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ABSTRACT

NUMERICAL ASSESSMENT OF NEGATIVE SKIN FRICTION EFFECTS ON
DIAPHRAGM WALLS

Gengoglu, Cansu
MS, Department of Civil Engineering
Supervisor: Prof. Dr. Kemal Onder Cetin

January 2013, 114 Pages

Within the confines of this study, numerical simulations of time dependent variation of downdrag
forces on the diaphragm walls are analyzed for a generic soil site, where consolidation is not
completed. As part of the first generic scenario, consolidation of a clayey site due to the application of
the embankment is assessed. Then two sets of diaphragm walls, with and without bitumen coating, are
analyzed. For comparison purposes, conventional analytical calculation methods (i.e., rigid-plastic and
elastic-plastic soil models) are also used, the results of which, establish a good basis of comparison
with finite-element based simulation results. Additionaly, the same generic cases are also analyzed
during the stages of excavation, when diaphragm walls are laterally loaded. As the concluding remark,
on the basis of time dependent stress and displacement responses of bitumen coated and uncoated
diaphragm walls, it was observed that negative skin friction is a rather complex time-dependent soil-
structure and loading interaction problem. This problem needs to be assessed through methods
capable of modeling the complex nature of the interaction. Current analytical methods may
significantly over-estimate the amount of negative skin friction applied on the system, hence they are
judged to be over-conservative. However, if negative skin friction is accompanied by partial
unloading as expected in diaphragm walls or piles used for deep excavations, then they may be subject
to adverse combinations of axial load and moment, which may produce critical combinations
expressed in interaction diagrams. Neglecting the axial force and moment interaction may produce
unconservative results.

Keywords —Negative Skin Friction, Diaphragm Wall, Bitumen Coating.
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DIYAFRAM DUVARLAR UZERINDEKI NEGATIF CEVRE SURTUNMESI ETKILERININ
NUMERIK DEGERLENDIRMESI

Gengoglu, Cansu
Yiiksek Lisans, Ingaat Miithendisligi Boliimii
Tez Yéneticisi: Prof. Dr. Kemal Onder Cetin

Ocak 2013, 114 Sayfa

Bu c¢alisma kapsaminda, diyafram duvarlar {izerinde, zamana bagl degiskenlik gosteren ve negatif
cevre siirtiinmesinden kaynaklanan yiiklerin niimerik simiilasyonlari, konsolidasyonu tamamlamamig
tipik bir zemin sahasi i¢in analiz edilmistir. Ilk senaryo kapsaminda, killi bir zeminde dolgu
uygulamasi sonucunda gelisen konsolidasyon siireci degerlendirilmistir. Analizler iki farkli set olarak
calisilmis olup, bitlimsiiz ve bitimlii olmak {izere iki farkli diyafram duvar modellenmistir. S6z
konusu analiz setleri, karsilagtima amaciyla analitik modelleme yontemleri (rijit-plastik, elastik-plastik
zemin modelleri) ile de gergeklestirilmis olup, niimerik simulasyon sonuglari ile iyi bir karsilagtirma
temeli olusturulmustur. Bununla birlikte, aym analiz setleri, diyafram duvarlarin kazi asamalari
sirasinda yanal olarak yiiklendigi durum igin de analiz edilmistir. Sonug olarak, bitiim kaplamali olan
ve olmayan diyafram duvarlarin, zamana bagli stres ve deplasman tepkileri degerlendirildiginde,
negatif ¢evre siirtiinmesi olayinin, oldukg¢a karmagik, zamana bagli zemin-yap1 ve yiikleme etkilegimi
problemi oldugu gozlenmistir. Bu problemin, s6z konusu etkilesimlerin kompleks yapisini
modelleyebilen metodlar ile degerlendirilmesi gerekmektedir. Mevcut analitik metodlar, negatif ¢cevre
stirtiinmesi miktarini énemli 6l¢iide fazla tahmin edebilmekte olup, bu nedenle asir1 konservatif olarak
degerlendirilmektedir. Bununla birlikte, negatif ¢evre siirtiinmesi olayinin, derin kazilar i¢in kullanilan
diyafram duvar veya kaziklarda oldugu gibi kismi olarak yiikiin bosaltidig1 sistemlerde gozlenmesi
durumunda, diyafram duvar veya kaziklarin eksenel yiik ve momentin Kritik kombinasyonlarina
maruz kalabilecegi, dolayisiyla eksenel yiik ve moment etkilesimini ihmal etmenin giivenli olmayan
sonuglar dogurabilecegi degerlendirilmektedir.

Anahtar kelimeler —Negatif Cevre Siirtiinmesi, Diyafram Duvar, Bitum Kaplamas.
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CHAPTER 1

INTRODUCTION

1.1. Purpose and Scope
The purpose of this study is to investigate the negative skin friction phenomenon and interpret its
effects on diaphragm walls by means of numerical analyses. The negative skin friction effect is
conventionally considered for the design of pile foundations with axial loading, however, in this
study, the effect of negative skin friction phenomenon is assessed for laterally loaded diaphragm
walls. For this purpose, numerical assessment of time dependent variation of downdrag forces on the
diaphragm walls are analyzed via consolidation analysis for the following cases;

e Analysis Scenario 1: Diaphragm Wall - Soil Interaction Model
o Case 1: Diaphragm Wall - Soil Interaction
o Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction
e  Analysis Scenario 2: Diaphragm Wall - Soil Interaction Model during Excavation
o Case 1: Diaphragm Wall - Soil Interaction
o Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction

"Analysis Scenario 1: Diaphragm Wall - Soil Interaction Model™ illustrates the consolidation
dynamics of the clay layer due to the application of the embankment. This scenario breaks down into
two sub scenarios, which comparatively illustrate the effect of bitumen utilization to reduce downdrag
forces in detail. Those analyses are also carried out by conventional analytical calculation methods
(i.e. Rigid - Plastic and Elastic Plastic Soil Models) and the corresponding results are presented
comparatively.

"Analysis Scenario 2: Diaphragm Wall - Soil Interaction Model during Excavation" illustrates the
consolidation of the clay layer due to the application of the embankment and excavation of the soil
consecutively. Similarly, this scenario also breaks down into two sub scenarios, to comparatively
analyze the effect of negative skin friction on diaphragm walls in detail.

In this study, PLAXIS™ software is utilized to perform numerical analyses, which is a two -
dimensional finite element analysis software, developed specifically for deformation and stability
studies in geotechnical engineering projects.

As a result of comparison of time dependent stress and displacement responses of bitumen coated and
uncoated diaphragm walls, obtained from the analytical models and numerical simulations, it is
concluded that downdrag forces develop as part of a complex interaction among the soil, pile and the
applied load, which requires a complete assessment of soil-pile-load interaction with proper models.

The details of this finite element analysis software, together with the utilized constitutive models and
the analysis scenarios with the corresponding cases are explained within the following sections,
respectively.

1.2. Problem Significance

The negative skin friction/downdrag phenomenon is observed particularly in soft soils as a result of
consolidation settlement by means of dissipation of excess pore pressure induced by surcharge
loading. Negative skin friction is the most common problem in the design and construction of pile
foundations in compressible soils due to induced excessive and differential settlements of the pile
foundations. According to Briaud & Tucker (1996), it is stated that downdrag phenomenon has caused
significant damage in various structures. In addition to this, negative skin friction produces a dragload
which can exceed the rated capacity of the pile itself as indicated in Fellenius (1984).



In pile foundation design, the design load is composed of sustained (i.e., permanent or dead) load and
of temporary (i.e., transient or live) load. The design aims to ensure that the design load does not
exceed the allowable load, by also considering the safety factors.

There are principally two design approaches used for the design of pile foundations subjected to
negative shaft resistance in the literature and fundamental specifications. The traditional method is
rather conservative, which assumes that negative shaft resistance will occur on the pile shaft through
the portion of a soil layer with a settlement greater than 10 mm, determines the magnitude of negative
shaft resistance and considers this resistance as an additional load to the pile supports.

On the other hand, recent methods to determine the negative shaft resistance loads are based on the
relative pile - soil movement such as explained in Briaud & Tucker (1996). The method of analysis
that Briaud & Tucker (1996) recommends is based on the static equilibrium of the pile and on the
compatibility of the relative pile-soil movement and is limited to vertical piles. The above mentioned
study states that, in order to design the piles subject to downdrag, the settlement of the pile due to
downdrag and structural load, the maximum load in the pile due to downdrag and structural loads and
the ultimate capacity of the pile are the input parameters of the problem. According to Briaud &
Tucker (1996), transient live loads should not be considered at the neutral point because they only
reverse the negative skin friction caused by downdrag temporarily.

Additionally, Fellenius (1984) states that, the dragload, which should be considered as a beneficial
force prestressing the pile and reducing the deformation that occurs from live loads will not have any
influence on the pile bearing capacity. The dragload must not be subtracted from the pile capacity
when determining the allowable load, as long as the pile structural strength is not exceeded. Neither
must the dragload be added to the design loads when checking whether the loads from the structure
exceed the allowable load or not.

Although above mentioned two opinions appear to be contradictory, both approaches are utilized in
the state of the art pile design procedures, as discussed in "Design Approaches and Considerations for
the Design of Pile Foundations Subjected to Negative Skin Resistance / Downdrag™ section.



CHAPTER 2

LITERATURE SURVEY

2.1. A Brief Review on Negative Skin Friction Phenomenon

2.1.1. Pile Foundations
Pile foundations are frequently required to transfer the load from the superstructure through weak
compressible strata onto stiffer or more compact less compressible soils or onto rock. They are
implemented to prevent uplift forces when used to support tall structures subjected to lateral loads in
the form of wind, earthquake, etc. Pile foundations are also preferred to reduce excessive settlement to
an acceptable level (Tomlinson and Woodward, 2008).

Piles are classified as large displacement piles, small displacement piles and replacement piles
according to the method of installation (British Standard Code of Practice for Foundations (BS 8004:
1986)). Large displacement piles comprise solid-section piles or hollow-section piles with a closed
end, which are driven or jacked into the ground and thus displace the soil. Small displacement piles
are also driven or jacked into the ground but have a relatively small cross-sectional area. They include
rolled steel H- or I-sections and pipe or box sections driven with an open end such that the soil enters
the hollow section. Replacement piles are formed by first removing the soil by boring using a wide
range of drilling techniques. Concrete may be placed into an unlined or lined hole, or the lining may
be withdrawn as the concrete is placed. Preformed elements of timber, concrete or steel may be placed
in drilled holes.

The basis of the ‘soil mechanics approach’ to calculating the ultimate capacity of piles is that the total
resistance of the pile to compression loads is the sum of two components, namely shaft friction and
base resistance. A pile can be basically classified as a friction pile or an end - bearing pile on the basis
of how they develop the support (i.e., response to the load). A pile in which the shaft-frictional
component predominates is known as a friction pile (Figure 1 - a), while a pile bearing on rock or
some other hard incompressible material is known as an end-bearing pile (Figure 1 -b ). On the other
hand, many piles carry loads by a combination of friction and end bearing.

Additionally, Fellenius (1984) emphasizes a distinction between the terms ‘shaft resistance' and 'skin
friction". It is reported that the term 'shaft resistance' is used to intend the shear stress induced in the
pile due to loading of the pile. On the other hand, the term 'skin friction' is used when the shear stress
is induced due to settling or swelling of the soil.

Soft highly
compressible soil

Soil progressively
increasing in e T e Rock or hard

stiffness or relatively incompressible
relative density soil

with increasing
depth

Figure 1: Types of bearing pile (a) Friction pile (b) End - bearing pile
(Tomlinson and Woodward, 2008)



2.1.2. Negative Skin Friction Phenomenon
In almost all practical applications of pile foundations, there exists a finite displacement between the
soil layer and the pile as a consequence of the dynamics of soil and pile interaction.
The displacement of a pile occurs due to:

e  The own weight of the pile itself
e The total load on the pile

The settlement of the soil layer may be caused by:

Self-weight of unconsolidated recent overburden and fill

Surcharge-induced consolidation settlement

Consolidation settlement after dissipation of excess pore pressure induced due to pile driving
Lowering of groundwater level

Thawing of frozen soils

Collapse settlements due to wetting of unsaturated fill

Construction work adjacent to the site

e Reconsolidation of soft soils disturbed during driving

e  Crushing of subsoil under sustained loading

The empirical results show that only a few millimeters of relative displacement between the settling
soil and the pile shaft surfaces is sufficient to mobilize the shaft resistance in either upward or
downward directions.

In most of the applications, the structural load applied to the top of the pile causes the pile to move
downwards with respect to the soil. Thus, the relative movement between the pile and the soil
produces shear resistance, which acts upwards along the corresponding interface and contributes to the
bearing capacity of the pile.

On the other hand, if a pile is driven through a layer of soft compressible soil such as soft clay, soft
silt, peat, recent fill, or collapsible soil, it is possible for the embedding soil to move downwards with
respect to the pile. This causes opposite (i.e., negative) shear stress, which acts in the same direction
with the relative movement of soil and imposes dragload on the pile, as compared to previously
discussed case.

In Figure 2, the axial forces on the pile for both cases are illustrated, where:

Fo the positive skin friction force

Fn the downdrag force

Q: the load carried at the top of the pile

Qp the load carried by the pile point

Ryt the ultimate load to be carried at the top of the pile
Rup the ultimate load to be carried by the pile point

As can be seen from the figure, for the case without downdrag, i.e., where the relative movement of
the pile is downward, the mobilized shear stress along the pile - soil interface acts upward and
contributes to the bearing capacity of the pile. However, in the case of downdrag,, i.e., where the
relative movement of the soil is downward, the mobilized shear stress along the pile - soil interface
acts downwards and produces a dragload which increases the load applied to the pile. For this case, it
is observed that the dragload is produced down to a certain point along the pile. This point is called as
the neutral point. In Figure 3 - a, it is shown that above the neutral point negative shaft resistance, and
beyond the neutral point positive shaft resistance occurs.
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Figure 2: Distribution of Axial Forces in a Pile (Briaud & Tucker, 1996)
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Figure 3: Negative Skin Friction on a Pile (Briaud & Tucker, 1996)

"Neutral plane" is a term used to define the location of the force equilibrium in the pile. It also
describes location where there exists no relative movement between the pile and the soil, i.e., at where
the pile and the soil settle equal amounts as demonstrated in Figure 3 - b. The location of the neutral
plane depends on the soil profile through the pile and loading conditions. In the case of a pile resting
on a hard layer, the neutral point has a tendency to be located closer to the bottom of the compressible
layer. This phenomenon is clarified with an extreme case where a pile rests on a rock in
Fellenius (1984). It is reported that, for such a case, the location of the neutral point is expected to be



at the bedrock elevation. On the other hand, if the pile is embedded in a deformable layer, the neutral
point tends to be located above the bottom of the compressible layer. In this case, the position of the
neutral point depends on the settlement profile for the compressible layer and the movement profile
for the pile (Briaud & Tucker, 1996).

2.1.3. Effects of Negative Skin Friction on Pile Foundations

Negative skin friction is the most common problem in the design and construction of pile foundations
in compressible soils where the relative movement of the pile is upward with respect to the soil. In this
case, the main problem is the excessive and differential settlements of the pile foundations due to
downdrag phenomenon. According to Briaud & Tucker (1996), it is stated that downdrag
phenomenon has caused significant damage in various structures. In addition to this, negative skin
friction produces a dragload which can exceed the rated capacity of the pile itself as indicated in
Fellenius (1984).

In frictional piles, the neutral plane is closer to the surface level and the corresponding dragload
applied to the pile shaft is smaller. On the other hand, in the case of end - bearing piles, the neutral
plate is lower (i.e., closer to the competent soil layer) and the corresponding dragload on the pile shaft
is larger.

In addition to these, frictional piles result in larger foundation settlement compared to the end -
bearing piles. Therefore, serviceability of the foundations becomes important in the design of
frictional piles, however, for the end - bearing piles, the safety factor on pile structure becomes more
of an issue (Shong, 2002).

Piles are usually installed in groups for the support of structures. Briaud & Tucker (1996) reports that
according to instrumented full - scale history (Okabe, 1977), laboratory scale test (Koerner and
Mukhopadhyay, 1972) and an extensive numerical analysis with a three dimensional element
computer program using a non - linear soil model (Jeong and Briaud, 1992), it is proven that the
downdrag force on a group of "n" closely spaced piles is less than *n™ times the downdrag force on an
isolated single pile due to soil settlement profile of group piles as shown in Figure 4.

As can be seen from the Figure 4, group piles disturb the free field settlement profile and there exists a
"hanging" effect. It is also observed that especially around the interior piles, the soil settlement is
reduced compared to external piles, thus interior piles are subjected to lesser negative skin friction
compared to the external piles (external piles are also subjected to lesser negative skin friction
compared to an isolated single pile).
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Figure 4: Settlement Profile Under a Pile Group (Briaud & Tucker, 1996)



It should be emphasized here that " the total negative skin friction on the pile or group piles should not
be greater than the total imposed fill weight inducing the subsoil settlement within the effective
coverage of the pile or group piles" (Shong, 2002).

2.1.4. Precautions to Reduce Downdrag
In order to overcome the engineering problems generated by downdrag, some precautions can be
considered. The reduction of downdrag can be achieved by:
e Preloading the subsoil to reduce or eliminate the subsoil settlement before pile installation
e Using group piles which takes the advantage of the "hanging" effect
e  Utilizing frictional piles considering larger settlement in the design
e Using double - tube pile method where the outer pile carries the dragload and the inner pile
carries the structural load
e Increasing the capacity of piles by means of increasing cross section, length or number of
piles, thus reducing impact of downdrag on each pile
e Reducing the pile - soil interaction by means of electro - osmosis
e Coating the piles with a friction reducer such as bitumen

Even though individual cases may differ, the most cost effective method is the bitumen coating of
piles among the methods mentioned above. Bitumen is “’a class of amorphous, black or dark-colored
(solid, semi solid, or viscous) cementitious substances, natural or manufactured, composed principally
of high molecular weight hydrocarbons, soluble in carbon disulfide, and found in asphalts, tars,
pitches, and asphaltites’ as defined in ASTM D 1079 - 87a. The bitumen is a predominating
component of the asphalt which occur in nature or obtained by refining petroleum. The bituminous
coatings such as certain types of asphalts or other viscous coatings has been used as friction reducer
between the pile and soil interface before the installation. Bitumen is a non — linear viscous material
and the shearing response of bitumen can be modeled by:

T=nxy 1)

where t is the shear stress, y is the shear strain rate and 7 is the secant viscosity here after referred to
as viscosity (Briaud & Tucker, 1996). This practically means that the applied bitumen is effective
during the transient settling process, when the settlement rate of the soil is relatively high. During the
previously mentioned process, the bitumen will act to reduce the frictional forces between the pile and
the soil and thus will reduce the downdrag forces through the pile. However, in the steady state the
bitumen will lose its effectiveness.

The design criteria for the bitumen involves criterion for storage, driving, downdrag and particle
penetration. The bitumen must be designed so that it does not deform excessively under the gravity
stresses during the storage period (design for storage), so that it does not deform excessively under the
dynamic stresses present during driving (design for driving), so that it offers little shearing resistance
so0 as to reduce downdrag during the soil settlement process (design for downdrag reduction), and so
that it allows the soil particles to penetrate only an allowable amount into the coating (design for
particle penetration) (Briaud & Tucker, 1996).

2.2. Analytical Methods to Assess a Pile Subjected to Negative Skin Friction

There are several methodologies in assessing piles subjected to downdrag/negative skin friction. The
primary step to assess the negative skin friction is to determine the location of the neutral plane and
afterwards to estimate the dragload on the pile shaft. Shong (2002) presents basic analytical closed
form equations to determine the location of the neutral plane and dragload on the pile shaft. These
analytical methods, namely, "Rigid - Plastic Model" and "Elastic - Plastic Model" include the effect of
soil-structure interaction and differ in the load transfer behavior between the pile and the soil. On the
other hand, "Numerical Iterative Method " can also be implemented which is enhanced by elaborating
the computational methodology compared to the basic analytical methods and provides more accurate
results, however, computer programs are required to overcome the computational burden. The details
of the analytical methods, "Rigid - Plastic Model" and "Elastic - Plastic Model" and "Numerical
Iterative Method " are explained in detail in this section.



2.2.1. Rigid - Plastic Model

The rigid plastic model is a relatively more simplified method among the closed form equations. This
model does not consider load transfer behavior and the compressibility of the pile which results in
over-prediction of the negative skin friction. However, it will be explained for the sake of
completeness, since it forms the basis of elastic plastic model.

The assumptions of the rigid - plastic model can be summarized as below;

The pile - soil friction is fully mobilized to ultimate condition

The unit shaft and toe resistances exhibits a linear behavior with respect to depth

The positive (qg,) and negative(rs) unit shaft resistances are assumed to be equal at the same
depth.
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Figure 5: Negative Skin Friction on a Single Pile (Rigid Plastic Model) (L. Shaw Shong, 2002)

In Figure 5 (a), a single pile subjected to negative skin friction is given. The distribution of the
assumed positive and negative unit shaft resistances and the resultant axial forces in the pile are
represented in Figure 5 (b) and (c), respectively, where:

the negative unit shaft resistance

the positive unit shaft resistance

the pile penetration length

the depth of neutral plane

the imposed load at pile top

the negative skin friction on pile above neutral plane

the pile axial load at neutral plane

the ultimate pile toe resistance

the ultimate pile shaft resistance over the whole shaft length
is equal to R, = ultimate pile capacity = Ry+ Ry,



In this method two unitless parameters, a and F are defined as follows:
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2.2.2. Elastic - Plastic Model
The elastic plastic model is a relatively more enhanced method compared to the rigid plastic model.
This model considers relative pile - soil displacement and defines a transition zone to calculate the
location of the neutral point.

The assumptions of the elastic - plastic model can be summarized as below;

The pile is rigid and incompressible

The soil settlement profile is assumed to be linear

The pile - soil friction is fully mobilized to ultimate condition except the transition zone

The positive(q,) and negative(r) unit shaft resistances are assumed to be equal at the same
depth.

In the Figure 6 (), the relative displacement between the pile and the soil is represented. Here, the
midpoint of the transition zone gives the location of the neutral point and the defined unitless
parameters to make use of in the equations are stated as follows:

— (Sty
P= < (7

where & is the relative displacement between the pile toe and the soil at the pile toe that is required to
yield the toe resistance.

Ssy
= ¥ 8
©= ®)
where 3, is the relative displacement between the pile and the soil around the pile shaft that is
required to yield the shaft resistance.
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where Jy, is the relative settlement between the pile head and the settled ground surface.

The distribution of the positive and negative unit shaft resistances and the resultant axial forces in the
pile are represented in Figure 6 (b) and (c) considering the elastic plastic model. The relation between
the unit shaft resistance and displacement is given in the Figure 6 (d) which is utilized to calculate the
mobilized unit shaft resistance through the transition zone. The pile toe settlement and the
corresponding toe resistance is given in Figure 6 (e) which is referred to calculate the mobilized toe
resistance in the system.

The static equilibrium equation at the neutral point:
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Figure 6: Negative Skin Friction on a Single Pile (Elastic Plastic Model) (Shong, 2002)
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2.2.3. Numerical Iterative Approach
It should be noted here that the accuracy of the Elastic Plastic Model can be enhanced by slightly
elaborating the computation methodology with:

Appropriate constitutive soil models
Consolidation settlement profile for the soil
Elastic compression dynamics of the pile
Elastic punch dynamics in the bearing soil layer

However, the above mentioned improvements require utilization of numerical iterative methods,
which are handled by software to overcome the computational burden. In this study, PLAXIS™
software is utilized for the purpose. The detailed pile and soil models used in this study are explained
in detail in the next chapter.

2.3. Empirical Methods to Calculate the Unit Negative Skin Friction
There are two basic empirical methods to estimate the unit negative skin friction at the corresponding
depth, namely the Total Stress Approach (a-Method) and the Effective Stress Approach (-Method):

e Total Stress Approach (a - Method): This method makes use of the undrained shear strength
(cy) in the analysis to calculate the negative skin friction. The negative skin friction (s neg),
which is equal to adhesion (c,), is calculated by:

f neg= Ca = X GCy (13)
where o is an empirical adhesion factor and c, is the undrained shear strength.

The adhesion factor, depends the nature and shear strength of the soil, besides pile dimension, method
of pile installation and time effects. Design and Construction of Driven Pile Foundations (1998),
offers Figure 7 for determination of adhesion factor, which represents the relation between adhesion
factor and undrained shear strength depending on pile diameter (b) and clay thickness (D) for the
mentioned sites. On the other hand, Figure 8 is also provided for the selection of adhesion when the
special soil stratigraphy cases identified in Figure 7 are not existing at the site.

11
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e  Effective Stress Approach (p - Method) : This method assumes that the negative skin friction
is proportional to the effective over-burden pressure and can be computed from the equation:

fsneg=P x 0"y (14)

where [ is a reduction factor and o', is the effective over-burden pressure at the depth of
interest.

Design and Construction of Driven Pile Foundations (1998) represents recommended ranges of
reduction factor dependent on the soil type and angle of friction (¢), as given in Table 1.

Table 1: Approaximate Range of Reduction Factor () Coefficient
(Design and Construction of Driven Pile Foundations, 1998)

Soil Type | ¢ (Degree) B
Clay 25~ 30 0,25 ~0,35
Silt 28 ~ 34 0,27 ~ 0,50
Sand 32 ~40 0,30 ~ 0,60

Gravel 35~45 0,35~0,80

In addition, Tomlinson and Woodward (2008), offers negative skin friction factors for piles driven
into soft to firm clays as a function of depth of penetration as demonstrated in Figure 9.
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Figure 9: Negative Skin Friction Factors for Piles Driven into Soft to Firm Clays
(Tomlinson and Woodward, 2008)

In the literature, there exists contradicting arguments; since very little relative displacement is enough
to mobilize the full friction and settlement starts just after the installation of the piles or due to
reconsolidation of soft soils disturbed during driving, Total Stress Approach (o -Method) should be
used for clay to design the foundations in the short term. However, consolidation is a long term
process and thus, Effective Stress Approach (B - Method) should be used for clay to design the
foundations in the long term. Therefore, according to Briaud & Tucker (1996), "the pile must be
designed for both short term and long term cases, with the worst case governing the design”. On the
other hand, Fellenius (1984) states that " Load-transfer from a pile to the soil or from soil to a pile is
primarily governed by the effective stress in the soil, and both shaft and toe resistances are
proportional to the effective overburden stress. That is, the load transfer is best analyzed using the
“beta method” of analysis."

2.4. Design Approaches and Considerations for the Design of Pile Foundations Subjected
to Negative Skin Resistance / Downdrag
In pile foundation design, the design load is composed of sustained (i.e., permanent or dead) load and
of temporary (i.e., transient or live) load. The design aims to ensure that the design load does not
exceed the allowable load, by also considering the safety factors.

There are principally two design approaches used for the design of pile foundations subjected to
negative shaft resistance in the literature and fundamental specifications. The traditional method is a
conservative one, which assumes that negative shaft resistance will occur on the pile shaft through the
portion of a soil layer with a settlement greater than 10 mm, determines the magnitude of negative
shaft resistance and adds this resistance as a load to the pile supports. On the other hand, recent
methods to determine the negative shaft resistance loads are based on the relative pile - soil movement
such as explained in Briaud & Tucker (1996). The method of analysis that Briaud & Tucker (1996)
recommends is based on the static equilibrium of the pile and on the compatibility of the relative pile-
soil movement and is limited to vertical piles. This study states that in order to design the piles
subjected to downdrag, the settlement of the pile due to downdrag and structural load, the maximum
load in the pile due to downdrag and structural loads and the ultimate capacity of the pile are the input
parameters of the problem.

14



The settlement of a pile, hence the amount of the relative movement between the soil and the pile, is
mostly determined by the amount and characteristics (i.e., permanent or transient) of the load applied.
According to Briaud & Tucker (1996) these phenomena are illustrated in Figure 10, where the
evolution of load distribution on a pile due to transient and permanent loading is given for the cases
with and without negative skin friction. As can be observed from the figure, transient live loads
should not be considered at the neutral point because they only reverse the negative skin friction
caused by downdrag temporarily (Briaud & Tucker (1996)).

In addition to this, Fellenius (1984) also states that, the dragload, which constitutes a beneficial force
prestressing the pile and reducing the deformation that occurs from live loads will not have any
influence on the pile bearing capacity and the dragload must not be subtracted from the pile capacity
when determining the allowable load, as long as the pile structural strength is not exceeded. Neither
must the dragload be added to the design loads when checking that the loads from the structure do not
exceed the allowable load.

Eurocode 7 (2004) also proposes two "contradictory™ design approaches for piles subjected to ground
displacement, such as consolidation, which can affect the piles by causing downdrag. The first
approach, evaluates this phenomenon as an "indirect action" and soil-structure interaction analysis are
performed to determine the relative displacements and forces. It is also emphasized that, the
displacement of the pile relative to the surrounding moving ground, the shear resistance of the soil
along the shaft of the pile, the weight of the soil and the expected surface loads around each pile
should be considered for interaction calculations.

On the other hand, the second approach proposed in Eurocode 7 (2004) evaluates this phenomenon as
an "equivalent direct action" and an upper-bound action for downdrag force is defined. In order to
define an/a appropriate/maximum upper-bound action, the shear resistance at the interface between
the soil and the pile shaft and downward movement of the ground due to self-weight compression and
any surface load around the pile should be considered. Total Stress Approach (o -Method) is utilized
to calculate downdrag force induced by consolidation of cohesive layer. Then, the characteristic
vertical compressive action applied to the pile is calculated by addition of axial load applied to the
pile, the pile weight and the downdrag force. In addition, an exception for transient loads are also
defined for this approach and it is stated that downdrag and transient loading need not be considered
simultaneously in load combinations.

The design approaches and considerations of

e Design and Construction Guidelines for Downdrag on Uncoated and Bitumen-Coated Piles
(1996)

e Design and Construction of Driven Pile Foundations (1998)

e AASHTO LRFD Bridge Design Specification (2007)

e  Drilled Shafts: Construction Procedures and LRFD Desigh Methods (2010)

are comparatively summarized in Table 2.
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(a) Evolution of Load Distribution Without Downdrag
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(b) Evolution of Load Distribution With Downdrag

] B

Downdrag \

Residual Loads
Loads

(1) Immediately  (2) Significant Time (3) Immediately (4) Significant Time
After Driving After Driving After Structural After Structural
Load Applied Load Applied

Figure 10: Evolution of the Load Distribution in a Pile (Briaud & Tucker, 1996)
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Table 2: Negative Skin Friction Design Process

Technical
Document

Step #

Design and Construction
Guidelines for Downdrag on
Uncoated and Bitumen-Coated
Piles (1996)

Design and Construction of
Driven Pile Foundations
(1998)

AASHTO LRFD Bridge
Design Specification (2007)

Drilled Shafts: Construction
Procedures and LRFD Design
Methods (2010)

1 Initialization

Establish the idealized soil
profile and estimate the pile load
(dead loads, permanent and
transient live loads) and pile
length (L).

Establish the idealized soil
profile and soil properties for
computing settlement.

Establish the idealized soil
profile and soil properties for
computing settlement.

Establish the idealized soil profile
and soil properties for computing
settlement.

Preliminary Dett_armlne the variation _ of Determine  the  overburden | Determine  the  overburden | For the time-dependent settlement
2 works to vertical stress (Ac,) beneath the pressure increase (Ap) vs. depth | pressure increase (Ap) vs. depth | (consolidation) assume end of
calculate center of embankment vs. ratio . - o
consolidation of depth to embankment depth due to the fill. due to the fill. consolidation settlement.
settlement (z/B).
Perform settlement computations )
Perlf_c;rrp to estimate total ground surface | Perform settlement computations Eerf(irr]m setFIIerrI\ent comlp utatnirr:s Assume that consolidation
3| Pmee o | settlement and check the clues o | for the soil layers along the | dzedso'p”eayf;gt‘; 0'(‘8) » | settlement varies ~linearly ~with
know when to consider | embedded pile length (L). depth.

computations

downdrag in design® to decide
whether or not downdrag may be

shaft.

i The total settlement of the ground surface will be larger than 100 mm

il The settlement of the ground surface after the piles are driven will be larger than 10 mm

iii_| The height of the embankment to be placed on the ground surface exceeds 2 m

iv_| The thickness of the soft compressible layer is larger than 10 m

\ The water table will be drawn down by more than 4 m

Vi_| The piles will be longer than 25 m
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Technical
Document

Step #

Design and Construction
Guidelines for Downdrag on
Uncoated and Bitumen-Coated
Piles (1996)

Design and Construction of
Driven Pile Foundations
(1998)

AASHTO LRFD Bridge
Design Specification (2007)

Drilled Shafts: Construction
Procedures and LRFD Design
Methods (2010)

a problem.

Determination
of transition
zone
4 | characteristics
(if applicable)

Establish the settlement profiles
down to a depth where
settlement is negligible by
calculating the time factor and
thus the percent consolidation at
the times of pile driving,
significant time after pile
driving, immediately after load
application on the piles and

Determine the pile length (L)
that will be subjected to negative
shaft resistance; assuming that
negative shaft resistance will
occur on the pile shaft through
the portion of a soil layer with a
settlement greater than 10 mm.

Determine the pile length (L) or
shaft that will be subjected to
downdrag; assuming that
downdrag fully develops, if the
settlement in the soil layer is 0.4
in. or greater relative to the pile
or shaft.

Select load transfer curves for all of
the layers. For the sake of
simplicity, a linear curve is selected
for load transfer in base resistance
and fully plastic curves are selected
for load transfer in side resistance.

Note:  Alternatively, nonlinear
curves can be used, but a numerical

Determination

5 | of the negative

shaft resistance
/ downdrag

S|gn|.f|ca}nt time _after load computer solution is required.
application on the piles.
Determination of maximum Determine the magnitude of | Calculate nominal unit side

friction between pile and soil
and maximum point resistance .

Note: a) Both total and effective
stress analysis for clay and
effective stress analysis for sand
are performed and the pile must
be designed with the worst case
governing the design.

b) The point resistance is
assumed to follow an elastic -

Determine the magnitude of
negative shaft resistance (Q;) by

using Total Stress Approach (o -
Method).

downdrag, DD, by using static
analysis.

Note: For the case of piles,
downdrag can be estimated
using a, A and B (when the long
term conditions after
consolidation is  considered)
methods for cohesive soils. In
the case of cohesionless soils
that will be subjected to
downdrag due to overlying

resistances applicable to the
downdrag problem.

Note: In the case of cohesive soils,
the o method for short term
undrained conditions and effective
stress analysis for long term
conditions is  applied.  For
cohesionless soils B method is
applied to calculate the nominal
unit side resistance.
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Technical | Design and Construction Design and Construction of . Drilled Shafts: Construction
Document | Guidelines for Downdrag on Driven Pile Foundations D’;“S'?‘SH;O LfRFtD BrlzdogoeY Procedures and LRFD Design
Uncoated and Bitumen-Coated (1998) gn Specification (2007) Methods (2010)
Step # Piles (1996)
plastic model. consolidating layers effective
stress method should be used to
estimate negative skin
Determination resistance.
of the negative
shaft resistance For shafts, downdrag loads may
/ downdrag be estimated using the o method
for cohesive soils and f method
for granular soils.
Apply an iterative procedure to
define the location of the neutral
plane.
1) Assume that the initial neutral
plane is at the interface between the
Determine the location of neutral co:jnp:e§5|b:je soil Ia);?rl and the
6 Determination | point by comparing the soil N/A N/A underlying dense or stiff layer.

of the neutral
point location

settlement profile with the pile
settlement profile (See Figure 3).

2) Calculate the nominal head load
(Q) as the difference between the
nominal side resistance (Rsy),
nominal base resistance (Rgy) and
downdrag.

Qr = Rgy + Rpy — Qp

3) Considering  the  static
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Technical
Document

Design and Construction
Guidelines for Downdrag on

Design and Construction of
Driven Pile Foundations

AASHTO LRFD Bridge
Design Specification (2007)

Drilled Shafts: Construction
Procedures and LRFD Design

Uncoated and Bitumen-Coated (1998) Methods (2010)
Step # Piles (1996)
equilibrium of pile, calculate the
maximum load which occurs at the
neutral plane.
Qmax = QT + QD
Determination 4) Calculate the settlement at the
of the neutral neutral plane considering the elastic
point location compression of pile and base
settlement (select a random value
for the base settlement)
5) If the required condition for
neutral plane is not met, update Qr
and repeat the steps 2-4.
The PILENEG program is run
Evolution of the | for evolution of the load
7 load distribution in the pile during N/A N/A N/A
distribution downdrag for the specified four
steps in Figure 10.
A Load - Settlement Envelope
Constitution of | resulting  from  equilibrium
8 load - sett. conditions under rapid top load N/A N/A N/A
envelope application and long term

downdrag is obtained.
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Technical | Design and Construction Design and Construction of . Drilled Shafts: Construction
Document | Guidelines for Downdrag on Driven Pile Foundations DAASH;_O LfRFtD Brlzdogoe7 Procedures and LRFD Design
Uncoated and Bitumen-Coated (1998) esign Specification (2007) Methods (2010)
Step # Piles (1996)
AASHTO LRFD specifications
(2007) are utilized for the
The design of pile foundation is evaluation of limit states under
carried out by considering the downdrag  based on the
drivability of the pile, the followings;
allowable settlement of the pile, .
the safety against structural 1) The downdrag force (DD) is a
failure of the pile material, the | Calculate ultimate pile capacity | COMPOnent of the permanent
safety against soil failure by the | (Q;) by the positive shaft and load with a load factor y=0.35
use of load and resistance | toe resistance and afterwards the | (Minimum) and -y =123
factors. net ultimate pile capacity (maximum) AASHTO  LRED ficati
NET ; i - . specifications
- Note: At the top of the pile dead (Qu ). avaliable o resist| 5) Eqach sirength limit state is | oq07) are utilizedp for  the
9 Design - imposed loads. evaluated acc. to the basic LRFD , L
Considerations | 10ads, permanent live loads and ‘ o evaluation of limit states under
transient  live loads  are equation which is, downdrag.
considered, however, at the n
neutral point dead loads, Z'lﬂtﬂ”p(“mSZ%JRsmﬁ%Rw

permanent loads and downdrag
loads are considered. The
transient live loads are not taken
into consideration at the neutral
point since they only reverse the
negative skin friction caused by
downdrag temporarily.

NET — -
u _QJ'QS

For the geotechnical strength
limit state, soil layers that
undergo settlement exceeding
4% of shaft diameter, the
downdrag forces are likely to
remain and should be included
with the maximum load factor.
In the case of application of non-
permanent  (transient) loads,
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Step #

Technical
Document

Design and Construction
Guidelines for Downdrag on
Uncoated and Bitumen-Coated
Piles (1996)

Design and Construction of
Driven Pile Foundations
(1998)

AASHTO LRFD Bridge
Design Specification (2007)

Drilled Shafts: Construction
Procedures and LRFD Design
Methods (2010)

Design

Considerations

which cause a downward
movement of the pile and reduce
the downdrag over the period of
application, strength limit states
in  compression should be
performed under the full load
combination with the non-
permanent components of load
excluding downdrag.

For the structural strength limit
state, the maximum axial force
effect in the shaft which occurs
at the neutral plane, resulting
from all load components,
including full downdrag with the
maximum load factor should be
checked.




CHAPTER 3

NUMERICAL MODELLING OF NEGATIVE SKIN FRICTION PROBLEMS

3.1. Analysis Approach
The negative skin friction/downdrag phenomenon is observed particularly in soft soils as a result of
consolidation settlement by means of dissipation of excess pore pressure induced by surcharge
loading. Negative skin friction is the most common problem in the design and construction of pile
foundations in compressible soils due to excessive and differential settlements of the pile foundations.
In addition to this, negative skin friction produces dragload, that can exceed the rated capacity of the
pile itself as indicated in Fellenius (1984).

Although, the negative skin friction effect is generally considered for design of pile foundations with
axial loading, in this study, the effect of negative skin friction phenomenon is assessed for laterally
loaded diaphragm walls. This study aims to observe the negative skin friction phenomenon and
interpret its effects by means of numerical analyses on diaphragm walls. In order to analyze the effects
of frictional forces through the wall-soil interface, considering the retaining structure and soil
dynamics in a coupled manner, time dependent variation of downdrag forces on the diaphragm walls
are analyzed via consolidation analysis. For this purpose, the analyzed scenarios within the scope of
this study are summarized below:

e  Analysis Scenario 1: Diaphragm Wall - Soil Interaction Model

o Case 1: Diaphragm Wall - Soil Interaction
o Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction

e  Analysis Scenario 2: Diaphragm Wall - Soil Interaction Model during Excavation

o Case 1: Diaphragm Wall - Soil Interaction
o Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction

The geological profile of the digital model utilized to perform analyses are represented in Figure 11.
As can be observed from the figure, the geological profile of the soil section consists of silty sand
(indicated by blue), clay (indicated by yellow) and gravelly sand (indicated by green) layers. The
properties of the corresponding soil layers, together with their mathematical model parameters is
explained in detail in the "Modeling Scenario and Cases" section.
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Recently Placed Embankment

l

Silty Sand h=4.00 m.
Mohr Coulomb Model
Clay
Soft Soil' Model h=8.00 m.

Grayelly Sand
Hardening Soil Model

Figure 11: The Geological Profile of the Analyzed Soil Section

N Silty Sand N

\ :;Mohr (,‘p?lomb Model \\ N

Clay
Soft Soil Model

h=25.0

0 m.

h=8.00 m.

“ < Gravelly Sand

~ Hardening Soil Model

L~

Diaphragm Wall
e L=25.00 m, t=1.20 m?.

Figure 12: Construction of Diaphragm Wall

"Analysis Scenario 1: Diaphragm Wall - Soil Interaction Model" illustrates consolidation dynamics of
the clay layer due to the application of the embankment, as illustrated in Figure 11. In this scenario,
the degree of consolidation prior to construction of the diaphragm wall is assumed to be 10 % and
time dependent variation of the neutral point and downdrag forces through the consolidation process
on the diaphragm wall illustrated in Figure 12 are studied.
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"Analysis Scenario 1" breaks down into two sub scenarios, which comparatively illustrate the effect of
bitumen utilization to reduce downdrag forces in detail. The application of bitumen coating is
illustrated in Figure 13. In order to be able to observe the effect of bitumen coating, soil-structure
interaction is modeled by defining the roughness of the interaction. Those analyses are also carried out
by conventional analytical calculation methods (i.e. Rigid - Plastic and Elastic Plastic Soil Models)
and the corresponding results are presented comparatively.

Silty Sand \ h=4.00 m.
Mohr Coulomb Model

—> Bitumen Coating
Clay
Soft Soil Model h=8.00 m.
h=25.00 m
Diaphragm Wall

/L:Z .00 m, t=1.20 m.
Grayelly Sand =
Hardening Soil Model

Figure 13: Application of Bitumen Coating

"Analysis Scenario 2: Diaphragm Wall - Soil Interaction Model during Excavation” illustrates the
consolidation of the clay layer due to the application of the embankment and excavation of the soil
consecutively. Similar to the first scenario, the degree of consolidation prior to construction of the
diaphragm wall is assumed to be 10 % and time dependent variation of downdrag forces, induced
axial force, moment and shear through the consolidation process on diaphragm wall illustrated in
Figure 12 are studied, as the excavation process is carried out as illustrated in Figure 14.
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Figure 15: Application of Bitumen Coating



The details of the finite element analysis software, the utilized constitutive models and the analysis
scenarios with the corresponding cases are explained in detail within the following sections,
respectively.

3.2. Numerical Modeling Software

In this study, numerical analyses are performed by PLAXIS 2D, which is a two - dimensional finite
element analysis software, developed specifically for the analysis of deformation and stability in
geotechnical engineering projects. PLAXIS 2D enables the user to handle non - linear finite element
computations by robust and theoretically sound computational procedures. Even though, there exists
similar finite element programs (e.g., Flac and Phase), due to its availability and ease of use
PLAXIS 2D is utilized for this study, under the license of Yiiksel Proje Uluslararasi A.S. In the
proceeding paragraphs a brief description of the program will be given.

In the case of 2D analysis, the diaphragm wall or pile section is defined as per - meter equivalent with
infinite length (into the plane), which can not exactly represent the actual conditions on site for a pile
(or pile group), since the surrounding effect of the soil around the pile (or pile group) is not considered
in this model. Therefore, 3D models should be utilized for the analysis of piles (or pile groups).

PLAXIS 2D consists of mainly four parts, namely, Input, Calculation, Output and Curves. The
geometry of the problem, structures, interfaces, soil data and boundary conditions are defined in the
input program. Excavation boundaries and boundaries of the soil layers are defined by using point and
line objects. The structural elements may be defined by plates, anchors or geogrids according to the
type of the element. In this study, plate elements are used in order to simulate the diaphragm walls.
The interface feature of the program enables the user to model soil-structure interaction. In order to
define the roughness of the interaction, a suitable value should be assigned as a strength reduction
factor (Riner) Which relates the interface strength. In Figure 16, the application of plates and interfaces
for different structures are illustrated. In this study, interface elements are defined through the
diaphragm wall section. The strength reduction factor, (Riwer), i defined such that the interface
strength to the soil strength is in the order of 2/3 of the soil strength as recommended in the PLAXIS
User’s Manual. In this way, relative displacements and induced shear stresses between the wall and
the soil elements are realistically modeled by interface elements.

>

Figure 16: Application of Plates and Interfaces (PLAXIS 2D User’s Manual, 2010)

The constitutive models available in PLAXIS 2D which are used to model the soil/rock behavior are
Mohr — Coulomb model, hardening soil model, soft soil model and jointed rock model. For these
models, three types of drainage responses, drained behavior, undrained behavior and non-porous
behavior can be defined in the analysis in order to simulate the pore pressure behavior in the soil.
Mohr Coulomb model, soft soil model and hardening soil model will be described briefly in the next
section since, these type of soil models are used in the analyses.

PLAXIS 2D finite element program allows the user to create automatic mesh generation, which is
performed based on the input of the geometry model after the definition of the geometry, the
assignment of the soil and material properties and the boundary conditions. Standard fixities can be
used to define the boundary conditions which restrain the horizontal displacement of vertical outer
boundaries and vertical and horizontal displacements of bottom boundary. PLAXIS 2D finite element
program performs mesh generation by using 6-node triangular or 15-node triangular soil elements.
Positions of nodes and stress points in these soil elements is given in Figure 17. The 6-node triangular
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element type provides a second order interpolation for displacements and integration involves three
stress points. On the other hand, 15-node triangular element type provides a fourth order interpolation
for displacements and integration involves twelve stress points, thus 15-node triangular element type
is selected for this study, since this element type is more accurate.

nodes stress points
a. 15-node triangle

nodes stress points

Figure 17: Position of Nodes and Stress Points in Soil Elements (PLAXIS 2D User’s Manual, 2010)

After the mesh generation of the 2D finite element model, calculations window appears, where the
user defines the intended construction stages which will take place at site. PLAXIS 2D finite element
program offers different types of analysis in this part, basically, plastic calculation, consolidation
analysis, safety (phi/c reduction) analyses and dynamic analyses. In this study, consolidation analysis
will be utilized in order to analyze the development and dissipation of excess pore pressures in a
saturated clay-type soil as a function of time. In this way, time dependent variation of the neutral point
and downdrag forces on the diaphragm wall will be observed.

Following the execution of the calculation phases defined in calculation program, the program allows
the user to view the finite element solution of the selected phases. In the output program, it is possible
to view all numerical calculation results like deformed meshes, total displacements, incremental
displacements, total strains, effective stresses, total stresses, plastic points, active and excess pore
pressures and internal forces of the structural elements. The internal forces of structural elements may
be viewed both for the selected phase and envelope of the sectional forces up to selected phase.

3.3. Constitutive Models

3.3.1. Elastic - Perfectly Plastic Model
Elastic - perfectly plastic model also widely referred to Mohr - Coulomb model is a constitutive model
which expresses the mechanical behavior of soils as linearly elastic perfectly plastic soil response. The
model defines a fixed yield function beyond where, perfectly plastic behavior is monitored that causes
irreversible strain.

The basic idea of a linearly elastic perfectly plastic model is decomposition of the elastic and plastic
parts of the strain rates as shown in Figure 18.
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Figure 18: The Basic Idea of an Elastic Perfectly Plastic Model (PLAXIS 2D User’s Manual, 2010)

Within the scope of this study, the corresponding 'Silty Sand' layer explained in section 3.3 is modeled
by the above mentioned linearly elastic perfectly plastic model. This mathematical model is governed
in PLAXIS™ by the following set of equations from (15) to (30), where

¢’ the effective stress rate
& the strain rate
2 the effective Poisson's ratio
E the effective Young's modulus
D¢ the elastic material stiffness matrix
f the yield function
g the plastic potential function
a the switch parameter
) the friction angle
c the cohesion
Y the dilatancy angle
E=E°+EP (15)
_(1 _ 17’) 17’ 17, 0 0 0
v’ 1-v" v’ 0 0 0
B v v 1-7") 0 0 0
De = 1 (16)
= (@(a-2vHA+v) 0 0 0 (E —-v') 0 0
1
0 0 0 0 G- v") 0
1
0 0 0 0 0 z—-v")
2 |
a dg afT
"= D€ - —D°€ elg 17
g <: d= 90’ 00’ = )£ (17
ofT ag
d= D¢ 18
dg’' = dg’ (18)
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The Mohr - Coulomb yield function (f) is formulated in terms of principal stresses as explained in
(19) - (24) and illustrated in Figure 19.

_0'2

Figure 19: The Mohr - Coulomb Yield Surface In Principal Stress Space (c=0)
(PLAXIS 2D User’s Manual, 2010)

1 ! ! 1 ! r .
fia = E(gz— 03)+§(02+a3) sing—ccosp <0 (19)
1 1
fip = 5(03: — 03) +E(03’. +0;) sing—ccosp <0 (20)
1 1
f2a=5(03’—01’)+§(o§+01’)singo—ccosqz)£0 (21)
1 1
fop = E(gl'— 03’)+E(al’+a§) sing—ccosp <0 (22)
I N N (23)
f3a—2(01 0'2)+2(01+0'2)Sln(p ccosp <0
(24)

1 1
fap = E(crz’— 01’)+§(01’+02’) sing—ccosep <0

The plastic potential function (g) which contains dilatacy angle (y) is also defined to model plastic
volumetric strain increments (dilatancy) as observed for dense soils.

910 = %(02' - 03) +%(02’ +03) siny )
Gy = %(03'. - 03) +%(03' + 03) siny 0
92a = %(03' — o)+ %(Ué +oy) siny )
92p = %(01' - 03) +%(01' +03) sini .
930 = %(0’1' - o)+ %(0{ +03) siny )

(30)

1 1
93p = E(Uzl - 0y) +§(02’ + 01) siny

The basic input parameters of the linearly elastic perfectly plastic Mohr - Coulomb model for digital
simulation are given in Table 3.
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Table 3: Parameters of the Mohr - Coulomb Model

Parameter Explanation Unit
E Young's modulus | kN/m?
v Poisson's ratio [-]
c Cohesion kN/m?
) Friction angle [°]
' Dilatancy angle [°]

3.3.2. Soft-Soil Model

Soft soils (e.g. normally consolidated clays, clayey silts and peat) have a common feature of high
degree of compressibility, which is confirmed by oedometer test data by Janbu (1985). Therefore, the
soft soil model considers logarithmic compression behaviour and defines stress dependent soil
stiffness. In addition to this, the model defines a distinction between primary loading and unloading -
reloading. The pre-consolidation pressure which is the largest stress level experienced by the soil,
remains constant during unloading - reloading. However, in primary loading, the pre-consolidation
pressure increases resulting in plastic (irreversible) volumetric strains.

Within the scope of this study, the corresponding 'Clay’ layer explained in section 3.4 is modeled by
the above mentioned soft soil model. The soft soil model makes use of the following equations to
define the isotropic (o, = o, = 03) states of stress and strain where

& the volumetric strain

p' the mean effective stress

A the modified compression index
K the modified swelling index

E,. the unloading / reloading elastic Young's modulus
Ky the unloading / reloading elastic bulk modulus

.. P 31

& — 0= -1 lnﬁ (31)

g8 — g8 = g lnﬁ0 (32)
p

E,, p (33)

K. =— =
W T 31— 2v,) K

The logarithmic relation between volumetric strain (g,) and mean stress (p") is represented in
Figure 20 together with the modified compression and swelling indexes.

-Inp'

Pp

Figure 20: Logarithmic Relation Between Volumetric Strain and Mean Stress
(PLAXIS 2D User’s Manual, 2010)
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The vyield function of the soft soil model in PLAXIS™ is explained for the triaxial loading case,
(34)

where o, = a5 as follows:
f= f_ Pp
where £ is the function of the stress state (p’, q) and Py is the pre-consolidation stress obtained by
the following equations:
_ q? , (35)
f =it recta TP
MZ2(p’ + ccotg)
o —&b (36)
Pp = Dpexp| 7

where M is the parameter which determines the height of the ellipse in the yield surface of the soft

soil model in p" — g plane as illustrated in Figure 21.

»Pp

¢ ooty
Figure 21: The Yield Surface of the Soft Soil Model in p’ — q Plane

As a summary, the plastic behaviour of the soft soil model is defined by compression yield functions
and Mohr-Coulomb yield functions. The resulting total yield contour in principal stress state is

illustrated in Figure 22.
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(PLAXIS 2D User’s Manual, 2010)
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The basic parameters of the soft soil model for digital simulation are given in Table 4.

Table 4: Parameters of the Soft - Soil model

Parameter Explanation Unit
A* Modified compression index [—]
K * Modified swelling index [—]
c Cohesion kN/m2
P) Friction angle [°]
/4 Dilatancy angle [°]

3.3.3. Hardening Soil Model

The hardening soil model is an advanced constitutive model which is used to model both soft soils and
stiff soils as stated in Schanz (1998). The essential characteristic of the hardening soil model is the
stress dependency of soil stiffness. As well known, soil shows a decreasing stiffness and irreversible
plastic strain when subjected to deviatoric loading. Konder (1963) studied this relationship between
the axial strain and deviatoric stress and approximated a by a hyperbola which is used in Duncan &
Chang (1970) hyperbolic model. However, hardening soil model is a more sophisticated model
compared to the hyperbolic model by means of considering the theory of plasticity, including soil
dilatancy and introducing yield cap. Within the scope of this study, the corresponding 'Gravelly Sand’
layer explained in section 3.4 is modeled by the above mentioned hardening soil model.

The hyperbolic stress-strain relationship in primary loading for a standart drained triaxial test (Figure
23) are defined by the following equations, where,

& the vertical strain

q the deviatoric stress

qr the ultimate deviatoric stress

qa the quantity

R¢ the failure ratio

E; the initial stiffness

Es, the confining stress dependent stiffness modulus for primary loading
pref the reference confining pressure

E;gf the reference stiffness modulus corresponding to the p™¢/
m the power

03 the minor principal stress

) the friction angle

c the cohesion

deviatoric stress
loy — o3|

B . asymptote

| R (R NSRS Yottt

axial strain - &1

Figure 23: Hyperbolic Stress-Strain Relation in Primary Loading for a Standard Drained Triaxial Test
(PLAXIS 2D User’s Manual, 2010)
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- = ——— orq <
S pioa i< 37)
qa
2E¢,
E =

=R (38)

ccosp — o} sing \"
E., = ET¢f 3 39
50 50 <C cos @ + pref sing ( )

f 31— sing * Rf

ccoso— o} sing \"
E, = E¥ 3 41
ur u (c cos @ + pT¢f sing (41)

The approximation of the hyperbola by the hardening soil model is represented below for triaxial
loading conditions, where o, = g; and o, being the major compressive stress. Primarily, a shear
hardening yield function is formed considering the plastic strains. The set of mathematical equations
are represented below, where,

f the functon of stress
yP the function of plastic strains
i the plastic volume change

f=f-v 42)
_ 2 q 2q
sz- ~7 &, o
qa
yP = —(2eF — &) ~ 2¢F (44)

For primary loading, the yield condition f = 0 results in;

1. 1 1 q
P F_ & _
9~y R4 &,

a

(45)

For drained triaxial stress paths with o, = g;=constant, the elastic Young's modulus E, remains
constant. In this case, the elastic strain phenomenon is expressed via the following equations below in
the hardening soil model.

—&f = . (46)

(47)
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E; 1-4 (48)
da
deviatoric stress
|oy — o3|
Mohr-Coulomb failure line R

Mean effective stres:

Figure 24: Successive Yield Loci for Various Constant Values of the Hardening Parameter y°
(PLAXIS 2D User’s Manual, 2010)

p

The relationship between plastic shear strain, y?, and plastic volumetric strain, &, is obtained by the
following equation.
= siny, y?

&

(49)
The mobilized dilatancy angle, ¥, is specified by the following cases.
For sin ¢,, < 3/4sin e :

Ym =0
For sin¢@,, = 3/4singp andy >0:

. Sin @, — Sin @,
siny,, = max (1

- - ) (50)
— Sin @y, Sin @,
Forsin @, = 3/4sing andy < 0:

Ym
Ifo=0

where ¢, is the critical sate friction angle which is a material constant and not dependent of the
density and the mobilized friction angle is calculated by the following equation.

. gl — 03
sin @, =

0, + 03— 2c cotg

(51)
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The above equations are a small adaptation of stress - dilatancy theory and the main property of the
stress - dilatancy theory is that "the material contracts for small stress ratios ¢n,< ¢.,, whilst dilatancy
occurs for high stress ratios ¢, > ¢., . At the failure, when the mobilized friction angle, ¢, equals to
the failure angle, ¢, it is found from equation (52) that:

The basic parameters of the hardening soil model for digital simulation are given in Table 5.

sing — sin @y,

siny = 1— sing sing,,

Table 5: Parameters of Hardening Soil Model

Parameter Explanation Unit
c (Effective) cohesion kN/m*
o (Effective) angle of internal friction [°]
' Angle of dilatancy [°]
Esq Secant stiffness in standard drained triaxial test kN/m?
Eoed Tangent stiffness for primary oedometer loading kN/m*
m Power for stress-level dependency of stiffness [—]
Eur Unloading-reloading stiffness (E,=3Esg) kN/m?
Var Poisson’s ratio for unloading-reloading (v, =0.2) [—]
Ko Ko value for normal consolidation (Ky=1-sing) [—]

(52)
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3.4. Modeling Scenario and Cases
3.4.1. The Soil - Diaphragm Wall Model

3.4.1.1. Geometry and Definitions
The geological profile of the analyzed soil section is represented in Figure 25. As can be observed
from the corresponding figure, the geological profile of the soil section consists of silty sand
(indicated by blue), clay (indicated by yellow) and gravelly sand (indicated by green) layers.
Geotechnical properties of the corresponding soil layers, together with their mathematical model
parameters is explained in detail in the following section.

In addition to the soil layers, the per unit model of the analyzed diaphragm wall section is also
illustrated in Figure 25. The properties of the corresponding wall section, together with its
mathematical model parameters is also explained in detail in the following section.
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Figure 25: The Geological Profile of the Analyzed Soil Section
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3.4.1.2. Parameter Selection

3.4.1.2.1. Silty Sand Layer
In this study, the 'Silty Sand' layer is modeled by the Mohr-Coulomb model. Representative
parameters for this soil section is summarized in Table 6 (Carter & Bentley,1991, Bowles, 1997,
PLAXIS 2D User’s Manual, 2010).

Table 6: Parameters of the Silty Sand Layer for Mohr - Coulomb Model

Parameter Symbol Reference Value Unit
Fines Content FC - 15 %
Standard Penetration Test Result N - 6-8 [—]
. e Yunsat Carter & Bentley (1991) 18 kN/m?®
Drained Unit Weight unsal Page 40, Table 3.1
. Yeat Carter & Bentley (1991) 19 kN/m?*
Saturated Unit Weight sal Page 40, Table 3.1
Initial Void Ratio €int - 0,5 (-]
, Eso Bowles, J.E. (1997) 10000° | kN/m?
Young's Modulus Page 316, Table 5.6
o v Bowles, J.E. (1997) 0,3 -]
Poisson’s Ratio Page 125, Table 2.7
Cohesion c' - 5,0 kN/m?
. @' Carter & Bentley (1991) | 28 - 30° [°]
Friction Angle Page 92, Figure 6.14
Dilatancy Angle ' Bolton M.D. (1986) 0 [°]
m/
. . ke=k, | Carter & Bentley (1991) | 0,086 *
Coefficient of Permeability Page 52, Table 4.1 day
Strength Reduction Factor Rinter Acc. to PLAXIS 2D 0,635° [—]
in the Interface User’s Manual, 2010

2According to (Bowles, 1997); Eso = 500(N + 15), which gives Es, = 500(6+15) = 10500 kPa. Therefore, Young's Modulus (Eso) is chosen as
10000 kPa as referring to the value calculated.

BO
i | Relalive densily
= gol_l_. //_ ,
§ ol | L Very dense
~ -
g 50 7/
s
o 40— — ——w/é-——r——- Dense
2
a
; o—t—7—7T
: 20 /L —t T Medium dense
“ {
10 |— - 4 S S
/ i [ Loose
4 !
. Very loose

o :
28 30 32 34 36 38 40 42 44 46

3 Angle of shearing resistance, ¢°

* For silty sand, typical permeability values are in the range of 10°m/s - 10 m/s according to Carter & Bentley (1991). In this case, for the silty
sand layer permeability value is assumed to be 10°m/s which is equal to 0.086m/day.

® The strength reduction factor, (Riner), is defined such that the interface strength to the soil strength is in the order of 2/3 of the soil strength as
recommended in the Plaxis User’s Manual. In this case, for the silty sand layer where angle of friction (') is equal to 28°, the strength reduction

201

factor, Riner, is calculated as; Rijter = taanp = 0,635
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3.4.1.2.2. Clay Layer
In this study, the 'Clay' layer is modeled by the Soft Soil model. Representative parameters for this
soil section is summarized in Table 7 (Carter & Bentley,1991, Bowles, 1997, PLAXIS 2D User’s
Manual, 2010).

Table 7: Parameters of the Clay Model

Parameter Symbol Reference Value Unit
Plasticity Index Pl - 15-25 %
Liquid Limit LL - 45 %

. . . Hunsat Carter & Bentley (1991) 3
Drained Unit Weight unsa Page 40, Table 3.1 18 KN/m
. . Yeat Carter & Bentley (1991) 3
Saturated Unit Weight sal Page 40, Table 3.1 19 KN/m
Initial void ratio €int - 1,0 (-]
e o FE Acc. to PLAXIS 2D 0,068 ° -]
Modified compression index User’s Manual, 2010
o o K* Acc. to PLAXIS 2D 0,027 ' -]
Modified swelling index User’s Manual, 2010
Cohesion c - 5,0 kN/m?
L @' Carter & Bentley (1991) 288 [°]
Friction angle Page 89, Figure 6.12
Dilatancy angle 17 - 0 [°]

ke=k, | Carter & Bentley (1991) | 4,75x10™°
Page 52, Table 4.1
Strength reduction factor in Rinter Acc. to PLAXIS 2D 0,635° [-]
the interface User’s Manual, 2010

Coefficient of permeability m/day

® For Liquid Limit (L.L.) = 45 %, Compression Index (C.) is calculated as; C, = 0.009 (LL — 10) = 0,315. Therefore, the modified compression

index (A¥) is calculated as; A* = Lo _ 0,068.
2.3 (1+e)

2¢,

"¢, = 0.20 C. = 0,063. Therefore, the modified swelling index (x *) is calculated as; k* = PR

=0,027.

40 T T T T

4

30 p> -
¥\ Dralned shear ¢, .
S~ ’

T 1
20 |- N n
|

Anglo of shearing resistance - degrees

10 - True angle of In(ernall friction ¢, T
L : I I H ! ! i ! 1
4] 20 40 60 80 100 120
8 Plasticlty Index

? For clay, the typical permeability values are in the range of 10°m/s - 10° m/s according to the Carter & Bentley (1991). Therefore, in this case,
for the clay layer, the permeability value is assumed to be average of the range given above that is 0.5x10®m/s which is equal to 4.75x10* m/day.
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3.4.1.2.3. Gravelly Sand Layer
In this study, the 'Gravelly Sand' layer is modeled by the Hardening Soil model. The properties of the
corresponding gravelly sand layer are as follows: Standard Penetration Test Result (N) = 35 and initial
void ratio (ej,) = 0.50. Representative parameters for this soil section is summarized in Table 8
(Carter & Bentley, 1991, Bowles, 1997, PLAXIS 2D User’s Manual, 2010).

Table 8: Parameters of the Hardening Soil Model

Parameter Symbol Reference Value Unit
Standard Penetration Test Result N - 35 [—]
. o Carter & Bentley (1991) 20 kN/m?®
Drained Unit Weight Vimsat Page 40, Table 3.1
3
Saturated Unit Weight Yeat Cagg; 5‘43’9_’}28’(3(;%91) 21 kN/m
Initial void ratio Bint - 0,5 (-]
(Effective) cohesion ¢ - 1,0 kN/m?
(Effective) angle of internal Q' Carter & Bentley (1991) 362 [°]
friction Page 92, Figure 6.14
Angle of dilatancy v Bolton M.D. (1986) 2-4 [°]
Secant stiffness in standard Eso Bowles, J.E. (1997) 400001 | KkN/m?
drained triaxial test Page 316, Table 5.6
Tangent stiffness for primary Eoed Acc. to PLAXIS 2D 40 000 kN/m?
oedometer loading User’s Manual, 2010
Power for stress-level M Acc. to PLAXIS 2D 0,5 [-]
dependency of stiffhess User’s Manual, 2010
Unloading-reloading stiffness Eur Acc. to PLAXIS 2D 120 000 kN/m?
(Ew=3Exp) User’s Manual, 2010
Poisson’s ratio for unloading- Vur Bowles, J.E. (1997) 0,2 [-]
reloading (v =0.2) Page 123, Table 2.7
Kg value for normal Ko Carter & Bentley (1991) 0,41 [=]
consolidation (Ky=1-sing) Page 95
. - k, = k Carter & Bentley (1991) | 0,864 | m/da
Coefficient of permeability Y Page 52, Table 4.1 y
Strength reduction factor in the Rinter Acc. to PLAXIS 2D 0,613° [=]
interface User’s Manual, 2010

3.4.1.2.4. Diaphragm Wall Parameters
In this study, per unit of the diaphragm wall section is modeled by the plate elements. Elastic material
model is used in the analyses which requires the elastic modulus, (E) and Poisson’s ratio, (v) of the
wall section. The required parameters are obtained by TS500, 2000 for concrete class of C20. The
material properties of the wall section are summarized in Table 9.

Table 9: Parameters of the Diaphragm Wall Model

Parameter Symbol Value Unit
Thickness t 120 cm
Unit Weight y 24 kN/m?
Elastic Modulus E 28500 000 | kPa
Poisson's ratio v 0,2 [—]

0 According to (Bowles, 1997); Eso = 1200(N + 6), which gives Esp = 1200(35+6) = 49200 kPa. Therefore, Young's Modulus (Eso) is chosen
as 40000 kPa as referring to the value calculated.

1 For gravelly sand, typical permeability values are in the range of 10*m/s - 10° m/s according to Carter & Bentley (1991). In this case, for the
silty sand layer, the permeability value is assumed to be 10°m/s which is equal to 0.864 m/day.
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3.4.2. Analysis Scenario 1: Diaphragm Wall - Soil Interaction Model
In order to assess the effect of negative skin friction on diaphragm walls two scenarios are analyzed.
The first scenario is quite similar to the theoretical "single pile-soil model”, considering per unit
length approach. Therefore, this scenario is valuable from the point of view of illustrating the basic
concepts and effectiveness of the utilized diaphragm wall, soil layer and bitumen models, modeling
approach and assumptions.

The above mentioned "Analysis Scenario 1" breaks down into two sub scenarios, which
comparatively illustrate the effect of bitumen utilization to reduce downdrag in very detail.

3.4.2.1. Case 1: Diaphragm Wall - Soil Interaction
The digital model illustrated in Figure 25 is simulated with the soil parameters explained in "The Soil
- Diaphragm Wall Model" section. The strength reduction factor, (Rine), is defined as Rjn,=0,635 for
silty sand and clay layers and R;,=0,612 for the gravelly sand layer which relates the interface
strength to the soil strength in the order of 2/3 of the soil strength as recommended in the PLAXIS
User’s Manual.

The above mentioned model illustrated in Figure 26 is numerically assessed with the following
sequence of events (i.e., phases):

e  Construction of embankment (Step 1)
e Assess until the average degree of consolidation (U) is reached to 10 % (Represents the time
elapsed until the construction of the wall) and construct the diaphragm wall (Step 2)

e  Assess until the average degree of consolidation of the clay layer reaches to U=25 % (Step 3)
e Assess until the average degree of consolidation of the clay layer reaches to U=40 % (Step 4)
o Assess until the average degree of consolidation of the clay layer reaches to U=55 % (Step 5)
o  Assess until the average degree of consolidation of the clay layer reaches to U=70 % (Step 6)
o  Assess until the average degree of consolidation of the clay layer reaches to U=85 % (Step 7)
e Assess until "long term” (i.e.: Ppax < 1,0 kPa, U=99%)

The results of this simulation case are presented and evaluated in "Case 1: Diaphragm Wall - Soil
Interaction™ section.
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3.4.2.2. Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction

In this case, the effect of the coating on the wall section is studied by means of reducing the strength
reduction factor (Riner). As explained in Briaud & Tucker (1996), case histories have shown that
bitumen can reduce the friction to about 5 % to 30 % of the original soil shear strength. Since only the
transient consolidation phenomenon is analyzed, which means there always exists sufficient
displacement (i.e., strain) rate to fully increase the shear stress of the bitumen (see Equation (1)), this
modeling assumption suits well to digital simulation approach. Therefore, in this study, the effect of
bitumen is modeled by taking the soil-wall interface friction coefficient Ri.e, as 20 % of its de-facto
value so that the value of strength reduction factors are defined as Rj=0,127 for silty sand and clay
layers.

The digital model illustrated in Figure 25 with the soil parameters explained in "The Soil - Diaphragm
Wall Model" section is numerically assessed with the following sequence of events (i.e., phases)
illustrated in Figure 27:

e  Construction of embankment (Step 1)
e  Assess until the average degree of consolidation (U) is reached to 10 % (Represents the time
elapsed until the construction of the wall) and construct the diaphragm wall (Step 2)

e Assess until the average degree of consolidation of the clay layer reaches to U=25 % (Step 3)
o Assess until the average degree of consolidation of the clay layer reaches to U=40 % (Step 4)
o  Assess until the average degree of consolidation of the clay layer reaches to U=55 % (Step 5)
o  Assess until the average degree of consolidation of the clay layer reaches to U=70 % (Step 6)
o  Assess until the average degree of consolidation of the clay layer reaches to U=85 % (Step 7)
e  Assess until "long term" (i.e.: Pmax < 1,0 kPa, U=99%)

The results of this simulation case are presented and evaluated in "Case 2: Bitumen Coated
Diaphragm Wall - Soil Interaction" section.
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3.4.3. Analysis Scenario 2: Diaphragm Wall - Soil Interaction Model during Excavation
This model intends to assess the time dependent variation of downdrag forces and induced axial force,
moment and shear on diaphragm wall during excavation stages illustrated in Figure 28.

The above mentioned "Analysis Scenario 2" breaks down into two hypothetical sub-scenarios to
comparatively analyze the effect of negative skin friction on diaphragm walls in very detail.
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Figure 28: Diaphragm Wall Application And Excavation Of The Site

3.4.3.1. Case 1: Diaphragm Wall - Soil Interaction during Excavation
The digital model illustrated in Figure 28 is simulated with the soil parameters explained in "The Soil
- Diaphragm Wall Model" section. The strength reduction factor, (Riner), is defined as Rjne,=0,635 for
silty sand and clay layers and R;.,=0,612 for the gravelly sand layer which relates the interface
strength to the soil strength in the order of 2/3 of the soil strength, as recommended in the PLAXIS
User’s Manual.
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The digital model illustrated in Figure 29 is numerically assessed with the following sequence of
events (i.e., phases):

Construction of embankment (Step 1)

Assess until the average degree of consolidation (U) is reached to 10 % (Represents the time
elapsed until the construction of the wall) and construct the diaphragm wall (Step 2)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=25 % (Step 3)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=40 % (Step 4)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=55 % (Step 5)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=70 % (Step 6)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=85 % (Step 7)

Assess until "long term” (i.e.: Pmax < 1,0 kPa, U=99%)

The results of this simulation case are presented and evaluated in "Case 1: Diaphragm Wall - Soil
Interaction during Excavation" section.

3.4.3.2. Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction during Excavation

In this case, the strength reduction factor (Rinr) is chosen as 20 % of its de-facto value to analyze the
effect of negative skin friction on diaphragm walls. Therefore, the value of strength reduction factors
are defined as Ri,=0,127 for silty sand and clay layers.

47



Analysis Scenario 2

10N

s
]
Q
[
8]
on
-
o=
o)
©
=]
=
=
2
9
<
St
Q
+
=
|
=
90]
1
Z
=
=

iap

Bitumen Coated Di

Case 2

Recently Placed Embankment

N R

\
\

%

N

Silty Sand 3

lohr Coulomb Model

>

Bitumen Coatiny

Clay

Soft Soil Model

Average Degree of Consolidation (U)

\Q

00
t

Silty Sand 3
ohr Coulomb Model

M

7

Clay
Soft Soil Model

Construction of Diaphragm Wall

Lo

Construction of Embankment

9. pe-Sq o
4 e
= A
I
3
OZ
<
&
€
=
S
¥
i
20
o3
=
2

25%

Step 3

<
)
Il
o
jm)
e
=
5
-2
=
=
i)
13
2
5
O
e
S
o
&
1)
[=]
o
)
4
o
2
<
o
173
2
7
=
-2
3
8
—
=

Step 2

Clay

Soft Soil Model

Clay
Soft Soil Model

"%

20 obsndon

Sand 3 Q% ‘

ilty

lohr Coulomb Model

Clay
Soft Soil Model

QORI R AR RL K

%o 9o

85%

=40 % Average Degree of Consolidation (U) =55 % Average Degree of Consolidation (U) =70 % Average Degree of Consolidation (U) =

Average Degree of Consolidation (U)

Step 7

Step 6

Step 5

Step 4

th Bitumen Application

The Sequence of Excavation Stages wi

igure 30:

F

48



The digital model illustrated in Figure 28 with the soil parameters explained in "The Soil - Diaphragm
Wall Model" section is numerically assessed with the following sequence of events (i.e., phases)
illustrated in Figure 30:

Construction of embankment (Step 1)

Assess until the average degree of consolidation (U) is reached to 10 % (Represents the time
elapsed until the construction of the wall) and construct the diaphragm wall (Step 2)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=25 % (Step 3)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=40 % (Step 4)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=55 % (Step 5)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=70 % (Step 6)

2.00 meteres of excavation at the right side of the wall in 2 days where consolidation of clay
layer continues and assess until the average degree of consolidation of the clay layer reaches
to U=85 % (Step 7)

Assess until "long term” (i.e.: Pmax < 1,0 kPa, U=99%)

The results of this simulation case are presented and evaluated in "Case :2 Bitumen Coated
Diaphragm Wall - Soil Interaction during Excavation" section.
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CHAPTER 4

SIMULATION RESULTS & DISCUSSION

As discussed in the previous sections, the generic numerical assessments regarding the analysis of
negative skin friction on diaphragm walls are performed for two analysis scenarios which break down
into two sub-scenarios to comparatively analyze the effect of negative skin friction on diaphragm
walls in detail, the results of which will be explained in the following sub-sections, respectively.

4.1. Scenario 1: Diaphragm Wall - Soil Interaction Model
The first scenario illustrates the interaction of the diaphragm wall and the soil, with respect to the
following considerations:

e The soil dynamics, as a consequence of which, negative skin friction is observed on a
retaining structure,

e The compression characteristics of the retaining structure,

e The additional shear force acting on the retaining structure due to negative skin friction and
the effectiveness of the counter measures.

4.1.1. Case 1: Diaphragm Wall - Soil Interaction

4.1.1.1. Vertical Displacement vs. Axial Position
In order to analyze the vertical displacement of the analyzed soil section, axial slices of various depths
illustrated in Figure 31 are taken through the clay layer. The settlement profile of axial slices taken
from the sections (AA, BB, CC, DD and EE), during different average degrees of consolidation (U=25
%, U=40%, U=55 %, U=70 % and U=85 %) of the clay layer, are illustrated in Figure 32 - Figure 36.
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Figure 31: Selected Axial Cross Sections of the Clay Layer
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Axial Position vs. Vertical Displacement of A-A Section of Clay Layer
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Figure 32: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 5 m

Axial Position vs. Vertical Displacement of B-B Section of Clay Layer
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Figure 33: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 7 m



Axial Position vs. Vertical Displacement of C-C Section of Clay Layer
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Figure 34: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 9 m

Axial Position vs. Vertical Displacement of D-D Section of Clay Layer
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Figure 35: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 10 m



Axial Position vs. Vertical Displacement of E-E Section of Clay Layer
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Figure 36: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 11 m

4.1.1.2. Relative Displacement vs. Vertical Position
Although the above illustrated figures are beneficial for analyzing the transient consolidation
dynamics of the soil itself, it is essential to analyze the relative displacement between the mentioned
soil section and the wall, in order to comment about the nature (i.e., direction) of the shear forces
acting on the wall and thus the negative skin friction. The relative displacement of the wall and the
soil is illustrated in Figure 37.
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Figure 37: Relative Displacement of the Wall and the Soil
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The exact position of the neutral point (i.e., the point where the relative displacement between the soil
and the wall is zero) is clearly illustrated in Figure 38. As it can be observed from the figure, the
position of the neutral point moves downward (and hence the magnitude of the total downdrag force
increases) as the consolidation of the clay layer proceeds, as expected.
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Figure 38: Relative Displacement of the Wall and the Soil Close to Neutral Point

4.1.1.3. Variation of Skin Friction Force Along the Pile Length
As a consequence of the relative displacement phenomena illustrated in the previous section, the skin
friction force acting on the wall is illustrated as a function of vertical position of the wall in Figure 39.
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Figure 39: Skin Friction Force Acting on the Wall as a Function of Vertical Position of the Wall
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The change of direction of the skin friction force acting on the wall around the neutral point, as a
consequence of the relative displacement between the wall and the soil, is clearly illustrated in

Figure 40.
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Figure 40: The Behavior of the Skin Friction Force Acting on the Wall around the Neutral Point

4.1.2. Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction

4.1.2.1. Vertical Displacement vs. Axial Position
In order to analyze the vertical displacement of the analyzed soil section, axial slices of various depths
represented in Figure 41 are provided through the clay layer. The settlement profile of axial slices
taken from the sections (AA, BB, CC, DD and EE), during different average degrees of consolidation
(U=25 %, U=40%, U=55 %, U=70 % and U=85 %) of the clay layer, for the cases where the wall is
uncoated (solid line) and bitumen coated (dashed line), are illustrated in Figure 42 - Figure 46.
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Axial Position vs. Vertical Displacement of A-A Section of Clay Layer
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Figure 42: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 5 m
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Axial Position vs. Vertical Displacement of C-C Section of Clay Layer
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Figure 44: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 9 m

Axial Position vs. Vertical Displacement of D-D Section of Clay Layer
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Figure 45: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
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Axial Position vs. Vertical Displacement of E-E Section of Clay Layer
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Figure 46: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
at the Depth of 11 m

4.1.2.2. Relative Displacement vs. Vertical Position
The relative displacement of the wall and soil for the case where the wall is coated with bitumen is
illustrated in Figure 47.
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Figure 47: Relative Displacement of the Wall and the Soil

The exact position of the neutral point (i.e., the point where the relative displacement between the soil
and the wall is zero) is clearly illustrated in Figure 48. In comparison to the previous case, the relative
displacement between the soil and the wall is observed to be larger, since the stabilizing effect of the
wall-soil interface is lower due to bitumen application.
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Relative Displacement vs. Elevation
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Figure 48: Relative Displacement of the Wall and the Soil Close to Neutral Point

4.1.2.3. Variation of Skin Friction Force Along the Pile Length
As a consequence of the relative displacement phenomena illustrated in the previous section, the skin
friction force acting on the wall, for the cases where the wall is uncoated (solid line) and bitumen
coated (dashed line), are illustrated as a function of vertical position of the wall in Figure 49.
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Figure 49: Skin Friction Force Acting on the Wall as a Function of Vertical Position of the Wall

The change of direction of the skin friction force acting on the wall around the neutral point for the
cases where the wall is uncoated (solid line) and bitumen coated (dashed line), as a consequence of the
relative displacement between the wall and the soil, is clearly illustrated in Figure 50. Although, as
mentioned before, the relative displacement between the soil and the wall is observed to be larger and
hence the position of the neutral plane is lower for this case, due to nonlinear viscous characteristics of
the bitumen, the magnitude of the total skin friction force acting on the wall is observed to be smaller.
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Skin Friction Force vs. Elevation
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Figure 50: The Behavior of the Skin Friction Force Acting on the Wall around the Neutral Point

4.2. Scenario 2: Diaphragm Wall - Soil Interaction Model during Excavation
The second scenario illustrates the interaction of the diaphragm wall and the soil during the transient
excavation process, with respect to the following considerations:

e The soil dynamics, as a consequence of which frictional forces are observed on the
corresponding side of the retaining structure,

e The compression and bending characteristics of the retaining structure,

e The variation of frictional forces on corresponding sides of the retaining structure, due to
displacement and their consequences on the bending moment acting on it.

4.2.1. Case 1: Diaphragm Wall - Soil Interaction during Excavation

4.2.1.1. Vertical Displacement vs. Axial Position
In order to analyze the vertical displacement of the analyzed soil section, axial slices of various depths
represented in Figure 51 are provided through the clay layer. The settlement profile of axial slices
taken from the sections (AA, BB, CC, DD and EE), during different degrees of consolidation (U=25
%, U=40%, U=55 %, U=70 % and U=85 %) of the clay layer, are illustrated in Figure 52 - Figure 55.
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Figure 51: The Axial Sections of the Clay Layer
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In comparison to Figure 31, instead of consolidation, uplift is observed in the soil section to the
excavated (i.e., right) side of the wall. As a result, the mentioned displacement characteristics causes
counter clockwise rotation in the wall section illustrated in Figure 28.
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Axial Position vs. Vertical Displacement of C-C Section of Clay Layer
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4.2.1.2. Relative Displacement vs. Vertical Position

The relative displacement of the wall and soil, corresponding to left and right sides of the diaphragm
wall in Figure 28, are illustrated in Figure 56 and Figure 57, respectively.
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4.2.1.3. Variation of Skin Friction Force Along the Pile Length
As a consequence of the relative displacement phenomena illustrated in the previous section, the skin
friction forces acting on the left and the right sides of the wall are illustrated as a function of vertical
position of the wall in Figure 58 and Figure 59, respectively.
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4.2.2. Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction during Excavation

4.2.2.1. Vertical Displacement vs. Axial Position
In order to analyze the vertical displacement of the analyzed soil section, axial slices of various depths
represented in Figure 60 are provided through the clay layer. The settlement profile of axial slices
taken from the sections (AA, BB, CC, DD and EE), during different degrees of consolidation
(U=25 %, U=40%, U=55 %, U=70 % and U=85 %) of the clay layer, for the cases where the wall is
uncoated (solid line) and bitumen coated (dashed line), are illustrated in Figure 61 - Figure 64.
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Figure 60: The Axial Sections of the Clay Layer
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Axial Position vs. Vertical Displacement of B-B Section of Clay Layer
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Axial Position vs. Vertical Displacement of E-E Section of Clay Layer
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Figure 64: Vertical Displacement during 25 %, 40 %, 55 %, 70 % and 85 % of Consolidation Process
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Clay

4.2.2.2. Relative Displacement vs. Vertical Position
The relative displacement of the wall and soil, corresponding to left and right sides of the diaphragm
wall in Figure 28, are illustrated in Figure 65 and Figure 66, respectively.
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Relative Displacement (Excavation Side of the Wall) vs. Elevation
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Figure 66: Relative Displacement of the Excavation Side of the Wall and the Soil

4.2.2.3. Variation of Skin Friction Force Along the Pile Length
As a consequence of the relative displacement phenomena illustrated in the previous section, the skin
friction forces acting on the left and the right sides of the wall, for the cases where the wall is
uncoated (solid line) and bitumen coated (dashed line), are illustrated as a function of vertical position
of the wall in Figure 67 and Figure 68, respectively.
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4.2.2.4. Bending Moment vs. Axial Force
The bending moment vs. axial force characteristics of the wall section during different degrees of
consolidation (U=25 %, U=40%, U=55 %, U=70 % and U=85 %) of the clay layer, for the cases
where the wall is uncoated (solid line) and bitumen coated (dashed line), are illustrated in
Figure 69-Figure 73. As can be observed from the figures, the bending moment characteristics
becomes more critical for the coated case, whereas the axial force characteristics become more critical
for the uncoated case, considering the ultimate bending moment-axial force interaction characteristics.
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Bending Moment vs. Axial Force
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Figure 70: Bending Moment vs. Axial Force Characteristics for Simulation Steps 3 and 4
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Bending Moment vs. Axial Force
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Figure 72: Bending Moment vs. Axial Force Characteristics for Simulation Steps 3, 4,5 and 6
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4.3. Calculation of Negative Skin Friction by Analytical Methods
In order to verify the digital simulation results by the conventional methods explained in " Analytical
Methods to Assess a Pile Subjected to Negative Skin Friction", the algorithm for analytical calculation

of negative skin friction is illustrated in Figure 74.

Algorithm for Analytical Calculation of Negative Skin Friction
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Figure 74: Flowchart for Analytical Negative Skin Friction Calculation Algorithm
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The utilized equations for analytical calculation are given in (53) - (54). The parameters and
corresponding values for the analytical calculations as per the methods explained in section
"Analytical Methods to Assess a Pile Subjected to Negative Skin Friction"are given in Table 10.

0 (83)
Qn- f AsBo,dz
-Znp
-Znp (54)
Qp- J- AsKo, tan § dz
L
0 ) -Znp , (55)
W, + AsBo,dz -R+ AKao, tan 6 dz
Zne L

Table 10: The Parameters and Corresponding Values Used in Analytical Calculations

Parameter Explanation Value Unit
L Wall Penetration Length 25,00 m
By Beta (Silty Sand) 0,50 -

B2 Beta (Clay) 0,50 -

B3 K * tand (Gravelly Sand) 0,30 -
At Cross Section Area 1,20 m’
Yssp Density of Silty Sand (Dry) 18,0 kN/m®
YssB Density of Silty Sand (Bulk) 19,0 kN/m®
Yep Density of Clay (Dry) 18,0 kN/m®
Yee Density of Clay (Bulk) 19,0 kN/m®
Yosp Density of Gravelly Sand (Dry) 20,0 kN/m®
Yoss Density of Gravelly Sand (Bulk) 21,0 kN/m®
Tw Density of Water 10,0 kN/m®
Vp Density of Concrete 24,0 kN/m®
W, Pile Weight 720,0 kN
Ry Pile Toe Resistance 120,0 kN

The comparison of total stress, water pressure, and effective stress as a function of depth, obtained by
the analytical calculations and digital simulations (obtained when the average degree of consolidation
(V) is 85 %) are illustrated in Figure 75, Figure 76 and Figure 77, respectively. As can be assessed
from the corresponding figures, both methods end up with similar results. This crosscheck verifies the
initialization phase of the analytical negative skin friction algorithm illustrated in Figure 74.
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Figure 75: Comparison of Total Stress Calculation of PLAXIS™ Simulation and
the Analytical Method Utilized
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Water Pressure vs. Elevation
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Figure 76: Comparison of Water Pressure Calculation of PLAXIS™ Simulation and
the Analytical Method Utilized
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Figure 77: Comparison of Effective Stress Calculation of PLAXIS™ Simulation and
the Analytical Method Utilized

4.3.1. Rigid - Plastic Model: Diaphragm Wall - Soil Interaction
The parameters and corresponding values for the analytical calculation with "Rigid Plastic Model" as
per the methods explained in section "Analytical Methods to Assess a Pile Subjected to Negative Skin
Friction"are given in Table 10.

The comparison of skin friction force as a function of elevation calculated according to "Rigid Plastic
Model" and the digital simulation (obtained when the average degree of consolidation (U) is 85 %) are
illustrated in Figure 78. As can be assessed from the corresponding figure, the position of the neutral
point appears to be at 10,24 m, whereas the location of the neutral point obtained from the digital
simulation was 9,92 m.
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Skin Friction Force vs. Elevation
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Figure 78: Comparison of Skin Friction Force Calculation of PLAXIS™ Simulation and
the Analytical Method Utilized (Simplified)

4.3.2. Elastic - Plastic Model: Diaphragm Wall - Soil Interaction
The parameters and corresponding values for the analytical calculation with "Elastic Plastic Model" as
per the methods explained in section "Analytical Methods to Assess a Pile Subjected to Negative Skin
Friction"are given in Table 10. In addition to those paramaters, the set of points, where the settlement
profile of the digital simulation gets saturated (i.e., the points where the derivative of the Skin Friction
Force vs. Elevation characteristics approach infinity) are assumed to be in the transition zone.

The comparison of skin friction force as a function of elevation calculated according to "Elastic
Plastic Model™ and the digital simulation (obtained when the average degree of consolidation (U) is 85
%) are illustrated in Figure 79. As can be assessed from the corresponding figure, the position of the
neutral point appears to be at 10,14 m, whereas the location of the neutral point obtained from the
digital simulation was 9,92 m.
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Figure 79: Comparison of Skin Friction Force Calculation of PLAXIS™ Simulation and
the Analytical Method Utilized
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1. Summary
In the literature, there exist principally two design approaches utilized for the design of pile
foundations subjected to negative shaft resistance. These approaches significantly differ in assessing
the pile length subjected to downdrag forces, which in turn leads to different pile capacities.

The traditional method is rather conservative, and assumes that negative shaft resistance occurs along
the pile shaft at soil layers with settlement greater than 10 mm. As part of the method, the magnitude
of negative shaft resistance is considered as an additional load acting on the pile system.

However, the alternative method assesses the negative shaft resistance as a function of relative pile -
soil movement, as explained in Briaud & Tucker (1996). Hence, design of piles subjected to
downdrag requires the estimation of settlement response of the pile and the surrounding soil. Briaud &
Tucker (1996) emphasized that transient live loads should not be considered at the neutral point
because they only reverse the negative skin friction caused by induced-temporary downdrag forces.

Fellenius (1984) stated that, negative skin friction phenomenon is a settlement induced problem and is
not directly related to the bearing capacity of the pile system. Moreover, it is mentioned that the
dragload should be considered as a beneficial force prestressing the pile and reducing the deformation
that occurs from live loads. Fellenius (1984) proposed that dragload must not be subtracted from the
pile capacity when determining the allowable load, as long as the pile structural strength was not
exceeded.

Although these approaches are observed to be fundamentally different and mostly contradicting, both
approaches are widely used and referred to in the state of the art pile design procedures. Within the
scope of this study, it is intended to discuss, in-detail, these contradictory design approaches, and
compare their predictions through assessment of generic cases selected for the purpose. Additionally,
the effects of downdrag forces will be assessed for not only vertically loaded systems but also for
laterally loaded diaphragm walls, through finite element-based numerical analyses.

Numerical simulations of time dependent variation of downdrag forces on the diaphragm walls are
analyzed for a soil site, where consolidation is not completed, for two generic scenarios:

As part of the first scenario, consolidation of a clayey site due to the application of the embankment is
assessed. Then two sets of diaphragm walls, with and without bitumen coating, are installed. For
comparison purposes, conventional analytical calculation methods (i.e., rigid - plastic and elastic -
plastic soil models) are also used, the results of which, establish a good basis of comparison with
PLAXIS™ simulation results.

Within the scope of the second scenario, when consolidation process is still continuing, excavation
behind the diaphragm wall is simulated, still for two sub-scenarios (i.e., diaphragm wall with and
without bitumen coating).

As a result of these simulations, time dependent stress and displacement responses of bitumen coated
and uncoated diaphragm walls are assessed.

5.2. Conclusions

On the basis of finite element-based and analytical simulations and available literature, following
conclusions are listed:
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e In the literature, there exist fundamentally different and mostly contradicting methods for the
assessment of downdrag forces acting on pile or diaphragm wall systems.

e The conservative approach (Hannigan, Goble, Thendon, Likins and Rausche (1998)) assumes
that, downdrag forces act along the length of the pile or the diaphragm wall where soil layer
settlement is greater than 10 mm. The downdrag forces are subtracted from the estimated
ultimate pile or diaphragm capacity.

e The alternative approach (Briaud & Tucker (1996)), assumes that downdrag forces can
develop, if and only if pile settlement is less than surrounding soil movement. Hence neutral
point, defined as the point where both pile and soil settlements are identical, needs to be
estimated. At the pile cap both temporary and permanent loads are assessed for pile capacity
estimations. However, at the neutral point deadloads, permanent loads and downdrag forces
are considered. Temporary loads are never considered for downdrag since they only reverse
the mobilized negative skin friction.

e  Numerical simulations have proven that:

o Downdrag forces develop as part of an interaction among the soil, pile and the
applied load.

o For soils where consolidation is not completed, the amount of downdrag forces as
well as the location of the neutral point changes. Hence an effective stress based as
opposed to total stress assessment can provide realistic results.

o Meanwhile, if the pile of the diaphragm wall system is laterally loaded, this
interaction becomes more complex, and requires a complete assessment of soil-pile-
load interaction.

o For diaphragm wall installed in soils where consolidation is not completed, if
bitumen coating is applied and excavation is performed before the completion of
consolidation, the downdrag forces acting on the system decreases.

o However, this decrease negatively affects the structural response of the system.

o Reduced downdrag forces, either due to excavation or the application of bitumen
coating decreases axial forces, and increases moments acting on the pile or
diaphragm wall. This may lead to larger structural dimensions or increased
reinforcement.

o More specifically, for the generic cases studies, after excavation, moments acting on
bitumen coated diaphragm wall are observed to be 15-30 % higher than the non-
bitumen coated system. Hence beneficial effects of bitumen coating under axial
loading may become disadvantageous under flexural response.

As the concluding remark, downdrag phenomenon is defined by the complex interaction of the pile,
soil and the load system, hence for realistic assessment of it the interaction needs to be properly
modeled. Current methods can overestimate frictional forces and underestimate moments due to
excavations in soils where consolidation is not completed.
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APPENDIX A

NUMERICAL SIMULATION OUTPUTS OF ANALYSIS SCENARIO 1

Case 1: Diaphragm Wall - Soil Interaction Model
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Figure A 1: Diaphragm Wall - Soil Interaction Model

(Case 1)
Soil General
Identification Silty Sand Clay Sand Sand (Rigid)
Material model Mohr-Coulomb | Soft soil | Hardening soil | Hardening soil
Identification number 1 2 3 4

81



Plaxis Output Version 2010.0.0 5880

“n 0 000 oy 20 240 600 ) 000 ) 1600 000 20 T ) 0 oy
L s T O O P P N e e T R T T i i )
3 o
000 7
3 am
a0 a0
3 1200
60
E o
— 200
)
] — 200
a1 — 200
e = -®00
]
E [
= Y
s s
3 e
S
E X 200
70 3 w0
Excess pore pressures p,, .., (Pressure = negative)
Maximum value = 0,000 kN/m (Element 1 at Node 17301)
Minimum value = -54,40 kN/m? (Element 2420 at Node 1225)
G
P LAX I S cns_anlys_wall_(%)_phs_L=25m_t=120cm 22.01.2013
Y £3 e
cns_anlys_wall_(%)_phs_L=25m_t=120cm [96 }Yuksel Proje Int. Co.
Figure A 2: Average Degree of Consolidation (U) = 25 % (Step 3)
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Figure A 3: Total Displacements (uy) (Step 3)
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Figure A 4: Average Degree of Consolidation (U) = 40 % (Step 4)
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Figure A 6: Average Degree of Consolidation (U) = 55 % (Step 5)
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Figure A 7: Total Displacements (uy) (Step 5)
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Figure A 8: Average Degree of Consolidation (U) = 70 % (Step 6)
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Figure A 9: Total Displacements (uy) (Step 6)
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Figure A 10: Average Degree of Consolidation (U) = 85 % (Step 7)
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Figure A 11: Total Displacements (uy) (Step 7)
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Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction Model
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Figure A 12: Bitumen Coated Diaphragm Wall - Soil Interaction Model
(Case 2)
Soil General
Identification Silty Sand Clay Sand Sand (Rigid)
Material model Mohr-Coulomb | Soft soil | Hardening soil | Hardening soil
Identification number 1 2 3 4
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Figure A 13: Average Degree of Consolidation (U) = 25 % (Step 3)
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Figure A 14: Total Displacements (uy) (Step 3)
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Figure A 15: Average Degree of Consolidation (U) = 40 % (Step 4)
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Figure A 16: Total Displacements (uy) (Step 4)
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Figure A 17: Average Degree of Consolidation (U) = 55 % (Step 5)
Ptaxis Output Version 2010 0.0 5880
@SS WM 45w w0 50 Mo M WM a0 00 S0 080 50 10 10 M@ 30 00 %0 WO 80 0w e
S e L T AL W T ) e S L 6 1y e O L 0 s R 1 TR s G e e e G e T T %
o0
000
om0
— e
I 1000
200
o0
Y.
20000
2000
v 2000
Total displacements uy
Maximum value = 0,000 m (Element 1 at Node 17301)
Minimum value = -0,2254 m (Element 2537 at Node 4491)
P LAX I S cris_anlys_waI[_(%)_Rint_O,127Johs_L=25m_t=120cm 22.01.2013
[ tiename 0 =
cns_anlys_wall_(%)_Rint_0,127_phs_L=25m_t= ... 120 lYukseI Proje Int. Co.

Figure A 18: Total Displacements (uy) (Step 5)
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Figure A 19: Average Degree of Consolidation (U) = 70 % (Step 6)
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Figure A 20: Total Displacements (uy) (Step 6)
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Figure A 21: Average Degree of Consolidation (U) = 85 % (Step 7)
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APPENDIX B

NUMERICAL SIMULATION OUTPUTS OF ANALYSIS SCENARIO 2

Case 1: Diaphragm Wall - Soil Interaction Model during Excavation
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Figure B 1: Diaphragm Wall - Soil Interaction Model during Excavation

(Case 1)
Soil General
Identification Silty Sand Clay Sand Sand (Rigid)
Material model Mohr-Coulomb | Soft soil | Hardening soil | Hardening soil
Identification number 1 2 3 4
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Figure B 2: Average Degree of Consolidation (U) = 25 % (Step 3)
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Figure B 3: Total Displacements (u,) (Step 3)
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Figure B 4: Relative Shear Stress (trel) (Step 3)
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Excess pore pressures p,, ..., (Pressure = negative)
WMaximum value = 9,830 kN/m? (Element 2478 at Node 809)
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Figure B 5: Average Degree of Consolidation (U) = 40 % (Step 4)
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Figure B 6: Total Displacements (u,) (Step 4)
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Figure B 7: Relative Shear Stress (trel) (Step 4)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 5,440 kN/m? (Element 2403 at Node 1049)
Minimum value = -32,58 kN/m? (Element 1687 at Node 19430)
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Figure B 8: Average Degree of Consolidation (U) =55 % (Step 5)
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Maximum value = 0,07955 m (Element 2470 at Node 52)
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Figure B 9: Total Displacements (u,) (Step 5)
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Relative shear stress ¢,
Maximum value = 1,000 (Element 1567 at Node 11773)
Minimum value = 0,01091 (Element 2347 at Node 715)
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Figure B 10: Relative Shear Stress (trel) (Step 5)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 0,2364 kN/m? (Element 2358 at Node 6734)
Minimum value = -21,89 kN/m? (Element 1687 at Node 19430)
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Figure B 11: Average Degree of Consolidation (U) = 70 % (Step 6)
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Maximum value = 0,1081 m (Element 2401 at Node 274)
Minimum value = -0,2010 m (Element 1843 at Node 16260)
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Figure B 12: Total Displacements (u,) (Step 6)
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Figure B 13: Relative Shear Stress (trel) (Step 6)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 1,425"10 kN/m? (Element 2315 at Node 10277)
Minimum value = -10,53 kN/m? (Element 1687 at Node 19430)
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Figure B 14: Average Degree of Consolidation (U) = 85 % (Step 7)
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Maximum value = 0,09786 m (Element 2314 at Node 10343)
Minimum value = -0,3862 m (Element 1778 at Node 11740)
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Figure B 15: Total Displacements (u,) (Step 7)
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Figure B 16: Relative Shear Stress (trel) (Step 7)
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Case 2: Bitumen Coated Diaphragm Wall - Soil Interaction Model during Excavation
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— Deformed mesh |u] (at true scale) a
Maximum value = 0,5392 m (Element 1777 at Node 11268)
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Figure B 17: Bitumen Coated Diaphragm Wall - Soil Interaction Model during Excavation

(Case 2)
Soil General
Identification Silty Sand Clay Sand Sand (Rigid)
Material model Mohr-Coulomb | Soft soil | Hardening soil | Hardening soil
Identification number 1 2 3 4
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 0,000 kN/m (Element 1 at Node 17707)
Minimum value = -53,44 kN/m? (Element 1668 at Node 17500)
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Figure B 18: Average Degree of Consolidation (U) = 25 % (Step 3)
Ptaxis Output Version 2010 0 0 5880
“m wm “m s 200 20 500 o 00 ) 100 20 20 »m . %0 et
A g e g A T O ey e oA ey T S W S T A e L g U D S Py s i e S T 2000
1000
000
FIVARILAR AR e el
o
1600 2000
B
2000
[
20
— s
] —— 000
o
—1 000
o
00
5 Y
60 000
“m
X 000
nw 2000
Total displacements uy
Maximum value = 0,01770 m (Element 2401 at Node 278)
Minimum value = -0,1143 m (Element 1777 at Node 11269)
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Figure B 19: Total Displacements (uy) (Step 3)
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Relative shear stress ¢,
Maximum value = 1,000 (Element 1567 at Node 11773)
Minimum value = 3,791710 (Element 2626 at Node 76)
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Figure B 20: Relative Shear Stress (trel) (Step 3)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 9,923 kN/m 2 (Element 2480 at Node 792)
Minimum value = -43,56 kN/m? (Element 1564 at Node 12913)
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Figure B 21: Average Degree of Consolidation (U) = 40 % (Step 4)
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Maximum value = 0,05227 m (Element 2523 at Node 11257)
Minimum value = -0,2035 m (Element 1777 at Node 11265)
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Figure B 22: Total Displacements (uy) (Step 4)
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Relative shear stress <,
Maximum value = 1,000 (Element 1567 at Node 11773)
Minimum value = 0,01705 (Element 2539 at Node 44)
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Figure B 23: Relative Shear Stress (trel) (Step 4)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 5,651 kN/m 2 (Element 2401 at Node 279)
Minimum value = -35,38 kN/m? (Element 1564 at Node 12913)
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Figure B 24: Average Degree of Consolidation (U) = 55 % (Step 5)
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Maximum value = 0,07982 m (Element 2470 at Node 52)
Minimum value = -0,2894 m (Element 1776 at Node 11705)
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Figure B 25: Total Displacements (uy) (Step 5)
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Relative shear stress ¢,
Maximum value = 1,000 (Element 45 at Node 8491)
Minimum value = 0,01045 (Element 2349 at Node 625)
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Figure B 26: Relative Shear Stress (trel) (Step 5)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 0,5026 kN/m? (Element 2305 at Node 2655)
Minimum value = -24,94 kN/m? (Element 1564 at Node 12880)
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Figure B 27: Average Degree of Consolidation (U) = 70 % (Step 6)
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Maximum value = 0,1206 m (Element 2385 at Node 11433)
Minimum value = -0,3662 m (Element 1776 at Node 11705)
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Figure B 28: Total Displacements (uy) (Step 6)
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Figure B 29: Relative Shear Stress (trel) (Step 6)
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum value = 0,04375 kN/m 2 (Element 2283 at Node 11111)
Minimum value = -13,51 kN/m? (Element 1564 at Node 12880)
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Figure B 30: Average Degree of Consolidation (U) = 85 % (Step 7)
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Total displacements uy
Maximum value = 0,1453 m (Element 2316 at Node 11129)
Minimum value = -0,4909 m (Element 1776 at Node 11705)
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Figure B 31: Total Displacements (uy) (Step 7)
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Figure B 32: Relative Shear Stress (trel) (Step 7)
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