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1.- Introduction

1.1.-Embedded walls

Probably one of the most common features in ciwgieeering designs is that they
interact with the ground. One common situatiorhat at some stage of the construction
procedure lateral forces exerted by vertical oy vited surfaces have to be resisted to

permit a convenient development. That is the rbkaoth retaining structures.

The following three types of retaining structures ®e distinguished: (EN1997-1:2004
9.1.2 (1))

- Gravity walls, in which the weight of the wall, setimes including stabilizing

masses of ground (stem walls), plays a significaletin the support of the

|

retained material.

-

Gravity Counterfort Cantilever Reverse cantilever

Figure 1.1. Gravity retaining walls. Reelaborated from Potts & Zdravkovic (2001). Chapter 3 75-76.

- Embedded walls, which are relatively thin wallsstdel, reinforced concrete, or
timber. These walls either rely for stability sglen the earth resistance due to
the passive earth pressure in front of the walstftever walls) or are supported
by anchorages and struts (supported walls). Thdibgmesistance of an
embedded wall plays a significant role in the suppbthe retained material

compared with the weight of the wall.
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Figure 1.2. Embedded walls. Reelaborated from Potts & Zdravkovic (2001). Chapter 3 75-76.

- Composite retaining structures, which include watimbining elements of the
previous two types. Typical examples are cofferdantsreinforced earth and

nailed structures.

oy ]

Figure 1.3. Composite retaining walls. Reelaborated from Potts & Zdravkovic (2001). Chapter 3 75-76.

Within these, the embedded walls are used to sufip®sides of deep excavations,
guay walls, abutments, to limit ground movements @ncontrol groundwater. This
kind of earth retaining structure is widely useddugse of its high performance
regarding the height achieved, respecting impopadeslimitations, achieving small
deflection tolerances and providing structural cifgpaSheet pile walls, diaphragm
walls, contiguous bored pile walls and secant\ddls are examples of this type of
wall (Potts & Zdravkovic, 1999)



1.2- Regulations in design of embedded walls

Eurocode 7 has been the primary geotechnical deside in Europe since 2010 (Potts
& Zdravkovic, 2011). The aim of Eurocode is “th@rehation of technical obstacles to
trade and the harmonisation of technical speciboat (EN 1997-1:2004:P5). Ten
interlinked standards provide structural desigeswlith the added value of making
consistent the criteria for design in sub-strucamd super-structure (Appendix A).
Geotechnical design is treated in Eurocode 7 (ETs document consists of two
parts: Part 1 explains the basis for geotechniesigth and Part 2 defines field and

laboratory testing.

All design should be satisfying the prescriptioosdll design situations. These should
be selected so as to encompass all conditions velnecheasonably foreseeable as likely
to occur during the construction and use of thecstire (R Frank et al, 2004). The
different design situations for ultimate and seswaigility limit states are defined in EC7.
Particularly in geotechnical design, assessmentass permeability of saturated
ground and its flow conditions compared to congtomcand use time might lead to

both drained and undrained situations having todmesidered for the design situations.

The durability is a relevant consideration in Ewdes, understood as the ability of the
structure to keep in an appropriate state for nsts idesign life, considering
maintenance. Maintenance or even inspection is afifficult or impossible for
embedded walls. Hence, aggressiveness of the envénat and degradation of

materials over time should be taken into accounlesign.

Controlling the level of risk in design leads todide to make the appropriate decisions
to balance the economic motivation of designs whiebd fewer resources (material,
workmanship, time). This is covered by the codegrattise, like EC7, which regulate
the engineering practise. Numerical methods am@gedul tool to be able to design for
more complicated solutions and more optimised aasighen, the treatment of the
design values should be clear enough in ordertishgdhe imposed regulation with the
wished level of precision and accuracy, which treghrads allow to reach. Part of this is
the guidance missing in geotechnical design ancesaiiits aspects are the points to be

investigated for embedded walls.



The guidance to generate design values is noajositter of defining the use of partial
factors or just defining their values but involediable material characteristic values
which are selected according to testing, strudiype or experience; so it is a more

general problem (Appendix A).



2.- Methods of Analysis of embedded walls

The design of an embedded wall will result in tieéedmination of the embedment
depth and the detailing of structural design (th&ss, steel disposition in concrete).
Furthermore, overall stability should be maintairesiwell as the Ultimate limit states
and serviceability limit states which apply and described by EC7 (See
Serviceability/Ultimate limit state design of emided walls).

The traditional method for design is based in liegtilibrium method; however the use
of numerical methods is becoming more common. Titefelement method is
generally accepted a tool for assessing the sevility limit state for geotechnical
structures whereas the factor of safety at thenali limit state is more commonly
determined by conventional limit equilibrium metlsotiowever, the different ways of
implementing FEM result in discussion about thecpealings. FEM are the only tool
which satisfactory evaluates displacements, amgireral, the requirements of
Serviceability Limit States. Its incorporation metdesign practise raises the possibility
to extend its application to Ultimate Limit Stadumerical analysis can deal with the
requirements but is lacking in the definition obpedures for design practise.
Schweiger (2005) states that numerical methodsde®d capable of evaluating the
factor of safety for various types of problems ibig not clear if results from the
applications of the finite element method to detaanhe factor of safety comply what

is intended in respective standards and codes.



2.1.- Design of embedded cantilever walls with limiting earth pressure
method

In general, in geotechnics, the complexity of tbegegning equations of the problem
make it impossible to deal with the exact solufmntraditional methods; therefore the
need of simplifications when calculating embeddedlsnby means of hand

calculations.

In this context, the limiting earth pressure methaxlan application of limit
equilibrium, has been widely used. The key consitiien of this method is that the wall
will rotate about a point near its toe and mobiastéive earth pressure and passive
resistance in the sides of the wall. In additicgréhis the possibility of accounting for

pore water pressures, adhesion and friction or ex&rnal surcharges or anchors and

props.

A series of assumptions are applied, and horizagailibrium and moment
equilibrium about the toe are imposed. As a remukmbedment depth is determined.
To ensure the design is conservative an empirmaékation factor (~20%) increases
the embedment depth. This allows for the geomseinplifications and analytical

assumptions.

The determination of the bending moment distributcarried out integrating the
distributed forces along the depth of the wallm&lastic beam and imposing assumed
boundary conditions. This assumption depends ovique knowledge of the behaviour
of the wall from the ratio retained height — embeatidepth. The two typical cases
checked are known as free/fixed support. For tis¢ dine it is usually assumed zero
reaction and moment at both ends of the domain.eédewfor the fixed case the
conditions are the top of the wall are the sameabtlte bottom the no reaction
condition is replaced by the no horizontal dispfaeat condition (rotation permitted).



The referred common assumptions of the method are:

- Rigid wall
- Soil rigid perfectly plastic
- Limiting lateral earth pressures apply

- Assumed failure mechanism: horizontal translatiorotation about a point

The method and the exact solution of the probleth beguire imposition of
equilibrium, but the method omits compatibility clitions, boundary conditions and
excessively simplifies the constitutive models stiet the modelling of the soil-
structure interaction is compatible. As a resufipar modelling of the soil-structure

interaction is obtained.

As a result of these assumptions one should caniddimitations of the method. It is
known that the assumptions don’t occur in the whilolsain, but are required to permit
a hand calculation. This already highlights therglmmmings of the method and the
potential advantages of a numerical approximatoiné exact solution of the problem

in terms of the mechanics of continua.



2.2.- Geotechnical design with numerical methods:

The design of structures with EC7 requires satigfyhe conditions imposed by the
Ultimate Limit States and Serviceability Limit Stat The traditional tool used to solve
the problem is the limit equilibrium method, whishbased in strong assumptions, and

consequently presents limited range of applications

Alternatively, the advantages of finite elementshnds are (Potts and Zdravkovic,
1999):
- Equilibrium and compatibility requirements saesfi(determination of
deflections),
- utilisation of more advanced constitutive soil misgde
- realistic in situ boundary conditions applied,
- definition of construction and working states igiagle model,
- interaction between structures can be simulated,
- the analysis predicts behavioural mechanism. Sgex€2005) highlights the
potential of numerical methods in taking into aauosoil-structure interaction
when investigating failure mechanisms. A significafiort of not having to

check for all possible mechanisms is being savebdalesigner.

FEM ideally suit calculations for serviceabilityrit state checks, where marked
improved accuracy for predicting stresses, foreesdeformations under working loads
in soil-structure interaction problems is reach¢odwever, the application for ULS
which results depend on how partial safety facaoesapplied, is not clearly comparable

to the definitions in codes.

Hence, it can be stated that finite element metlpodgide all the information required
from the analysis, take into account all the pples governing the mechanics of the

problem and allow to adjust in the design accuyadal precisely the key parameters.
To implement them for ULS, guidance on the applicet of factors of safety from the

codes is desirable.
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2.2.1.- Finite element modelling for earth retaining structures

Numerical analyses are widely used in practicatgdmical engineering to assess the

deformation behaviour of deep excavations, in paldr when the influence on existing

infrastructure such as buildings or adjacent tunhek to be evaluated. It becomes

increasingly common to use results from numerioalysis as basis for the design
(Schweiger 2009).

A good modelling of the problem involves all relavanformation of the soil and the

structure taken into account; then the represemtaighaviour can be simulated. In the

context of retaining structures, the following psideserve consideration:

Symmetry. Real problems are 3D, the assumptiona & representation
(usually axisymmetry / plane strain) must not dogyfulfilled in geometry but
in stress distribution, soil properties, groundditons and construction

sequence.

Geometry of the domain. The imposed boundary cmmditare not exactly what
reality present so the points relevant for thelteshould not be strongly
influenced by the boundary conditions but bettaregpned by the equations
representative of the problem. This affects thaaghof depth and lateral extent
for the mesh. Symmetry might fix the position ofreoboundary. Stratigraphy
gives guidance where to allocate the bottom, stetifigayers (mechanical
properties of which usually increase with depthkenthe analysis less sensitive
to the allocation of the bottom boundary. Differeanstitutive models present
different accuracy depending upon the allocatiothefvertical boundary; those

which describe small strain effects accuratelyquenfbetter.

Support systems are not easy to introduce in theething. It should be
distinguished the way in which are attached tosthecture and the soil, and the
way in which affect the system. Connections shoefghect
compatibility/boundary (no displacement) conditipastive, passive and stress
dependent systems should be taken into accousteiifly. Some of them even
show dependency with flow regimes. Details can liyigifluence bending

moment distributions and displacements.
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Choice of constitutive models for structural matksiand for the ground.

Structural elements are usually represented witiali elastic models (enough
for the range of stress in which are working). Umieced concrete behaves
differently in tensile areas. Schweiger (2005) vgdirtat one could be misled by
a calculation of a high factor of safety when dtngal elements are treated as
elastic material, an assumption which is often ptadde for investigating
working load conditions. However for deep excavaithis issue does not arise
because diaphragm walls or sheet pile walls arel@signed for plastic hinges,
although this would be acceptable under the pratsonis of the code
(Schweiger 2010).

In the soll it is convenient to distinguish betwdsaekfill material, which is well
represented by Mohr-Coulomb or Lade models; arsitinmaterial from the
excavation, for which models taking into accoumlimeearity at small strains
and soil plasticity show more accurate resultsweafper (2010) shows that the
choice of the constitutive model for the soil hadiract consequence for the
design because different constitutive models leatifferent design forces; and
states that the simple elastic perfectly plastidet® are not capable of
representing the stress strain behaviour of soiiectly and therefore it remains

questionable whether they should be used for dgsigmoses.

The construction method for excavation affects sswariables of the problem:
Initial soil stress is highly influencing nonlineaonstitutive models, and
construction may not respect the greenfield coonliti Execution of the wall
modifies ground water conditions and introducestnelated behaviour
(consolidation coupled, change of stress conditchresto hydraulic gradients).
In the case of needing dewatering conditions owtdter supply, this will affect

the flow regimes and consequently the analysi®problem.
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2.2.2.- Finite element modeling of embedded walls

Particularly, when applying FEM to embedded wallss important to consider:

Installation effects can be important to embeddatisybut most of the analyses
assume that the wall is “wished in place”. If tlemstruction holes are supported to
minimise the displacements and hence the stresgeha minimum, the former
consideration is valid for modelling. Changes ness$ are very localised with proper
executing techniques. Calculations don’t usuaket@to account 3D redistribution. 2D
plane strain analyses are likely to overestimageetfects of installation. Field
measurements for this problem are not reliablelypbecause there is little field

information available.

The type of elements to model the wall can be skdhents —appropriate for thick
walls > 0.8m — or beam/shell elements for steetspies. Solid elements permit taking
into account the moment generated in the wall ystiear stress transmitted from the
ground on the back of the wall. The behaviour efititerface can be modelled with
interface elements around the wall. In this elemém stiffness does not influence the
results but the angle of dilation with which aredalbed does.

Modelling the wall also includes assigning stiffag@arameters. A long term reduction
in stiffness for concrete walls as a consequenoesdp and cracking successfully
represents the increase in lateral displacemeutsh@nreduction in bending moments to
withstand. The wall has to be assigned a valueohpability when dealing with
groundwater (flowing). It can be treated as impeabte, permeable or can be given a
value of permeability. The important point is téleet the relative permeability of the

wall in relation to the surrounding ground.

Support systems can be used in the design of erebedalls, and their modelling is
uncertain in the following aspects: the effectitiffreess, in which effort should be put
for not overestimating, is dependent on temperatusep, bedding, concrete shrinkage
and deformable contacts. The time between excavatd installation of the support
systems and the level of prestress applied in@stiypports are variables not easy to
control. Those kind of supports require to monit@ir movements and regulate the

load applied.
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The connection details of the support systems amng immportant because they
determine if bending or tension can be transméiadl hence govern the behaviour of
the system.

Special attention deserves the modelling of graamchors, beam and interface
elements should take into account the shear stréke fixed length and a beam elastic
tendon without frictional component should be pthfe the free length. For the case
of berms is better not to use the surcharge loadnodelling them. For relieving slab is
very important to represent realistically the coiegikd soil behaviour in the interface

(only possible to proceed with a full numerical eggeh).

Long term behaviour is important to be taken irdooant for over consolidated clays
even if it takes years to be the governing phen@meRost-construction effects can be
reduced if drainage occurs during constructioneesly if the process is slow. In case
of being draining the solil, special attention skidag put when stop draining it. For
assessing swelling small strain constitutive modetsuld be considered.

Schweiger (2010) shows that the numerical modeéxoévations emphasize the fact
that elastic-perfectly plastic constitutive modsleh as the Mohr —Coulomb model are
not well suited for analysing this type of probleam more advanced models are
required to obtain realistic results. Reasonalikrdhwall movements may be produced
with simple failure criteria with appropriate cheiof parameters. However vertical
movements behind the wall are in general not weltligted, obtaining heave in many
cases instead of settlements. Strain hardeningjgtgsnodels including small strain
stiffness behaviour produce settlement thanks itagb@ore in agreement with the
expected behaviour.

14



3.- Design with Eurocode 7

Design, execution and in general all the stage®oétruction are regulated by codes of
practise. The regulations for embedded walls anepiled within Eurocode 7 (EC7- EN
1997); particularly Section 9 treats retaining stwes. This document is the code of
practise which should be complied. EC7 includesdasory rules and application rules
stating the basis for design and the requiremertegiing, all these with the aim of
reaching the harmonisation of the design prackissvever, in order to respect
differences for the allowance in the designs ifedént places with different
experiences in construction; parameters such aislpsafety factors are specified on

the National annexes.

Instead of the standard lumped factored approagedtechnical design Eurocode

establishes limit state design:

Traditional geotechnical design practice uses ghkahglobal factor of safety to prevent
failure and/or ensure that the settlements undeking loads are within tolerable levels
(Discroll et al, 2008 as cited by Blackwell, 2010).

In contrast, the limit states are defined by dgrarance criteria which is expressed in

terms of the fundamental inequality:
Design value of efect of action < Design valueasfistance (OR tolerance defined)

To fully understand and be able to apply the exqpoesabove, the following concepts
apply:

- Actions: Imposed boundary conditions to the strieet@pecified geotechnical
actions are imposed on a structure by the grouilhdy fvater. They include the
soil’s self weight, earth pressures and ground matessures, surcharges,
seepage forces, traffic loads, structural loadg]lsvg, temperature effects.
(EN1997-1:2004 2.4.2(4))

- Structural response to actions are effects of astio

- Resistance is the capacity of a part or the whbéestructure to withstand
actions without mechanical failure occurring (Blaei, 2010). This
incorporates the ground capacity to resist acteamnwell as bending, buckling
and tensile resistance within structural memb&isl1097-1:2004 1.5.2.7).

15



- Material characteristic values selected are a casitestimate of the value
associated with the limit state (EN1997-1:200422). The characteristic
strength is the best estimate of the soil's sttefigim the available site
investigation data (Potts & Zdravkovic, 2011). Arrfeexplains briefly how to

obtain characteristic values.

The stated inequality must be satisfied for evamtistate, for all action combinations,
in all the situations identified during lifetimeh@ situations to consider, the definition
of concepts like action, effect of action, and s&sice; how to calculate them, and how
to obtain the data to calculate are the guidelpresided by the code of practise. The
data for the calculations are characteristic vabfggmrameters and the results to be
compared are design values. It should be notedatrstme stage of the calculation
characteristic values are transformed into desajues by the application of a partial
safety factor, which takes into account uncertagénd inaccuracies in the parameters
and geometrical variability to ensure a safe desidpe design approaches are the rules

to guide that step.
The application of partial factor in strength paetens implies:

Cu,characteristic

Coudesian =
u,design F.O.S.
! !
’ _ tan((Z) characteristic) ’ _ C' characteristic
tan (Q) design) - F.0.S c ,design — F.0.S

where G is the undrained shear strengphthe friction angle, ¢’ cohesion parameter

and F.O.S. the patrtial factor of safety involved.

16



3.1.- Partial factoring

The benefits and drawbacks of the limit state desigh partial factors (Blackwell,
2010):

+ Separation of the ULS and SLS design casesjn@upled safety and
deformation analysis with clearly defined performariteria.

+ Compatibility with structural design codes — clagpstructure and soil design.

+ Local knowledge is retained as each member deggmines its national

parameters.

+ Individual risks and uncertainties can be appleedach component, and

combined to give the worst effect.

+ Favourable and unfavourable actions are facteepdrately. E.g. opposing

forces can’t completely cancel each other out.

- Multiple partial factors lead to confusion and dmtofial calculations.

- A defined partial factor can be applied to a raofyealues e.g. unfavourable
actions, where sources have different levels ddidity but the factoring
implies the same value of assumed confidence.

- Failure to clearly define the characteristic vabipeak, critical or residual

strength undermines the subsequent applicatiorpaftal factor.

17



3.2.- Design approaches with Eurocode 7

Design approaches (DA) define how and which pastédty factors are distributed
between actions, ground properties and resistait@dso outlines the ways to apply
them into the fundamental inequality.

Schweiger (2005) states that the various desigroappes differ in the way the partial
factors of safety are applied to soil strengthistaace and different types of loads
(actions). Although the original aim of EC7 wasttsure a unified design approach
throughout Europe; it is unfortunately left to thetional annexes which of the
suggested approaches will be relevant for a pdati@ountry. In this context, although
numerical methods are mentioned in EC7 as a pesdédign tool, not all of the design
approaches can be applied in a straightforward eranithin the framework of

numerical modelling.

DAL separately looks at failure in the soil anduia in the structure using two
combinations of sets of partial factors. The paftietors are applied at an early stage to
the representative values of the actions and seihgth parameters except if this leads
to physically impossible situations, case in whact applied to the effect of the action;
or for piles and anchorages, cases in which arkeabio the calculated resistances.
Combination 1 usually conditions structural sizargl focuses on design against
unfavourable variability of actions, while desigalives of ground properties are equal
to their characteristic values. Combination 2 gosegeotechnical sizing, factoring less
restrictively actions but also factoring grouncestgth parameters and resistances. This

is the recommended approach in the UK.

In DA2 a set of partial factors is applied. It d@applied to the ground resistance and
the actions or to the ground resistance and tleetsfbf the actions.

In this last case(E)E < R#(R) so the overall factor of safetyyE)-y(R). In the
implementation of this procedure various componehtle actions (i.e. permanent,
variable) account for different partial safetyttas and the separation is not

transparent. This is commonly referred as DA2*

One way of dealing with DA2 could be that the as@lys performed in terms of the
unfactored strength parameters for the soil; arcctirespondent bending moments,

18



anchor forces and passive resistance is factorekeoyespective partial factor of safety
in order to produce design values. However, duetdinear soil behaviour this is not
quite what DA2 intended to be, although differenaesprobably not very significant

for internal forces may be significant in termspafksive resistance (Schweiger 2005).

When calculating design values of effects of actisimg DA2* a linear approximation
is performed. Let M1 and M2 the values of the algae.g. bending moment with and

without the variable load applied (generally M1 2MThen:

Mgesign = 1.35 X M2 + 1.5 (M1 — M2)

DA3 factors characteristic values of actions frdwa structure separately to the
geotechnical actions, which are factored by thengiih parameters. Also proposes

factoring soil strength parameters in terms ofstesice.

_ Actions Soil strength parameters )
Design Passive
Permanent ) )
Approach Variable | tan@) c Cu resistance
unfavourable

DA 1/1 1.35 1.5 1.00 1.00 1.00 1.00
DA1/2 1.00 1.30 1.25 1.25 1.40 1.00
DA2 1.35 1.50 1.00 1.00 1.00 1.40
DA3 1.00 1.30 1.25 1.25 1.40 1.00

Table 3.1. Partial safety factors recommended by EC7 for each design approach.

3.2.1.- Differences and issues with design approaches

The main difference between the methods is wheliegepartial safety factors are
applied to a “primary” variable, e.g. the matepabperties and applied actions (DA1
and DA3), or to the “secondary” results i.e. cadted values including the resistances
and action effects (DA2). (Discroll & Simpson, 2084 cited by Blackwell, 2010).
Schweiger (2005) analyses an embedded proppedamdliconcludes that when
investigating the different approaches, results@easonably consistent with respect to
design bending moments and strut forces but desilyres for passive resistance are

more difficult to assess when different approacdrescompared.
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Given the uncertainties inherent in any analysigaatechnical engineering the
differences due to the different approaches seeeptable provided a suitable
constitutive model is employed (Schweiger 2010).

The reason for applying the factors of safety aseko the uncertainty as possible is the
nonlinear relationship between action and effe@ation, making sure the design
values are a safe estimate. This nonlinearitygsicant in embedded retaining wall
design, earth pressures depend nonlinearly ongaarfd in addition, bending moments
increase nonlinearly with earth pressures. Consgtyié would be preferred to factor

tan (@ rather than the bending moments.

On the other hand, if applying factors at the seusmot realistic (in pore water
pressures) and result in physically impossiblesstetates then factors are applied not to

the action but to action effects.

It should be noted that the different proceduresimronsistent when it comes to
passive earth pressures. These are factored agesigtances in DA2 (factor 1.4) but
left unfactored (factor 1) in DA1 and DAS as ar@sidered favourable geotechnical
actions. Values for active and passive earth pressaased on DA2 do not correspond
to the results from DA3 analysis. The differenaesarth pressure distributions can be
interpreted justifying that due to the reductiors@il strength the passive pressure
increases slightly in the analysis due to a highebilisation caused by increasing wall
deflection (Schweiger 2005). It should be noted this issue does not appear in limit
equilibrium because the factoring of the passivéhgaressure is possible separately as
is treated as an input of the equilibrium methdteathan an intermediate result.

When analysing the application of the design apgres in numerical modelling,
Schweiger (2010) points out that DAL is basicalgoabination of DA2 and DA3. This
means that the application of a partial safetyoiaassociated with a particular action,
soil strength parameter or resistance is perforeider in the same manner as DA2* or
DA3. Consequently, it could be it could be consadera conceptually intermediate
approach. However, one must consider that theteeard not linear combinations, so
differences like the effects of the water presfugiag fully factored in DA2 whereas
they are not in DA3 can lead to important diffeembetween the approaches (e.g. pore
water pressures at both sides of the wall in saaseswill cancel each other or they

will not if factoring on them is applied.)
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3.3.- Accounting for partial factors of safety in numerical analyses

The design approaches can be implemented by méans methods when considering

finite element analysis (Bauduin et al, 2000):

1. Load and Resistance Factoring Approach (LRFA): & action effects and

characteristic values of resistances are factored.

This approach is more convenient when considehagthe full load history can be
simulated. Factors are applied for the checks btiehistory dependent variables are

simulated with its characteristic values.

One problem when using numerical methods arisesusecDA1/1 and DA2 require
permanent unfavourable actions to be factored fpyraal factor of safety, e.g. the earth
pressures acting on structural elements such asireg walls and tunnel linings. This

is not possible because in numerical analysesdtib pressure is a result of the

analysis and not an input (Schweiger 2010).

Eurocode 7 allows for applying the partial factartbe effect of the action instead on
the action itself. This is commonly referred as DA%umerical methods can be
applied because analysis is performed with chamatiteloads and characteristic
parameters introducing the relevant partial facédithe end of the analysis.

It can be concluded that in principle all desigpraaches specified in EC7 can be used
in combination with numerical modelling provide@thbA2 is used in form of DA2*.
(Schweiger 2010).

However, Bauduin et al (2005) as cited by Black{z010) stablishes that LRFA is
restricted to structural members with linear bebasal. i.e. no plastic hinges, and is
unable to deal with the complexities of models weltkie actions also affect the

resistances e.g. passive pressures.

Given the great importance of the passive pressarthe analysis of embedded walls,
especially those cantilevered, this method of amslig discarded.
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2. Material Factoring Approach (MFA): Ground strengdrametersg, ¢’ C,)

are factored as being the main source of unceytaint

This approach gives structural forces which aredtliy obtained from the analysis and

is actually applicable in most design situations.

This is the approach chosen for this investigatir.the calculations involveg is the

only parameter to take into account, the analyseassumed in hon cohesive sand.

Authors like Bauduin et al (2005) propose that thethod should incorporate a
stepwise increase in the actions as well as dexiadke ground strength. This appears

particularly onerous and contradictory to DesigrpAgach 1 in EC7 (Blackwell, 2010).

3.3.1.- Implementation of Material factoring approach; AP1 and AP2.

For the material factoring approach two methodsaaeglable to factor soil strength in

numerical analysis:

Increase of factor of safety or c’- ¢ reduction, approach AP1.

Unfactored strength paramenters are used in eagh & perform the analysis, what
actually represents SLS case. To check ULS thevadodtundertakes a reduction in c’-

@- C, until equilibrium cannot be satisfied.

The use of this method implies using the same temtutactor for all the strength
parameters, factor which is assumed to be therfat®afety of the stage. This can be
contradictory with EC7, which specifies that diffat factors should be applied in
certain cases e.g. analysis in total stressesimigh-bedded granular and cohesive
material strata. In fact, where ¢’ is zero or aittue effective stress analysis this

simplification is not significant.

Schweiger (2005) states that the safety factodtregudrom a finite element analysis
assuming a Mohr-Coulomb failure criterion can b&aoted by reducing the strength
parameters incrementally, starting from unfactor@des until no equilibrium can be

found in the calculations. Then the safety factatefined as

tan ((pavailable) Cavailable
F.0.5.= =

tan( Qofailure) Cfailure
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In this investigation no other than actions frora gnound are applied so additional

factoring has been dismissed.

Initial factoring, approach AP2:

The inputs of the analysis are factored strengtarpaters. Hence, all values through
each construction stage are considered ULS desiges. All stages of the analysis
may be completed without reaching failure, whichwers the stability of the problem,
but it does not produce information on the real nitagle of the safety factor (Potts &
Zdravkovic, 2011).

Issues involved with this method:

- SLS checks have to be performed separately.

- Not easy to use in combination with advanced cturiste models in which
strength is stress and/or strain dependent (PoRidr&vkovic, 2011).

- The initial conditions, which can be dependentlendtrength parameters (e.g.
assumed initial stresses by approximation @EKL - sing) are not modelled
correctly. The disadvantage is that such a redsttedgth may require inital
stresses which are not consistent with those in(sigy. the earth pressure
coefficient at rest , could be reduced). As a cqueace, smaller structural
forces could be calculated in, for example, retegrwalls or tunnel linings that
are present in the analysis (Potts & Zdravkovid,190

An issue raised by the material factoring appraac¢hat a decision with respect to
initial stresses has to be made: KKy (¢) e.g. Jaky (1948) K= 1 - sen@); then it

can be use the characteristic value for the ficéingle or the design value. This is one
of the points of the present investigations. Itidtidoe noted that for certain conditions
Ko based on the characteristic friction angle majat&othe yield function (Schweiger
2010)

Method AP1 is preferred when construction sequanckload history are influential
(Bauduin et al, 2000). Method AP2 is interpretec abeck for worse than anticipated
parameters based on code defined factors. In anin@thod AP1 is providing the

available factor on the mechanism.

23



3.3.2.- Principles of numerical application of the factor of safety in AP1

Due to the lack of guidance addressing this questidccurocode 7, different software
account for the c’¢ reduction in different ways and mostly only fomple

constitutive models (Potts & Zdravkovic, 2011). Mover, the algorithms for different
constitutive models might significantly differ. Hewer, a methodology by Potts &
Zdravkovic (2011) for accounting for partial facton finite element analysis can be
applied to any constitutive model; this is the iempentation of ICFEP, the program

used for the calculations in this project.
The accounting of the factor of safety in this noetlis implemented by:

A) Deriving a new relationship between the chamgstiesses and change in total

strains.
B) Modifying the governing finite element equatson

The factor of safety in a constitutive model carcbesidered as an additional state
parameter in the yield function F ({¢},{k},F;) = 0 with a default valued= 1, to

increase incrementally at a desired state of aisalys

With this introduction, the relationship betweeragbes in stresses and total strains will
account for the factor of safety (see Potts & ZHoaic, 2011). It can be written as:
{Ag} = [D®?] - {Ae} — {Ao.}

Where the [[] matrix is identical to that of an elasto-plastiodel which does not
include a factor of safety and\§} represents the reduction in stresses due to the

reduction of material strength (increase gf For constant &then {Ac.} = 0.

The governing finite element equations will accomrthe vector of forces for a third
term in addition to surface and volumetric fordesm which is linear indoc} and

which represents the effect of changing the fast@afety.

This formulation requires a derivative of the yiélehction with respect to the factor of

safety which will be dependent on the constituthadel , but computable in any case.
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As long as the dilation angle can be defined a®pgution of the friction angle, this
relationship is kept during the increase of factiosafety in order to respect the

constraint v <g (Mohr Coulomb constitutive model).

It should be noted that for advanced constitutivelets the reduction in parameters is
still referred to ¢’ @ (or C,). This means that a relationship between the petiens of
the model and c'@ (or Cy) is needed for the implementation of this appro&¢th the

method exposed, the relationship is implicitly atuced in how Erelates to the
parameters in the yield function.
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3.4.- Serviceability limit state design of embedded walls

The typical limit states considered when desigrire

- Movement of the structure affecting its functiohabr appearance.
- Modification of the flow regime of groundwater.
- Seepage.

- Cracking of the structure

The design in serviceability should not be assurtiiagj the earth pressures get limiting
values. Special emphasis should be put in the @ooitthe ground displacements to
account for this. The stiffness might be stronglated to the level of strain, the mode
of deformation and the ground anisotropy. The laickformation about the stiffness
might lead to be wishing to validate the designldoth upper and lower estimates (in
fact the characteristic values of the stiffnesstiaeemean values, not taking into account
its variability because depending in the case tifauourable deviation can be positive
or negative). As well the construction and the supjmstallation sequences can
influence significantly the initial stress condii®and are more important to be taken
into account in the serviceability deflection check

It should be noted that calculations in servicebdo not involve partial safety factors
(different from one). Combinations of actions aiféedent than in ULS. In SLS the
design values are the same as the characterisiesvand no conflict with the
applications of safety factors appears when impiging numerical approaches.
Actually, under working loads the assumptions aflitional methods on ULS are far
from taking place, and this highlights the suitdpibf Finite Element Analysis for this
checks. FEA have been widely accepted as a powerdlto solve boundary value
problems in geotechnical engineering. The servidgalmit states (SLS) i.e.
prediction of deformations, stresses and interoia@efs under working load conditions,
for complex interaction problems can be assessidbgmumerical modelling
(Schweiger, 2005).
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3.5.- Ultimate limit state design of embedded walls

The typical limit states considered when desigrire

Overall stability.
Lack of equilibrium: Excessive rotation or horizahtranslation or lack of

vertical equilibrium. Might be not governed by nrééstrength.

Failure of structural element or connector betwelements, including pull-out
failure in the ground. Consider fatigue if time-dagdant effects or actions are
likely to appear.

Hydraulic heave, internal erosion, piping, unacable leakage of water, or
transport of soil solid particles. (Control hydiawradient)

Uplift.

Geotechnical failure or excessive deformation efghound

The aim of the design is to find the minimum wadhptration in which no rotational

failure occurs and vertical equilibrium is satigfi@nd the structural design which

withstands the distribution of effects of the aci@nd reactions.

Typical steps for design are:

Vi.

Determination of geometrical characteristics, aotiog for unforeseen overdig
at excavation.

Determination of pore water pressures and its tasul

Geotechnical ULS analyses. Equilibrium, determoratf wall-ground interface
behaviour.

Judgement of results, consideration of increadwegatall penetration depth up
to the values of bending moments, reactions at@ggppgmovements or
hydraulic behaviour —if so repeat the first stages

Structural design of the wall

Consideration of other ULS like stability of anchges, overall stability,

hydraulic failure, vertical failure of the wall.
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3.5.1.- Analysis of embedded walls for ULS checks

Soil - structure interaction
Designing embedded walls requires analysis ofriteraction between the ground and

the wall for determining earth pressures. The nedsothis is that earth pressure can be
stiffness controlled for small displacements oesgith controlled once yielding is
reached. Failure does not necessary occur in oather of the situations, what is more,

different points of the wall might be in differesituations.

Depending on the toe penetration, embedded walldesigned for a free or fixed
condition of earth support at the toe, which isegoing the distribution of

displacements along the height and hence thellisitvn of the earth pressures.
Different calculation models are used for desigembedded walls; can be grouped in:

a) Limit equilibrium methods or methods with assumadliepressures. Only as
long as the assumptions taken are fulfilled thdyareais valid, with the
inconvenient that in many cases not taking intaant compatibility conditions
implies not having tools to check if the assumptswnalid.

b) Methods which take into account wall-ground intémag like beam models on
ground nonlinear spring supports or finite elenmantlels. Finite element
models treat the ground as continuum and respentpatibility conditions in
the interface. To improve the pressure-displacerassiimptions this models
take into account constitutive equations of thédiining stress-strain
relationships. Also solving equilibrium and permmigf to respect the boundary
conditions ensure that the solution of the mod#iéssolution of the problem in
terms of mechanics of continua. Pore pressure eatso solved coupled within
the equations of the problem. As a result no inistescies within the variables

appear.

One key point for an appropriate soil-structureiatction modelling in Ultimate Limit
State is the hypothesis upon the mobilised horaatisplacement; which leads to the
determination of the earth pressure at that p@stiaing a certain stiffness or yield.
For methods in a) if the hypothesis in displacenoecurs under the real ultimate limit
sate conditions then the result (safety, loadfceptable. The fact that some traditional

methods omit compatibility conditions make that liypothesis cannot be checked
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within the calculation but is accepted based orsssaent of the kind of mechanism

and the knowledge and experience about it.
For the methods described in b) the displacemeamt$e calculated and checked.

The earth pressure prediction in the spatial domaiere displacements are not
mobilising full strength at yield is usually comgdted because the stiffness varies

nonlinearly with displacement and over the depth.

EN1997-1:2004 provides guidance of the “at rest! Bmiting earth pressure in Annex
C. Earth pressures encompass the actions fronrdled and groundwater. Their
magnitudes are influenced by surcharges, wallnatibns, water levels, seepage, wall
movement relative to the ground , strength of tleeigd and wall roughness (EN1997-
1:2004 9.5.1(3)P)

Other considerations

Other points that apply to ULS of embedded wallsusth be noted:

- Another important consideration governing the aail structure interaction is
concerning wall friction and adhesion. The integf@arameters are usually
defined from ground strength and wall material rtips;d = k- @¢. The constant
depends on the material of the retaining strucasrevell as in the construction
procedure proposed, taking values between 0 and 1.

- ULS is related with the most unfavourable condsgidimat may occur within the
life of the structure, so as for the determinatbgroundwater pressures.
Design values can be derived either by applyingigddactors to the
characteristic water pressures or by applying etgahargin to the characteristic
water level (EN1997-1:2004 2.4.6.1 (8)P).

- Surcharges shall be considered when they act oretamed surface (EN1997-
1:2004 9.3.1.3 (1)P).

- The design situation should consider variationoith groperties, geometry and
combinations of actions in space and time. (EN 182004 9.3.3.1 (1)P).

- The design should take into account the possilityver-dig up to 10% of the
retained height between supports (or full retaineight). Dismissing this

allowance is specially unfavourable in the cassodt with high friction angle
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4.- Mohr -Coulomb constitutive model

The formulation of the constitutive model descrilbetbw follows the approach from
Potts & Zdravkovic, 1999 presented in Chapter Tri{8e elasto-plastic constitutive

models”:

The mohr-Coulomb model is an elastic-perfectly fidamodel which is based in the
linear failure criteriony = ¢’ + o stang’ wheret; andao’ s are the shear and normal

effective stresses on the failure plane.

Figure 4.1 . Mohr circle’s of effective stress. Potts & Zdravkovic (1999) Figure 7.5 152.

Using the Mohr circle of stress and formulatingarms of the in-plane principal

stresses the failure criterion can be adoptedeagigid function:
F({o},{k}) = o'y —a'5 — 2c'cosp’ — (0’1 + 0’5 )sing’

And in terms of stress invariants:

F({o), () = ] - (tan ks p’)g(m
with g(6) = Slr;iqr)lﬁsin(p’
costy + ———
V3

As the model is assumed to be perfectly plastibardening/softening law is required;
the state parameter {k} is assumed constant arepigradent of plastic work or plastic

strain.
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An associated flow rule can be adopted. Then #sslts in tensile plastic strains, the
strain increment vector is inclined at an angleo the vertical. This means dilatants
plastic volumetric strain. In this case the andldiation is equal to the angle of
shearing resistance.

14 p
Ag; +Agq

The angle of dilation can be defined: v =sin (- AP AP
1 3

<

Figure 4.2 . Mohr’s circle of plastic strains.
- _I/ Potts & Zdravkovic (1999) Figure 7.7 153.

The issues with this approach are:

- The dilation is much larger than observed in redss

- Once the soil yields it permanently dilates

A non-associated flow rule can rectify the firshigresults in a fixed yield surface in
the stress invariants space with a moving plasitential surface through the current
stress state. By prescribing the angle of dilatiba,predicted plastic volumetric strains

can be controlled. In this context wk

= Ky ,{:} )
Jot ===z .. _Current stress state
| Figure 4.3. Relationship between the
/ }' yield and plastic potential functions.
c'/ tang' p; p' Potts & Zdravkovic (1999) Figure 7.8 154

To solve the second, the angle of dilation shoel@llbwed to vary with plastic strain

and a constant volume condition at large strainglevbe imposed (zero dilation).
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However, this last approach is not implementedhéndonstitutive model used in this

project.

The constitutive model incorporates as well E’ @hgarameters which control the
elastic behaviour. In addition to ¢’, v angl this adds up to 5 parameters to define the

model.

Results clearly emphasize that elastic-perfectigit constitutive models such as
Mohr-Coulomb are not well suited for analysing esatéon problems and more
advanced models are required to obtain realissiglt® (Schweiger 2010b). However,
when using other constitutive models not defineterms of ¢’ andpthen application

of the factor of safety has to be extended to thdehparameters. This extension is not
always transparent and for every constitutive maoumie than one option can be

available. Again no guidance is provided in EC7.

Schweiger (2010) shows examples of analysis of égeavatins in which the
differences in results coming from different desagproaches are more pronounced for
the MC-model than for more advanced HSS-model (efard) Small Strain). The
reason for this behaviour is that a reductionnsngith has a different effect in a linear
elastic-perfectly plastic model than in a advantadiening plasticity model due to the

different stress paths followed.

Advanced constitutive models are capable to caph&stress-strain behaviour of soils
for stress levels ranging from working load corafig up to failure with reasonable
accuracy (Schweiger 2010). One important differandbe predictions is related with
the deformation of the retained material. While M@oulomb models predict heave,
the real behaviour and predictions of more advaoedtitutive models present

settlement.

Schweiger (2009) presents examples with which atd&that both design approaches
DA2 and DA3 and consequently DAL (the author tréatsapproach as a combination
of the previous) can be applied in combination i finite element method for ULS
checks. In this examples the differences in resutting from the design approaches are
in the same order (or smaller) than the differemeessult due to the choice of

constitutive model.

32



In this study the Mohr —Coulomb model has beencsede which allows an easier
interpretation because the strength factoring doésieed to be extended to other
parameter models than those which govern failuraddition, the model is particularly
appropriate for the focus on the study of effeétdilation for different values of the
friction angle; permits a more straight forwardeiqretation of results. The fact that no
field data is available to compare with the nunedriesults reduces the value of
precision in predictions against the conceptuatenaif the investigation. The
calculations developed aim to show result with Wwhiadertand and assess firstly the
simple models. It should be reminded for furthedgtthat the methodology for
accounting for partial factors in finite elemenabysis implemented in ICFEP can be
applied to any constitutive model, and that mogailts with this models are required to

validate this investigation.
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4.1.- Effect of dilation in geotechnical calculations

It is also relevant to this project to illustrake teffect of dilation in calculations. The

dilation controls the magnitude of the plastic wvo&iric expansion with shear.

In hand calculations the dilation is rarely taketoiaccount, only in certain upper
bound methods involving energy dissipation. Thatabh is incorporated when
calculating rates of work i.e. the direction ofigtig forms the dilation angle with the
plane where failure is assumed to occur so thafotfees contributing should be
projected parallel to the deformation. The consageef this point is that admissible
slip lines are straight lines or logarithmic spatebr soil presenting constant dilation in
the domain. (Prat, 2009)

Numerical methods have shown that dilation doesmake a difference in volumetric
unconstrained problems (e.g. Shallow foundatiomyveler for volumetric constrained
problems, computing assuming dilation leads to namo increasing load —
displacement curves, which would imply that failig@ot reached for any load level.
This is the case of undrained analysis, wheredta zero volume change constraint

has to be met for the whole domain.

E] —
| v,
W o

3 wl ,-f"f

E 30 f,,f! Figure 4.4 . Load-displacement curves for
0 o~ a strip footing, using the Mohr-Coulomb

P N .
,,.,;/ - model with different angles of dilation.
3 : - —— 1 Potts & Zdravkovic 2001. 383.
! ‘:'crt'.-.':ll dis;:lw.:l:'.u:rl:.- ¥ I_".':1']m

It can be appreciated in the figure that for voltnoeconstrained problems in soils
modelled with a Mohr — Coulomb model accountingddation also for large strains
the failure load is not reached. A limit load idyoabtained for zero dilation. Hence, it
can be shown that the modelling of dilation canehanr important role. Therefore it
should be questioned if applying a partial safatstdr on it is another missing guideline
in Eurocode 7.
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In this context it is important to bear in mindtlatually, real soils reach critical state
at constant volumetric strain, what suggests tiettlation has to be imposed zero at
the failure of stress-strain. However, Mohr — Coolbomodel assumes constant dilation,

which can result in unrealistic predictions.

In the exposition of the constitutive model it een stated that the angle of dilation is
expected to be smaller or equal than the frictioglea When implementing the
factoring of strength parameters this is the redsoalso applying on it the safety
factor. In Schweiger analyses (2010); it is stéled the angle of dilation is also
reduced by the partial factor which is howevereaqilicitly mentioned in EC7. It
should be noted that when reducing the dilatiodeahgcause of applying AP1, the
procedure is also being consistent with tendinignigose a smaller dilation angle for
the last stages before failure occurs; in the Ithetsoil would fail at zero volumetric

change as in reality. This procedure is the implaettin the calculations.
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5.- Details of the numerical simulation

This section aims to explain in detail the featwEthe analyses undertaken in this
project; input parameters, assumptions and dedsitade for simulating the retaining

wall by means of ICFEP (Imperial College Finite iaknt Program).

5.1.- Fixed inputs

5.1.1.- Geometry

The basic geometry is presented in the figure beldwe model accounts for symmetry

about the centre-line of the excavation:

Simmetry
axe

‘ wall 1m thick
20m semi-width —

‘ 20m depth

Figure 5.1 . Basic geometry of the
‘ problem (not to scale).

The presented geometry aims to model a broad ettoavdechanisms of failure
mobilised in this domain are expected not to irdevadth the symmetry boundary
allowing for a more direct interpretation of theués of the model to the real

phenomenon.

The geometry is introduced by means of the fieiegnent mesh below.

36



H
=
'_
=
1
|
] |
: i
m) ]
I [ -
ﬂ A
n! ]
|
iz |
. e W P ™ P Y Ve ot e T =

THC ., ©
nnd B
A al FINITE ELEMENT MESH

Figure 5.2. Finite element mesh.
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5.1.2.- Finite element mesh:

The finite element mesh dimensions are 48m dee@nmdwide. This extension is
considered enough for the modelling, relevant ckarig variables are not influenced

by the far boundaries. This condition is not regdifor the symmetry boundary.

The mesh is formed by 3317 elements which are ¢éggedo provide a discretisation
fine enough, especially near the wall, the domaiictvaccounts for bigger variation in
the variables of the problem.

The following features of the mesh should be noted:

It is a 2D mesh, a simplification from reality (3Buch that the plane strain assumption

is involved.

It consists of eight-noded quadrilateral solid s@metric elements. The mesh has to be
provided continuity; a corner of an element is meofor all elements where this point

is taken into account.

The parts of the domain where more strain is exgaeitt occur have been modelled
with smaller elements (0.25mx0.25m). Regions whar&tions of the variables of the
problem are not as significant have been takenaotount with bigger elements (up to
4mx8m). Quadrilateral elements are appropriat®rg &s the ratio between their
dimensions does not exceed 1:10; this conditisagpected in the entire domain. Also
the different materials wished to be simulated hHavee represented in different finite

elements.

Special attention has been put in the definitiothefelements in the domain which can
be simulated to be excavated. E. Blackwell (205fgdished tolerances of 0.5m, for a
similar geometry and problem, which resulted insight for the appropriate
characterisation of the results with the wisheaigren in some cases. Consequently

0.25 m spacing defined.

For the first 5m down the ground surface the maxmspacing of the elements is 1m in

order to be able to model water tables at evergnuspth.
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5.1.3.- Boundary conditions

The bottom boundary is fixed in horizontal and waitdirections.
The right and left boundaries are fixed in horizbwlirection.

A cantilever wall has been considered, the conmgsdor the displacement of the wall

are the compatibility conditions of the system coadition is directly imposed on it.

No hydraulic boundary conditions apply, the anayseposed are assuming dry sand

(or respecting pure drained conditions).

T <5

g> <B Figure 5.3 . Scheme

of the boundary
conditions of the
A A problem.
5.1.4.- Initial conditions

The bulk unit weight assumed for the sand is 20Ki\tmlead to the corresponding

initial vertical stress.

The value of K is evaluated according to the Jaky formula (1948) 1 — sin(g). The
variations in the dilation angle impose different\alues in the initial conditions. In
fact the initial conditions are a variation for tié&erent cases for which is wished to be
studied. However they are related to the valudeiparametep either its characteristic

or design value.
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5.1.5.- Material parameters
Soil parameters
The soil is assumed to behave as elastic perfplastic, defined by linear material

properties and the Mohr — Coulomb constitutive m@id&FEP model 16).

In all the analyses the value of the Young Modiguset to 1- 170KN/m? and the poison
ratio to 0.2. However the parameters defining trehM- Coulomb failure criteria vary

for different analysis, except cohesion conside@ in all cases.

Wall parameters

The wall is assumed to behave as isotropic linkatie, parameters: Young Modulus is
set to 30- 1DKN/m? (30 GPa) and Poison ratio to 0.15.

Soil - structure interaction
All the elements used in the mesh are solid elem@at interface elements have been

introduced. Consequently the properties in theriate result from the properties of the

soil and wall, so the friction angle in the intexdas the full friction angle of the soil.
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5.2.- Investigation and study cases

The focus in this project is put on the comparisbthe alternatives available for the
factorisation of strength parameters and in assgske effects of the dilation angle and
its factorisation. The choice of tigevalues for simulations {25, 30, 40} is arbitrarytb
wishing to represent a frequent wide range of casealyses are distinguished between

zero and full dilation.

Especial attention is put in the behaviour at failut should be noted that the wall is
modelled as linear elastic material, and it cathloeight of an effectively rigid wall due
to its width and significantly higher stiffness thine soil. No hinges will appear in the
modelled wall under any situation, but it is all@lxite bend. This provokes that the
failure appears in the soil. This can be an acbépt@ssumption because one can think
that the structural design (which is not the obggdhe investigation) can be always

modified such that no plastic hinges appear inxthk.

In addition, the role of initial stresses is toilygestigated. They are calculated
imposing k=1 —sin ). This leads to two alternatives to be invesedap taken as
design value of the friction angle or otherwise ¢characteristic value. It should be
noted that the input of AP1 will be always the euderistic, while for AP2 both apply.

The construction sequence to be simulated:

- Establish initial stress and boundary conditions
- Excavate step by step to the required depth
- For simulations following AP1, perform @-reduction to determine factor of

safety.

The procedure for investigating the approachesdodailure involves firstly applying
AP1 and obtaining an equivalent partial factorafesy; then studying AP2 with the

parameters reduced by the calculated factor ofys&fam the beginning of the analysis.

With this methodology it is guaranteed that theapaaters for the calculations relate to
the design situation for which a ULS check wouldd&levant, i.e. determining if the

reduced strength produces failure.
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To assess failure, the main criterion has beenimgokt the “mechanism plot” —which
can be found in the annex B for every calculatiomhts mechanism plot is a
representation of the incremental displacementovexter the whole domain of
analysis for the last increment of the calculafiast conditions in which equilibrium
was reached). The general appearance of this goinclicate the formation of passive

and active wedges, the kind of failure mechanispeeted for this problem.

The main scenario proposed as object of the iryesdn is a 40m wide excavation in
sand to 5m depth retaining wall 1m thick and 20m@pd& variation to 6.5m of the

excavation depth is a complementary situation stlith order to enhance the validity
of the comparison between the results for the diffeapproaches (AP1, AP2) further
than in a single scenario. Analyses for variousiegalof the coupley, v ) are performed

in every case.

The depth of the wall was fixed to 20m in the clai€ the mesh. The presented study
cases excavate up to 5 and 6.5m. The ratios exazhdapth / depth of the wall is
smaller than what a real design case would prdsérit allows investigating the
behaviour for a wide nonlinear branch when incrggaactor of safety.
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6.- Results of the finite element method analyses

6.1.- Variables treated

This section aims to summarize the results of tredyages performed. Individual results
for every of the calculations which are going torékerred can be found in Annex B.
This includes plots obtained of the mechanismsitdife and the FOS-displacement
curves with the computed points. However in thigtisa, allowing for a clearer
interpretation for the various curves per graph,flots are presented in smoothed,

continuous curves.
It has been considered relevant to include:

Last displaced shape of the wall which could benébun equilibrium, in a plot
horizontal displacemend) along the depth of the wall. It is important stohguish

this from failure, where by definition, the dispdgwcents are infinite; consequently the
numerical values of the results are dependent®nutimerical scheme. However, when
the cases of the parameter variations of the sawration case are presented in the
same graph; this allows comparing between them tvélobjective of being able to
judge if the behaviour of the wall in terms of d&gement shape is the same in all

cases.

Evolution of the horizontal displacement at the edphe wall (also denotedlas being
an horizontal displacement) with the variationtw# factor of safety, which allows

appreciating the nonlinear behaviour of the sygt&Ril simulations).

Both plots include horizontal displacements atttpeof the wall. However, one can
notice that the values shown for the same anatigsisot always coincide. This is due to
the increments/phases of increment in which haea lbeken. Information for the factor
of safety can be acceded for some phases bustha ipossible for the wall
displacements which require having saved the inftion at the end of an increment of

computation.

Bending moments of the wall in the last stage cameghulhis corresponds to the most
unfavourable situation and can be associated wélbending moments when failure in

the ground is reached.

43



In the presentation of results, it should be noed f andg denote the friction angle,

while v denotes the dilation angle. For identifyihg cases easily, the notatiamn )
has been introduced, so (25,25) is referring tase avith 25° friction angle and 25°

dilation angle.
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6.2.- 5Sm excavation in dry soil

Cases analysed:

AP1 Characteristic values, then strength reduction
(0] v F.O.S. @failure
25 0 2.78 9.5
25 25 2.8 9.5
30 0 3.48 9.4
30 30 3.5 9.4
40 0 4.86 9.8
40 40 5.06 9.4
AP2 Factored input values
[ v KO () Failure Table 6.1.
Not complete, but very large Parameters input of
9.8 0| 0.83(9.89)|displacements presented. each calculation and
9.4 9.4| 0.83(9.4?) | Complete mechanism. relevant scalar
9.8 0 0.58 (259) | * results.
04 24 058 (25%)| *The conditions on
9.8 0 0.5 (309)|* o
94 94 0.5 (302)|* !nltlal stre'sses a're
incompatible with
2.8 0 0.36 (40°) | * yield conditions.
9.4 9.4 0.36 (409) | *

The results of this set of simulations, as expikgsehe table 6.1, in the figures below,
and completed by Appendix B, confirm that the medma of failure in the soil is an
active wedge in the extrados together with a passedge located at the intrados. In
addition, for the cases with higher friction angliée factor of safety is higher. The
behaviour of the wall is very similar for the casesnputed, presenting horizontal
displacement along the depth. This displacemenbeattescribed in the majority of the
cases as the combination of bending and a rotatimmnd a point in the lower part of
the wall. However, for the case (40, 0) its movenhuam be better associated with
horizontal translation and bending; better ackndgéal in figure 6.3. This behaviour
imposes a distinction of this case from the resictv might be related with an anomaly
in the initial stages as shown in the slope ofdhieespondent curve (see figures 6.1,
6.4).
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This anomaly can be thought of associated withutistable behaviour around t
perfect plasticity solution exhibited in numerisahulations of models with n«-
associated plasticity in which the plastic volunwestrains are forced to diffe
significartly (by means of imposing a high difference betwg andv e.g.

(40,0) ) from the associated plastici

5m excavation, 2m water table, $=40, v=0
FOS.

3

Figure 6.1 Nonlinear behaviour during strength reduction for the (40,0) case.

Stress 1

Strain v

Figure 6.2 Conceptualisation of the phenomenon “unstable behaviour around the perfect plasticity
solution exhibited in numerical simulations of models in non-associated plasticity in which the plastic
volumetric strains are forced to differ from the associated plasticity”. The figure aims to represent what
the numerical model would predict from a Stress — strain curve for a point of the domain which reaches

plastification.
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Excavation to 5m, dry soil.

-005 -01 -0.15 -0.2 -0.25 -03 -0.35
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= = =25,v=0

f=25, v=25
e =30, v=0
------ =30, v=30
—— =40, v=0

f=40, v=40
f=9.8, v=9.8
f=9.8, v=0

Figure 6.3. Displaced shape of the wall in the last stage of the calculation with equilibrium.
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F.O0.S. (-)

Excavation to 5m, dry soil.

oh (m)

O T T T T T
0 0.05 0.1 0.15 0.2 0.25

f=25, v=0 = == {=25,6v=25
= == =30, v=30 e £=40, v=0

Figure 6.4. Nonlinear behaviour during strength reduction.

0.3 0.35 0.4
e =30, v=0
— = =40, v=40

F.0.S. (-) Excavation to 5m, dry soil.

0 T T T T 1
20 25 30 35 40 45

Figure 6.5. Factor of safety variation with dilation angle.

—>¢—Zero dilation

—a— Full dilation
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For the simulations in APL1 it is important to mentithe strong trend shown in the
computation ofp failure, the friction angle reduced by the corasging factor of

safety at failure (Table 6.1):

tan (Qcharacteristic)
F.O0. S-failure

tan( Qafailure) =

The fact that simulations with different characgd strength parameters and initial
conditions result in the same friction angle auf& can be interpreted as these
parameters having little influence on the problérfadure, and consequently
associating an excavation depth with a requireshgth parameter. This occurs

independently from the value of the dilation arfglethis cantilever wall.

In contrast the effect of dilation results in sligHarger passive wedges mobilised (see
mechanism plots in appendix B) and very slightlyhar factors of safety for the same
friction angle (Figure 6.5), this last feature lgemore significant for higher friction

angles. However, this should not make any impodéference for design.

It should be noted than from Figure 6.5 one canktbi a linear relationship between

the factor of safety and the characteristic stiengt

Calculations with AP2 were not possible for initiilesses associated with
characteristic values of the friction angle; thedition imposed by the yield criterion
required higher values of (KThis is a consequence of the problem leadinghtigla
factor of safety so thag.iure IS considerably smaller than the characteristic.

Consequently results from AP2 account for lesssealnitial stress conditions.

Calculations with AP1 take initial stresses frora tiharacteristic value gfwhich is

the value of the parameter at the start of the lsitiun. Then the strength reduction
starts. It is important to notice that the compotabf the non-linear range has to be
made factor of safety controlled rather than disgtaent controlled (algorithm) but
small increments (under the 0.02 used) may ledgtdifferences in displacement at a
state close to failure. The accuracy and precigfdhe calculation is guaranteed by a
sub-stepping of the factor of safety increment. @otations with full dilation resulted
easily captured in the nonlinear range.
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Figure 6.6. Bending moment distribution for the cases computed.

The most important feature that can be appreciatea the figure above is the
similarity between the majority of bending momeistigbutions, both in shape and
values along the domain. This can be explainedusecthe plot corresponds to the
stage for which a statically determinate systefailsng. Specifically one the two plots
which differ from the other ones is the (40,0) ¢cagleich anomaly has been explained.
The (9.4, 9.4) also seem to differ with no appanemhediate reason. From this
similarities one can reason that, for every depéhdifference between the active and
passive pressure at failure is very similar, whgcthe only way to lead to the same
bending moment distribution (neglecting the conttin of the vertical friction times
the lever arm of the width of the wall). Finallpet shape of the bending moment
distribution is the typical shape for this kindvedll except for the values shown in the
lower 0.5m. In this domain reality is not well repented by the simulation. It should be
showing tendency to zero, what should be obtainethiidealised moment-free end. In
this domain the displacement field is complex, veithall values in comparison to the
rest of the domain (point of rotation of the walfalues reach over 1/6 of the maximum
bending moment; they are not a real result. Howthisrdoes not bring any difference

for design.
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From a wider perspective, comparing cases compuithdAP2 with those computed
with AP1 cannot definitely establish whether anyie methods is more conservative
than the other one. In AP1 failure is forced touwwgcmeaning that the identification of
the point “just” at which not being able to reacjudibrium is very well defined.
However in AP2 failure is not imposed but asse$s®d the results (mechanism plots,
convergency). When for the last step of excavagiguilibrium could not be found -case
5m (9.4, 9.4)- it clearly indicates that failuresi@en reached. In other cases -(9.8, 0)- it
can be found that the last incremental displacemiexcavation is significantly big

and relatively much larger than the previous. Thheould be proposed that it might be
a matter of the discretisation of the incremergxnavation that failure has not been
identified as long as the mechanism is almost cete@nd in a subsequent small step
(excavation to h +dh) equilibrium would not be teed. However, as equilibrium has

been reached, one cannot deny that the limit beddeen satisfied.

One should notice that in this last casediparameter has been chosen slightly superior
(9.8, as the maximum of the values of the trentherathan directly corresponding to
the case (9.5) and AP2 has successfully identifieccorrespondent over-strength

completing the whole simulation.

Consequently one could state that both proceduegleading to the same design
decision. Using AP1 results in a more transparemtgriure quantifying the margin of
security. On the other hand, AP2 permits to useeotional commertial software to
apply the material factoring approach without netdiscussing which algorithm

should be implemented for strength reduction.

Regarding the bending moment distribution one barktin the same direction, both
procedures lead to determine the same design vaheeslight differences of results for
bending moments do not coincide with the implemgmeof AP1 or AP2, but results

with the different approaches tend to coincide.

As an indication of the comparative computatiorea@tchaving reached skill in the
operation of the program, a simulation with an apph AP2 could be completed
within one day, while the completion of simulatiomgh AP1 was in the order of one
week (6days). (ICFEP as implemented in IC Geoteahniepartment using “Jenkins”

Server).
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6.3.- 6.5m excavation, dry soil.

Cases analysed:

AP1
(0] v F.O.S. @failure
25 0 1.96 134
25 25 2.04 12.9
30 0 2.46 13.2
30 30 2.54 12.8
40 0 3.58 13.2
40 40 3.68 12.8
AP2 Table 6.2. Parameters
[0) v KO Failure input of each
13 13 0.772 | YES calculation and
13.2 0 0.658 | * relevant scalar results.
13 13 0.658 | * .
*The conditions on
13.2 0 0.5|* A
. initial stresses are
13 13 0.5 . incompatible with
13.2 0 0.357 yield conditions.
13 13 0.357 | *
F.O.S. (-) Excavation to 6.5m, dry soil.
4
3.5 A e
3 //
2.5 =25, v=25
) - f=30, v=0
= f=30, v=30
1.5 -
e 240, v=0
1 =40, v=40
0.5
0 T T T T T 1 5h (m)
0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 6.7 . Nonlinear behavior during strength reduction.
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The idea of calculating a case for 6.5m excavatias a consequence of not finding
case in the 5m excavation of a compatible initigdss with the yield conditions. Fol
6.5m excavatio the factor of safety lower, so the friction anglat failure(for AP1) is
higher, and consequentillyere is less difference between the characteand reduced
parameters. Howeveagain any of the initial stresses correspondinipé¢ chracteristic
parameters are compatible with the yield condit One should bear in mind that tl
design situation is more similar to what one wduid in reality, but also allows for

smaller evolution of the nonlinear range to be stigated while erforming strengtl

reduction.
Excavation to 6.5m, dry soil.
0.05 02 -025 -03
L 1 l 1 6h (m)
O I T /[..I 1

e f = 25, v = 0
o =25 v=25
e «f=30,v=0

f=30,v=30

f=13,v=13
...... f: 40,V=O

f=40,v=40

20
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The cases computedtinis 6.5m excavation simulatioqsesent a general behavic
similar to the previouSm excavation simulatio; the wall bends and rotatabout a
point near its botton(40,0) presents the same anomAs well the cases in AP1 st

show a marked trend aiure CONvVergence.

In this set of simulations the calculations wfull dilation are again showing bigg
wedges mobilised at failure (than the samrses with zero dilation). Similarl the
computations reached failure at higher displacesand with slightly higher factors
safety —this last tendency more marked higher values op - . However, for the lat:
consideration it can be stated ' the friction angle is clearly the parameter wt

controlsthe factor of safety, as expect

In the bending moment distribution for this 6.5m excergtthe differencases show a
strong trend regarding the shape of the distrilougiod the values alonhe domain.
However, the caseton’t seem as coincident in the maximum value imgarison witr
the cases for 5m excavation, but the rancdifference between the eemes is
approximately the same (8.8% vs. 7.. Again the (30,30) reaches the maximum vi
but no trend can be inferred as long as the nduesalon’t corrspond. Again n
significant difference can appreciated from casssputed with AP1 or AP

0 1000 2000 3000 4000
0 ! 1 1 1 J KN m/
| m
2 -
N
e (25,0)
-6
e (25,25)
-8 e (30,0)
-10 = (30,30)
-12 e (40,0)
-14 (40,40)
-16 (13,13)
-18
-20
m

Figure 6.9 . Bending moment distribution for the cases computed till excavation 6.5m
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6.4.- Validation of results

This section aims to show that the results of the finite element analysis are according to the
experience accumulated and can be considered correct.

Despite the fact that F.E.M. is the only tool which can provide a result of the desired accuracy
and precision for all the variables of interest in the whole domain; it is possible to asses if
certain figures output of the analysis are acceptable with by the reliability of some results from
other methods in predicting some variables.

In particular, regarding to bending moments:

It is generally considered valid that the part of the wall above excavation receives an horizontal
pressure well modelled considering the soil in Rankine active state:

Taking into account ¢’ = 0 and ¢ as associated with failure, the horizontal pressure:
A 4 . I
oy =Ka- oy ; Ka = tan (Z — E) , oy fromvertical equilibrium o, = y -x

akKnown the lateral pressure distribution, as long as the wall is statically determinate it is
possible to analytically compute (by simple mechanics) the bending moment in that domain.
Hence, one could consider this a reliable check.

It has been considered:

v/

Excavated height H

Figure 6.10. Scheme of the pressure distribution over the domain considered for computing the bending
moment in the superior part of the wall.

So by introducing the formulae above and taking moments of the pressure distribution over
depth “x”:

M(x)=%Ka-y-x3 at 0<x<H

For the comparison of results it should be noted that:
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- This formula is valid for both H=5m and H = 6.5m, cases computed by FEM.

- The results in 6.2 and 6.3 show that the bending moments of the cases computed can be
taken as coincident in all cases for the domain at which the formula above refers, so to
compare them it has been chosen the obtained FEM bending moment as any of the cases
computed. - H=5m ->(40,40) and H = 6.5m (25,25) —
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0 1 2 3 4 5
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Figure 6.11. Bending moment distributions from FEM and Rankine, 5m excavation case.
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Figure 6.12. Bending moment distributions from FEM and Rankine, 6.5m excavation case.
From the results, it can be considered that the finite element analysis can be validated:

- The shape of the bending moment distribution corresponds to what is expected from
experience and illustrated by the result of Rankine Theory.

- The order of magnitude of the values computed relates satisfactory with the figures
expected.

56



7.- Conclusions

Setting a nonzero value for dilation in this boundary value problem has a negligible
effect in increasing the factor of safety, which is controlled by the friction angle. In
cases computed with nonzero dilation incremental displacement plots show that

bigger wedges are mobilised.

The treatment of the dilation while performing strength reduction has been its
factorisation maintaining proportion with the friction angle. The effects of the
parameter have been shown to be accounted in the calculations, and the theoretical

constraints respected. Therefore this can be considered a valid procedure.

The stepped reduction strength procedure( approach AP1) implemented by
introducing the factor of safety as a state parameter, leads to find a value of the
required friction angle which is reasonable to consider not influenced by the initial

conditions or its initial value as a strength parameter (characteristic value).

The bending moment distribution at failure obtained for different cases computed
with the same excavation level tends to be coincident independently from the friction
angle (strength parameter), initial conditions and factorisation approach. This can be

explained by the problem proposed being thought of statically determinate.

The implementation of the initial factoring approach (AP2) with initial stresses
corresponding to the characteristic value of the friction angle is not generally possible
for values of the factor of safety which are usual in design of embedded walls. The
conflict involves incompatibilities of the initial stresses with the yield function.
Consequently, approach AP2 has to be usually implemented assuming less realistic

initial stresses.
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When the aim of the analysis is design, the final objective is to check a limit state and obtain a
design bending moment distribution. Results obtained with AP1 and AP2 lead to the same
decisions because for analogue cases, because it can be identified if a set of safety factors can

be accounted in that design, and produce equivalent bending moment distributions.

Hence, the design of a cantilever embedded retaining wall under the conditions simulated can
be undertaken without modifying any commercial software for implementing AP1. However,
AP1 is a more transparent procedure accounting for a better modelling of the real phenomena,
but results are computationally much more expensive, the approach is not extended in the
common engineering practise, and even different software implement diverse algorithms,

some of which are only valid for certain constitutive models.
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7.1.- Recommendations for further work

This investigation was proposed by the Geotechi@eation of Imperial College as a
starting point for the assessment on procedureamé&menting partial safety factors in
the analysis of retaining walls in sand. In tums fpiece is one of the cases for which
research aims to establish guidance in geotechdésagin undertaken by means of
finite elements; being in accordance to the prilesipf Eurocode 7. Together with the
conclusions, the value of this investigation wolokdto highlight which points should be
revised and taken into account in order that tlayaes presented in this work may
certainly be improved and extended. ICFEP is a pexryerful tool with which every
parameter and procedure of the analysis (in paatiche stepped strength reduction —
AP1) can be controlled, but requires experienadetd with the implementations, which
can get to be cumbersome if lacking of guidanceiddarly it is proposed to address

the investigation considering:

- To change the geometry of the retaining wall:

In thickness, 70-80cm can be considered enougarnf@mbedded retaining wall,
and more close to the reality of design.

In depth (or similarly excavate to a deeper levEhe usual design practise
requires an smaller ratio total wall depth (D)/@&xation depth (h) than the cases
investigated. Usually with D/h not higher thant@ ultimate limit state can be
satisfied in most of the conditions, so the dessgeconomically motivated in that
direction. For the purpose of the present invesitigat can be justified that in those
cases the implementation of AP1 leads to a smadle+linear range (safety factor is
lower). Posterior to this study one can state t@imonitoring of the nonlinear
range does not bring particularly interesting infation for the design of the wall.
What is more, a lower ratio (allowing for a smabafety factor) would determine a
higher strength parameter at failure from whichrtdmgge of initial stresses
permitted by the yield function would be more sanilo the real initial stresses.
That would enable more realistic analysis in teofigitial stresses for the reduced

strength as an input (AP2).

- Avoid simulations in which plastic volumetric stmaiare forced to differ
significantly from associated plasticity (e.g. Inyposing a high difference
betweenp andv) because this leads to unstable numerical behaviour.
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Include the water table: Excavations below the wiatele will require to model
the problem with an additional surcharge equivalerthe pressure of the
column of water at excavation level. This was dvsarfe-dependent feature
which came across during this investigation. Howévieas been considered
that there were not enough correct consistentteetulllustrate any conclusion
for this case. When performing these simulatiomns ¢onvenient to assume pure
drained conditions to avoid coupling the goverreagations with
consolidation. No temporal hydraulic boundary ctinds apply, water is
considered in equilibrium. Consequently monitorihg pressures in the domain
making sure the hydrostatic distribution is maimég can be a helpful
proceeding.

Include interface elements between the soil aadwll, which would allow to
analyse the results for different friction condiisp adapted to real cases (some
of them different frond = @ as preliminarily taken in this investigation).
Validate the results presented with a more advanoadtitutive model.
Simulate cases in which the conditions of the walt’t lead it to be statically
determinate. The wall can be propped, anchoreddfat the toe or at some
level. This is a common engineering practise, &edcbnclusion over the
bending moment distribution is very likely to béfelient than for the
cantilevered case.

Include surcharges in the domain of analysis: diusth be noted that it would
require a discussion on the load of the surchaaggng when performing
strength reduction to account for its correspondafgty factor. Moreover, if
coincident with the inclusion of water table witkcavation level below, the
surcharge correspondent to the water pressureghbeuteated differently
(without factorisation).

It may be of interest to extend the analysis t@pkinds of soil, other soil
conditions (layers) that would complete the ranfyeases for this boundary
value problem. As well, to check that the hypotbediplane strain is linked
with the real phenomena and undertake investigaiiomhich the mechanism
of failure interacts with the symmetry boundarytloé problem. And finally, to

assess the hypothesis of a wall “wished in plaoeperforming simulations.
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Appendix

It has been considered relevant to include:
APPENDIX A — Eurocodes and design. Complement to section 3.
APPENDIX B — Results. Complements to section 6.

APPENDIX C — Explained example of code implemented.



Appendix A — Eurocodes and design

The Eurocodes and relationships between them:

EN 1990 — Eurocode: Bases of structural design

EN1991 — Eurocode 1: Actions on structures

EN 1992 — Eurocode 2: Design of concrete structures

EN 1993 — Eurocode 3: Design of steel structures

EN 1994 — Eurocode 4: Design of composite steel and concrete structures
EN 1995 — Eurocode 5: Design of timber structures

EN 1996 — Eurocode 6: Design of masonry structures

EN 1997 — Eurocode 7: Geotechnical design

EN 1998 — Eurocode 8: Design of structures for earthquake resistance

EN 1999 — Eurocode 9: Design of aluminium structures
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Figure A.1. Relationships between Eurocodes.From Frank et al. (2004).
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From Frank et al. (2004).



Appendix B — Results

In this chapter the the relevant output of the calculations is presented in plot format.
For calculations involving AP1:

- Mechanism shown as vectors of incremental displacement in the domain. This
information is important to assess failure.

- Plot of factor of safety (F.0.S.) against displacement at the top of the wall (3). This
information is relevant to assess if the calculation has properly entered in the non-
linear range. In various plots it attention has been put in representing the change in
slope of the curve rather than trying that the plotted domain corresponds to the
majority of the area. Furthermore, similar axes along the cases have been employed to
easily compare between the plots.

For calculations involving AP2:

- Mechanism shown as vectors of incremental displacement in the domain. This
information is important to assess failure.

Cases presented in order of appearance in the documents.
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Appendix C

Explained example of code implemented.



*PROGRAM CONTROL lnery WW\‘O‘Y Av\ Oz 2

START 68, 1 vpx@!”x‘ .t Yo .vwasgL .

STOP 500, 1 - °*o{>, v Lot A
*comm INDISC /home5/msc6/DATA/NACHO/MESH/MESH. SVE 14 lnereunad
INITIAL STRESS /home5/msc6/DATA/NACHO/MESH/1ns/12&d @OuMUJ %40

INDISC RUN7.SVE ¢ N 250
NEWDATA Owdf Wy te > \\\JAO Gty elvures o

HPPLOTTER “iwwal: %\x\ox Ton _ n A
AUTOMATIC INCREMENTATION lw’f ~tfe s SNS)JS'\*@(’P\UQ Slress PG’“’* “‘J of M,

NONSYWETRIC A 6\/\) \\0 \,[01 ‘\E :,’ "4‘1 \/\OV\( l/\\j\/\ AL U(“\ o :.‘,.},. (” e <0 {( UU”MV !
SAVE Al
uuw*dﬂ adgori e

PLANE 1

P Abuhmur sdQ;u‘LQ V*\’l“}%l\iﬁ\q al '*\o,qo\w@,m Q@x 1A 0‘“C‘u
ITERATION 1, 500 (ouU Heaf = o <
ALPHA 1, 500, 5 o - aweloraiou ’*‘@WAS\\’&- ‘“'\\*Q“"“Zag“wggf"ff
FLOW 10000, 1000, 2000 ?qquuv w W\ o@ti\\‘*l Aug Jou/ sub-Siepgivg

* ENDCONTROL QYLQAK, R L]S‘S

*DEFINE A ‘

¥COMM ———-—=—===-=-—=—=——--=-=----------------y e b 0y el
*UPDATE STIFFNESS Tiowx 4 Lo 1000 -iw gmyurtel “v\ 4

XCOMM -------=-—zz=-==-=-—=---=-—-—-—=-—-— PR AV IVVAL -2

1: 1, 1000, 1, 300, 1, 1 P‘“@'”Jﬂm‘“ 2N

FCOMM --=---=-=-=-==--=-=-=-===—=-==------o-ooo- ¢

*LINEAR MATERIAL PROPERTIES A1 JIn( \UQS{\Q slates

yoomm o oo s momTooommmmTmme s A aaiais dr Ao

comm Ool1ll - .

1: 1.0, 120.0, 1.0, (1.0E5, 0.2, 0.0 o woa’J'/A’

*comm  Wall _ T T T Do faian

2: 1.0, 24.0, 1.0, 130. 0ES6, 0.15, 0.0

XCOMM -—-—~---—————=————=-=-=——=———————~——— .or

*NONLINEAR MATERIAL PROPERTIES 5, ~ imwiidg wo il

*¥COMM —-——=—=—— =~ m e e ——m—————— =~

*comm . Soil no D , e D)

1: 16.0, 0.0, 25.0, 0.0, 0.1 Mok el o L0

*comm  Wall . W /mfhuﬂ“/u' “vaﬂ

27 1.0 — Livear adin N

*COMM - —————— === == — e — —— . —— - ———

*PRESCRIBED DISPLACEMENTS A
XCOMM -=----——=—-—-——-—- - - - - -

1: 1, 1000, 2, 1, 3, 0 —%Rw mwmuw A 1o 1057,

2: 1, 4, 1, -9726, -1290, O 3\\3 ITRTITCAl R A\r'w YRR R el ‘bo”
3: 5, 8, 1, -9510, -1290, 0 ,jg,u,, w0 se o ol o |
4: 9, 12, 1, -9294, -1290, O ey Doceitlon oW
5: 13, 16, 1, -9078, -1290, O \Ho ooy :{” PO TN et
6: 17, 20, 1, “8862, -1290, 0 \'(’)W TSRV -+ J‘ 1&) ‘,‘ /‘* p

7: 21, 24, 1,-8646, -1290, 0 PR R DIPER Aivier e 2

8: 25, 26, 1,-8538,-1290, 0 (\M“mww o et 2L RN :
9: 27, 1000, 1, -8322,-1290,0 i ‘\,M* T neea [bedany !
¥COMM -——-———=—=————=——=—==————~—~—~—~—- -~ —~—— e -

*CHANGE MATERIAL PROPERTIES

¥COMM --~---—-----—---—m - m—————— - N

*comm Soil to wall \ g . RN PN }

1: 1, 2, 1 ';\'fz"l‘l‘.“( il A 1o xl//m o\ wafl - t"’_: -
*comm ------~---%=- 4-{-151-;f——-——4-—-<-v7— ~
*EXCAVATION b I KR SAVIN YV rA

FCOMM -—----—-——=-— - = —- - e m o

*comm Excavation to 5m depth

1: 1, 4, 2 \

2: 5, 8, 3 T )" Covo e

3: 09, 12, 4 o vowois A to 12, atone

4: 13, 16, 5 Sedtiau .

5: 17, 20, 6

6: 21, 24, 7

7: 25, 26, 8



eleliiii R

*INCREASE FOS Foou vactommst 27 bs 200 yvoiva™ =&
*COMM - ~-g-===--=——mmm——————— o ——— - it ot T AT
1: 27, 100, 1, 7 FOT ~ 7 nidiue qo Jac A o7 b oL 7
*comm e e e o — — — — — — — — — — —— — — ————————
*FOS CHANGE
*comm -----__—--_——-———-——_——-_-_----—\-_— r T\ "»!\‘m-'r i /j(_/ L
1: 2.0, 0.02 ‘wuwale o) 002 cor RIS S
X QOMM = o oo oo L RN RNy
*SECTIONING
*COMM ~ === == - - - mmm o m oo e o B
* . K , ‘9! A% /Q
1?OMT 12?11 o A f?lf”vfé Lo AL =
- ¥4 b he —_ \;
*commm Excavation to 5m
2: 2, 1766,-1785, 3158, -3229
3: 2, 1746,-1765, 3086,-3157 _ . SEURENY BN s D
4: 2, 1726,-1745, 3014,-3085 o< "W o ATed R Vel
5: 2, 1706,-1725, 2942,-3013 o .
6: 2, 1686,-1705, 2870,-2941 L . PR «/’fl
*comm FOS — PR s Ty h - \ 0K i ;} )
7: 3, 1 Sychge AT T IO e
A COMM — - mmm = mm e m e e e e e e
*PLOT
FCOMM — - - - m - - m o m - - oo —m o —m oo oo /sjn)1 o . N
1: O, l, 1, 1010 —_r& Y, g Vol < T 10 WM u.y " Ny o O
2: 4, 20, 4, 1002 7 4/ A .
3: 4, 20, 4, 1004 plﬂnc)Q?€L” 4007
4: 4, 20, 4, 2012 v oy 2]
5: 20, 70, 5, 2002 2002 . S el JO-
6: 71, 100, 1, 2002
*comm _____________________________ f |C{‘«lOl)\

*comm ------d-----T T

1: 20, 70, 5, 19403, 1, 1036, l, 14051, 3, 253 0, 0,0,0,1,1
2: 20, 70, 5, 19403, 1, 99, 1, 14051, 3, 253,0, 0,0,0,1,1
3: 71, 100, 1, 19403, 1, 1036, 1, 14051, 3, 253,0, 0,0,0,1,1
4: 71, 100, 1, 19403, 1, 996, 1, 14051, 3, 253,0, 0,0,0,1,1
*COMM - ——————— - — - e — e — - ,

*SAVE SoNe s—llﬁ\e {{ow Hm}(!\mt“ 77 {p Bl Q\W‘ 5 ok VLD
FCOMM === = mmm = m e e e o e e e

1: 4, 26, 4

¥COMM - =------—- - - o e
*ENDDATA
XCOMM —-==—===-——- - - e e



