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ABSTRACT

TWO DIMENSIONAL FINITE ELEMENT MODELING FOR THE = MULTI
TIER PILE WALL WITH ANCHOR SHORING SYSYTEM

¥ 7y ¢ Yunds Emre
Master of SciengeCivil Engineering
SupervisorAssoc. Prof. DrNe j an Huv aj Sar éhan

September 201930pages

Fordeep excavations (such as greater tha@®2mh excavation depths) in urban areas,
where there is strict deformation limits, mttigr pile wall shoringsystem with soill
anchors is becoming more widely used, since the system with one level of piles
becomesnsufficient or unfeasible. In this study, parameters affecting the behavior of
multi-tier pile wall retaining system is investigated via fdimensional finite element
method.Firstly, a 30 m excavation is carried out with a mtidi shoring system
supported by prestressed ground anchors in an area with Ankara clay soil. This shoring
system is analyzed by tawdimensional finite element methoddathe results are
compared with the inclinometer measurements in the field. General deformation
behavior meaged by inclinometer could not be captured by any of the constitutive
model s. The ificl osest o pil e horizont al
measurements is obtained by using the Hardening Soil Model and drained
geotechnical material parameteFRurthemore, he effects and themportance of

overconsolidation ratio of clay the results is demonstrated.

Then the effects of various parametbgs using two- dimensional finite element
method (using Plaxis 2 software) on multtier shoring systems supped by
prestressed ground anchors are investigated. These parameters are embedded length

of upper pile, embedded length of the lower pile (sbddngth), effect of having an



anchor at the overlap zone between two piles, the horizontal distance beppeen u
and lower piles, interface friction coefficient between pile and soil, higher and lower
intensity anchor placement (i.e. anchper m2 plararea of wall). When the anchor

in overlap length of upper and lower piles is canceled, displacements increase
significantly in the socket zone of upper pile and in top of lower pile. Therefore, in the
multi-tier pile wall retaining system, constructiontié last row anchors of upper pile
must be completed (together with fteessing and cross beam constructimefpre
starting to the forage of the lower pile. It is concluded that for horizontal destanc
greater than or equal to H/3 (where H is thel tdégoth of excavatioranchor lengths

of two walls can be designegparately. The results of tlegidy couldoe useful for

safe design of muHiier pilewalls.

Keywords:Multi-Tier Pile Wall, Anchor, Plaxis 2D, Deep Excavation.
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CHAPTER 1

INTRODUCTION

Nowadays, the rapithcrease in the population has started to change the urbaniza
requirements all over the city centers, significantly. The land value is getting costly
day by day, so land efficient designs and solutions related to the underground
constructions have high importanceDesigns focusingn deep excavations become
essential for almost every projeat cities The main principle of deep excavation
support systems is to ensuret only the safety of the retaining system but also the
safety of the surrounding suctures such as existing buildings, roads and

infrastructual facilities.

A commonshoringsystem of deep excavat®is composed of bored piles supported
by soil anchors. The performance of tsigoring system is dependewin soil and
groundwaterconditions as well as other factarsor relatively deeper excavatis
(such as greater than-268 m excavation depths urban areas, where thenestrict
deformation limitsmulti-tier pile wallshoringsystenmwith soil anchorgexamples in
Figure 1.1 and Figure 1.2 becoming morevidely used since the system viitone
level of piles beconsinsufficient, uneconomical or unfeasible. In this study,
parameters affecting the behavionaidlti-tier pile wallshoringsystems investigated

via two-dimensional finite elemembethod

More than 70m deep excavation projeis completed in IstanbuiSkyland Project)
composed of mukHtier shoring systemin a soil profile consisting of sandstone and
claystone layersin fact, this project is reportedly the deepest excavation project
supported by pile walls with anchors,tramly in Europe, but also in the Worl@he
foundation excavatioproject consistedf multi-tier bored pilé mini pile for vertical

elementsand pe-tensioned ancheffor horizontal elements.



Bored pile lengths we rangingbetween 20 m 27 mand pregessed anchor lengths
were between 2&1 56 m. In the design, there were 5 berms (mtiérs), 4 of which
usedanchors and bored piles and 1 bersedanchors and shotcrete. When the final
excavation depth was reached, the measured maximum horizdotahaigons were
about 30 mm in this projecEacale view of constructed muiltier bored piles and
anchorscan be seem Figure 1.lJp u b | i s h e dCobiry20ka s k't a K

Figurel.1 Constructednulti-tier boredpile wall with anchors systein n K sSkydandiproject
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Figurel.2 Cross section view of theedign of a multtier pile wall with anchorgor a 30 m deep
excavationin Ankaraclay,in 2018

Some of theeasons for choosing a mdlier pile wall as a shoring system fadeep

excavation, instead of a singleall are:

(1) Construction of bored piles that are longer than 30 m requires piling machines
with larger torque capacity and is very difficult and exgpenas compared to
construction of shorter piles,

(2) Whenconstructing bored piles longer than 30 m, accuracy in the verticality of

the pile decreaseb multi-tier pile wall systems, due to the shorter length of



pile, the deviations that may occur frotie pile vertical axis decreasand
defects in the pile decrease, as compared to longer pile construction

(3) It takes a lot of time in the 3feter forage pile hole to unload soil from boom
cylinder and back into the pit. The reason is that boom cylindersavenger
distance and repeats it many times. Therefoomstruction time is longer for
the longer pilesin multi-tier pile system, the construction of shorter pdas
becompletednore quickly in the field, and this provides time savings begause
the other stages (such as the removal of the soil in front of thegaife}ltart
earlier tharlong-singlepile systemconstruction While pile constructioran
continue over a large area, there are opportunities to start excayation

anchoringandconstructio on other facades.

1.1.Problem Statement

Numerous successful applicatiarfanulti-tier pile wall systembave been published
by several researchers (Aktan, 2ZDand also constructed in the figlligure 1.1)
However, casesof failures and instabilitiehave also been reported multi-tier
shoringsystens in recent yeard-or exampleexcessive deformationgere observed
and emergency fill was placed in front of pilesa twotiered pile wall system with
anchorsn K u k a,dna281é(Figure 1.3.), when he excavation depth was about 16
m (which is even before reaching to the finaltlegf excavation of 27 mYhe profile
was composed of claystone and clayey limestone and the ground seféee the

pileshadl5-degreeslope angle, wher&-5 storybuildings were located.
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Interaction among bored piles, anchors and soil is a complex mechanism that involves
significant number of variables bihe nature of the problem. Pile spag, pile
embedment depth, pile rigidity, geotechnical properties of soils, pile head fixity
conditions aresome of the important fac®rin design for a typical project
Investigatingthe effects ofthese factors, revealing interrelation between them and
understanding actual behavior have a vital importance because of lack of
comprehensive and widespread design guideline abouttmeulbiored piles with soil

anchors.
1.2.Research Objectives

The main objectivef this study is to investigate tli@ctors affeting the behavior of
multi-tier bored pilewalls with anchors by using twdimensional finite element

method.

The effects of factorsuch as (1) thembedded length édwer and upper pile (i.eloes
the overlap length ofwo piles, or the embedment letigof the lower pilenfluence the
behavior?}, (2) thelevel of anchor intensity per?area of wall (is theshoringsystem
behavior different at different anchor intensity level&®) horizontal spacing between

the two pile walls (at which horizontalaging the system behaves like two individual,



separate, wallsAnd when they should be designed like individual piddls with their
own anchors)? (4) existence of an anchor at the overlap zone of two piles (is the
behavior of wall system influenced bwving an anchor at the overlap zong3),

coefficient of interfacédriction between pile and soil.

Firstly, verification study needs to be carried out to chébk accuracy of two
dimensional finite element modeahd soil constitutive models used, by istigating
the compatibility of the resultsvith the fullscalemeasurements in the field in a multi
tier wall systemThen va a parametric study usirtgro-dimensional finite element
modeling a twaotier pile wall system in Ankara clay is analyzemevalate the effects

of abovementioned factors.

Results obtainefitom this study can be useful to evaluate the beha¥ithe multitier
pile wall in-depth,to establisha better understanding about actual mechanism of the

systemand to develop comprehensidesign proceduse

1.3.Scopeof Thesis

This study investigates the behavior of mitikr pile wall supported by soil anchors
system via finite elemerdnalyses (using finite elemestftware Plaxis 2D 2®).
Chapter 2 represents the literature review destrbe geometry and length of piles
and soil anchors studied by 2D finite element modielChapter3, a case study is
analyzed to verify the accuracy of the propdaeite elemeninodelsand constitutive
soil models Afterwards, in Chaptet, a parameic study is carried out to investigate
the factors affectingnulti-tier shoring system.Results and suggestions for future
research is given in Chapter



CHAPTER 2

OVERVIEW OF DEEP EXCAVATION SUPPORT SYSTEM AND
LITERATURE REVIEW

Excavating @ep into the grountlas becomean attractiveoption for contractoran

recent yearsespecially inbig cities,for reasonsuch asleveloping required parking

lots, number ofloor restrictionsconstraints athe construction sites;reating more
sellablebuilding area, for dealing withigh land costsand/or for reducing the net
foundation pressure on the groundariables such as depth of excavaticojl
properties, permanent or temporary shoring systeura of groundwateall of these
factors charge excavation costs considerably. For this reason, deep excavation

systems must be wellesigned and appropriate construction techniques must be used.
2.1.Review of Deep Excavation Support System
2.1.1.Brief Information on Lateral Earth Pressures

Vertical or near veical slopes of soil are supported by retaining walls, cantilever sheet
pile walls, braced cuts and other similaatainingstructures. The proper design of
these structures requires an estiion of lateral earth pressure which is a function of
factorssuch as type and amount of wall movement, shear strength parameters of soil,
unit weight of soil and draage condition in the backfill. Theatureand different

types of lateral pressiggatrest, active and passive lateral earth pressure conditions
are illustratedin Figure 2.1.The matio of the horizontal effective stress to vertical

effective stress identifies lateral earth pressoeficient
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Figure2.1 Natureof lateral earth pressure on retainingl|

2.1.2.Earth Pressure at Rest

If the retaining wall is not allowed to move to any direction, the lateral pressure at a
depth z is

P

where

Un: Total horizontal stress

0 © Effective vertical stress

u : Pore water pressure

Ko: Coefficient of at ret earth pressure

For normally consolidated soil, thelation for K (Jacky, 1944) is

) p i "% g

For overconslidated soil, at rest earth pressure coefficient can beessed as
(Mayne and Kulhawy, 1982)

0 p i WBwOO'Y
Wher;

C®

OCR : Overconsolidation ratio



2.1.3.Rankine Theory

Following assumptioa ae required for Rankine Theory to be valigbduto, 2001,)
V Soil is homogeneous and isotiop
V The length of the wall is limitlessend wallis examined in two dimensions.

V The wall canmove enough to satisfy prerequisites of active or passive

pressure.

V The friction between the wall and soil is insignificant.

In this theory, activéateralearth pressure is determined by Equati@gna®d passive
lateral earth pressure is obtained etpdion 25:

. @ N0 ¢ 0 8
. A Rb O @

0 £ Active lateral earth pressure, aigi Passivdateral earth pressure,

(@)

C cohesi on,

Ka: Active lateral earth pressure coefficieldt,: Passivdateral earth pressure coefficient

2 ' buoyantunit weight of sail,

z :depth

g :surcharge

Lateral earth pressure coefficienttime active and passive statktlie soil behind the
wall is horizontal) are calculatdry equations giveim equation 2 andequation 27,

respectively
0 oOweét v 1Ig ¢

0 oweét v TI¢ &



2.1.4.Coulomb Theory

Following assumptins are required for Coulomb Theory to be valid;
V Soil properties are constant in layérs. soil is uniform)

V There may be more than one soil layer if they are in horizpasition behind

wall.
V The surface of soil may be inclined but@nsidered to be a plane.

Forces considered in Coulomb theory are given inr€ig.2

P

aimax)

Active e
force

Wall movement
away [rom

<«—— s0il
Yy Pa B0
120 YW
R
H 0~ ¢’

(b)

Figure22Co u | o mb &arth prassuie {D&O07)

1. The weight of the wedge, W.

2. The resultant, R, of theormal and resisting shear forces along the surface
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3. The active force per unit length of the wall, which will be inclined at an agle

the normal drawn to the back face of the wall.

Coulomb activdorces arecalculated by Equation&.

gr 00V &

where,

0 —_— C 80
and H: height of thevall.
Coulomb passive feoe is calculated by Equation 2.10

b0y ¢ n

where,

0 — ®p

and H : height of the wall.

U: S| te pbeveheretnining wall(Figure2.2)

b: Anthd backfacé of theretaining wall from horizontal

f: Angle of resultant force with normtd the failure plane in soil

d: Angle of friction between the wal/l an.

2. Unit weight of soil

2.1.5.Earth Pressures Acting on Braced Egavations

In the excavations supported by shoring systems, soil pressures cannot be calculated
by classical earth pressure theori€se reason for thas, the soil movement and
failure criteria does not correspond iretRankine and Coulomb theories menéd

in the previous chaptert.is known that shoring system has to move a little from the

11



bottom to form active earth pressubeclassical earth pressure theories are used in
the shoring system, the design will beade by considering lower lateral rida
pressures in the upper padsé the walland the support system will be weaker.

Therefore, distribution of soil pressure must be calculated with different methods.

The modified pressure envelope shows a uniform gamessure distributiom sand,

as n Figure2.3(a) and the active earth pressure for sands is given as:

@ b 00 PG
where

Ka Rankine active pressure coefficiem @&t v &

fo : E f frictian énglesoésand

H : Height of cut

o) > Unit weight of soil

In soft to medium clayand instiff clays, Peck (1969) provided envelopespparent
lateratpressure diagrams for cuiBhe pressure envelope for soft to medium clay is
shown in Figure.3(b) and is appliable to the condition

S .

®
Where c is undrained shear strendth Q)

The pr g &sthelarge;of O

0

” r "O p % c@ o-

mar O P T
The pressure envelope for cuts in stiff clay is;
. T& QD émdr O O MWEOL Qi A O g 0]

Soil pressure diagnas described by Peck (1969gaiven in following figures.
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Figure2.3 Apparentpressure envelop@) for cuts in sand(b) for cuts insoft to medium clay(c) for
cuts in stiff clay(Peck1969)

When usindateral eartlpressure envelopas Figure 2.3., it should be kepin mind
that

1. They are applicable to excavations with depths greater than 6 m.

2. They depend on the assumptioatitine water table is below bottom of excavation.
3. Sand is assumed to be drained.

4. Clay is assumed to be undrairend pore water pressure is not considered.

2.2.Prestressed Anchored Pile Wall Design

In Turkey,the most wilely used construction methodhsredreinforced concrete
pileswith prestressed soil anchofietypical design procedure agdlculation steps
for pre-stressed anchedwall is as follows(FHWA-IF-99-015 1999)

Step 1. Determine project requirements, including all geome#tgrnal loading
conditions (seismitbads etc.) temporaryor permanenanchorsperformance criteria
and construction resttions.

Step 2. Evaluatedih laboratory anth-situtests to determineelevantsoil properties.

13



Step 3.For the final wall heigt, select the lateral soil pressure distribution acting on

the back of the walFFurthermore, surface loads and water loadstrbe determined.

Step 4.Calculate horizontal soil anchor loads and wall bending moments. Adjust the

vertical anchors until aoptimum wall bending moment distribution is achieved.
Step 5Determine required anchor inclination taking consideratiomatdtions

Step 6. Assess horizontal spacing of anchors based on wall type. Calculate individual
anchor loads.
Step 7.Assess vertial and lateral capacity of shoring system below excavation

subgrade.
Step 8.Check the stability of shoring system

Step 9. Edimate maximum horizontal wall displacement and ground surface

settlements

Step 10Design walebeam facing drainage systems,caoonnected devices.

2.2.1.Prestressed Soil Anchor Details

Prestressed ground anchor is installed in soil that is used to transégpliedore-

stressedioad into the ground.
2.2.1.1.Types of Ground Anchors

There are four ground anchor types, which were lisedow and shown in FigureZ
1) Straight shaft gravitygrouted ground anchors (Type A),

2) Straight shaft pressurgrouted groun@nchors (Type B),

3) Postgrouted ground anchors (Type C).

4) Underreamed anchor (Type D)

Anchor types currently used practicein Turkeyare Type Al Type B and Type C.
Main types of grouted ground anchorg given inFigure 2.4.

14



In general, in rocksfine grained cohesionless soils and firm to hard cohesive soils,

most suitable technique is straight shaft gravity giatechor.

3

N gl
PN

Type C: Post-grouted

Type D: Underreamed

Figure2.4 Main types of groutedround anchor§~FHWA-1F-99-015, 1999)

2.2.1.2 Parts of Ground Anchor

Ground anchor is typically separated into 3 parthich are anchorage, free length
(unbonded) length and bonded length. Tleseponents of a ground anchoe given

schematically irFigure 2.5.

Anchor Head
Bearing Plate

Figure2.5 Component®f a ground anchdiFHWA-IF-99-015, 1999)
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2.2.1.3.Free (unbonded) length

The length of the anchoetween the critical potential failupaneand the wall is defined as
unbonded length or free length. Free length consist of plakbeverwire strands. The load

in the strand tendons is transferred to grout body. The common strand diameters are 0.5 inch
(22.70 mm) and 0.6 inch (15.24 mm). Minimdength of unbonded part of anchor is 4.5 m

for strand tendons. Material specificatidasstrand tendons is specified in American Society

for Testing and Materials (ASTM) A41Broperties of 18nm diameter and Grade 1860 (27

prestressing steel strangle given in Table.1

Table 21 Properties of 18nm diamegr steel strands (ASTM A416)

Presressing Force
Number of 15 . .
- Cross Section Ultimate .
mm diameter | %o mnd) | Strength (kN | MAXIMUMTESt | oy off Load | Design Load
strands Load 0.7 hux A 0.6 fux A
0.8 fpu X Aps -{ Tpu ps -0 Tpu ps
1 140 260.7 209 182 156
2 280 521.4 417 365 313
3 420 782.1 626 548 469
4 560 1042.8 834 730 626

2.2.1.4.Bonded Length

Bonded length consists of strands and grout. The load is transferred to the ground by
friction between grout body and grour@rout is composed of cement, water, and
admixtures.There is no aggregate in anchor grofd8TM C15Q. A water/cement

ratio of anchor grout must be between 0.4 to 0.55 by weight. Type | censeat ha
minimum 28day canpressive strength of 21 MPa at the time of anchor stressing.
Ultimate load capacity of baled length Tin kN can be estimated from Equation@.1

(BS 8081, 198p

Y 00l & ® 0

where:
cu : average undraineshear strength over fixed anchor length (kR/m

U : adhesion factor

16



D : diameter of borehole (m)

L : length of fixed anchor (m)

Exceeding bonded length beyondri@s usetss for transferring load effectively. For
this reason, optimum bonded length carctesidered as 1® (BS 8081 1989.

2.3.Location of Critical Potential Failure Surface

Anchor boned lengthmust be situated adequately behind critical potential failure
surface, so that load can be transferred from anchor bond to gfinitnchl potential

failure surface of anchored pile walfstem can be seam Figure 2.6. For shoring

system, critical pot&tial failure surface can be assumed to extend up from point of a
zeroshearforce on wall at an angle of 456/ 2 f r o m (Fgwe 2.7l ont al
Unbonded length is typically extended either a minimum distance of H/5, where H is
height of the wall, or 1.5 behind the critical potential failure surfa&egure2.7).

Failure
Surface

H
N
Anchor
L T SROPD
~ \\®
d

Figure2.6 Critical failure surface ingpund anchor wall syste@HWA-IF-99-015, 1999)
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4 Potential _
Failure 4.5m (min)
Surface

Minimum unbonded length = 3m (bar)
4.5m (strand)

X =1.5m or 0.2H, whichever is greater

(@)

Assumed planar

: surface
failure surface

Wall member——m=

~

Excavation “\.1

[/

Alferngtive essumption for assumed
location of planar foilure surfoce

(b)

Figure2.7 Critical potential failure surface &EHWA-IF-99-015, 1999)b: BS 8081(1989
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Thespacingof anchorghorizontal and verticawill dependon specific requirements
and constraintsf the project. For examplé€l) necessity for a very stiff systamay
require closelyspaced anchors to contiwbrizontalwall movements; (2) positioning
and inclnhation of the anchorsnay be influenced by thexising underground
structures or infrasticture and (3) type of vertical wall elemensgelected for the
design(FHWA-IF-99-015 1999) For ground anchors installed in soil, a minimum

overburden of 4.5 m ovéhe center of the anchor bond zone is required.
2.4.Failure Mechanism of Anchor System

Due D project and application faults in anchor systems, it is possible to create failure
mechanisms whichre shown schematicaliy Figure 2.8 Comments on the some of

the factors that cause failure and the consequences of failure are summarized below:

(a) Tensile failure of (b) Pullout failure of (¢) Pullout failure of
tendon grout/ground bond tendon/grout bond

(e) Failure of wall due to

(d) Failure of wall in bending insufficient passive capacity

(f) Failure by forward rotation (g) Failure due to insufficient (h) Failure by overturning
(cantilever before first anchor installed) axial capacity

(i) Failure by sliding {J) Rotational failure of
ground mass

Figure 2.8 Potential failure conditions to be considered in design of anchored(®aM/A-1IF-99-015, 1999)
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2.4.1.Failure of Steel Tendon

If load applied is greater than axial capacity of the tendon, failusmasoidable.
Therefore, factor of safety is utilized in calculation of tensile capacity of $teel.
suggested that steel tendon Ishduldnot exceed 60% of specifiedmmum tensile

strength for final design for temporary conditions.
2.4.2.Failure of SteelTendon & Grout Body

Friction resistance between anchor and grout body is ensured by adhesion of the
materials. Failure of steel tendon and grout body is due to the losshefence
between the anchorage tendon and injectiddhesion can be described as
relationship between grout and rough steel tendon. Friction resistance occurs because
of movement of the anchor changes according to the magnitude of force applied to the
archor, roughness of the anchor tendon and also the amount of movéiment.
observe in the rocks and soils with high shear strength where the adherence force
between soil and the injection is hightendons are not covered by adequate thickness

with injection, this type of failure can be observed.
2.4.3.Failure of Ground & Grout Body

If applied prestress load is greater than friction resistance between soil and grout
body, anchor may pull ouEirstly, since anchor is stretched, the part of the nearest
bond kngth is extended and transfers load to the ground. Once the stress is é@nsferr
to the end of the bond zone and the ultimate gragrodt bond is exceeded, anchor
failure by pullout occursGenerally, this type of failure occurs in soil with low shear
strength. Therefore, in the loading tests, anchors should be tested at 1¥5timés

of the design loadExperience has shown that for typical soil anchors, increasing the

bond length beyond 9 to 12 does not lead to increases in resistance.

20



2.4.4 Failur e of Wall

The collapse of the vertical support element results from the iyatnlicarry the
crosssectional forces (moment forces, shear forces) formed by the loading of the
shoring system.

2.4.5.Slip Failure

Slip failure is a rigid way to shift the shoringstem along the base. If the anchor
forces and passive resistance which arstiagito slip are lower than the forces which
try to slide, slip failure is expectetf.the anchor force is insufficient or the anchor
grout body is located within the slipykeaesistance to slide is reduced. It usually shows
itself during excavation, huf precautionsare not takenit leads tcsignificantloss of

stability.
2.4.6.Rotational Failure

Rotational failurgor global external failure) develops when the wisblerirg system
(including the bonded length of anchors) moves in a failure pladernedt/behind

it. Anchors are usually dimensioned by taking into account the potential slip wedges
behind the wall. However, if there is an unstable sliding plane that includesttiee
shoring system, there will beghobal collapse no matter how often ahdw strong
theanchors in the systeare In casea global instability occursts irreversibility (or
difficulty for remedial measures) leads to mdgss of stabilityand cos

2.4.7 \Wall Deformation Criteria

Maximum lateralwall movements for anchored walls constructed in sands and stiff
clays average approximately 0.2%#ith a maximumvalueof approximately 0.5%H
where H is the height of the wallhe maximum vertical settlemenbehind a wall
constructed inthese material average 0.15%Hyith a maximumvalue of about
0.5%H(FHWA-IF-99-015, 1999)
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2.5. Literature Review of Other Studieson Deep Excavations

There are many kinds of research in the literature regarding the deep Excavat
problems of geotechnical engineeringpwever, there are very limited number of
studies in the literature on mutter anchored wall systems in Turkeikfan 2014)
and around the world (in China by Fang et al. 203he followingparagraphsrief
informationis providedaboutsome of the reentstudiesin Turkey on excavation

support systems.

Sincil (2006) studiedieep excavation project of the Gazino station within the scope

of the UlusKke - i °r en Metr o project, supported
comparison of the inclinometer measurenem numerical data of soil stability for

deep excavation was the main scope of this study. The excavation was modelled and
analyzed by using the Plaxis finite element software. Anchored andnubrored
behaviorfor wall displacements were compared. Thauhes of the numerical analysis

were considered satisfactory considering the distribution and reliability of the field
measurements, although the horizontal wall displacements above the excavation level
were lager than the measured ones and the displatsrbelow the excavation level

were lower than those measured. It is stated that the results would be more accurate
and valid with more detailed and careful field and laboratory tests and would result
better sdiparameters.

In Ermanlar (2009) study; withithe scope of the Istanbul Metro Project, a supported
deep excavation project with inclinometer observations was examined. In this study,
displacement analysis was performed with two different sections usngléxis
software. In both sections, drainagygalyses were performed due to duration between
the excavation period and completing of the structure, and Mohr Coulomb soil
structure model was chosen. In field studies; elasticity modulus changes were
determned according to the pressuremeter testsopedd at each 5 m. It was
observed that horizontal displacement values obtained from instrumental observations

and analyses results were close to each other. For the second section, finite element
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analysis wasapeated by reducing the modulus of elastioityp0% and 75% in order

to understand the inconsistency of the displacement of up to 145 mm observed in the
inclinometer measurements with a maximum of 45 mm displacement. However,
numerical changes were notabo approach the observed values. The tegalthered

from inclinometer tests, did not give valid data for reality, especially in rock layers.

¥zberk (2009) investigated the debyor mat i
carrying out analysessing the Plaxis 8.2oftware In the deep excation project

bored pile and mini pilewith anchors were modelled, and the inclinometer
measurements wemmpared with the results obtainedmerically. As a result, it

was seen that horizontal displacemenugalobtained by instrumental observations
andhorizontal displacement values were compatible for three of the sections between
each other. In one of the sections, it was observed that there was a discrepancy between
the results of numerical analysis andlimometer measurements. The reason for that
wasreported as thestimated material parameters for greywacke in the first 10 m did

not represent the actual lithology well. To overcothes problem, analysis was
repeated by taking one third of the currelasgc modulus value of the first 10 m of
greywacke layer to satisfy a better fit between the calculated and the measured value.
After the final excavation depth was reached in each section, phi/ c reduction analysis
was performed and the safety valuestlud excavation against the failure were
calaulated and the sections were found to be sufficiently safe against failure.

Aktan (2014) investigated the behavior of shoring system {pili@d wall with pre
stressed anchors) within the scope of Hilton Isthidnmonti Hotel project(Fig.

2.9a). Projectvas modeled by using the Plaxis 8.2 finite element software and the
effects of various parameteage investigatedn addition to classicaarthpressure
calculation methods, various earth pressure distribsititeveloped for preliminary
design calculations for deep excavations were given in détad. effects of soil
engineering characteristics, ground/structure interface element and prestressed
anchors used as horizontal support elements on the rigidig shbring system were

investigated on the same geometry moppdedvided that other parameters were kept
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constant. According to the stress level of ground stiffness in the calculations, with
increased pressure, hardening soil model was used. At the thgd, doading
reloading modulus of elasticity (£ of soil was changed between 60 MPa and 450
MPa, and the displacements occurring in the shoring system were reduced by about
25%. Internal fiction angle was more effectianddecisive value than the mdds

of elasticity for displacement values. At the second stage, the aim was to understand
effect of interface reduction factor, which is a characteristic value according to the
type of mateml and soil, on pile displacements. At the final stage, thetedfethe

anchor grout length, anchor placement angle, anchor tendon diameter and anchor
horizontal spacing on lateral displacements were investigated. Anchor grout lengths
were determined & m10 m and they were determined that more than 8 m of grout
length did not cause any reduction in pile displacement. While the inclination of the
anchor was 1Ain case study, the increase in the slope increased the displacements
and the stability of theystem was deteriorated atMope. The calculations for the

0.5 inch, 0.6 inch and 0.7 inch anchor tendon diameters given in the standards did not
make a significant difference in displacements. The horizontal spacing of the anchor
was changed betwednm and 2 m and the most suitable range for the project was
detemined to bel.5 m.

Aktak (2019) <carr i ed-mdeegexcavatioraic Ankasahaad ysi s of
compared the results obtained from finite element analyses with the measurements
obtainedfrom inclinometers. A Phyton code was written for the bachly®s of

parameters used, specifically to correlate stiffness parameters with SR&INeS.

To be more precise in numerical analysis, soil is divided into layers according-to SPT
Nsomeasuremas.As a result of analyses, soil models were compared withataeh

and displacements obtained from the MC model could not conuergeality.

HSsmall model results are closest to real displacembfiseover, displacement

curves obtained from HS ardiSsmall models are very close each otherLinear

correlation brmula isstatedas Eoret= 780xNso kPa for this excavation of the case

study in Ankara clay.
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Fang et al . (2013) studied via 2D plane
doubler o wuppos structure for braced excavation with diaphragm wall aacirigy

struts. For a deep excavationhtangzhou cityin China, the authors noted that the
performance of the excavation support system depends on the interaction between two
walls. The majorfactors in influencing the behavior of the system are notechas: t

overlap length of two piles, embedment depth of the lower pile wall and the horizontal
spacing between the two piles (Fig. 2.9b). Fang et al. (2013) reported that the earth
pressure agaihghe lower (inner) wall is significantly influenced by the pas®arth

pressure in the passive zone of the upper (outer) wall. If the spacing between the two
walls is greater than the influence distance, L (in Fig. 2.9b), then it can be assumed

that theinteraction between two walls will be negligible. Analyses vadse carried

out for overlap length of two wallsz kin Fig. 2.9b), in the range of 8 to 12 m (0.4 to

0.6 of upper wall length) and total length of inner (lower) wall being constant as 15

m. As the overlap length of two walls increased, the horizontaemewt of the outer

(upper) wall decreased and that of inner (lower) wall increased. When the embedment

ratio of the inner (lower) wall increased, horizontal deflections of both walls
decrease. The effects of the horizontal spacing between the two walts also

studied, by changing the spacing in the range of 1 to 17 m. It was noted that both
wall sd horizont al movements decreased wl
increased, which meany Increasing the spacing between two walls the interaction

betwee the walls reduced. Fang et al. (2013) defined an interaction coefficient, which

is equal to 1 and 0, when the distances between the two walls are 1 m and 17 m
respectively. Interaction cdefi ci en't was described as the
between thenaximum horizontal deflections when the horizontal distance between
wallsis x m Dx) and whenitis17nlg7) 0 t o t he Adifference be
horizontal deflections when the horigal distance between walls is 1 ) and
whenitisl7mi770. 1t i s reported that the inter

with increasing spacing between two walls.
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L = hytan(45° + ¢/2)
active zone U
. passive zone } -~ ]
passive zone
45°+d/2
(a) (b)

Figure2.9 (a) Multi-tier pile wall with anchors for an excavation in Istanbuktgh,

2014), (b) Doubleow excavation support system in China by Fang et al. (2013).

To define the interaction between two walls in a miidti wall sysem, there is also
AMet hod for Step Wal | so as described by
(https://civiltech.com/downloads/stepwall.pdFigure 2.10). According to CivilTech

Software company, if #hhorizontal distance between two walls is greater than the

value of fAXco s hokerwoiwallsde nojhaveanifpactdheach hen t

ot her , i . e. they do not interact. It is al
complete wall system shboud be checkedo, and that Ati ebac
reduce the embedment of upper walls, therefedricing the impact on the lower

wal l so.

Xc= 0.6(H2+D2) + 1.7D1

0.6(H2+D2); 1.7D1
& > <

Passive

Active Zone

Ho Zone

D2 Wall 1

Wall 2

Figure2.10 Description of the interaction between two walls
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2.6.Finite Element Method and Plaxis ® Analysis

Finite element method (FEM) isne of the most commonlysal approaches for
designingof geotechnical structureBrocesf modeling geometry of the problem
with finite element method includes simplifications aagproximations. Defined
geometry is divided into a numberff i elemengs (which could beriangular or
guadrilateral in shapeeach consistingf a number of nodes. Each node has a number
of degrees of freedom that implies to the unknowns in thedery value problem.
When the geotechnical parameters of thiéssre evaluated properly, vextensve

site investigationsjaboratory and irsitu tests this method can produce highly

realistic results that can be applied to practical problems.

Any type of soil condition could be simulated by using the finite element method. For
given geometry; apmd loads, displacement boundary conditions, and material-stress
strain law(i.e. constitutive modelMany geotechnical problems contain ssiriucture
interaction when applying finite element analysis to such problems it is necessary to
include structuracomponents. Simulation of excavation or construction with 2D

continuum elements by using finite element method is a complex process.
2.6.1.Plaxis 2D

Plaxis 2Dis a twoedimensional finite element software used for analysis of any
geotechnical problem. Identifygnthe problem is the key point at the beginning of
analysis. In this case, the problem is anchonetti-tier pile wall shoring systenA

brief summary otthe features of Plaxis 2D is given below for anchored pile wall

shoring system.
2.6.1.1.Graphical Model Input

The input of soil layers, structures, condition stages, load, and boundary conditions
are based on convenient CAD drawing procedures, that allowietfaited modeling
of the geometry crossection. 2D finite element mesh can be easily generated from

this geometry model.
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2.6.1.2.Define Idealized Soil Profile

Appropriate geotechnical parameters which give compatible results wsituiand
lab tests must be tirmined before creating a model. Soil layers with different
thickness can be formed by soil polygon lax#s 2D.

2.6.1.3.Plate

Plates behave as cdanensional beams defined as linear elastic material that

structures with a flexural rigidity. Bored piles in shoring system are defined as plates.
2.6.1.4.Interface

Joint elements are available for ssiitucture interactiomodeling. Interice elements
can be used to simulate the thin area of intensely shearing material at the contact

between the pile and surrounding soil.
2.6.1.5.Ground Anchor

Springscan bedefined aselastic orelastoplastic material with their normal stiffness
and maximum forcealues. Prestress values can be also defined in excavation support

systemsAnchors are defined as elastoplastic material in all anatysigs study
2.6.1.6. Embedded Beam Row

Grout part of an anchor is defined as embedded beantordescribethe interaction
between soibnd grout Embedded beam row is definededastoplastianaterial by
taking into considerationf elastic stiffness propertie&rout body of anchors are

defined as elastoplastic material in all analysithis study
2.6.1.7.Loads

Various types ofdads can be identified in the scope of the program which are line
loads, point loads and distributed loads. In each stage of construction, load parts and

load levels can be activated or deactivated independently.
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2.6.1.8.Auto Mesh Establishment

After completing lhe geometry of the model and assigning related materials, finite
element mesh generation can be generated automatically in Plaxis 2D. There are 5
alternatives for global coarseness which vary from very fine to very coarse. Geometry
mesh ca be regeneratdaly using lower coarseness, global or local refinernantbe

doneif needed.n this study, in the case study and in the parametricegudingo

mesh type was used obtain more accurate results
2.6.1.9.Staged Construction

This feature enabderealistic simwdtion of construction and excavation processes.
Bored pile and anchor systems are constructed by stages. Firstly, construction of bored
piles is completed in the field. Subsequently, soil is excavated to the lower elevation
of the first rav of anchor crosbeam. After the excavation is completed, construction

of anchorage is made. Prestressing is given and anchorages are locked tsttespre

load. The anchors are locked, the next excavation phase starts. The same process

continues up tehe lower levebf the excavation.

In the Plaxis 2D, the same system can be modeled. The bored piles are activated first.
Then the soil layer, identified the first excavation, is deactivated. The grout body and
free length forming the anchor are activaéed the prestressing load is given to the

free length part. After applying the prestress load, the next soil layer defined the
excavation will be deactivated and continue up to the lower elevation of the
excavation. This procedure allows for a realistiasssessment of sses and
displacements as caused by soil excavation during an underground construction

project.
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CHAPTER 3

CASE STUDY

3.1.Introduction

A building was planning tde construced i n ¢ u k u ANKARAA It was
necessary to malexcavation up to a @¢h of 30.00 m in order to construct foundation
and basements of buildingdowever, due to the lack of sufficient distance for slope
excavations; it was necessary to build shoring system, in order to ensure safety of
construction, suwounding structuresnal roads.The shoring system was constructed
as multitier pile wall which were supported by temporary-piessed soil anchors.

In this study,the cross section oshoring systemwhich is the deepest excavated
section,was analyzedby two-dimensional ihite element method with different
material models and compared with the measurements taken at tigssteter of
bored piles was 80 cm ahdrizontal distancbetweerthecenters of bored piles was
100 cm. For this project, informtion about the soixploration results, geological
structure of the site was all taken from the geological report prepared by IKSA
Engineering Co. (2016).

3.2.Project Information

Construction areds situated on an approximateh2ctare area in the rapidly
devel opi n g DistrictkouAnkanam T arkey. Some data related to the project
are as follows:
V Project consists of 2 separate blagk8lok includes residential and exclusive
residence, B Blok is comprised by office and hotel raoms
V Total number of fhors: 33

V There are 1@loors basement, ground floor and 33 typical floors
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V The building length: ~130 m from the ground surface
V Maximum bottom of excavation:30 m from the ground surface

The foundation formwork plan {gresented ifrigure 3.1.
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Figure3.1 Foundation formwork plaand pile layout plan

3.3.General Geology and Soil Properties

IKSA Engineemng Co. drilled 9boreholesand performed field and laboratory tests
between April and May 2016. The locatgofboreholes g shownn Figure 3.2.

Figure3.2 Locations ofboreholes

32



Ground surface elevations and depthghef boreholesra given inTable 3.1 An
example of one of the borehole logs (SK8, which is the borehole clogbst ¢coss

section being analyzed) is given in Appendix A.

Table3.1 Locationsand depth of boraties

Boring Depth Ground Surface

Number (m) Elevation (m)
SK-1 68 897,54
SK-2 65 894,64
SK-3 60 889,16
SK-4 74 895,09
SK-5 61 890,74
SK-6 69 898,92
SK-7 55 900,94
SK-8 52 898,02
SK-9 49 894,43

The ground formation obtained in all borings was defined as Ankara Stdara

Clay is siltclay unit which is typicdy reddish brown, brown colored, comprises of
gravel, sand and lime concretions in the region Ankara City and its vicinity (Birand,
1978).In general, the upper level is brownish, the lower levels are reddisimb
and/or reddish color. There is watsFaring, semround, smalmediumsized gravel

and mediumdense sand layer within the Ankara Cl&onsistency of the solil is
generally medium plasticity and locally low or high plasticity. The dethifld and
laboratory testsra described below.

Groundwater level was observed between 35.0 andi.@rilling wells, which does

not affect the shoring system due to being below the foundation level.

3.3.1.Field Tests

Within the scope of field works, standgoenetration test (SPT) and pressuremeter

test (PMT) were carriedub. The details of field testseagiven below.
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3.3.1.1.Standard Penetration Test (SPT)

The most commonly usdd-situ tests, worldwideis the Standard Penetratidest
(SPT). The experiment isabed on the principle of sliding the dynamic slit tube with
standard dimensions to the dynamic rggeapplied by dropping a ram of 63.5 kg

weight from 76 cm heightFor drilling in the fieldan automati©dammer with energy

efficiency, Bn = 0.60 was used’he change o8PT-N valueswith depth isshownin

Figure 3.3t is observed that SPN values aréncreasing with depth. Because of this,
it is decided to divide the soil profile into four sublayers, where, in each sublayer, soil

properties will be assurdeo be uniformThe bottom of excavation and four sublayers

of clay is shown in the same figure.
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3.3.1.2.Pressuremeter Test (PMT)

The pressuremeter test is amsitu experiment in which the load / deformation
parameters of the ground are determiriBide basic medmical properties of the
ground from the load / deformation graphs obtained at each experimental level by
Menard pressuremeter experiment; deformatnaalulus, E, and limit pressure value

PL. The limit pressure value is determined from the last measuremetite
experiment, and the pressure modulus is determined from the pressure / volumetric
change measurements recorded during theThstNet LimitPressure (B and the

Pressuremeter ModulusnEvalues obtained from th@essuremeter experimentg a

given inFigure 3.4and Figure 3.5
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Figure3.4 Pressuremeter modulusy(Evalueswith depth
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3.3.2.Laboratory Tests

Laboratory experiments were carried out on disturbed and undisturbed samples taken
from the invetigated area. Siexanalysis, Aterberg limits haturalwater content and
unit weight were determined to help identify the engineering properties|sf Isoi
addition, trkial experiments were carried out on the cohesive spesito@letermine

shear strengthparametersAtterberglimits are summarized ifrigure 3.6, Figure 3.7

Figure3.5 Net limit pressure (R) valueswith depth

and Figure 3.8.
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3.3.3.Determination of Undrained (Short Term) Parameters
3.3.3.1.Undrained Shear Strength

Undrained shear strength)\walues of the Ankara Clay were determined according

to SPFN values and pssuremeter data.

Undrained shear strengthlues were calculated for different depths using the Stroud
(1974) correlation given in Figuf9. According toStroud (197X

cu = f13 Neo (3.2)
f1 can be found in Figure 3 using the Plasticity Index

Neo: Corrected SPN value correspondinigp 60% of the maximum theoretical energy
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Majority of theplasticity index valuesf claywere between 20% 25% (Figure 3.8).
Consdering the best fit line and also the variation of data used by Stroud (1974) in

Figure3.9, the value dfi was obtained as 4.5 and undrained shear strength values are

plotted in Fgure 3.10.
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Using the values of the net limit pressures (Fom the pressuremeter teiste values
of undrained shear strength for different depths were calculated using the following

relaion (Briaud, 1992) andregiven inFigure 3.11.

cu=0.673 (P)® 0.75 (3.3)
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Figure3.11 Undrained shear strength valdesm pressuremeter te@riaud, 1992)

Undrained shear strengthlues ar@btainedaccording to the both SPY results and
pressuremeter results, ardkalized soil profe (which is divided into 4 segments:

Clay-1 through Clay) and their properties agéven inTable 3.2.

Table3.2 Idealized soil profile and their properties, includingkda) values

Soil Layer| SPTNe | SPTNeo | Pl (%) Sé:i‘:i;j;‘l Cufgzl;j(ﬁ?ois De(skigg)cu
Clay-1 24 1800 | 25 81 100 80
Clay-2 42 3150 | 22 142 150 145
Clay-3 60 | 4500 | 23 203 210 200
Clay-4 78 5850 | 20 263 290 275
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3.3.3.2.Undrained Friction Angle
Undrained friction angle in clay is considered as zero in desighasingsystem.
3.3.3.3.Undrained Elastic Modulus

Undrained elastic modulus (Evalues for the Ankara Clay wecalculated according

to following correlations:

Butler (1975) noted that, iconsideration of results obtained from many case studies,
the relationship between the undrained deformation modul(s) &nits of MPaxnd

SPT-N can be expressed by the ragiven following relation:
Eu=~1.2] Neo (3.4)

Undrained elastic madus (&) can be also estimated with undrained shear strength,
plasticity index and overconsolidation raf@CR). Variation of undrained modulus
with OCR (Jamiolkowski et al, 197is given inTable 3.3.

Table3.3 Variation of undrained elastic modulus with OCR (Jamiolkowski.€lt99)

OCR Soil Plasticity EJcy
<2 Pl < 30% 600- 1500
2-4 Pl < 30% 400- 1400
4-6 Pl < 30% 300- 1000
6-10 Pl < 30% 200- 600
<2 PI = 30- 50% 300- 600
2-4 Pl =30- 50% 200- 500
4-10 PI = 30- 50% 100- 400
<2 Pl > 50% 100- 300
2-10 Pl > 50% 50- 250

Birand (1977) data shows that OCR values of a sample of Ankara clay ramges fr
near the ground surface @aovalue of2 ata depth of 9 mandfurther decreases with
depthtoward 1, indicating thaafter about 15 m depthAnkara clay isnormally
consolidéedat a siteBirand (1977) also states that in Ankara soils, the naturtarwa
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content values are near the plastic limit values, which supports the existence of

preloading.

Kspir (2011) reports that i D8HBrudiktudnkara cl a;
samples taken from 4 sites along Konya Road in Ankara. Samples hadlihgjtid

values of 50%68%, plasticity index values between 27% and 40%, and their sampling

depths and OCR values were as follow: depth of 4 m OCR = 1.81, depth of 15 m

OCR=1.44, dpth of 16 m OCR=1.45 and depth of 21 m OCR=1LD

Ordemir et al. (1965hoted that Ankara clay isan overconsolidated clay due to

desiccation, and itsatural water contems close to itglastic limit.

The overconsolidation ratio of the Ankara clay (OCR) alae checkedy Ladd et al
(1977) FromSPT-N values undrained sheatrength values are estimated &ad i '
ratiosare calculated and compared with data in TableThérefore,OCR value of
Ankara clay in the fields estimatedo be between.1 - 4 considering the undrained
shear strength obtained from the empiricalagtpns and the effective vertical pressure

ratio in the field.

Table3.4 Overconsolidatiomndundrainedshearstrength ratio (after Ladd et 41977)

Overconsolidation Ratig c/ o'
1 0.2t00.3
2 0.4to0 05
4 0.7t00.8
8 09to1.2
10 1.3t01.5

Mayne et al.(2001) express theoverconsolidation ratio for clay according to

undrained strength ratio and friction anglkich is given in Table 3.5.
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Table3.5 Over consolidation from undrained strength ratio (after Mayne &Qdll).

Cu¢t | 02 [o022] 03] 04] 05| 07 10]125][150] 20
Friction Angle Overconsolidation Ratio

20 15 17 23 31 3.8 5.0 8.0 100 | 110 | 150

30 1.0 1.0 14 1.9 24 33 5.0 6.0 7.0 10.0

40 1.0 1.0 1.0 14 17 24 35 4.0 5.0 7.0

Mesri (1989)escribed thendrained shear strength as given formula in Eq 3.5;
Cu=0.22x16 (3.5)
OCR=040® (3.6)

Undrained shear strength of clay is known from field test results. For clay lay®@rs,

can be calculate by Eq 3.5 and OCR values can be obfaimedEq 3.6.

With the help ofinformationand formulaggiven above about OCR values of clay,

obtained valuesra summarized in Table 3.6.

Table3.6 Over consolidation from undrained strength ratio (after Magtral., 2001).

OCR OCR OCR OCR OCR

Soil Layer| SPT-Nve)| SPTNeo| Cu (kPa) | (Mesri | (Mayne et| (Ladd Et (Ksp (Design)
1989) | al.,2001) | al.,1977) | 2011) 9
Clay-1 24 18.00 80 4.50 5.0 4.0 1.80 4.0
Clay-2 42 31.50 145 2.88 2.9 2.0 1.44 2.0
Clay-3 60 45.00 200 2.36 24 2.0 1.45 1.5
Clay-4 78 58.50 275 2.58 2.2 1.0 1.10 11

While determiing the undrained elastic modulus vals the following relatioship

(Jamiolkowski et al1979)wasused
Eu=-~5001 cu (for clay-1) (3.79)
Eu=~700T1 cu (for clay-2, clay3, clay4) (3.7b)

According toPoulos and SmafR000, undrained elastic modulus valuas afunction

of SPT-N and plasticity index (Pis shown inFigure 3.12.
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Figure3.12 Plasticity index and Eu / N correlations (Poulos and Small, 2000)

In the study area; plasticity index of Ankara Clay is mainly between t6205%.
Therefore, the coefficient of SPT N value was chosen as aroundctérding to
Poulos and Sma({R000.

Eu=~1.5] SPTN (3.8

According to the above formulas undrainedsgétamodulus were calculated foliay
layers aregiven inTable 37.

Table3.7 Undrained Elastic Modulus, ,EkPa) Values

sot ayer| 7| o [ oo | St [ Eaos | Ease | Ewave | eotr
Clay-1 24 18.00 25 21.6 40.0 36.0 325 325
Clay-2 42 31.50 22 378 1015 63.0 67.4 67.0
Clay-3 60 45.00 23 54.0 140.0 90.0 94.6 95.0
Clay-4 78 58.50 20 70.2 1715 1174 1197 1200

3.3.4.Determination of Drained (Long Term) Parameters
3.3.4.1.Drained Friction Angle

Figure3.14 shows collected data from th&erature in a plot of drained friction angle
f'ncvs. Ipfor primarily normally consolidated clays (Ip range280%).f 'nc symbolize

a peak secant value with the assumption thaiszero. The data values vary widely

44



for example, atd=20% the value df'nc varies between 2and 3%. However, éspite
thesignificant dispersion, a trend is seen to dedngds with increasingp. The data

also suggest the lower bound valueffag atagiven value of #.

Drained friction angle values for the Ankara Clay were calculated according to

following relations sggested byigure 313

f'=4310log(lp) (Mean) (3.9
f'=3911 log(lp) (Lowerbound (3.10)
45
. n=233,R?=0.41, SE 3.7
40
35
30
g_;b 25 ~ Mean
._.?_ 20 _ ¢',.=43-10-log I,
= |
15 <
10
5
O [ I |
1 10 100 1000

1, (%)

Figure3.13 f'c vs. Ip for primarily normally consolidated reconstituted and stndbed clays
(Sorensen and Okkels, 2013)

Figure 3.14 shows the variation of effective stress friction angle,for several
normally consolidated clays (Bjerrum and Simons, 1960; Kent@y9). It can be
seen from the figure that; the friction angle @&ses with the increase in plasticity

index.
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Figure3.14 Variationof sinf ' with plasticity index for normally consolidated clajas 2007)
Drained friction angle was computed for idealized soil prafdeording to the both
mean and lower values of suggestedSamyensen and Okkels (2018Bjerrum and
Simons (1960; Kenney (1959. Mean values of effective friction suggestby

Sorensen and Okkels (2018 very close to the values which were obtainethfr

Figure3.14. Drained friction angle of idealized soil profikgiven inTable 38.

Table3.8 Drained friction anglé ' values

. Lower Value Mean Value Bjerrum and Simons L
Soil Layer | Pl (%) Designa '
o'  SA1*®EPI) | 0 43<0*log(Pl) o
Clay-1 25 23.6 29.0 28.0 28
Clay-2 22 24.2 29.6 29.0 29
Clay-3 23 24.0 29.4 29.0 29
Clay-4 20 24.7 30.0 30.0 30

3.3.4.2.Drained Cohesion

Based on a comparison of the drained and undrained bearing capacity in connection
to plate loading tests on clay, the Danish code of practice for foundations suggests the

following equatiorfor a cautious estimat# coc 0n the basis ofuc

c'=0.1T cu (kPa) (3.11)
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Figure 3.5 shows the relationship between:@nd @ based on data frormiaxial
compression testhat wereperformed by The Danish Geotechnical Institute over the
pastdecades on undisturbed overconsolidated clays; rariging clay till of low
plasticity to extremely high plasticity maririeertiary clays(Sorensen and Okkels,
2013)

+ ¢' derived - recent data o ¢' derived - old data
4 c' estimated - recent data 4 ¢’ estimated - old data
100 .
A
OC clays 7%<l,<170% . Mean ¢'=0.2-c,
80 (estimated recent data)
i e
C I A
60 o 4l x| L
—_— A ok &A o 84
T A A Ak o A
] 40 A Aaaay D57 L, N 4
*'3 A ° u:"[‘r . A
o A B N o A A Ay &, IS -
20 A AA Ay A A - A ‘_ N C'=0.1‘Cu,
I ’:_‘."Am‘ LA Poe ¢' max. 30 kPa
st 2 ‘A. £ 7 4%<1,<7% clay till (GB)
0 - I“ T T 1
A
( 100 200 300 400
-20 A A &
A
-40
c, (kPa)

Figure3.15 Relation betweenhj and ¢ for overconsolidated clay$orensen and Okkels, PR)
Lunne et al(1997) suggested that the effective cohesion value can be found by c'=

dtaf' correlation, and that t3Ie U value caz¢

Table39Possi bl e val ue entsoiftypds (Lurmeet.@907) i n di f fer

Soil Type a tanf'
Soft clay 5-10 0.350.45
Medium Stiff Clay 10-20 0.400.55
Stiff Clay 20-50 0.50-0.60
Soft Silt 0-5 0.50-0.60
Medium Stiff Silt 5-15 0.550.65
Stiff Silt 1530 0.60-0.70

Drained shear strengtlales were calculated for idealized soil profile according to
the design parameters of undrained shear strength and drained frictigraadgee

given inTable 310.
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Table3.10Dr ai ned SheaPa)Valtesengt h, c¢d& (Kk

Soil Layer| PI (%) De(sléigg)CU Designa’ cdé = 0. ] Cta?mz' C & Desi gn
Clay-1 25 80 28 8.0 5.3 6.66 6
Clay-2 22 145 29 14.5 111 12.79 12
Clay-3 23 200 29 20.0 19.4 19.70 19
Clay-4 20 275 30 27.5 28.9 28.18 28

3.3.4.3.Drained Elastic Modulus

Drained elastic modulus (E'plues for the Ankaralay were calculated according to

following correlations:
E' (kPa) =cu (kPa)l 270  (Stroud et al. 1975) (3.12)
E' (MPa) =0.91 SPT-N (CIRIA, 1995) (3.13)

Poulos and Small (2000) suggested that the relationship betweenorige |
term/drained deformation modulus E', and shemn/ undrained modulusuEon

cohesive soils was givdrelow:
E' (kPa) =0.4 Eu(kPa)  (Poulos and Small 2000) (3.14)

Drained elastic modulus values were calculated for idealized soil profile in accerda
with the design parameters of undrained shear strength and undrained elastic modulus.
Furthermore, drained elastic modulus was obtained from pressuremeter results.

Drained shear strength values of idealized soil profile valtgegiven inTable 311

Table3.11 Drained Elastic Modulus,&MPa) Values

Li‘;/gr SPTNae) DeCSLiJg” DeESJg” Eq3.10| Eq3.11| Eq3.12 | E g.(MPa) | P (eM;;) g
Clay-1 24 80 | 325 | 216 | 216 | 195 20.9 20.0
Clay-2 42 145 | 67 | 392 | 378 | 402 39.1 39.0
Clay3 60 200 | 95 | 540 | 540 | 57.0 55.0 55.0
Clay-4 78 275 | 120 | 743 | 702 | 720 72.2 72.0
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Geotechnical parametengere obtained based aite investigation studies including
boreholes, irsitu tests anthboratory experiments drempirical correlations existing
in the literature. Idealized soil profilegivenin Figure 3.5. Drained (ong term) and

undrained (short term) geotechnical parametersummarized ifable 3.2.

Table3.12 Drained andUndrained Parameters of Ankara Clased in this study area

Soil Layer Thicknesq Undraind (Short Term) Parametq Draind (Long Term) Paramete OCR
M  ["cukpa)] au | EUMMPa)| ckPa)| @d [E® (|
Clay-1 9.00 80 0 325 6 28 20.0 | 4.00
Clay-2 7.00 145 0 67.0 12 29 39.0 2.00
Clay-3 9.00 200 0 95.0 19 29 55.0 1.50
Clay-4 - 275 0 120.0 28 30 72.0 1.00
(),()()I:)lﬂ;m(mJ DEHE(“{;,]OO
200 : 200
Drained-Cohesion GkPa Undrained Cohesion (B0 kPa L
4.00 CLAY-1 Drained Friction Andle. - 58° Unidraingd Friction Angle -0 400

Drained Elastic Modulus: 20 MPa Undrained Hastic Modulus 32 5 MPa

6.00

800

10.00

1200

14.00

16.00

18.00

g
E
|

Figure3.16 Idealized Soil Profile
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3.4.Soil Models

Constitutive soil models used in the eastudy analysis, Mohr Coulomb and

Hardening Soil are described as follows:
3.4.1.Mohr Coulomb Material Model (MC)

Mohr-Coulomb model is linear elastic perfectly plagtipe soil constitutivenodel,

which can be used for first approximation of soil behavionear elatic part of MC

mo d e | is based on Hookeds Law of elasticity
failure criterion.Mohr-Coulomb model is using 5 input parameters. Soil stiffness is
characterizedby using modulus of elasticity andPoissord sratio. Strengh

characteristics are modelled usingaohesion) « (friction angle)a n d (dikation

angle) Mohr-Coulomb modelindicates that after stresses reach hexagonal yield

surface, strains become plastic and continue to increase without increase in stress.

Figure 3.17 Mohri Coulomb failure criterion: )dinear envelope in the Mohr diagram);gyramidal
surface irprincipal stress space and cr@estionin the equipressure plane
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3.4.2.Hardening Soil Material Model (HS)

The Hardening Soil Model is developed based an Duncan and Chan@970)
hyperbolic modelThe hyperbolic soil model based on the assumption of sitesa
curves ofsoil that are obtained from the triaxial test results approximately
hyperbolc-shaped. The inelastic strestsain behavior of soils represented with
different modulus of elasticity values for loading and unloading conditions in the
hyperbolic model.The Hardening Soil Model is an advanced model for simulation of
soil behavior ad based on the Mof@€oulomb failure criterion. Hardérg soil model

varies from MC model with its approximation of stiffness.

The soil parameters to describe the soil with Hardening Soil Model are listed below:

Konc : Ko value for normal consolidation (defauliNé=1-s i n ()

V cet  :effective cohesion

vV o : effective ante of internal friction

V Esoret : secant stiffness at 50% stress level in standard drained triaxial test

V  Eoedret : tangent stiffness for primary oedometer loading

V. m . power for strestevel dependency of stiffness

V  Euret : unloading /reloaitg stiffness (default kre=3Esores)

V  Qur : poi ssono6s freetlioaa dfi onng=OR)dled aaduil g g
V pret  :reference stress for stiffness (defawti00 stress units)

\Y

\%

Re : failure ratio d/ga (default R =0.9)

In Hardening Soil Model, the stiffness depends on the stress level. The Bigj@re
demonstrates th#te hyperbolic stresstrain relation in primary loading for a standard
drained triaxial test. As can be seen in Figdif8 thesecant modulus parametenE
is obtained by a triaxial strain curve at 50% of the ultimate shear strendio i3

used ingead of the initial moduluscBor primary loading in Hardening Soil Model.

In Hardening SoiModel, the parameter mthepowerfor stresdevel dependency of

stiffnessand it isgivenin this formula
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O o — 3.15
where ¢ and (G are cohes0O omaeternte stifmése r n a |
modulus corresponding the reference stres$

In Plaxis,f) can be taken 100 kNAnAs can be seen the formula, o depends on

A

effective conihatiaxiatgstpressure 00

Asymptote

&1

Figure3.18 Hyperbolic stresstrain relation in primary loading for a standard drained triaxial test
(after Schanz et al., 1999).

In Plaxis, thevalue for m can be takeas 1.0 for soft soils arfdr other soils the m
valuevaries betwen 0.5~ 1.0. Viggiani and Atknson (1995) reports the exponent
numbers m for different clays at very small strains as a function of plasticity index Ip
Figure 3.19a, whereas Hicker (1996) presents them as a function of the liquid limit

which is given inFigure 3.19b.

52

r



0 20 40 60 8D 100 120 140 160 18D
W, [%]

(a) (b)

Figure3.19 Power law exponent m related to a) Plasticity Index PI (Viggiani and Atkinson,1995) and
b) liquid limit wy (Hicker, 1996)
According to the laboratory results for case study (@eidi and plastic limit values)
m values are obtained as 0.6 (lower value), 0.70 to 0.75 (mean values) for Ankara clay
layers. Inall case and parametric studis 2D analysis, m value is accepted as 0.70

for all clay layes.

In Hardening Soil Model, @ometer stiffness modulusedz is used to define the

stiffness for 1D compression and defined for a reference steesssp

% % —FF 3.16

The oedometer modulus is used nwdel the ground dhavior at compression.
Definition of thetangent stiffness fqerimary oedometer loading.&retat a reference

stress pris shown in Figur&.20

53



-G1

-&1

Figure3.20 Definition of Eoedref in oedometer test risifPlaxis Material Model§anual, 2011)

For unloading and reloading stress paths, unloading/reloading stiffness miagdidus

used and defined for a reference stregsgs:

0O o —F 3.17

O can beaccepted athree time<D  which is indicated ifPlaxis Material Models
Manual (209).

As dfferent modulus of elastity parameterd:sorer, Eurret and Eedre; the solil stiffness
is identified more accuratelyherefore the modelling of the soil deformations are

obtainedmoreaccurate
3.5.Shoring System

Excavation depth is around 30.00 m which were stated in the @tahnék and
structural projectsAs shoring system, the most widely useethodin Turkey, bored

pile and anchored shoring system was selected. Unlike standard construction, shoring
system was designed as muidir pile wall supported by temporary psessed soil
anchors. Reasons for choosing a midli pile wall as a shoring stem for deep
excavation werenentioned in the Introduction chapter of this stullye facade view

of constructed bored piles was showrrigure 321. Other pictures during arat the

end of construction of the shoring system can be seen in Appendix C.
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Figure3.21 Facade view of constructed bored piles

Theexcavation waaround 30 ndeep,with a multttier reinforced concretpile wall
system supporteby prestressed ground anchoi&his systemis modeled by two
dimensional finite element method and the resarktsinterpreted by comparing with

the results obtained in the figlidm inclinometer measurements.
3.5.1.Section Details

Thebored piles irshoringsystem were 80 cm in diameter aléd100 cm center to
centerspacing(Figure 322and Table 33).Bor ed pil es were suppo
temporary prestressed ground anchors with variable horizontal spsactha@nchor

bars with 8n grout lengti{Figure3.23). Anchor bars had a diameter of 0.60 inch and
wereconforming to ASTM A416 requirements. Ancher wer e i nclined a
the horizontal (Figure 33}. Potential sliding wedge was drawn from ~5 m below

from the 3Gm-deepexcawation bottom level and was offset as 0.20 x Excavation

depth. Free length of anchor had been extended beyond the obtained potential sliding
surface Further details of the general layout and facade view of piles and anchors can

be seen in Appendix B.
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Figure3.22 Top view of piles

Table3.13 Pile and Anchor Details of Deep Excavation

Upper Pile| Lower Pile
Length (m) 19.70 20.50

Diameter (m) 0.80 0.80
Spacing (m) 1.00 1.00

20200
SLOPE TOP ELEVATION
988
PILE TOP ELEVATION
W |,
18 RON ANCHCR, =5 —
I
80743 +
2, ROWANSH.Q%_
R i
.
a8 Row AN
1 2
%
w0
4. ROW i
BRSNS e,
T+ —
80068 . . ~~ ooy Mb"""‘w.,
5. ROW ANCHOR S~ - LY Lizg
LS il W - - i
R n — R
% ~.
ih ROW ALCHGL h -ru ' *0”
ace, TAM1, R T A w"“%
13 - o,
Yo ~—— . amw- N
. Row ROk .
——t ey .
H-2 "~ T *ﬂe,
neoeghifl L_Igllll, =
— —~. m,,? ey,
o, ROWMM%__'_?‘ o g ~ tor RS
1o Row ANHGR || & ki - Sp
AR [ 8018 e, A,
1" _‘_PLE_T_OEEIEVATIUN B e ‘*ra Yw. e Sim,,
ﬂun 200,

87883
i ROW ANCHOR,

87683

120 RON ACHR

13t Rmmﬂlﬁt

s nowmﬂz.&%_
e

8708:
15th. ROW.

BOTTOM OF Exum

3

200—:—mg_qu

— as-}—zao—i;zm—-i;

86293

PILE TOE ELEVATION.

Figure3.23 Cross section detaitsf the deep excavation
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Table3.14 Anchor details of the deepest excavasestion

Anchor | Free Legth | Bonded Lengthl Total Length Horizontal Horizontal
Row (m) (m) (m) Spacing (m) Angle ©)
1 28.00 8.00 36.00 2.00 15A
2 32.00 8.00 40.00 2.00 15A
3 25.00 8.00 33.00 2.00 15A
4 29.00 8.00 37.00 2.00 15A
5 22.00 8.00 30.00 1.00- 2.00 15A
6 26.00 8.00 3400 1.00- 2.00 15A
7 19.00 8.00 27.00 1.00- 2.00 15A
8 21.50 8.00 29.50 1.00- 2.00 15A
9 19.00 8.00 27.00 1.00- 2.00 15A
10 23.00 8.00 31.00 1.00- 2.00 15A
11 16.00 8.00 24.00 1.00- 2.00 15A
12 20.00 8.00 28.00 1.00- 2.00 15A
13 14.00 8.00 2200 1.00- 2.00 15A
14 16.50 8.00 24.50 1.00- 2.00 15A
15 11.00 8.00 19.00 1.00- 2.00 15A

3.5.2.Anchor Details and Bond Length Capacity

While anchor length was designed; the free length had been extended beyond the
possible planes that could create the i slip surface. Thus, bonded part of the
anchors, which provides the actual carrying capacity, was kept out of the sliding

surface.

The failure wedge method recommended in BS 808B89 was used while
determining the free anchor length. Thadure wedge was drawn from around 3 m
below the bottom of the excavation to make an angle off48+degreesrom the
horizontal. The bonded paof anchor was placed starting at a distance [3420
(H=total excavation height including the equivalent surcharge t)efgghind the

failure wedge.
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The values proposed in the literature for beindss for ground/grout interface along

anchor bond zone accordingliihology is given inFigure 3.5.

Figure3.25 Skin friction
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Skin friction (fsur) of Ankara Cly wasselected a275.00 kN/n for 8.00 m fixed
anchor length based on given literature ab8v@ m bond length anchorage capacity
calculation:

For temporary anchors ground/grout safety factor is recommende® as2.00 (BS
8081, 1989)

U= Bond length ared fsui

Ui = 8.001 275.001 “ T 0.15 =1036.7 kN

Chiiowable= Uit / 2.00 = 1036.7 / 2.00 518.3 kN

The above limit value was targeted in anchors to be produced in shoring system.

3.5.3.Tensile Capacity of Anchorages

The ultimate tensile capagitof 1 strand tendon consisto 7 strands and
diameter is 26.58 tons. Allowable load carrying capacity for 1 strand tendon is 156 kN

(15.9 ton). Allowable load carrying capacity for 4 anchor cables of temporary
anchorages is;

P=41 15.90=63.6 to

3.6. Finite Element Modelling of Multi -Tier Pile Wall

Cross section of shoring systdravingthe deepegtart of theexcavations analyzed
by finite element methodVhen the models created in Bxis 2D program, analysis
is made according to theonstructon stages perforntein the field. Geotechnical
parameters obtained from the laboratory and field test results for Ankarar€lased

in the analyzes.

Consistent with construction stagasPlaxis 2D model first upper pileis activated.
Then excavatiors carried out ta maximum of 50 cm below the firsdbw of anchos.
After the excavatioins completed, the materials identified as free and bonded parts of

the anchoere activated and prestressed to the free part of anchor.
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Other excavations and anchoeagtagesare continued respectively until the
excavation offth anchor rows completed. After théth excavation, lower bored pile
Is activated, and the excavation and andawrstructioncontinued. Thus, all soil
excavated and anchored materials (fred bonded zonegre activated until the
bottom of the excavation.

The same system constituted with different material models, both short term and long

term solutions, and the resuét® compared. The results obtaireed alsocompared

with in-situ inclinorreter measuremen®esults of Plaxis 2D analysis using hardening

soil material model and drained geotechnical parametergivenin the following

figures. Further details of construction stages, deformed mesh, pile horizontal

deformations etccan be sae in Appendix D.Pile wall is modeled using plate

el ements and the anctbmodé samohlled £a fusi nfgr ée o
Afembedded beam rowo f or b-to-node ahcban and fors . For mc
modelling embedded beam row, elastic aladteplastic mataal model options are

possible. In this case study, elaptastic material model is used for both free length

and bond length, considering their maximum capaditgterial parameters used in

Plaxis 2D programfor bored piles and for ahors,are givenm Table 4.1, Table 4.2

and Table 4.&n Chapter 4
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In addition to these analysis, Plaxis 2D software has two different solutions for

undrained condition which are undrained A and undrainedHardening soil model

Undrainel A condition is a shofterm material behavior in which stiffness and
strength are defined in terms of effective properties, undrained B material behavior in
which stiffness is defined in terms of effective properties and strength is defined as

undrainedshar strength.

The same solutionare repeated using Hardening soil model and undrained A and
undrained B as the drainage type. In addition to these solutions, analyzes using Mohr
Coulomb material model with drained geotechnical paramediegscompleted.
Horizontal deformation on pileare shownin Figure 3.5. Maximum moment and
shear forces values of upper and lower palesgiven inFigure 3.5 and Figure 3.2

and in Table 33 and Table 3.6

Table3.15 Obfained resultérom Plaxis 2D analysi§él-continues)

snaysis | watera | raege | (PRI | L P | Pl | Lowerple
Number | Model Type (cm) (kNm/m) Shear (cm)
(KN/m)

1 H.S Drained 2.61 322 227 2.75

2 H.S Undrained(A) 3.33 383 228 3.00

3 H.S | Undrained (B) 7.53 316 362 7.86

4 M.C Drained 2.60 325 242 4.81

Table3.16 Obtained resultffom Plaxis 2D analysif2)
. . : Lower Pile | Lower Pile Max.

Namber | 'wodel | Type | Moment | shear' | mnchorioad "L

1 H.S Drained 453 283 512 1.61

2 H.S Undrained (A) 463 285 514 1.59

3 H.S Undrained (B) 363 360 510 1.66

4 M.C Drained 412 310 517 1.61
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Figure3.29 Horizontal deformatiosion piles in Plaxis 2D

3.7.Inclinometer Measurements

The crosssection analyzed in the scope of this thesis is the deepest excavation where
the inclinometer measurements were taken. The graphic obtainedhfriimometer
measurements taken on the fibletween April 2017 to December 2017gisen in

Figure 330. The maximum horizontal movement measured is about 23 mm and it is

observed in the upper pile, whereas the lower pile moved by about 3 mm only.
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Figure 3.30 Inclinometer measurements

3.8.The Effect of OverconsolidationRatio On the Behavia of Shoring System

The overconsolidation ratioQJCR) valueswere calculatedni previous section by
using empiricalformulas. In this section, the behavior of the shoring system is
investigated by using, the default value of OCR as 1.00 in Plaxis 2D, regardless of the

calculated OCR values.
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The analysis number 1 given in the Table 3.13 is the same analysis used irethe cas
study.In the same shoring cross section, the OCR valuecdfltly layers is assumed

to be 1.00 given by default value. The results of the analysis are giaralgsis
number 2 in Table 37land Table 3.18

Due to the anchor density, the deformatiareslow. However, when deformation rates
are considered, if th®@CR value is accepted as 1, horizontal deformation increased as
30% for upper pile, 10% for lower pil&s the OCR value increases, the horizontal
active forces to the piles increases.

Therefae, in the case of clay soil units in shoring systems, the @@ must be
calculated and taken into consideration in the analysis. Otherwise, more deformations

could be observed in the shoring system than expected values.

Table3.17 Obtained resultbom Plaxis 2D analsis (1-continues)

. Upper | Upper .
Analysis| Material| Drainage l_Jpper Pile Pile Pile I__ower Pile
OCR Displacemen Displacemen
Number| Model Type (cm) Moment | Shear (cm)
(KNm/m) | (kN/m)
4,2,151.1
1 H.S | Drained | (for claylayers 2.02 287 227 253
respectively)
2 H.S | Drained| X (Foral 261 322 | 207 275
layers)

Table3.18 Obtained resultom Plaxis 2D analysi§?)

Lower Pile Lower Max. Factor
Analysis| Material| Drainage Pile Anchor
OCR Moment of
Number| Model Type (kNm/m) Shear Load Safet
(kN/m) | (kN) y
4,2,151.1
1 H.S Drained | (for clay layers 372 277 530 1.62
respectively)
2 HS | Drained | *(Foral 453 283 512 | 1.61
ayers)
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3.9.Comparison of Resllts

According to the results of the finisdement analyses, it is seen in Figure 3.26 that,
the largest deformations are obtained by using Hardening soil constitutive model
(Undrained B), where more than 7 cm of maximum horizontal deformations are
obsenred in the lower pile. Moh€oulomb (Drainedanalysis results do not seem to

be realistic, since it indicates a backward movement at the top of the upper pile by
more than 3 cm (Figure 3.26). Results obtained by Hardening Soil Model (Drained)
and Hardeningoil Model (Undrained A) show a similar te.

In all of the Plaxis B results, the lower end of the lower pile moves (in the range of
1 cmto 5 cm, depending on the selected constitutive model), whereas in inclinometer

measurements in Figure3B, the laver end of the lower pile does not move.

General deformation behavior measured by inclinometer (in Fig@ Gould not be
captured by any of the constitutive models used in Figure l&6iiclosesd pile
horizontaldeformationbehaviorto inclinometemeasurementis obtainedy using

the Hardening Soil Model and drained geotechnical material parameters.

In contrast to Plaxis @ results, the inclinometer measurements indicate that
deformation of the lower pile was smaller than PlakisaBalysis rests. Inclinometer
measurements show that despements decrease with increasing depth and reach to
zero value at the bottom of tpdes One of the reasons for this situation may be that
the acceptedoil parameters fothe lower layers of Ankara clay isapter than the

valuesused in this study

Another conclusion is that the OCR valwesstbe calculated for the cldgyersand
used inPlaxis 2D analysis. As the OCR value increaded the near to the ground

surface horizontaldeformationof pilesincreased.
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CHAPTER 4

PARAMETRIC STUDIES

4 .1.Introduction

There are various parameters that affect the behavimuti-tier pile wall shoring
system. The purpose of this section is to investigate variations in the factors affecting
shoring system behavior in series of parametric analyses in a stiff cohesive soil.
Numerical models are developed by using the soil paters given in Chpter 3.
Lateral deformation, moment and shear forces on piles, anchor loads and global factor
of safety of the shoring system are studied by systematically changing some of the
design and geometrical parameters of rtigti pile wall. Trese parametersear

- Embedment length of upper pile

- Embedment length of the lower pile (socket length),

- Effect of having an anchor at the overlap zone between two piles

- The horizontal distance between upper and lower piles

- Interface friction coefficienbetween pile andoill,

- Higher and lower intensity anchor placement (i.e. anchor perea of wall)
In all analyses; only the investigated parameter is systematically changed and results
are analyzed, while keeping other parameters constant at cettitedesalues, as

described in the following sections.

4.2.Description of Model

Multi-t i er pil e wal |l consists of two piles
Piles have different lengths, but all piles have 80 cm diameter arciplespacing
center to center. [p¢h of the excavation is selected as 30 m, which is greater than 20

25 m, i.e. a suitable depth for choosing mtiér pile wall system.
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In most deep excavation shoring systems using anchors in Turkey, 0.6 inch strand
tendonsare being used in order togvide horizontal support. In parametric study; all

pil es ar e sup pstressed ttmporary sbikaichdso pr e

Horizontal and vertical spacings of anchors is changed according to designs. In the
parametric studyfinite element analyses using Rk 2D software for planstrain
condition are performed with different interval of anchorages (different intensity of
anchor per rharea of wall).

The length of the anchors is determined according to the sliding wedgedneth
(BS8081, 1989). Sliding wedge determined by drawing a line which is 4%/2
degree with horizontal. To design length of the soil anchor, sliding wedge is offset by
0.2 x H (Depth of excavation).

The geometry of the simplified muliier pile wall storing system, which is almost

similar to case study in the previous chapter, is given in Figure 4.1.
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In thefirst parametric study, socket siaklower pile is fixed and length of the upper

pile is changed to determine optimum socket size of the upper pile. Then, socket size
of the upper pile is kept constant, and the variation of socket length of lower pile is
examined.

Intensity of anchors iglso an important factor that may affect the behavior of the
system. To investigate the effect of the anchor intensity level, different analyses are
conducted using two different intensity levels, however both interesrgid should
provide a stable waBlystem. Therefore, in order to select socket sizes of upper and
lower piles, analyzes are made according to different intensity of anchor peean

of wall. According to these analyzes, socket lengths and optimumitgtehanchors

in shoring system ardetermined.

After, socket length of both piles are determined, the effect of having an anchor at the
overlap zone of both piles and spile interface friction coefficient are investigated.
Final step of the parametrigtudy is to study the effect ofdhhorizontal distance
between upper and lower piles, and observe if there is a certain horizontal distance
after which two pile walls should be desi
one single wall for a 3én deep excavation.

4.3.Soil Properties

Within the scope of the parametric study, idealized soil profile obtained from field and
laboratory experiments performed in case study in Ankara clay was used. Therefore
the parametric study is carried out in a stiff clay soil profile. Hardening sokhm®d

used as material constitutive model and drained soil parameters are used in finite
element analyses which were given in the previous chapterconsolidation ratio

of clay is taken as.@, 2.0, 1.5 and 1,Xor clay-1 to clay4, respectively.

4.4.Material Properties

Material parameters used in Plaxis 2D progréom bored piles and for anchoese
given in Table 4.1, Table 4.2 and Table 4.3.
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Table4.1 PLAXIS 2D input parameters of bored piles

Material Diameter Spacing Elastic Modulus EA El
(m) (m) (MPa) (KN/m) (KN/m?/m)
Upper! Lower | 080 1.00 30.000 15.08E6 |  603.2
Table4.2 PLAXIS 2D input parameters of emors free length
Material Pieces Steel Diamé&er Horizontal Elastic Modulus EA
(inch) Spacing (m) (kPa) (KN)
Anchors 4 0.6 2.00 2.1E8 117.600
Table4.3 PLAXIS 2D input parameters of anchors bonded length
Material Diameter (m) Horizontal Spacing (m Elastic Modulus (MPa
Embedded Beam Ro| 0.15 2.00 28.000

4.5. Parametric Analysis

According to the geotechnicphrameters obtained from the case study, 5 different
parametric studies affecting the shoring system are carried out. Content of parametric

analyze are listed below:

Determination of Upper Pile Socket Length (overlap length of two piles)
Determination ot.ower Pile Socket Length

Effect of having an anchor at the overlap zone between two piles
Effect of intensity of anchors per’raf wall area

Effect of soil-pile interface friction

o 0k w0 N PE

Effect of horizontal distance between upper and lower piles

4.5.1.Determination of Upper Pile Socket Length

Firstly, parametric analyzes are performed to determine socket length (embedment
length) of upper pile. Toclearlydes i be t he fisopkeéteol,endt h sofs hwop
in the general geometry in Figure 4.2. In these analyzes, socket length of lower pile is

kept constant at 5.00 m (actually, different socket lengths of lower pile is used, and it
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will be seen in details the following section that tHewer pile socket length of 5 m

is suitable). Since excavation depth of 30.00 m is constant, entire anchorage length is
kept constant in all muktier pile wall systems. Upper pile socket length, without any

other changes the shoring system, is chandagtween 1.00 m and 5.00 m and finite

element analyzes are performed. Table 4.4 gives a summary of the variables and their
values used in the analyses in this section. The vertical spacing of anchors is changed

in order b see the effect of anchor intelysper nt of wall area. Accordingly, the

analyzes are performed with anchorage at two different intensities (Table 4.4), the first
one fAhigher inte%agietay ofl1 waddbhor widrh 4 me
m and horizontal spacingof200mén t he second one Al ower i
45nfarea of wall)o with a vertical spaci ng
m. Although, the two levels of intensities may not seem to be too different from each

other to observe the difference time results, further lowering the intensity (i.e. 1

anchor per 5 rarea of wall etc.) resulted in unstable shoring system, and/or the
anchor loads approach the limit values of the steel ropes and bonded lengths, and some

of the analyses could not be coted, therefore comparisons could not be made.
Hence, they are selected: ds anchor per 4.0 fnand 4.5 m area of wall (total

anchorage intensity is decreased by 12.5%).

Table4.4 Summary table of parametric studies for socket length of upper pile

. Variables .

Analysis Numbel Constant Parameters (Upper Pile Socket LengtH Intensity of Anchors
1 1.00 m Lower Intensity
2 1.00 m Higher Intensity
3 - Lower Pile Socket 200 m Lower Intensity
4 Length: 5.00 m 2.00 m Higher Intensity
5 - Horizontal Distance 3.00 m Lower Intensity
6 Between Two Piles: 3.00m Higher Intensity

2.00m
7 4.00m Lower Intensity
8 - Anchor Lengths 4.00m Higher Intensity
9 5.00m Lower Intensity
10 5.00 m Higher Intensity

73



UPPER PILE

+0.00
UPFERFILE TOP ELEVATION
5 GROUND LEVEL

L —

5
15t ROWANCHOR

250
2nd ROWANCHOR
-450
Ird ROVVANCHOR
-850
41 ROW ANCHOR

_ -850 £
5 ROV ANCHOR

1050 =

B ROW ANCHOR
- =
1250
7 ROV ANCHOR,
1450 5

1500 Sth ROWANCHER
LOWERPLE TOR ELEVATICN

Sth ROWANGHER
WANCHLR

+

1300 —

~—{OVERRIE TOR BLEVAT e
— T—

-1200 £
1th ROWANCHOR

2000
11th ROWANCHOR

2200
12th ROWAMNCHOR
]

2400
13th ROWANCHOR
WANCHOR

T
14th ROWANCHOR
WANCHOR

22100 E
15th ROWANCHOR
Y

-30.00

BT Qe

LOWER PILE

-30.00
LOWERPLE TOE ELEVATICN
—1

Figure4.2 Cross section of shoring system (Upper pile socket length)

The results including horizontal deformation, moment shelar forces, maximum
anchorloads and factor of safety obtained from finite element analyses are given in
following tables below. Table 4.5 and Table 4.6 show that finite element analysis
results of when higher intensity anchors is used in shoring sysera.00 m x 2.00

m anchotpattern).

Table4.5 Plaxis 2Danalyses results with higher intensity anchorsdttinues)

Upper Pile Upper Pile Horiz. | Upper Pile Momen| Upper Pile Shear| Lower Pile Horiz.
Socket Length ~. )
(m) Displacement (cm (KN.m/m) (KN/m) Displacement (cm
1.00 3.93 404 196 3.61
2.00 3.70 404 196 3.60
3.00 3.54 404 196 3.59
4.00 3.52 404 196 3.59
5.00 3.48 404 197 3.59
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Table4.6 Plaxis 2Danalyses results with higher intensitychors (2)

Upper Pile Socke| Lower Pile Momen{ Lower Pile Shear| Max. Anchor Load FS
Length (m) (KN.m/m) (KN/m) (KN)

1.00 436 236 509 1.46

2.00 428 272 508 1.47

3.00 427 273 501 1.50

4.00 426 272 499 151

5.00 428 272 498 151

Table 4.7 and Tablé.8 $ow results for the casehen lower intensity anchoese

used in shoring system (i.e. 2.25 m x 2.00 m anchor pattern).

Table4.7 PLAXIS analyses results with lower intensity anchorsdfitinues)

Sgci%?rl_Pe”r?gth U_pper Pile Horiz.| Upper Pile Moment Upper Pile L_ower Pile Horiz.
(m) Displacement (cm (KN.m/m) Shear (kN/m) Displacement (cm
1.00 4.30 416 199 4.38
2.00 4.15 415 201 4.22
3.00 3.86 416 200 4.02
4.00 3.84 415 200 4.02
5.00 3.76 415 201 3.98

Table4.8 PLAXIS analyses results with lower intensity anchors (2)

Upper Pile Socke Lower Pile Lower Pile Shear| Max. Anchor Load ES
Length (m) Moment (KN.m/m) (kN/m) (kN)

1.00 437 275 518 1.46

2.00 428 272 514 1.47

3.00 427 272 514 150

4.00 426 272 514 151

5.00 429 272 517 151

PLAXIS analyses results are also given as graphics to see the differences more clearly
in the following figures. In these graphics, in the legend of the figutesp(respond
to higher intensity anchor per?rarea of wall (2.00 m x 2.00 m), (2) correspond to

lower intensity anchor perh2.25 m x 2.00 m).
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When higher anchor intensit2.00 m x 2.00 m) is used and upper pile socket length

is changed between 1.00 to 5.00 m:

- Horizontal displacement values of upper pile are obtained bet8:68 and
3.48 cm (Figure 4.3). There is a %Mecrease in horizontal displacements
while socket length increases from 1.00 m to 5.00 m. In case socket length
increases from 1.00 m t8.00 m, horizontal displacement of upper pile
decreases by ~0% and tkere is a slight difference afterwards. There is no
change in the moment and shear forces of upper pile (Figures 4.4 and 4.5).

- Horizontal deformation, moment and shear forces of the lowerdpleot
change when upper pile socket length is changed frontol5nm.

- Maximum anchor load is 505 kN and factor of safety value is obtained@s 1.
It is seen that changing socket length of upper pile does not affect maximum
anchor loads and factor adfety values (Figures 4.6 and 4.7).

When lower anchor intensif2.25 m x 2.00 m) is used and upper pile socket length

is changed between 1.00 to 5.00 m:
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- Itis observed that horizontal deformations of the upper pile ranged{8im
cm to3.76 cm (Figue 4.3). If socket length increases from 1.00 r8.6® m,
a 10% reduction is observed in horizontal deformation of upper pile. Also;
there is a slight difference between the moment and shear forces of upper pile
(Figures 4.4 and 4.5).

- Horizontal deformation of both upper and lower pilecreasesby ~10%
compared to higér anchor intensity (Figure 4.3).

- There are very small differences in the moment and shear forces of lower piles.

- Although; total anchorage intensity is decreased by 12.5%, ancads lo
increased only from 501 kN to 514 kN which is around 2%.

- Factor of sadty values did not change in these analyses (Figure 4.7).

As a result of these results, it is found that upper pile embedment length does not affect
shoring system if socket length upper pile is more than 3.00 m and therefore it can
be used as 3.00 m further analyzes.

4.5.2.Determination of Lower Pile Socket Length

Parametric analyzes are performed to determine socket length of the lower pile. What
is meant by the socket length ofder pile is shown in the general geometry in Figure
4.8. In these analysethe socket length of the upper pile is kept constant as 3.00 m.
Since the excavation depth 30 m is fixed, the entire anchorage length is kept constant
in all the multitier pile wall systems. Finite element analyses are performed by
changing the lowerile socket length between 4.00 m and 10.00 m, without any
further changes in the shoring system. Analyses are again performed with two
different anchor intensities: higher intensflyanchor per 4 A and lower intensity

(1 anchor per 4.5 fp A summary &ble of parameters in analyzes carried out to

determine socket length of lower pile is given in Table 4.9.
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Table4.9 Summary table of parametric studies for socket length of lower pile

Variables
Analysis Number Constant Parameters (Lower Pile Socket Intesity of Anchors
Length)
1 4.00 m Lower Intensity
2 4.00m Higher Intensity
3 5.00 m Lower Intensity
4 5.00 m Higher Intensity
5 - Upper Pile Socket 6.00 m Lower Intensity
6 Length: 3.00 m 6.00 m Higher Intensity
7 - Horizontal Distance 7.00m Lower Intensity
8 Between Two Piles: 7.00 m Higher Intensity
9 2.00 m 8.00 m Lower Intensity
10 - Anchor Lengths 8.00 m Higher Intensity
11 9.00 m Lower Intensity
12 9.00 m Higher Intensity
13 10.00 m Lower Intensity
14 10.00 m Higher Intensity
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The results including horizontal deformation, moment and sheaesomaximum
anchor loads and safety numbers obtained fréaxi$ 2D analyzes are given in
following tables. Table 4.10 and Table 4.11 show the results for higher intensity

anchors (2.00 m x 2.00 m Anchor Pattern).
Table4.10 PLAXIS analyses results with higher intensity anchorsdttinues)

SI(;::)I\?Ie etrLZirlwegth _UFI)-|poerrizl.Dlle Upper Pile Upper Pile Shear Lolg\ilgglzggnﬂgrrlitz.
(m) D|sp(lgr<;§ment Moment (kNm/m) (KN/m) (cm)
4.00 3.93 404 196 3.64
5.00 3.54 404 196 3.59
6.00 3.52 404 196 3.59
7.00 3.49 404 196 3.50
8.00 341 404 196 3.46
9.00 3.38 404 196 3.45
10.00 3.32 404 196 3.39

Table4.11 Plaxis 2Danalyses results with higher intensity hois (2)
Lower Pile Socke| Lower Pile Momen{ Lower Pile Shear| Max. Anchor Load ES.
Length (m) (KNm/m) (KN/m) (kN)
4.00 425 271 505 1.46
5.00 427 273 501 1.50
6.00 427 272 499 1.53
7.00 429 273 498 1.54
8.00 432 275 498 1.57
9.00 433 275 497 1.59
10.00 435 275 497 1.59

Table 4.12 and Table 4.13 show the results for when lower intensity anchor used in

shoring system (2.25 m x 2.00 m Anchor Pattern).
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Table4.12 Plaxis 2Danalyses results with lower intétysanchors (icontinues)

Lower Pile Socke| Upper Pile Horiz. Upper Pile Upper Pile Shea LOVYer Pile Horiz.
Length (m) Displacement (cm] Moment (KN/m) Displacement

1 (KNm/m) (cm)
4.00 4.40 416 200 4.46
5.00 3.86 416 200 4.02
6.00 3.82 415 200 3.98
7.00 3.80 415 200 3.92
8.00 3.76 415 200 3.87
9.00 3.75 415 200 3.80
10.00 3.70 415 200 3.71

Table4.13 PLAXIS analyses results with lower intensity anchors (2)

Lower Pile Socke| Lower Pile Lower Pile Shear| Max. Anchor Load £S
Length (m) Moment(kNm/m) (KN/m) (KN)
4.00 425 271 525 1.46
5.00 427 272 514 1.50
6.00 429 274 515 1.53
7.00 430 274 514 1.57
8.00 432 275 514 1.57
9.00 433 275 513 1.59
10.00 435 275 513 1.59

Results are also given as graghio see differences more clearly in the following

figures. In these graphics (1) correspond as higtiensity anchor per fi(2.00 m x

2.00 m), (2) correspond as lower intensity anchor ge2r@5 m x 2.00 m).
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When higher anchor intensity (2.00 m x 2.00 m) is used and socket length of lower
pile is changed between 4.00tan10.00 m:

- The displacement values of upper pile have been observed to increase by ~
15%, which are betweeB.32and3.93 cm (Figure 4.9). However, there is no
change in moment and shear forces on upper pile (Figures 4.10 and 4.11).

- As a result of thesanalyzes, defrmation of lower pile varies betwe&m39
cm and 34 cm (Figure 4.9), and nsignificantchange in moment and shear
forces is determined.

- Maximum anchor load was in order d@®kN, factor of safety values is 0.5
and it is seen thancrea®g in socket éngth of lower pile does not affect anchor

loads andncreasdactor of safety values (Figures 4.12 and 4.13).

When lower anchor intensity (2.25 m x 2.00 m) is used and socket length of lower pile
is changed between 4.00 m to 10.00 m:
- The horzontal defomations of upper pile vary betwedmiOcm and 37 cm
(Figure 4.9). There is a slight difference between moment and shear forces on

upper pile (Figures 4.10 and 4.11).
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- As compared to the higher anchor intensity, moment values on upper piles
increasalid not change.

- Both upper and lower pile deformations increased by 18086 compared to
the higher anchor intensity.

- It can be said that there are small differences in moment and shear forces on
lower piles and there is no change that will affeetshoringsystem.

- Although total anchorage intensity is decreased by 12.5%, anchorage loads
increased from 501 kN to 514 kN, which is ~ 3% .

- The factor of safety valuescrease as the socket length of piles increase.

- However, if the anchor intensity decreased . 1 anchor per larger than 4.5
m? area of wall), the anchor loads approach the limit values of the steel ropes

and bonded lengths.

As aresult, it is found that if the socket length is more than 5.00 m it affects the system
very little andtherefore itshould be used as 5.00 m in other analyses. Moreover,

displacement values are well below the limit values for a 30.00 m deep excavation.

Accordingly, in order to examine the effect of other variables in parametric analysis,
it is considered@propriate ad sufficient to use 13 row anchors in total, 3.00 m socket
length of upper pile, 5.00 m socket length of lower pile and 2.25 m in vertical and 2.00

m in horizontal anchor intensity.

4.5.3.Effect of pile-soil interface friction

In order to study theffect of ple-soil friction in modelling the interaction between
ground and structural element, interface elements are usddxis BD, which is
symbolized by Rer. Rinter relates to interface strength which expresses wall friction
and soil/wall adhgion and soiktrength parameters indicating cohesion and internal
friction angle. The interface coefficient of the clay is assumed to be 1.0 analyses for

socket length.
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OWk Y O Wk (4.1)

® Y o (4.2)

Interface coefficients of clay units are commonly used between 0.0. In this
section, the effect of the interface coefficient on the shoring system is investigated.
Interface coefficient values are taken as Q.05 and 1.00 respectivelgrfall soil

units. The results including horizontal deformation, moment and shear forces,
maximum anchor loads and safety numbers obtained from finite element analyzes are

given in Table 4.14 and Table 4.15.

Table4.14 Plaxis 2D analyses results of interface effectintinues)

Upper Pile Upper Pile Uoper Pile Sheal Lower Pile
Interface Coefficient| Displacement Moment PP Displacement
(KN/m)
(cm) (KNm/m) (cm)
0.70 4.99 412 214 4.46
0.85 4.63 400 213 4.21
1.00 3.86 416 200 4.02
Table4.15PLAXIS 2D analyses results of interface effect (2)
-~ Lower Pile Lower Pile Sheaiy Max. Anchor
Interface Coefficient Moment (kNm/m) (kN/m) Load (kN) F.S
0.70 421 287 580 1.34
0.85 418 298 550 1.41
1.00 427 272 514 1.50

When analysis results are examined, it is already known that the deformations increase
as the interface coefficient decreases.
- Moment and shear forces have small variations onugggtér and lower piles.
- One of the most important issues to be considered in the design stage is axial
loads of anchor. As the interface coefficient decreases, maximum anchor loads

increase. If interface coefficient is taken 0.70, it is seen that maximcimran
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load approaches limit values of steel capacity. For this reason, when designing
anchored shoring systems, geotechnical parameters should be determined in
detail and correctly with interface coefficient and it should be confirmed that

capacity of theteel ropes in anchors does not exceed.

4.5.4.Effect of having an anchor on the overlap zone of two piles

In this section, whether or not having an anchor on the overlap zone between upper
and lower piles is investigatetihe position of the anchor in cross sewts indicated

in the geometry in Figure ¥4.

In the multitier pile wall retaining system for 30.00 m deep excavation, upper pile is
designed as 18.00 m and lower pile is designed as 20.00 m in length. The reason for
the investigation of the anchons the two pile overlap zones is the possibility of
continuing lower pile construction without the anchoring here, when excavation level
is around-15.00 m. Therefore, whether or not placing an anchor on overlap zone
between upper and lower piles is invgdied. To see the effect of anchor on overlap
zone, anchor at levell5.00 m was canceled {#ow anchor in Figure 4.14) in

PLAXIS and analyzed again. The results obtained are given in table 4.16.

UPPER PILE

T \ANCIIOR AFFECT

LOWER PILE

Figure4.14 Cross section of shoring system (7th Row Anchor)
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Table4.16 Plaxis 2D analyses result of with and without anchor on overlap zoger{tinues)

. . Upper Pile . Lower Pile Horiz.
Condition é;gpggeprlrlfe:jto(rcliﬁ Moment sﬁggfzkf\:l/fn) Displacement
P (KNm/m) (cm)
Without anchor in 511 301 214 4.43
overlap zone
Original (with anchor ir 386 416 200 4.02
overlap zone)

Table4.17 Plaxis 2D analysesesult of with and without anchor on overlap zone (2)

Condition Lower Pile Lower Pile Shea| Max. Anchor £S

Moment (kN.m/m) (kN/m) Load (kN) "

Without anchor in 363 295 565 1.34
overlap zone

Original (with anchor in 497 279 514 1.50
overlap zone)

When tle analysis results are examined; in the case of canceling the anchor on the
overlap zone of two piles;
- Deformation and moment values of upper row piles increase b§%; 2
deformation of lower piles increase byl6%.
- It can be seen that maximum anchor kagceed the limit values i.e. unsafe.
- Displacements have increased significantly in the socket zone of upper pile
and in top of lower pile. While drilling lower pileoastruction, there is a

possibility to have more displacement on socket area of ugper pi

Therefore, in the mukHiier pile wall shoring system, construction of the last row
anchors of upper pile must be completed before starting to the forage af¢hgile.
Moreover; it is necessary to complete cross beam construction asttge®e dthe

last level of anchors of the upper pile. As a result of the analysis, the last anchor of
upper pile should be close to the intermediate excavation ¥00 min this case)

in the multitier pile wall retaining system.
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4.5.5.Effect of Horizontal Distance Between Upper and Lower Pile

In this section, the effect of the horizontal distance between upper and lower piles is
investigated. Horizontal distance iross section is indicated in Figure 4.15.
Horizontal distance between upper and lower pilesiishioe at least 2.00 m from the
center to center of piles for field constructability purposes. Within the scope of the
parametric analyses, horizontal distamegween piles is started from 2.00 m and
gradually increased to determine the distance at winigder and lower pile walls
should be designed individually as separate walls with their own anchor lengths, rather

than twoewalls together designed as a shorsygtem for a total of 30 m deep
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Figure4.15 Cross section of shoring system (Horizontal Distance)

There are two variables in this parametric study; which are anchor lengths and lateral

distance between upper and lower piles.
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As horizontal distance increases; failure surface also vafiesordingly, two
different anchor length designs are considered.

(1) Anchor lengths are rdetermined with respect to each slip surface, considering
the wiole 30m deep excavation and its failure surface. The length of anchors
is determined according to tskding wedge method (BS8081, 1989). Sliding
wedge is determined by drawing a line which is 42+«egree with horizontal.

To determine the length of tiseil anchor, sliding wedge is offset by 0.2 x H.
Finite element analyses results are given in Taldlg@ 4nd Table 4.19 and in
Figure 4.16 through Figure 4.20.

(2) In the second stage of parametric analysis on horizontal distance, the anchor
design for the tw piles is made separately. In other words, the excavation
depth was assumed as 15.00 m (intermedetel lof two piles) and anchor
lengths are r@lefined according to the sliding wedge method, and individual
failure planes and anchor lengths of each waad determined separately
(Figure 4.21). Finite element analyses results are given in Table 4.2@laled T
4.21 and in Figure 4.23 through Figure 4.26.

Table4.18 PLAXIS analyses results of effect of horizahdistance (when the failure wedge of the

whole 30m deep excavation is consideredc@ntinues)

Horizontal Upper Pile Horiz. Upper Pile Upper Pile Shear| Lower Pile Horiz.

Distance (m) | Displacement (cm| Moment (KNm/m) (KN/m) Displacement (cm
2.00 3.86 416 200 4.02
5.00 3.79 391 212 3.98
10.00 3.01 392 212 3.13
15.00 2.96 395 212 3.03
20.00 2.87 398 215 2.90

Table4.19 PLAXIS analyses results of effect of horizontal distance (when the failure wedge of the

whole 36m deep excavation is considered) (2)
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Horizontal Lower Pile Moment Lower Pile Shear| Max. Anchor Load ES
Distance (m) (KNm/m) (KN/m) (kN)
2.00 427 272 514 150
5.00 425 280 510 151
10.00 301 245 508 1.56
15.00 249 218 506 1.59
20.00 222 217 501 1.59

The graphics of the results obtained frotaxis vs horizontal distance between the
two piles are given in the following figures (Figure 4.16 ~ Figu20), for the case

when the failure wedge of the whole-B0deep excavation (H) is considered.
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Figure4.16 Horizontal displacement resultwhen the failure wedge of the whole-80deep
excavation is considered)
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When analysis results are examined,;

Horizontal displaement valuesremaximum in the case where two piles are
closest to each other (horizontal distance: 2.00 m (H / 15) in Figure 4.16).

The horizontal displacement decreases significantly as horizontal distance
between two piles increases (Figure 4.16).

In upper pile, as thirorizontal distance between two piles increases, horizontal
displacement decreases frorB&cm t02.87cm (~25% reduction). However,

since anchor design of upper piles does not change, moment and shear forces
do notsignificantlychange in all contons.

In lower ples, horizontal displacement value decreases fi@ato 290cm.

It can be said that displacement value decreases2i@o ~as horizontal
distance increases up to 20.00 m. Also, there is a reduction in moment and
shear forces around 25%0%.

If horizontal distance is 15 m and 20 m, it is seen that results of PLAXIS
analyses give very close values.

If horizontal distance between two piles exceeds 10.00 m, the rate of decrease
in the horizontal displacements and moment valogspiles dereases

consideraby}.

In the second stage of parametric analyses on horizontal distance, the anchor design

for the two piles was made separately. In other words, the excavation depth was

assumed 15.00 m (intermediate level of two piles) and anchor lemgtbsedefined

acwording to the sliding wedge method, and individual failure planes of each wall are

determined separately (Figure 4.21). For the upper and lower piles, the length of

anchors are changed and analyzed again according to the failure ssejgaedely

drawn br each wall. Results are given in Table 4.20 and Table 4.21.
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Table4.20 Plaxis 2Danalyses results of effect of horizontal distance (when the failure wedge of the

individual, two separate walls, is consideredi@htinues)

Horizontal UpperPile Horiz. Upper Pile Upper PileShear | Lower Pile Horiz.
Distance (m) | Displacement (cm| Moment (kNm/m) (KN/m) Displacement (cm
2.00 6.15 400 215 5.61
5.00 4.74 400 217 4.27
10.00 3.59 400 216 3.10
15.00 2.97 400 216 3.00
20.00 2.73 400 216 2.95

Table4.21 PLAXIS analyses results of effect of horizontal distance (when the failure wedge of the

individual, two separate walls, is considered) (2)
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Horizontal Lower Pile Moment Lower Pile Shear| Max. Anchor Load ES
Distance (m) (KNm/m) (KN/m) (kN)
2.00 474 321 551 1.25
5.00 417 294 542 129
10.00 324 245 516 1.42
15.00 264 226 512 1.46
20.00 223 220 506 1.49

Results are also given in the following figures (Figure 4.23 ~ Figure 4.26).
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Figure4.22 Horizontal displacement resultshen the failure wedge of the individual, two separate
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If anchor lengths are designed for two piles that are thought to be completely
independent of each other (i.e. two separate walls and their own anchor lengths);

- When horizontal distance is closest (H/ 15 = 2.00 m), hotdrgplacement
of upper piles increased 80% and horizontal displacement of lower piles
increased byl0% compared to case when the design is done combined one
wall.

- When maximum displacememalues in Table 4.18 and Table 4.20 are
compared, for the uppeile as an example, it is seen that for horizontal
distances greater than or equal to H/3, anchor lengths of two walls can be
designed separately. It is seen in Table 4.21 factor of safgtpludl stability
is less than 1.30 for horizontal distanceslégen H/3. Therefore, for distances
less H/3, a combined failure wedge for whole excavation depth should be
considered when determining anchor lengths. However, there is no change in
moment ad shear forces of upper piles.

- Itis seen that maximum loads afichors reaches to limit values and factor of
safety decreasesfrom@Obn fdependemtn chaisnedoe p etnod eln.t2 wa l
caseo.

- If the horizontal distance is H/ 15 =2 m and H / 6 = 5awtdr of safety
values are below the acceptable limits and antbads exceed the bonded
length capacity.

- In the comparison of the fidependent o anc
results obtained when the horizontal distance between the two pilesisH /3
10 m are closest to each other and within acceptable lioritanichor loads
and factor of safety. Therefore, sliding surface of both piles can be separated
from each other, and anchor lengths of each wall can be designed separately,
for the horizontal dtance of H/ 3 =10 m.

For horizontal distance of 2.00 m aid®.00 m horizontal displacement and

i ncrement al shear strain plots for Adepend

designs can be seen in Appendix E.
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Fang et al. (2013) defined Ainteract:.i
the interaction betweetwo walls in multitier pile walls with struts. When
coefficient is zero there is no interaction, and when it is 1 there is maximum
interaction. Accading to their definition, interaction coefficient is calculated and
plotted with horizontal distance beten two walls (Figure 4.27). It is seen that as

the horizontal distance increases interaction between two walls decrease
nonlinearly.The decrease 3ot linear, as opposed to whaas reported by Fang

et al. (2013)Fang et al. (2013) had stated thatititeraction coefficientlecreases
linearly with increasing spacing between thwo wallg. Furthermore, they
described horizontal distance accordingassive failure wedge geometry in front

of the upper pile. Acaaling to this calculation for a verticalerlap length 3.00

m between two piles, the horizontal distance of passive wedge is calculated as 5.1
m and shown in Figure 4.2Fang et al. (2013jtated thatfithe horizontal distance
between the two walls is greathian ths finfluence distanag héws in Figure

2.9(b) and it is 5.1 m in this studyit can be assumed thtte interaction is
negligible As seen in Figure 4.2a8nd Table 4.22for horizontal distancegreater

than 5.1 m interaction coefficient iess thar0.5 (i.e.50%), and for horzontal

distances greater than 10 m it is less h&%6 (i.e. 5.80).

Table4.22 Interactioncoefficient vs horizontal distance

Horizontal distance between :\:a:ﬁ'ew;;lzsogéagss\sﬁﬁmen Interaction coefficientx 1
upper and lower walls (m) (cm) DXmin) / (DXmax = DXmin)
2.00 5.61 1.000
5.00 4.27 0.496
10.00 3.10 0.056
15.00 3.00 0.018
20.00 2.95 0.000
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Figure4.27 Interaction coefficient vs horizontal disize
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Civiltech software program describe the critical distance as follows;

Xc=0.6 (B+D2) +1.7x D

In parametric study;

D1 =3.00 m (embedded length of upper pile)
H2 = 15.00 m (excavation depth of lower pile)
D2 = 5.00 m (Socket length obwer pile)

Using these valueXc is calculated as 20.1 ntherefore, acording to the Civiltech

software program, two walls act independently if the horizontal distance between two

wallsis greater than 20.1 m.

Xc= 0.6(H2+D2) + 1.7D1

-

(4.3)

0.6(H2+D2) 1.7D1 15m H1
-
e
Active Passive
Zone Zone
H2 15m 3m D1
‘
A
D2 5m
v
Wall 2

Figure4.28 Description of the interaction between two walls
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CHAPTER 5

CONCLUSIONS

The main chapters of this thesis are case study and parametric study.
5.1. Scope of the ase studyand results

The study consists of a mutter shoring system fa 30m-deepexcavationn a stiff
clay. According to SPT and PMT field experimentsp@ehnical parameters of soll
are determined according to differesrnpiricalformulas given irthe literature and
long term andshorttermdesignparametersre selectedMulti-tier shoringsystemis
analyzed vidinite element method, by usiflpxis 2D software py selecting different
materialconstitutivemodek and different drainage typeFour different constitutive
models are useid the case study1) Hardeningsoil anddrained,(2) Hardeningsoil
andundrained A(3) Hardeningsoil andundrained B(4) Mohr Coulomb and drained
type.According to the results of the finite element analyses, the largest deformations
are obtained by using Hardening soil constitutive modkgid(ained B).Mohr-
Coulomb (Drained) analysis results do not seem to be rediistiapse od backward
movement athe top of the upper pileResults obtained by Hardening Soil Model
(Drained) and Hardening Soil Model (Undrained A) show a sinbédraviair. The
ficlosesb pile horizontal deformation behavior to inclinometer measuremenis
obtainedby using the Hardening Soil Model and drained geotechnical material

parameters.

Pile deformation behavior measured by inclinometer could not be obtaireatyb¥
the four alternativesn four of thePlaxis 2D results, the end of the lower pile moves
whereas in inclinometer measurements, there is no deformatiba lmwer pile.In
contrast tdPlaxis 2D results, the inclinometer measurements indicate #fatrdation

of the lower pilein reality was smaller tha®laxis 2D analysis resultsOne of the
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reasons for this may laeceptedoil parameters the lower layers of Ankara clay is
differentthan the valuessed in this studyFurther investigation of thissue can be

conducted.

Another important conclusion is that the OCR value$ clay mustbe taken into
accounin Plaxis 2D analysis. As the OCR value increasedthe near to the ground
surface horizontaldeformationf pilesincreased. Therefore) Plaxis 2D software,
if defaultvaluel is usedor OCR shoring systermay have larger deformation than

calculated one

5.2.Scope of the parametric study and results

There are various parametéhsit affectthe behavior omulti-tier pile wall shoring
system To investigatehe variations in the factors affecting shoring system behavior
a series of parametric analysese carried outn a stiff cohesive soil.Lateral
deformation, moment and shear forces on piles, anchor loadglaveal factor of
safety ottheshoring systerarestudied by systematically changisgme of thelesign
and geometrical parametatmulti-tier pile wall. These parameters are:
- Embedmentength of uppepile
- Embedment length of tHewer pile (socket length),
- Effect of having an andr at theoverlap zone between two piles
- The horizontabistancebetweerupper and lower pike
- Interfacefriction coefficient between pile arsbil,
- Higher and lower intensitynehor placement (i.e. anchor pef ptan area of
wall)
In all analyss; onlytheinvestigated parametes systematically changed and results
areanalyzedwhile keeping other parameters constant.
- As the upper pilesocket length increases from/30 to H/1D, horizontal
displacemat of upper pile decreases b§% (for 1 anchor per #?areg, and
by ~8% (for 1 anchor per 4.5 frarea)
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There is noor insignificantchange in the moment and shear forces of upper
pile; horizontal deformation, moment and shear forcethefower pile and
maximum anchor loadnd factor of safety, whempper pile socket length is
changed fronH/30to H/6, for both anchor intensity lelse

Horizontal deformation of both upper and lower pilereasedy about~15

20% whenanchor intensityn decreased by 12.5%r a given upper and lower
socket lengths

Upper pile embedment length does not affect shoring system if socket length
of upper pile is more tha/10, and bwer pile socket length does not affect
shoring system if socket length is more than H/6, in both anchor intensities.
Pile-Soil interface frction coefficient is changed between 0.7 and 1.0 and it is
seen that horizontal deformations increase, and maximum anchor load increase
as the mterface coefficient decreasesqment and shear forces both piles

do not change much).

If the anchor at thoverlap zone of both piles is canceled: deformation and
moment values of upper row piles increase b§%2deformation of lower
pilesincreasedy ~10%, and maximum anchor loads exceed the limit values
(i.,e. unsafe). When the anchor in overlap zoneaisceled, displacements
increase significantly in the socket zone of upper pile and in top of lower pile.
While drilling lower pile construction, there is a possibility to have more
displacement on socket area of upper pile. Therefore, in thetreulpile wall
retaining system, construction of the last row anchors of upper pile must be
completed before starting to the forage of the lower pile. Moreover; it is
necessary to complete cross beam construction arstrpss of the last level

of anchors of thepper pile. As a result of the analysis, the last anchor of upper
pile should be close to the intermediate excavation level (overlap zone of upper
and lower piles) in the muitier pile wall retaining system.

When the horizontal distance between twogales considered: the horizontal
displacemenof both pilesdecreases significant(py about0%) as horizontal

distance between two piles increases from H/15 to 2MtBough values for
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upper piles do not changiere is a reduction in moment ancahforcesof
lower piles by abou25% 35% when the horizontal distance between two piles
increasellf horizontal distance between two piles exceed3, the rate of
decrease in the horizontal displacements and moment \cdlp#ss decreases
consideraly.

- Factor of safety of global stability is less thanQlf@& horizontal distance less
then H/3 and br distances leghanH/3, a combined failure vage for whole
excavation depth should be considered when determining anchor lehgths
upper and lower ifes. Fa horizontal distances greater than or equal to H/3,

anchor lengths of two walls can be designed separately.

5.3.Limitations of the study and recanmendations for future research

- The results of this studgre valid for two-tier pile wall systemhaving an
excavation depth greater than 25 m, in a stiff cldyere there is no ground
water table. Results should be investigated for excavations in othgipgs

- Effect of OCR of stiff clay on the results could be investigate in detail.

- All 2D analysis ould be compared with 3D analysis.
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B. SHORING SYSTEM PROJECT
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Figure B1 General layout plan of bored piles
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Figure B2 Facade view ofipper piles and anchorages
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Figure B3 Facade view of lower piles and anchorages
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Figure B4 Cross section view of shoring system
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