterwards, the foundation and the support are built.

Finally, part of consolidated embankment is removed to create a slope (2H:1V) that
allows the construction of the linear work that will be placed under the bridge, and
the back of the support vertical plate is filled.

7.2 GEOTECHNICAL PARAMETERS, AND PLATE AND PILES
PROPERTIES

Tables 7.1 and 7.2 show the geotechnical parameters of the sand and the clay that
appear in the three layers of the initial terrain, as well as in the three embankment
layers (sand). The position and thickness of the layers are defined in the following
points.
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Geotechnical parameters of sand

Material Sand
Constitutive model Mohr-Coulomb
Material behaviour Drained
Soil unit weight above phreatic level (Yunsar) | 17.5 kN/m?
Soil unit weight below phreatic level (ys) | 20 kKN/m?
Young’s modulus (E") 31500 kPa
Poisson’s ratio (v') 0.28
Effective soil cohesion (c") 0 kPa
Effective friction angle (¢") 32°
Effective soil cohesion (c') 0°
Horizontal hydraulic conductivity Ky 0.4 m/day
Vertical hydraulic conductivity Ky 0.1 m/day
Rinter (strength reduction factor inter.) 0.7

Table 7. 1. Geotechnical parameters of sand

Geotechnical parameters of clay

Material Clay

Constitutive model Mohr-Coulomb
Material behaviour No drenado tipo A
Soil unit weight above phreatic level (Yunsat) | 19 kN/m3

Soil unit weight below phreatic level (ys.) | 19 kN/m?
Young’s modulus (E") 13500 kPa
Poisson’s ratio (V') 0.33

Effective soil cohesion (c') 5 kPa

Effective friction angle (¢") 22.5°

Effective soil cohesion (c") 0°

Horizontal hydraulic conductivity K

5.5-10* m/day

Vertical hydraulic conductivity K,

2.1-10* m/day

Rinter (strength reduction factor inter.)

0.5

Table 7. 2. Geotechnical parameters of clay
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Tables 7.3 and 7.4 present the properties of support plates and piles.

Properties of support plates

Material type Elastic

Isotropic Yes

Normal stiffness (EA) 3-107 kN/m
Flexural rigidity (EI) 2.5-10° kN/m*/m
Unit weight (w) 24 kKN/m/m
Poisson’s ratio (V) 0

Table 7. 3. Material properties of support plates

Properties of the piles

Young’s modulus (E) 3-107 kN/m?
Unit weight (y) 14 kN/m?3
Pile type Pre-defined
Type of pre-defined pile Solid circular
Diameter 0.6 m
Spacing out-of-plane (Lspacing) 2m

Axial skin resistance Linear
Initial axial skin resistance (Tskin,start,max) 10 kN/m
Final axial skin resistance (Tkin.end,max) 100 kN/m
Base resistance (F_max) 1000 kN

Table 7. 4. Material properties of piles

7.3. RESOLUTION OF THE PROBLEM WITH PLAXIS 2D
7.3.1 Introduction of the project parameters

The name of the problem can be ‘Pile foundations under bridge deck support’. In
‘Model’ tab we check if ‘Plane strain’ option is selected in model and ‘/5-Noded’
in elements. We define the workspace contour with the values in Table 7.5.

Xmin 0 m
Xmax 70 m
Ymin -25 m
Ymax 9 m

Table 7. 5. Project contours
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In “Constants’ tab we keep the default values.
7.3.2 Definition of the initial stratigraphy and the three embankment layers

We only create a borehole in point (0, 0). We add 6 layers in ‘Modify soil layers’
window. The thickness of each layer is presented in Figure 7.1 (natural terrain
consists on layer 4, 5 and 6, while the embankment consists on layers 3, 2 and 1).

e Moedify soil layers
Borehole_1 |
55 Add 5§ Insert 53 Delete
X 0,000
Head -4,000 Soil layers  water Initial conditions  Field data
Layers Borehole_1
# Material Top Bottom
1 Arena 5,000 4,000
E.000
2 Arena 4 000 2,000
T z Arena 2,000 0,000
0000 == 4 Arena 0,000 -4,000
5 Ardilla -4,000 -13,00
-E i 6 Arena -13,00 -23,00
-10,00 !
15,00 \
-20,00
HE Boreh|

Figure 7. 1. First and only borehole to define initial terrain and embankment

The phreatic level is located 4 meters below the initial ground surface. Once the
different layers have been created, we must create the two materials to model soil
and, afterwards, those for plates and piles. In order to define both sand and clay, we
click on ‘Show materials’ button. In ‘Set type’, we select ‘Soil and interface’, ‘New’

and introduce the geotechnical parameters of sand first, (Table 7.1) and then, those
of clay (Table 7.2).

Now, we have to define the material to model support plates. In ‘Set fype’, we select
‘Plates’, ‘New’ and introduce the properties of plates (Table 7.3). Finally, we define
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the material for piles. Again in ‘Set type’, we select ‘Embedded beam row’, ‘New’
and introduce the material in Table 7.4.

The three embankment layers (2-meter thickness each) are sand. The first layer of
initial soil (4 meters) and the deeper one (10 meters) are also sand material, while
the middle one (9-meter thickness) is the only one that presents clay (Figure 7.2).

Figure 7. 2. Stratigraphy of initial terrain with the three embankment layers

7.3.3. Definition of support, piles, interfaces and lines to excavate and carry out
the cutting

We go to ‘Structure’ geometry mode. We draw two lines to create the support
plates. These lines have the coordinates presented in Table 7.6.

Line Xinitial Yinitial Xfinal Yfinal
1 37m 6m 37m 4m
2 33m 43 m 37m 43 m

Table 7. 6. Coordinates for the two lines that define the plates

We click on line 1 with the right mouse button, select ‘Create’ and then ‘Plate’. We
select line 1 again with the right mouse button. In ‘Plate’ we click on ‘Set material’
and finally we choose the material we have previously created for this. We do the
same for line 2. We also must create positive and negative interfaces for both plates.
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In order to create the piles, we draw to vertical lines with the coordinates presented

in Table 7.7.

Line | Xinitial Yinitial Xfinal Yiinal
3 34m 43 m 34m -18 m
4 36m 43 m 36 m -18 m

Table 7. 7. Coordinates for the two lines that define the piles

We can see that both piles are separated by 2 meters. We click on line 3 with the
right mouse button, select ‘Create’ and then ‘Embedded beam row’. Then, we select

again line 3 with the right mouse button, in ‘Embedded beam row’ we click on ‘Set
material’ and choose the material we have created before for this. We do the same

for line 4.

Finally, we define the lines that will define the cutting and the excavation. The line
coordinates are presented in Table 7.8.

Excavation for plates and piles

Line Xinitial  Yinitial Xfinal  Yfinal
5 27 m 6m 3lm |4m
6 37 m 4m 41m | 6m

Excavation for plates and piles
Line Xinitial  Yinitial Xfinal  Yinal
[ 7 [3lm [4m  [23m [O0m |
Table 7. 8. Coordinates of lines for cutting and excavation
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Figure 7.3 show plates, piles, interfaces and excavation and cutting lines.

o -

Figure 7. 3. Definition of plates, piles, interfaces and cutting and excavation lines

7.3.4. Problem meshing

We go to ‘Mesh’ geometry mode, click on ‘Generate mesh’ and choose a medium
element definition. Figure 7.4 shows the created mesh.

SANANANANANANAN
VA VA A VA VAV
SN ANAVAVAVAVAVAVAY

LV AV AVATAY S
FATAVATAVAY

J
/Dex

N

Figure 7. 4. Problem meshing
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7.3.5. Project phases
The project presents 11 phases:

e Initial Phase. The only activated elements are the three terrain layers, so
we must deactivate the three embankment layers and check that plates, piles
and interfaces are also deactivated. In ‘Calculation type’ we choose ‘K0
procedure’. In ‘Loading type’ we select ‘Staged construction’, and finally,
in ‘Pore pressure’ we select ‘Phreatic’ option.

e Phase 1. The first embankment layer is built. We activate then the first
embankment layer and check that the rest of elements are still deactivated.
In ‘Calculation type’ we choose ‘Consolidation’, in ‘Loading type’ we
select ‘Staged construction’, in ‘Pore pressure’ we choose °‘Phreatic’
option and in ‘Time interval’ we write 3 days.

e Phase2. Consolidation of the first embankment layer. This phase is the
same as Phase 1, but with a different time interval (25 days).

e Phase 3. Construction of the second embankment layer. For this we
activate this second layer. The other options are the same as in Phase 1.

e Phase 4. Consolidation of the second embankment layer. This phase is the
same as Phase 3, but with a different time interval (50 days).

e Phase 5. Construction of the third embankment layer. For this we activate
this third layer. The rest of the options are the same as in Phase 3.

e Phase 6. Consolidation of the third embankment layer. This phase is the
same as Phase 5, but with a different time interval (75 days).

e Phase 7. Excavation for the installation of plates and piles. We must
deactivate the soil between lines 5 and 6 (Table 7.8, Figure 7.5). The rest of
the options are the same as in Phases 1, 3 and 5.
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&

\

Figure 7. 5. Phase 7. Excavation for the installation of plates and piles

e Phase 8. Construction of plates and piles. We must activate plates,
interfaces and piles. In ‘Calculation type’, we choose ‘Consolidation’, in
‘Loading type’, we select ‘Staged conmstruction’, in ‘Pore pressure’ we
choose ‘Phreatic’ option and in ‘Time interval’ we write 10 days (Figure
7.6).

A

Figure 7. 6. Phase 8. Activation of plates, interfaces and piles

e Phase 9. Cutting construction. We must deactivate the polygons on the left
of lines 5 and 7 (Table 7.8). We activate the portion of soil in the right of
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the vertical plate. The rest of the options are the same as in Phase 8 (Figure
7.7).

 J

Figure 7. 7. Phase 9. Deactivation of cutting and activation of soil portion on the right of the
vertical plate

e Phase 10. Final consolidation time. In ‘Calculation type’ we choose

‘Consolidation’. In ‘Loading type’ we select ‘Minimum pore pressure’. In
‘Pore pressure’ we select ‘Phreatic’ option. In ‘P-stop’ we write 10 kPa.

Once all phases have been defined, we click on ‘Calculate’ button, and we display
results in PLAXIS Output by clicking on ‘View calculation results’.
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7.3.6. Results of the problem for the Final Consolidation Phase

All the representations in this point are referred to the last project phase (Final
Consolidation Phase). Figure 7.8 present the deformed mesh of the problem.

0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 74

&
=]
=]

|

@
f=1

|D |D |
bbb b b

D
-
=3
=]

Deformed mesh |u| (scaled up 20,0 times)
Maximum value = 0,09689 m (Element 56 at Node 7626)

Figure 7. 8. Deformed mesh in the Final Consolidation Phase

Total displacements, |u|, horizontal displacements, u,, and vertical displacements,
u,, are presented in Figure 7.9, 7.10 and 7.11 respectively.
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0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
PRI N Y O O T T O S U VNNV VORI A A
8,00 — p
0 - 103 m]
E . e
0,00
_ 75,00
| 60,00
-8,00 -
= 45,00
= 30,00
-16,00 |
- 15,00
3 0,00
-24,00 _
i €
Total displacements |u|
= Maximum value = 0,09689 m (Element 56 at Node 7626)
Figure 7. 9. Total displacements, | |, in the Final Consolidation Phase
0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
o bbbt b b b b b b b e b b b e b Lo b ba i 1
800 =107 m]
— 6,00
. 2,00
0,00
T -2,00
. -6,00
-8,00
— -10,00
—_ -14,00
-16,00 ]
a -18,00
—] -22,00
24,00 |

Total displacements u,
Maximum value = 4,686%10 m (Element 274 at Node 1321)

Minimum value = -0,02123 m (Element 583 at Node 1431)

Figure 7. 10. Horizontal displacements, u,, in the Final Consolidation Phase
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0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
PRI N N I N NI O T A OV (VOO A N AN S AV VO A IO
8,00 7 =10~ m]
- 5,00
. -10,00
0,00 7
. -25,00
— -40,00
-8,00 —
— -55,00
— -70,00
-16,00 ]
E . -
- -100,00
-24,00
Total displacements u,,
= Maximum value = 2,226%10° m (Element 369 at Node 756)
Minimum value = -0,09684 m (Element 56 at Node 7626)

Figure 7. 11. Vertical displacements, u,, in the Final Consolidation Phase

‘Plastic points’ (those which have reached a plastic state from the efforts point of
view) are shown in Figure 7.12.

0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 I

el b b b b b b b b b B b b b b b b
8,00 |
0,00
8,00 |
-16,00 _|
-24,00 _|

Plastic points
M Failure point O Tension cut-off point

Figure 7. 12. ‘Failure points’ (red) and ‘Tension cut-off points’ (white) in the Final
Consolidation Phase
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Figure 7.13 presents the excess of pore pressure.

0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
Lo Lo b b v b b b b b b b b b b b b s L
8,00 | [kh/mz]
_ 10,00
. 8,50
0,00 ]
] 7,00
— 5,50
8,00 —
| 4,00
— 2,50
-16,00 ]
— 1,00
. -0,50
-24,00 ]
= Maximum value = 9,623 kiN/m2 (Element 522 at Node 1742)
Minimum value = -0,1113 kN/m2 (Element 504 at Node 1493)

Figure 7. 13. Excess of pore pressure in the Final Consolidation Phase

Bending moments, axial forces and shear forces on the left pile are shown in
Figures 7.14, 7.15 and 7.16, respectively.

0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
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Bending moment M (scaled up 0,0500*10 > times)

< Maximum value = —16,98"103 kMmy/m

Minimum value = -58,29*103 kMm/m

Figure 7. 14. Bending moments on the left pile in the Final Consolidation Phase
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00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
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Figure 7. 15. Axial forces on the left pile in the Final Consolidation Phase
00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
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< Maximum value = 672,5 kN/m
Minimum value = -8,951 kN/m

Figure 7. 16. Shear forces on the left pile in the Final Consolidation Phase
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Bending moments, axial forces and shear forces on the right pile are shown in
Figures 7.17, 7.18 and 7.19.
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Figure 7. 17. Bending moments on the right pile in the Final Consolidation Phase
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Figure 7. 18. Axial forces on the right pile in the Final Consolidation Phase

206



Exercise 07. Pile foundation under bridge deck support

,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00
Lo b b b b b b b b b B b b b b b i
8,00
—_ <7
5 vy AVAVZAVAVAVANANEN
0,00 BN ANNSIN LA
- =
-8,00 -
-16,00 |
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Figure 7. 19. Shear forces on the right pile in the Final Consolidation Phase
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